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Mechanistic Illustrations
The following mechanistic illustrations were created by the research and 
education team of Atrium Innovations Professional Brands to highlight important 
molecular targets, signaling pathways and other cellular events underlying the 
actions of select nutrients and phytochemicals. Special attention is given to the 
pharmacology of polyphenols, a class of health-promoting phytochemicals that 
comprise a major focus of the research program. 
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sFlavonoids, a major class of polyphenols, occur widely in fruits, vegetables, tea, red wine, and various 

botanical extracts.  Examples include quercetin, hesperidin, anthocyanidins, catechins, and isoflavones.  
Unconjugated flavonoids (aglycones) often possess sufficient lipophilicity to passively diffuse across the 
intestinal epithelial membranes into the portal blood.  However, in foods, flavonoids occur predominantly 
conjugated to a sugar (usually glucose), which increases polarity and limits passive uptake.  Some 
intact glycosides may be transported by membrane-associated transporters, such as sodium-glucose 
linked transporter 1 (SGLT1).  Alternatively, LPH (lactase phlorizin hydrolase) can hydrolyze the glycoside 
at the brush border to make passive diffusion possible.  A variety of flavonoids are substrates of ATP-
binding cassette transporters, such as p-glycoprotein, which mediate efflux back into the lumen and limit 
the bioavailability of these compounds.  Intracellular glycosides are cleaved by cytosolic glucosidase 
(CG) and subject to metabolism by sulfotransferases (SULT) and/or UDP-glucuronosyltransferases (UGT), 
which produce sulfate and glucuronide conjugates, respectively.  These highly polar metabolites rely 
on membrane transporters, such as multidrug resistance associated proteins (MRPs) for basolateral 
transport into the circulation.  Phase II conjugates are also amenable to efflux.  Flavonoids and coinciding 
phytochemicals in foods can either utilize or inhibit transporters and efflux pumps, complicating research 
efforts to elucidate specific mechanisms of flavonoid uptake following ingestion of the complex mixtures 
found in foods.

Abbreviations:  ABC, ATP-binding cassette efflux transporters; CG, cytosolic glucosidase; G, glucose; Glc, glucuronide conjugate; 
LPH, lactase phlorizin hydrolase; MRPs; multidrug resistance associated proteins; Na+, sodium; SGLT1, sodium-glucose linked 
transporter 1; SO4, sulfate conjugate; SULT, sulfotransferase; UGT, UDP-glucuronosyltransferase.

Mechanisms of Flavonoid Absorption 
in the Small Intestine 
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sOxidative stress, inflammation, infection, mitogens and toxins are major threats to cell and 

tissue health.  Chemopreventive phytochemicals, such as sulforaphane and polyphenols like 
curcumin, have demonstrated multimodal capacities to potentiate cellular defenses against 
these diverse threats.  Two major conduits of the protective effects of these compounds are the 
nuclear factor kappa B (NFκB) and nuclear transcription factor erythroid 2p45-related factor 2 
(Nrf2) pathways.  

Nuclear factor kappa B (NFκB) is a transcription factor comprised of two proteins, p50 and p65, 
that mediates pro-inflammatory responses at the genomic level.  Under basal circumstances, 
inactive NFκB is sequestered in the cytosol as part of the IκB kinase complex. Inductive stimuli, 
such as pro-inflammatory cytokines (e.g., TNFα), result in additional phosphorylation (tan circles) 
of IκBα. This enables proteasomal degradation of the sequestration complex, and translocation 
of p50 and p65 to the nucleus, where the dimer binds to response elements (K-boxes) located 
in the promoters of target genes.  Recruitment of coactivators and RNA polymerase induces 
transcription of target genes that include cytokines (TNFα), cyclooxygenase 2 (COX-2), anti-
apoptotic proteins (Bcl2) and trophic factors that propagate pro-inflammatory and proliferative 
signals.  Polyphenols have been shown to inhibit multiple steps in this pathway, in addition to 
moderating growth factor signaling and other upstream events.  Arrows indicate activation, while 
diamond-pointed lines indicate inhibition.

Nrf2 is a redox-sensing transcriptional regulator of endogenous antioxidant responses and 
detoxification. Under homeostatic conditions, the Nrf2 transcription factor is restrained in the 
cytosol by Kelch-like ECH-associating protein 1 (Keap1) by binding to two of its cysteine residues 
(double bar). In the presence of oxidative, chemical, or electrophilic stress, these bonds are 
disrupted.  As a result, Nrf2 translocates to the nucleus and heterodimerizes with Maf proteins 
to bind antioxidant response elements (AREs) in the promoters of protective genes encoding 
antioxidant proteins, phase II enzymes, and glutathione biosynthetic enzymes. Sulforaphane and 
curcumin activate Nrf2 by disrupting Keap1-mediated repression.  

Modulation of NFκB and Nrf2 
Signaling by Dietary Phytochemicals

Abbreviations:  Akt, protein kinase B; ARE, antioxidant response element; Bcl2, B-cell lymphoma 2 (apoptotic inhibitor); 
COX-2, cyclooxygenase 2; CUL3, Cullin 3-containing E3-ligase complex; GFR, growth factor receptor; GST, glutathione 
sulfotransferase, HO-1, heme oxygenase-1; IκBα, inhibitor of NFκB; IKKα, inhibitor of NFκB kinase subunit alpha; IKKβ, 
inhibitor of NFκB kinase subunit beta; K-BOX, NFκB response element; Keap1, kelch-like ECH-associating protein 1; 
Maf, small musculoaponeurotic fibrosarcoma proteins; NEMO, NFκB essential modulator; NFκB, nuclear factor kappa 
B (comprised of p50 and p65 subunits); NQO1, NAD(P)H quinone dehydrogenase 1; Nrf2, nuclear transcription 
factor erythroid 2p45-related factor 2; Ras/Raf/MEK/ERK, mitogen-activated protein kinase pathway; RNA pol, RNA 
polymerase; TLR, toll-like receptor; TNFα, tumor necrosis factor alpha; TNFR, TNFα receptor; Ub, ubiquitin.
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sAMP-activated protein kinase (AMPK) is a sensor of cellular energy status that is activated by metabolic 

stress and low-energy states.  Endogenous regulation of the AMPK enzyme is largely mediated by liver 
kinase B1 (LKB1), calcium/calmodulin kinase kinase-β (CaMKKβ), and TGFβ-activated kinase-1 (TAK-1).  
AMPK inhibits energy-consuming anabolic pathways, such as protein synthesis, glycogen formation and 
cell growth, while stimulating energy utilization, glucose disposal and fatty acid oxidation. Because AMPK 
signaling inhibits inflammation while improving insulin sensitivity, endothelial function, and mitochondrial 
biogenesis, it is recognized as an attractive target for insulin sensitizing and cardioprotective agents.  
Lifestyle interventions, such as caloric restriction and exercise, are well-established activators of this 
pathway. Various natural products, such as resveratrol, berberine and alpha lipoic acid, modulate AMPK 
and/or its downstream effectors, which include nuclear factor kappa B (NFκB), peroxisome proliferator 
activating receptors (PPARs), PPAR coactivators (PGC-1α) and endothelial nitric oxide synthase (eNOS).  
Arrows indicate activation, while diamond-pointed lines indicate inhibition.

Nutritional Influences on AMP-Activated 
Protein Kinase (AMPK) Signaling

Abbreviations:  ACC1, acetyl-CoA carboxylase 1; ACC2, acetyl-CoA carboxylase 2; Akt, protein kinase B; ALCAR, acetyl 
L-carnitine; AMPK, AMP-activated protein kinase; CaMKKβ; calcium/calmodulin kinase kinase-β; COX-2, cyclooxygenase 2; CRY1, 
cryptochrome-1; eNOS, endothelial nitric oxide synthase; FAS, fatty acid synthase; FOXO, forkhead family of transcription factors; 
GLUT4, glucose transporter 4; GSK3β, glycogen synthase kinase-3 beta; InsR, insulin receptor; IRS1, insulin receptor substrate 
1; LKB1, liver kinase B1; mTOR, mammalian target of rapamycin; NFκB, nuclear factor kappa B; NRF1, nuclear respiratory factor 
1; p53, tumor protein p53 (tumor suppressor); PDK, 3’-phosphoinositide-dependent kinase; PGC-1α, peroxisome proliferator-
activated receptor gamma coactivator 1-alpha; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; 
PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PKC, protein kinase C; PPAR, peroxisome proliferator activating receptors; PTEN, 
phosphatase and tensin homolog; Raptor, regulatory-associated protein of mTOR; Ras/Raf/ERK, mitogen-activated protein kinase 
pathway; RTK, receptor tyrosine kinase (growth factor receptors); S6K, S6 kinase; SIRT1, sirtuin 1; SREBP-1, sterol regulatory element-
binding protein 1; TAK-1, TGFβ-activated kinase-1; TFAM, transcription factor A (mitochondrial); TRβ-1, thyroid hormone receptor β-1; 
TSC1/TSC2, tuberous sclerosis complex.
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Methylation is a biochemical reaction in which a methyl group is attached to a substrate 
to create a product of physiological significance or a metabolite with reduced toxicity.  
Availability of methyl groups depends on a series of sequential and interdependent 
transformations, collectively known as one-carbon metabolism; this process ultimately 
generates S-adenosylmethionine (SAMe) to support diverse biosynthetic and detoxifying 
reactions.  Vitamins that serve as cofactors are shown in circles.  Enzymes that are shown 
in boxes are encoded by polymorphic genes, which account for considerable inter-
individual variability in methylation competence and cofactor requirements.  Folate 
may enter the pathway as folic acid or as 5-methyltetrahydrofolate (5-MTHF).  Folic acid 
must first be reduced to dihydrofolate (DHF) by dihydrofolate reductase (DHFR) and 
subsequently to tetrahydrofolate (THF).  THF is transformed to 5,10-methylene THF by serine 
hydroxymethyltransferase (SHMT); this reaction supports thymidylate synthase (TS)-catalyzed 
biogenesis of thymidine, a nucleotide required for DNA synthesis.   

Methylenetetrahydrofolate reductase (MTHFR) requires riboflavin (vitamin B2) to methylate 
5,10-methylene THF, producing 5-MTHF.  Much of the folate in vegetables already exists as 
5-MTHF, allowing spontaneous assimilation into this pathway.  5-MTHF donates a methyl 
group to homocysteine in a vitamin B12-dependent transformation to methionine, which 
is catalyzed by methionine synthase (MTR); methionine is subsequently adenosylated to 
to SAMe by methionine adenosyl transferase (MAT).  Vitamin B12 availability is dependent 
on methionine synthase reductase (MTRR) and delivery to cells by transcobalamin 
(TCN2).  Ubiquitous and vital methylation reactions, catalyzed by over 100 different human 
methyltransferases, yield the byproduct S-adenosyl-homocysteine (SAH), which subsequently 
undergoes hydration to regenerate homocysteine via S-adenosyl L-homocysteine hydrolase 
(AHCY).  An auxiliary route of homocysteine disposal is the transsulfuration pathway, 
initiated by a vitamin B6-dependent transformation to cystathionine, which is catalyzed by 
cystathionine β-synthase (CBS).  

The Methylation Pathway

Abbreviations:  5-MTHF, 5-methyltetrahydrofolate; AHCY, S-adenosyl L-homocysteine hydrolase; CBS, cystathionine 
β-synthase; DHF, dihydrofolate; DHFR, dihydrofolate reductase; MAT, methionine adenosyl transferase; 
MT, methyltransferases, MTHFR, methylenetetrahydrofolate reductase; MTR, methionine synthase; MTRR, 
methionine synthase reductase; SAMe, S-adenosylmethionine; SAH, S-adenosyl-homocysteine; SHMT, serine 
hydroxymethyltransferase; TCN2, transcobalamin 2; THF, tetrahydrofolate; TS, thymidylate synthase.
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randomized controlled pilot trial. 

Spain R, Powers K, Murchison C, et al.

Neurology: Neuroimmunology & Neuroinflammation

2017 Jun 28;4(5):e374.
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Lipoic acid in secondary progressive MS
A randomized controlled pilot trial

ABSTRACT

Objective: To determine whether lipoic acid (LA), an endogenously produced antioxidant, slowed
the whole-brain atrophy rate and was safe in secondary progressive MS (SPMS).

Methods: Patients with SPMS aged 40–70 years enrolled in a single center, 2-year, double-blind,
randomized trial of daily oral 1,200mg LA vs placebo. Primary outcomewas change in annualized
percent change brain volume (PCBV). Secondary outcomes were changes in rates of atrophy of
segmented brain, spinal cord, and retinal substructures, disability, quality of life, and safety.
Intention-to-treat analysis used linear mixed models.

Results: Participation occurred between May 2, 2011, and August 14, 2015. Study arms of LA
(n5 27) and placebo (n5 24) were matched with mean age of 58.5 (SD 5.9) years, 61%women,
mean disease duration of 29.6 (SD 9.5) years, and median Expanded Disability Status Score of
6.0 (interquartile range 1.75). After 2 years, the annualized PCBV was significantly less in the LA
arm compared with placebo (20.21 [standard error of the coefficient estimate (SEE) 0.14] vs
20.65 [SEE 0.10], 95% confidence interval [CI] 0.157–0.727, p5 0.002). Improved Timed 25-
Foot Walk was almost but not significantly better in the LA than in the control group (20.535
[SEE 0.358] vs 0.137 [SEE 0.247], 95% CI 21.37 to 0.03, p 5 0.06). Significantly more
gastrointestinal upset and fewer falls occurred in LA patients. Unexpected renal failure (n 5 1)
and glomerulonephritis (n 5 1) occurred in the LA cohort. Compliance, measured by pill counts,
was 87%.

Conclusions: LA demonstrated a 68% reduction in annualized PCBV and suggested a clinical
benefit in SPMS while maintaining favorable safety, tolerability, and compliance over 2 years.

ClinicalTrials.gov identifier: NCT01188811.

Classification of evidence: This study provides Class I evidence that for patients with SPMS, LA
reduces the rate of brain atrophy. Neurol Neuroimmunol Neuroinflamm 2017;4:e374; doi: 10.1212/

NXI.0000000000000374

GLOSSARY
AE 5 adverse event; CI 5 confidence interval; EAE 5 experimental autoimmune encephalomyelitis; EDSS 5 Expanded
Disability Status Scale; GI5 gastrointestinal; ITT5 intention to treat; LA5 lipoic acid;MP-RAGE5magnetization-prepared
rapid acquisition gradient echo; OCT 5 optical coherence tomography; PCBV 5 percent change brain volume; PI 5 principal
investigator; RRMS 5 relapsing-remitting MS; SAE 5 serious AE; SEE 5 standard errors of the coefficient estimate;
SPMS 5 secondary progressive MS.

By 2 decades, the majority with relapsing-remitting MS (RRMS) have secondary progressive MS
(SPMS). SPMS pathophysiology likely involves mitochondrial dysfunction, microglial activa-
tion, vascular endothelial disruption, and effects of meningeal lymphoid-like tissues.1 The
resulting neurodegeneration and accelerated brain atrophy correlate with functional disability;
thus whole-brain atrophy is the current gold-standard MRI surrogate outcome measure for

From the Neurology Division (R.S., V.Y., M.C., E.K., D.B.), Research Service (K.P., E.H.), and Department of Ophthalmology (K.W.), Veterans
Affairs Portland Health Care System, OR; and Department of Neurology (R.S., C.M., K.W., V.Y., E.K., F.H., J.S., D.B.), Advanced Imaging
Research Center (K.P.), and Casey Eye Institute (K.W.), Oregon Health & Science University, Portland.

Funding information and disclosures are provided at the end of the article. Go to Neurology.org/nn for full disclosure forms. The Article Processing
Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC
BY-NC-ND), which permits downloading and sharing the work provided it is properly cited. The work cannot be changed in any way or used
commercially without permission from the journal.

Neurology.org/nn Copyright © 2017 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1
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SPMS trials.2 Targeting specific pathophysio-
logic processes is a rational strategy for treating
SPMS.

Lipoic acid (LA) is an endogenously pro-
duced antioxidant with multiple biological
functions including free-radical scavenging,
metallic ion chelation, regeneration of intra-
cellular glutathione, and oxidative damage
repair of macromolecules.3 In mitochondria,
the LA/dihydrolipoic acid redox couple is
a key cofactor for the pyruvate dehydrogenase
complex of oxidative respiration and aids nu-
cleic acid synthesis.4 LA modulates the PKB/
Akt signaling pathway important for vascular
endothelial integrity, affects transcription fac-
tor Nrf2, and acts as an insulin mimetic.5,6

Our center and others have shown that LA
reduced disability in experimental autoim-
mune encephalomyelitis (EAE), diminished
inflammatory cell migration into spinal cords
and optic nerves, and inhibited macrophage/
microglial activation.7,8 Oral ingestion of LA
by patients with MS produced blood levels
comparable with those in EAE.9 In clinical
trials, LA is well tolerated; common adverse
reactions were gastrointestinal (GI) intoler-
ance, headache, malodorous urine, and
rash.10,11 Herein, we report results of a 2-
year, randomized controlled trial to determine
whether LA reduced rates of whole-brain atro-
phy, slowed clinical deterioration, and was safe
in SPMS.

METHODS Study design. This was a prospective, single-site,
2-year, phase II, double-blind, randomized, placebo-controlled

trial of 1,200 mg daily oral racemic LA to answer the following

primary research question with Class I level of evidence: would

LA reduce the rate of whole-brain atrophy in SPMS? Secondary

research questions were to determine whether LA would reduce

rates of atrophy of segmented brain, spinal cord, and retinal

substructures, reduce deterioration of disability and quality of life,

and be safe in SPMS. Recruitment occurred between May 2011

and October 2013, with last visit being in August 2015. The

study was conducted at the Veterans Affairs Portland Health Care

System (VAPORHCS), Portland, OR, with some procedures at

Oregon Health & Science University (OHSU), Portland, OR.

Participants. Inclusion criteria were ages 40–70 years, prior

RRMS (2005 McDonald criteria), and current SPMS defined

by MS disability progression in the absence of clinical relapse

during the prior 5 years as determined by the principal investi-

gator (PI) based on history and chart review.12 Progression was

defined as sufficient to change a Functional System on the

Expanded Disability Status Scale (EDSS) or effect a meaningful

functional change (e.g., stopped working due to cognitive

decline).13 Participants were permitted to start, stop, or continue

glatiramer acetate or b-interferon during the study. Exclusion

criteria were use of natalizumab, immunosuppressants, chemo-

therapies, or scheduled IV corticosteroid treatments within 1 year

of enrollment, corticosteroid treatment for relapse within 60 days

of enrollment, LA within 30 days of enrollment, MRI constraints,

self-reported ocular disease that could confound optical coherence

tomography (OCT) interpretation, pregnant or breastfeeding,

significant active concurrent illness, uncontrolled or insulin-

dependent diabetes, and lack of English fluency. Because of

slow recruitment during the first 8 months, the EDSS limit of 6.0

was eliminated.

Standard protocol approvals, registrations, and patient
consents. The study was approved by VAPORHCS and OHSU

Institutional Review Boards. Written consent was obtained from

all the participants. The study was registered on ClinicalTrials.gov

(NCT01188811) and conducted following 2010 CONSORT

guidelines.14

Study personnel roles. The PI conducted screening visits and

initial EDSS examinations for randomization, evaluated adverse

events (AEs), and served as the study monitor. Blinded neurolo-

gists and a neurology advanced practitioner served as EDSS exam-

iners. Blinded study coordinators collected mobility data,

questionnaires, and maintained databases.

Investigational drug. An Investigational New Drug indication

was obtained by the PI (no. 110132). Pure Encapsulations

(Sudbury, MA) provided gelatin capsules containing 600 mg race-

mic LA or placebo. Placebo capsules contained Avicel (microcellu-

lose crystal) and 4.3 mg of quercetin (a bioflavonoid) that rendered

the placebo a yellow color, similar to LA. Expiration of the study

drug was extended once during the study by Pure Encapsulations

after retesting of sample capsules determined continued stability.

Study timeline. Screen and baseline visits were#30 days apart.

Subsequent visits at months 3, 6, 12, 18, and 24 occurred 62

weeks. A month was defined as 4 weeks for scheduling purposes.

MRI and OCT occurred at baseline, months 12 and 24. Clinical

outcome measures were collected at baseline and every 6 months.

Safety laboratory measures were performed at each visit. Tele-

phone calls occurred between visits and after study completion

to capture AEs.

Outcomes. Primary outcome was difference in annual percent

change brain volume (PCBV) on MRI by Structural Image Eval-

uation, using Normalisation, of Atrophy (SIENA). Secondary

outcomes included atrophy rates of segmented brain, spinal cord,

and retinal substructures, changes in disability, quality of life, and

safety.

MRI acquisition protocol. MRI acquisition and analyses

details are shown in appendix e-1 at Neurology.org/nn. The

following sequences were acquired using a Philips Achieva 3.0T

X-series with Quasar Dual gradient systems: (1) 3D high-

resolution magnetization-prepared rapid acquisition gradient

echo (3D MP-RAGE) with 1 mm3 voxels for high-resolution

structural (T1-weighted) information. The upper cervical spinal

cord was intentionally included in the series through positioning;

(2) 3D fluid-attenuated inversion recovery (3D FLAIR) series

with 1 mm3 voxels; (3) conventional 3 mm (0.3 gap) axial 2D

proton density/T2-weighted sequences with in-plane resolution

1 mm2; and (4) 3-mm sagittal 2D proton density/T2-weighted

spinal cord sequences. No intravascular contrast was used.

MRI analyses. MRIs were reviewed by a neuroradiologist for

unexpected findings. A single trained MRI analyst performed

lesion counts, volumetrics, and cortical thickness analyses. The

2 Neurology: Neuroimmunology & Neuroinflammation
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PI conducted spinal cord cross-sectional thickness and lesion

occupancy analyses. Both were directed by the study neuroradi-

ologist. Cerebral T2-hyperintense lesion volumes and maps were

obtained using Lesion TOpology-preserving Anatomical Seg-

mentation (Lesion-TOADS).15 FSL tools were used to create

lesion-filled MP-RAGE images. SIENAX was used to determine

cross-sectional whole-brain, white, and grey matter volumes.16

Whole-brain atrophy was determined using SIENA from the FSL

package.16 Subcortical deep grey matter volumes were measured

using FIRST.16 Cortical thickness, cortical volumetric segmen-

tation, and analyses of these were performed with FreeSurfer

(surfer.nmr.mgh.harvard.edu/) and its longitudinal processing

stream.17 Spinal cord cross-sectional area was recorded at C1. An

in-house estimation of the relative percent of the spinal cord from

the foramen magnum to the lower edge of C7 occupied by MS

lesions was devised for descriptive purposes. MRIs were graded

for quality (good, fair, poor, and unusable). Poor and unusable

scans were excluded from the analyses.

OCT. Participants underwent spectral domain OCT (Cirrus HD-

OCT; Carl Zeiss Meditec, Inc., Dublin, CA) in each eye after

pharmacologic dilation (1% tropicamide and 0.5% proparacaine

hydrochloride). Peripapillary and macular scans were obtained with

Optic Disc Cube 200 3 200 and Macular Cube 512 3 128

protocols, respectively. OCTs were reviewed by an experienced

neuro-ophthalmologist. Excluded scans had confounding findings,

artifact, misalignment, or signal strength less than 7.

Clinical measures. Disability was captured by the EDSS. The

same EDSS examiner was used for a given participant throughout

the study to the extent possible. Mobility measures for ambula-

tory participants were Timed 25-Foot Walk (T25FW), Multi-

ple Sclerosis Walking Scale (MSWS-12) Questionnaire, and

Activities-specific Balance Confidence (ABC) Questionnaire.18–20

Symbol Digit Modalities Test (SDMT) tested cognition.21

RAND 36-Item Short Form Health Survey assessed quality of

life.22

Safety monitoring. AEs were categorized using the Common

Terminology Criteria for Adverse Events version 4.0 (CTCAE

v4.0). Unscheduled visits occurred for relapses, AEs, and early

study termination visits. Safety monitoring laboratory tests (com-

plete blood count and kidney and liver panels) were checked

at each visit. The Columbia-Suicide Severity Rating Scale

(C-SSRS) was administered at every visit. A 3-member data safety

and monitoring board met every year.

Sample size, randomization, and blinding. The study was

powered for comparison of the primary outcome, PCBV, as

Figure 1 2010 CONSORT flow diagram

Neurology: Neuroimmunology & Neuroinflammation 3
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estimated by Altmann et al.23 using an SD of 1.51 for SIENA

atrophy, 2-year study length with yearly MRIs, and 60% effect

size. A sample size of 23 per arm was needed to obtain 80% power

and a significance of p , 0.05. Projected enrollment was

increased to allow for dropouts. Participants were assigned to LA

or placebo in a 1:1 manner by the unblinded research pharmacist

following a permutated block randomization based on EDSS

#4.5 or .4.5.13 All other study personnel were blinded to the

treatment assignment. MRIs were labeled with additional ran-

domly generated numbers during analyses to further reduce the

risk of bias. Statistical analysis was performed by a blinded stat-

istician for primary, secondary, and safety outcome measures.

Statistical methods. Intention-to-treat (ITT) analysis used lin-

ear mixed models to evaluate the effect of LA on annualized

PCBV. Mixed models were used to adjust for within-

participant serial correlation, to account for the repeated meas-

urements of the longitudinal design, and to include all study

participants. Models were corrected for participant age, sex, and

MS duration with standard model diagnostics to identify overly

influential leverage points. Multiple comparisons were accounted

for using the Holm-Sidak correction within the study outcome

domains. Outlier data points were identified through standard

diagnostic techniques using combinations of data point leverage,

individual residuals, and Cook distance to identify overly influen-

tial observations and exclude them from baseline and 2-year change

analyses. Data from participants taking a reduced dose of LA

(n 5 2) were not handled differently in outcome analyses as their

limited number made subgroup assessment intractable. Mixed-

model results are reported as rates of change with variance repre-

sented by the standard errors of the coefficient estimates (SEEs).

Post hoc analysis of the primary outcome measure was conducted

adding the baseline whole-brain volume and baseline T2-lesion

volume as covariates to the model. All analyses were performed

using R 3.3.1 with additional utility from the lme4 package.24,25

RESULTS Of the 54 consented and randomized, 51
participants (27 LA and 24 placebo) took at least 1
dose of study drug and were included in the ITT anal-
yses (figure 1). Forty-six participants completed the
study (22 LA and 24 placebo). The 5 dropouts in the

LA cohort were for reasons of claustrophobia during
MRI, prolonged nausea and vomiting which resolved
on cessation of LA, and significant concurrent illness
(prostate cancer, proteinuria, and worsening renal
function). Because the dropout with claustrophobia
did not complete the baseline MRI, the LA cohort
ITT sample size for PCBV was 26 (figure 1).

Baseline demographics are presented in table 1.
The LA and control cohorts were overall matched
for age, sex, MS duration, education, and disability.
There were no significant differences between treat-
ment arms (all p . 0.05). Table 2 presents the base-
line values of the main study outcome measures by
study arms. The LA cohort had a significantly larger
baseline whole-brain (p 5 0.004) and total deep grey
matter volumes (p 5 0.042). Controls had larger
baseline normalized T2-lesion volumes.

Compliance with study drug was 87% by pill
counts. Two participants took a halved dose of LA
per protocol for the majority of the study, one each
for gastritis and elevated alkaline phosphatase levels.

Rate of brain atrophy and secondary imaging outcomes.

After 2 years, participants taking LA had significantly
less annualized PCBV (20.21% [SEE 0.14]) than
controls (20.65% [SEE 0.10], p 5 0.002), with
the beneficial effect size of LA treatment observed
to be a 0.44% 6 0.29% improvement in the rate
of whole-brain atrophy (95% confidence interval
[CI] 0.157–0.727). This change corresponds to
a 68% reduction in the rate of brain atrophy in LA vs
placebo (figure 2A, table 3). In post hoc analysis,
baseline whole-brain volume was not associated with
any of the other controlling covariates (age, sex, and
disease duration), nor did it affect the differences in
PCBV between the study cohorts. Likewise, T2-

Table 1 Baseline demographics and clinical characteristics of study participants by treatment (n 5 51)

LA (n 5 27) Placebo (n 5 24)

No. or
median

SD, %, or IQR
(range)

No. or
median

SD, %, or IQR
(range)

Age, y 57.9 6.7 59.7 6.0

Women 16 59 15 63

Caucasian 26 96 23 96

MS duration, y 30.9 9.3 29.1 9.9

Education >high school 25 93 21 88

EDSS 5.5 2.5 (3.0–8.0) 6 1.5 (3.0–9.0)

EDSS £4.5 11 40.8 9 37.5

EDSS 5.0–6.5 12 44.4 11 45.8

EDSS ‡6.5 4 14.8 4 16.7

Taking disease-modifying therapya 12 44 11 46

Abbreviations: EDSS 5 Expanded Disability Status Scale; IQR 5 interquartile range; LA 5 lipoic acid.
a LA: glatiramer acetate (n 5 6), interferon-b 1a (n 5 4), interferon-b 1b (n 5 2); placebo: glatiramer acetate (n 5 5),
interferon-b 1a (n 5 3), interferon-b 1b (n 5 3).

4 Neurology: Neuroimmunology & Neuroinflammation
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lesion volume change over the study period was not
associated with any of the correcting covariates,
including baseline T2-lesion volume. Individual

2-year changes in PCBV for LA (20.45% [SEE
0.71]) vs controls (21.31% [SEE 1.10], p 5 0.001)
in study completers are shown (figure 2B). Brain
segmentation and OCT did not reveal significant
differences in annualized rates of change between
study arms; the increase in T2-lesion volume in the
LA cohort was almost but not significantly different
from controls (414.6 [SEE 201.2] vs 33.1 [SEE
134.7], p 5 0.058, table 3).

Clinical outcomes. Among clinical outcomes, the LA
cohort demonstrated an improvement in the
T25FW that was almost but not significantly differ-
ent from controls (20.535 [SEE 0.358] vs 0.137
[SEE 0.247], 95% CI 21.37 to 0.03, p 5 0.060).

AEs. AEs are presented in table e-1. Numbers of AEs
were similar between LA and controls (80 and 68,
respectively, p 5 0.87), with 6 serious AEs (SAEs)
each. More GI upset (14 [SD 17%] vs 2 [SD 3%],
p 5 0.007) and fewer falls (12 [SD 15%] vs 26 [SD
38%], p5 0.03) occurred in the LA cohort. One LA
participant developed a nonbothersome vesicular
rash, similar to a previously reported one, that
resolved within 6 weeks of study completion.11 One
relapse occurred in each study cohort, neither affect-
ing the subsequent EDSS examination. There was no
new suicidality by C-SSRS, and no differences
between cohorts in new laboratory abnormalities;

Table 2 Baseline differences between study outcome measures (mean, SD)

Sample sizea
LA Placebo

LA, placebo No. SD No. SD

Normalized whole-brain volume, cubic cmb 26, 24 1,451 63 1,395 66

Total deep grey matter volume, cubic cmc 26, 24 806.4 7.9 764.6 6.6

Cortical thickness, mmd 23, 21 2.3 0.1 2.3 0.1

Normalized T2-lesion volume, cubic cme 20, 24 10.0 7.3 14.9 8.3

C1 cross-sectional area, squared mmf 22, 23 68.4 11.0 68.2 9.9

Cervical spinal cord lesion occupancy,
cubic cm

24, 23 8.8 6.4 11.0 6.7

Average RNFL thickness, mm 42, 38 eyes 78.2 9.8 76.3 10.8

Average GCIPL thickness, mm 38, 36 eyes 68.8 8.9 65.9 8.9

SDMT, number correct 27, 24 39.7 11.2 39.1 8.9

Timed 25 Foot Walk, s 23, 19 11.7 11.3 11.5 9.6

Abbreviations: GCIPL 5 retinal ganglion cell plus inner plexiform layer; LA 5 lipoic acid;
RNFL 5 retinal nerve fiber layer; SDMT 5 Symbol Digit Modalities Test.
a Sample sizes reflect removal of outliers and for exclusion reasons specified in Methods.
bSIENAX.
c FIRST FSL.
d FreeSurfer.
eMIPAV, Lesion-TOADS, semiautomated segmentation.
fMIPAV.

Figure 2 Differences in brain atrophy at 2 years between LA and control cohorts

Annualized percent change brain volume (PCBV) between LA and placebo cohorts using intention-to-treat analysis of 51 participants with secondary pro-
gressive MS (A). Two-year PCBV from study completers is shown and demonstrates significantly less PCBV in the LA cohort (n 5 22, 20.45% [SEE 0.71])
than controls (n 5 24, 21.31% [SEE 1.10], p 5 0.001, B). LA 5 lipoic acid; SEE 5 standard errors of the coefficient estimate.

Neurology: Neuroimmunology & Neuroinflammation 5
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however, only those taking LA required a dose reduc-
tion per protocol (n 5 2). The SAE thought directly
related to LA was vomiting and dehydration requiring
hospitalization which resolved once stopping LA.
Notable AEs leading to dropout were one LA patient
with baseline elevated creatinine progressing to renal
failure and another with proteinuria due to glomeru-
lonephritis. A consulting nephrologist did not think
that the 2 AEs were related to LA. AEs are discussed
further in appendix e-2.

DISCUSSION This two-year, randomized, double-
blind, placebo-controlled pilot trial demonstrated
a significant reduction in the primary outcome
measure of the annualized rate of whole-brain atrophy
by SIENA in people with SPMS taking 1,200 mg
daily oral LA. The annualized PCBV reduction was
not influenced by the planned covariates of age, sex,
and disease duration, nor by the post hoc additions of
baseline brain and T2-lesion volumes. There was
a suggestion of improved T25FW time, and there

were fewer falls in the LA cohort. Overall LA was safe,
well tolerated, had high compliance, and had no
unexpected deleterious AEs or SAEs attributed to LA.

The reduction in the brain atrophy rate compares
favorably with a large phase 3 trial of ocrelizumab
(n 5 731), reporting a 17.5% reduction in the
whole-brain atrophy rate over 120 weeks.26 In contrast
to the present study, the ocrelizumab trial included
only primary progressive MS patients with more men
(51% vs 39%) who were younger (45 vs 59 years), had
shorter disease duration (6.5 vs 30 years), and less dis-
ability (EDSS 4.7 vs 5.4). The ocrelizumab trial limited
inclusion to those with inflammatory CSF, a character-
istic not assessed in this study. Other disease-modifying
therapy trials in progressive MS populations have not
demonstrated robust changes in brain atrophy rates or
have not used this outcome measure.27–29

The PCBV reduction was for the whole-brain
assessment by SIENA, a robust registration–based
longitudinal atrophy measure.30 Brain segmentation
did not reveal specific brain compartments

Table 3 Study outcomes

LA Placebo

p ValueNo. SEE Number SEE

Percent change brain volumea 20.214 0.143 20.653 0.097 0.002

Total deep grey matter volume, cubic mmb 42.0 268.1 2265.2 185.5 0.25

Cortical thickness percent changec 20.137 0.339 20.158 0.24 0.95

T2-lesion volume, cubic cmd 414.6 201.2 33.1 134.7 0.058

C1 cross-sectional area, squared mme 20.113 0.774 20.984 0.52 0.26

Average RNFL, mm 20.279 0.744 20.286 0.518 0.99

Average GCIPL, mm 20.322 0.595 20.145 0.417 0.77

Timed 25-Foot Walk, s 20.535 0.358 0.137 0.247 0.060

ABC, units 2.51 1.679 0.177 1.174 0.16

MSWS-12, units 2.49 1.36 2.99 0.95 0.71

RAND, physical, units 0.589 0.876 20.667 0.61 0.15

RAND, mental, units 20.385 1.187 0.522 0.827 0.45

SDMT, units 2.09 0.93 2.59 0.64 0.59

EDSS stable or improved 61% — 71% — OR 1.33, p 5 0.77

Taking disease-modifying therapyf 11 5% 11 46% —

Abbreviations: ABC 5 Activities of Balance Confidence; EDSS 5 Expanded Disability Status Scale; GCIPL 5 retinal
ganglion cell plus inner plexiform layer; LA 5 lipoic acid; MSWS-12 5 Multiple Sclerosis Walking Scale 12; OR 5 odds
ratio; RAND 5 RAND 36-Item Short Form Health Survey; RNFL 5 retinal nerve fiber layer; SEE 5 standard errors of the
coefficient estimate; SDMT 5 Symbol Digit Modalities Test.
Annualized rates of change (SD) for MRI and clinical outcomes taken from intention-to-treat mixed models across the 2-
year study period. Significant differences are indicated in italics. Rates of change, SEEs, and p values taken from model
corrected outputs.
aSIENAX.
b FIRST FSL.
c FreeSurfer.
dMIPAV, Lesion-TOADS, semiautomated segmentation.
eMIPAV.
f LA cohort: dimethyl fumarate (n 5 1), glatiramer acetate (n 5 5), interferon-b 1a (n 5 3), interferon-b 1b (n 5 2); placebo
cohort: glatiramer acetate (n 5 5), interferon-b 1a (n 5 3), interferon-b 1b (n 5 3).
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responsible for differential atrophy rates. One expla-
nation is that the sample size calculation was based on
SIENA and not on segmentation methods, techni-
ques which produce heterogeneous results and
require larger samples.30 Segmented volumes may be
more prone to physiologic factors including hydra-
tion status and positioning than whole-brain meas-
urements.31 Alternatively, the PCBV reduction may
come from an effect common across all brain tissues.
Study replication in a larger sample will clarify the
nature of LA’s atrophy effects.

The suggestion of greater increase in T2-lesion
volume in the LA cohort is of uncertain significance.
The increase may be real and thus represent potential
harmful effects of LA, may represent physiologic
changes other than due to MS, may result from
MR postprocessing quality issues, or may not be dif-
ferent from placebo.15 Further evaluation is
warranted.

Overall, LA was safe and well tolerated. Labora-
tory abnormalities were limited to asymptomatic ele-
vations in alkaline phosphatase which improved on
cessation of LA. Although there were no unexpected
AEs or SAEs clearly attributable to LA, the renal fail-
ure and glomerulonephritis cases raise concern. Previ-
ous studies with LA have not reported renal
dysfunction.9–11 Even so, closer renal function mon-
itoring is prudent for future LA studies and suggests
caution in recommendation of this dose of LA before
further evaluations.

A potential study confounder of which the authors
were unaware when planning the study was the pres-
ence of quercetin (8.6 mg daily) in the placebo. Quer-
cetin, like other bioflavonoids, is biologically active.
Although conflicting reports exist, Van Beek et al.
found that 10 mg daily oral quercetin increased
inflammation and exacerbated active and passive
EAE in mice. This raises the possibility that in the
present study, quercetin could have worsened the
controls and exaggerated the effects of LA.32 The cal-
culated analogous human dose to the Van Beek study
is 2 g, orders of magnitude greater than the placebo
capsules.33 Therefore, while unlikely to have affected
present study outcomes, future studies should avoid
quercetin to exclude this possibility.

Other study limitations relate primarily to the
small sample size of this pilot study with resulting loss
of power to detect clinical and secondary imaging
outcomes as has been discussed. In light of this, the
very robust reduction in the brain atrophy rate might
be viewed with skepticism, although the comparable
atrophy rate of the controls to other untreated SPMS
cohorts lends credence to the findings.23,34 Baseline
differences in brain volume or T2-lesion volume ex-
isted between study cohorts; however, post hoc anal-
yses did not find an influence of these differences on

study outcomes. A larger sample size in future studies
should correct for baseline imbalances. Finally, as
a contrast agent was not used, baseline and ongoing
differences in inflammatory activity on MRI are
unknown.

This 2-year pilot trial of 1,200 mg daily LA dem-
onstrated significant reduction in PCBV in patients
with SPMS over controls. The small sample size pre-
cluded detection of clinical benefits, although there
was suggestion of improved walking times and signif-
icantly fewer falls. Although LA was overall safe and
well tolerated, future studies need to establish clinical
benefits and explore mechanisms of action of LA in
progressive MS.
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LIPOIC ACID PHARMACOKINETICS AT BASELINE
AND 1 YEAR IN SECONDARY PROGRESSIVE MS

Lipoic acid (LA) is a water- and fat-soluble oral anti-
oxidant with anti-inflammatory properties. It has
demonstrated benefits in animal models of MS and
has been evaluated for MS relapse prevention and
neuroprotection. However, there are relatively a few
data regarding LA pharmacokinetics (PK) in elderly
populations or with use beyond 4 days.1 In addition,
studies have used a variety of doses, a wide age range
of subjects, and have measured, at times, specific
enantiomers rather than the more commercially
available racemic form.2

Methods. Presented herein are PK results drawn at
baseline and 1 year in the LA cohort of patients with
secondary progressive MS enrolled in a randomized
placebo-controlled trial of daily oral LA. The study
was approved by the Veterans Affairs Portland Health
Care System and Oregon Health & Science Univer-
sity Institutional Review Boards. Patients arrived after
fasting for the prior 10 hours, and a predose sample
was taken. Patients ate a meal immediately followed
by 1,200 mg racemic LA (Pure Encapsulations,
Sudbury, MA). Blood draws occurred at 30, 60, 90,
120, and 240 minutes after dose. Blood was allowed
to clot at room temperature; serum was separated
by centrifugation and stored at 280°C until batch
analysis by mass spectrometry.3

Noncompartmental analysis determined pertinent
PK parameters, including peak concentration
(Cmax), time at peak concentration (Tmax), and
observed bioavailability based on area under the curve
(AUC) using common pharmacodynamics calcula-
tions. Baseline and 1-year differences were assessed
using mixed models to account for serial correlation
in the repeated measures and accommodate subjects
with missing data at 1 year.

Results. Fifty-four patients were randomized in the
parent trial, and of the 28 assigned to LA, 27 took
at least 1 dose of LA and were included in PK analysis.
Patients demonstrated 87% compliance by pill
counts. The average age of the LA cohort was 57.9
(SD 6.7) years, 59% were women, and 96% were
Caucasian. The average disease duration was 30.9

(SD 9.3) years, and the median Expanded Disability
Status Scale score was 5.5 (range 3.0–8.0). The mean
baseline Cmax was 14.96 11.9 nmol/mL with a non-
significant reduction at 1 year (11.36 7.3, p5 0.17,
figure, A). At baseline, the largest proportion of sub-
jects (13, 48%) had Cmax values at the 90-minute
draw, whereas at year 1, the largest plurality (9, 41%)
had a Cmax value at the 120-minute draw, although
this shift was not significant (p 5 0.47). There was
a nonsignificant reduction in bioavailability at 1 year
(AUC 1407 6 873 nmol/mL vs 1116 6 647 nmol/
mL, p5 0.10). Variability as measured by coefficient
of variation (CV) was similar at baseline and 1 year
(79.8% vs 64.9%), indicating stability in the PK
measures, although the within-subject Cmax values at
30 minutes were often discrepant between years
(158.5% and 179.4%, figure, B). The patients (103,
114, 144, 147, and 155) terminating early (glomer-
ulonephritis, MRI intolerance, prostate cancer,
gastrointestinal [GI] intolerance, and renal failure,
respectively) did not have observably high Cmax
levels.

Discussion. Overall, patients maintained peak
serum levels of daily oral LA, although there were
nonsignificant reductions toward lower and later
absorptions at 1 year. Cmax values occurred later
(between 90 and 120 minutes) than a previous PK
study of LA using the same dosing regimen (between
60 and 90 minutes).3 Because of limited clearance
data, the analysis was unable to calculate many com-
mon, tail-based noncompartmental analysis param-
eters, including half-life. Although the mean Cmax
values were similar between baseline and 1 year,
visual observation demonstrates high between-
subject variability for the same year and within-
subject variability between years based on the high
coefficients of variation (CV .65%). A review of
apparent outliers (115, 134, 137, and 149) did not
reveal underlying differences (e.g., age, weight, and
concomitant medications), nor were their mean
brain atrophy rates different from the larger cohort.
Breithaupt-Grögler et al. (1999) also noted high
between-individual variability in Cmax values of LA
(99% and 96% of the measured R and S LA enan-
tiomers at the highest dose of 600 mg of racemic
LA). Reasons for between- and within-subject

Neurology.org/nn Copyright © 2017 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1
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variable absorptions may be due to an elderly pop-
ulation with erratic GI absorption, reduced hepatic
perfusion, or drug-drug interactions. Alternatively,

it may relate to intrinsic properties of LA or its
delivery system.4–6 Yet unknown is if the PK vari-
ability and rapid clearance of LA impacts its

Figure Pharmacokinetic concentration vs time plots

(A) LA concentration at 6 time points over 120minutes at baseline (n5 27) and 1 year (n5 22). Shown are mean values with
SD bars. (B) Individual traces of baseline and 1-year mean LA peak concentrations. Variability measured by the mean
coefficient of variation across the pharmacokinetic trace was similar at the 2 time points (79.8% vs 64.9%, respectively)
with the highest variability found at 30 minutes (158.5% and 179.4%, respectively). LA 5 lipoic acid.

2 Neurology: Neuroimmunology & Neuroinflammation
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therapeutic efficacy or has dosing implications for
clinical trials or clinical use. Further development of
LA may depend on improving its bioavailability and
tolerability. These PK data represent the longest
duration use of LA in an MS-specific population.
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Brief Report

Saw Palmetto for Symptom Management During Radiation Therapy

for Prostate Cancer
Gwen K. Wyatt, PhD, RN, FAAN, Alla Sikorskii, PhD, Abolfazl Safikhani, PhD, Kevin T. McVary, MD, FACS, and
James Herman, MD
College of Nursing (G.K.W.) and Department of Statistics and Probability (A.Si.), Michigan State University, East Lansing, Michigan;

Department of Statistics (A.Sa.), Columbia University, New York, New York; School of Medicine (K.T.M.), Southern Illinois University,

Springfield, Illinois; and Sparrow Radiation Oncology (J.H.), Sparrow Health System, Lansing, Michigan, USA

Abstract
Context. Lower urinary tract symptoms (LUTSs) affect 75%e80% of men undergoing radiation therapy (RT) for prostate

cancer.

Objectives. To determine the safety, maximum tolerated dose (MTD), and preliminary efficacy of Serenoa repens commonly

known as saw palmetto (SP) for management of LUTS during RT for prostate cancer.

Methods. The dose finding phase used the time-to-event continual reassessment method to evaluate safety of three doses

(320, 640, and 960 mg) of SP. Dose-limiting toxicities were assessed for 22 weeks using the Common Terminology Criteria for

Adverse Events for nausea, gastritis, and anorexia. The exploratory randomized controlled trial phase assessed preliminary

efficacy of the MTD against placebo. The primary outcome of LUTS was measured over 22 weeks using the International

Prostate Symptom Score. Additional longitudinal assessments included quality of life measured with the Functional

Assessment of Cancer TherapyeProstate.

Results. The dose finding phase was completed by 27 men who reported no dose-limiting toxicities and with 20

participants at the MTD of 960 mg daily. The exploratory randomized controlled trial phase included 21 men, and no

statistically significant differences in the International Prostate Symptom Score were observed. The prostate-specific concerns

score of the Functional Assessment of Cancer TherapyeProstate improved in the SP group (P ¼ 0.03). Of 11 men in the

placebo group, two received physician-prescribed medications to manage LUTS compared with none of the 10 men in the SP

group.

Conclusion. SP at 960 mg may be a safe herbal supplement, but its efficacy in managing LUTS during RT needs further

investigation. J Pain Symptom Manage 2016;51:1046e1054. � 2016 American Academy of Hospice and Palliative Medicine.

Published by Elsevier Inc. All rights reserved.

Key Words

Herbal supplement, saw palmetto, prostate cancer, lower urinary tract symptoms

Introduction
Prostate cancer is the most frequently occurring

cancer among men.1 More than 100,000 men undergo
radiation therapy (RT) for prostate cancer annually in
the U.S.2,3 Approximately 40% of these patients
require medication for relief of acute lower urinary

tract symptoms (LUTSs) during RT.4 One-quarter to
one-third have used complementary therapies,
including the herb Serenoa repens, commonly known
as saw palmetto (SP), before or after diagnosis.5e15

SP has been studied extensively as an intervention
for men with benign prostatic hyperplasia
(BPH).16e31 It demonstrated no adverse interactions
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with commonly used medications32,33 nor any effects
on the two most common enzymes involved in the
metabolic pathway of more than 50% of all marketed
prescriptions and over-the-counter medications.34e36

In addition, SP was found to significantly lower the
risk of ejaculatory disorders compared to an alpha-
adrenergic blocker (0.6%, 4.2%, respectively) among
BPH patients.16 In other BPH studies, SP did not
affect prostate-specific antigen (PSA) levels in vivo or
in vitro when taken as a purified extract,23,37,38

compared to no treatment,38 or to placebo.23 McVary
et al.39 reviewed BPH studies from 1999 to 2008 and
could not recommend for or against the use of SP
for treatment of LUTS. A large scale placebo-
controlled trial of SP in BPH found no adverse events
and showed that increasing doses of SP (up to
960 mg) did not reduce LUTS more than placebo at
the 72-week end point.40

In contrast to the abundance of research on SP use
with BPH, no studies have evaluated the safety and ef-
ficacy of SP in LUTS management among men with
prostate cancer undergoing RT. RT for prostate cancer
causes inflammation,4,41e47 leading to LUTS, which
typically appear during the third week of RT.41

Although alpha-adrenergic blockers such as tamsulo-
sin are effective in controlling RT-induced LUTS,48,49

these medications are associated with significant
toxicity.50,51 Side effects of alpha-adrenergic antago-
nists include dizziness, headache, rhinitis, asthenia,
abnormal ejaculation, somnolence, insomnia, nausea,
sinusitis, diarrhea, cough, and amblyopia.51 Approxi-
mately 77% of patients receiving RT in a tamsulosin
dose-escalation trial demonstrated frequency and
nocturia over twice their pre-RT levels.49 In a meta-
analysis of tamsulosin for BPH, the prevalence of
side effects increased with dose escalation, reaching
75% at 0.8 mg dose of tamsulosin; the medication
discontinuation rate at 0.8 mg was 16%. By compari-
son, the only noted adverse effects of SP are gastroin-
testinal, and they generally do not become remarkable
when SP is taken with meals at 320 mg per dose.52e54

It also has been proposed that SP may impact LUTS by
relaxing the smooth muscle in the prostate
gland,37,55,56 a mechanism similar to that of alpha-
adrenergic drugs.48,49,57e64 Additionally, SP may have
a general anti-inflammatory effect.38

To evaluate the use of SP for RT-induced LUTS, the
present study was conducted in two phases: 1) a dose
finding phase to evaluate the safety of three dose
levels, and 2) an exploratory randomized controlled
trial (RCT) phase to assess preliminary efficacy of
the maximum tolerated dose (MTD) with respect to
the management of LUTS and improvement in
health-related quality of life (HRQOL) during and
after RT.

Methods
Setting
Men with prostate cancer were recruited at five

community-based clinics in the Midwest U.S. All sites
and the investigators’ university provided human sub-
jects approval. Furthermore, the Food and Drug
Administration (FDA) provided Investigational New
Drug approval for up to 960 mg of SP per day.

Sample
Men referred for RT with early-stage prostate cancer

were screened by a nurse recruiter for eligibility,
including 21 years of age or older, Karnofsky Perfor-
mance Status score $70%, Gleason Score #8, and
serum PSA #40 ng/mL. Exclusion criteria were T4
or M1 staging; use of other herbs; prior pelvic RT;
abnormal liver or kidney function as evidenced by
greater than twice normal values of blood urea nitro-
gen, serum creatinine, serum transaminases, and
alkaline phosphatase at baseline; persistent psycholog-
ical or medical illness such as uncontrolled hyperten-
sion with a baseline blood pressure of >150 mm Hg
systolic; or major cardiovascular events within the
previous 12 months.

Study Procedures
The RT for prostate cancer received by men in this

study comprised an eight-week (five days/week)
course of 75e80 Gy.41 Patients were recruited between
2011 and 2014 and followed up for 22 weeks. To use a
preventive approach to symptoms, SP was started two
weeks before RT began. Also, because LUTSs were
expected to last after completion of RT, men were
instructed to continue SP for two weeks after ending
RT, with no restrictions on independent continuation
after this period. All men participating in the study
received usual care, which may have included prescrip-
tion medication for controlling LUTS.

Data Collection. Consent was obtained in the clinic
two to three weeks before commencing RT; men
completed the demographic and HRQOL assessment
at baseline (week 0) using a paper and pencil as they
waited for their appointment (Fig. 1). Weekly LUTS
and Common Terminology Criteria for Adverse Events
(CTCAE) data were collected using a paper form by
the study nurse as men came for RT. After completion
of RT (Fig. 1), all data were collected via telephone by
the study interviewer. Because it is standard practice to
monitor blood chemistry and PSA as a marker of
tumor control,65 blood chemistry levels at Study
Week 6 (Week 4 of RT) and PSA levels pre- and
post-SP were abstracted from patient charts.

Vol. 51 No. 6 June 2016 1047Saw Palmetto for Symptom Management
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Dose Finding Phase. Each consented man was assigned
a dose of SP using the time-to-event continual reassess-
ment method (TITE-CRM). The TITE-CRM incorpo-
rated a decision rule for the allocation of the next
patient to a dose of SP based on the current estimate
of the prevalence of toxicity. Using each patient’s data,
the algorithm updated the distribution of toxicity
defined as CTCAE Grade 2 or higher for gastrointes-
tinal symptoms (nausea, gastritis, anorexia). These
three symptoms were selected as adverse events for
the TITE-CRM algorithm because they were the only
known potential side effects of SP.20,53,54

The allowable combined prevalence of these
adverse events was set to 10%. If the estimate of
toxicity for the current dose exceeded 10%, then the
next patient was allocated to a lower dose, otherwise
the dose was escalated. The first three men were allo-
cated to the lowest dose (320 mg); if no adverse events
were reported during 12 weeks of SP, the dose would
be increased to 640 mg for the next four men, and
then to 960 mg in the absence of adverse events.
MTD was defined as the highest dose (among 320,
640, or 960 mg) at which prevalence of adverse events
was <10%. The dose was not escalated beyond 960 mg
based on the FDA study approval. Men stayed on the
assigned dose for the entire protocol unless adverse
events required a dose reduction or discontinuation.

Men knew they were taking the SP. Men assigned to
320 mg were given one bottle; 640 mg two bottles, and
960 mg three bottles. The daily dose was one to three
soft gels because all SPs were packaged as 320 mg soft
gels. Men were told to take no more than one soft gel
at a time, with food, to avoid gastrointestinal side effects.

Exploratory RCT Phase. Once the MTD was deter-
mined, an exploratory RCT was conducted. The goal

was to generate hypotheses of preliminary efficacy of
SP on LUTS and HRQOL; therefore, no statistical
determination of the sample size was made. Based
on ethical considerations of the unknown efficacy of
SP, it was planned to randomize 10 men into each
group, SP or placebo.
The study statistician implemented the computer

program for randomization via minimization of differ-
ences on the recruitment location to control for vari-
ations in standard care.66e69 Men and clinic nurses
who collected data were blinded to the group assign-
ment. After Study Week 22, men were debriefed,
and those assigned to the placebo group were given
a bottle of SP as a thank you for taking part in the
study.

Measures
The CTCAE form was completed weekly during

weeks 2e12 and during Weeks 14 and 22. It includes
anorexia, nausea, gastritis, hematuria, hemorrhoids,
diarrhea, proctitis, pruritis/itching, and fatigue.
Each event, if experienced by patients within the
past seven days, was graded 0e4. Any of the three
gastrointestinal events (anorexia, nausea, and
gastritis) of grade 2 or higher were considered as
adverse events for the TITE CRM algorithm per
FDA-approved protocol. Other possible side effects
were monitored using this form and reported to clinic
staff as appropriate.
The International Prostate Symptom Score

(IPSS)70 was used to evaluate LUTS at Study Weeks
2e10, 12, 14, and 22. The instrument has six items
reflecting -urinary tract symptoms (incomplete
emptying, frequency, urgency, intermittency, ur-
gency, and weak stream) rated on a six-point scale
from 0 ‘‘not at all’’ to 5 ‘‘almost always.’’ Additional

Baseline Week
1 2 3 4 5 6 7 8 9 10 11 12 14 22

Consent X
Liver & Kidney Labs X X

Serum PSA X X

Saw Palmetto X X X X X X X X X X X X

Radiation Therapy X X X X X X X X

CTCAE X X X X X X X X X X X X X X

Efficacy Data

• IPSS X X X X X X X X X X X X X
• QOL X X X X

Covariate Data

• LUTS Medication 
Tracking X X X X X X X X X X

• Demographic Data X

Fig. 1. Data collection schedule. PSA ¼ prostate-specific antigen; CTCAE ¼ Common Terminology Criteria for Adverse
Events; IPSS ¼ International Prostate Symptom Score; QOL ¼ quality of life; LUTS ¼ lower urinary tract symptom.

1048 Vol. 51 No. 6 June 2016Wyatt et al.
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questions assess nocturia and quality of life as a
result of urinary symptoms. Evidence of reliability
and validity has been reported.70

The Functional Assessment of Cancer Therapye
Prostate71 has six subscales reflecting emotional, func-
tional, physical, and social well-being; and prostate-
specific and additional concerns.72 Items are rated
on a five-point scale from 0 ‘‘not at all’’ to 4 ‘‘very
much.’’ The additional concerns subscale has 12
items; other subscales consist of six to seven items.
Higher scores reflect better HRQOL.

Statistical Analysis
Because patient blinding in the randomized phase

or lack thereof in the dose escalation phase was not ex-
pected to affect blood chemistry or PSA level, those
who received 960 mg were compared to those who
received placebo in the analysis of safety. The least
square means were obtained from the general linear
model that included baseline value and study group

as explanatory variables. Differences between the least
square means for the SP vs. placebo groups were
tested.
The preliminary efficacy analysis was of the intent-

to-treat type. To check the success of randomiza-
tion, baseline group comparisons were performed
using t- or Fisher exact tests. Linear mixed effects
(LME) models were used to compare the random-
ized SP group to the placebo group on LUTS and
HRQOL. The LME modeling generalizes classical
analysis of repeated measures and allows for data
missing at random, so that all available longitudinal
data were used from men who completed all or
some of the assessments. All available repeated
measures of LUTS and HRQOL were related to
baseline value and study group (SP vs. placebo) as
explanatory variables. The adjusted means
were output from the LME model and reflected
average difference between groups over time
(main group effect).

Table 1
Baseline Characteristics of the Study Sample

Characteristic

Dose Finding Phase Exploratory RCT Phase

P-Valuea
Those Who Received MTDa of
960 mg Saw Palmetto n ¼ 20 960 mg of Saw Palmetto n ¼ 10 Placebo n ¼ 11

Age, mean (SD) 61.95 (5.40) 66.70 (11.30) 67.82 (7.22) 0.10
Race, n (%)

White 16 (80) 9 (90) 10 (91) 0.99
African American 3 (15) 1 (10) 0 (0)
Unknown 1 (5) 0 (0) 1 (9)

Ethnicity, n (%)
Hispanic or Latino 1 (5) 0 (0) 0 (0) 0.99
Not Hispanic or Latino 14 (70) 8 (80) 8 (73)
Unknown 5 (25) 2 (20) 3 (27)

Education, n (%)
High school or less 7 (35) 8 (80) 7 (64) 0.99
At least some college 11 (55) 2 (20) 2 (18)
Unknown or other 2 (10) 0 (0) 2 (18)

Marital status, n (%)
Married 15 (75) 8 (80) 7 (64) 0.99
Not married 5 (25) 2 (20) 3 (27)
Unknown 0 (0) 0 (0) 1 (9)

Employment status, n (%)
Employed outside 7 (35) 3 (30) 3 (27) 0.99
Retired or disabled 13 (65) 7 (70) 7 (64)
Unknown 0 (0) 0 (0) 1 (9)

Annual household income, n (%)
8000e25,000 3 (15) 2 (20) 1 (9) 0.99
25,000e50,000 5 (25) 3 (30) 4 (36)
>50,000 or unknown 12 (60) 5 (50) 6 (55)

Combined Gleason Score, n (%)
6 5 (25) 1 (10) 1 (9) 0.99
7 14 (70) 6 (60) 7 (64)
8 1 (5) 2 (20) 1 (9)
Unknown 0 (0) 1 (10) 2 (18)

T stage, n (%)
T2, NOS 1 (5) 0 (0) 0 (0) d
T2a 1 (5) 0 (0) 0 (0)
T2b 1 (5) 0 (0) 0 (0)
Unknown 17 (85) 10 (100) 11 (100)

MTD ¼ maximum tolerated dose; RCT ¼ randomized controlled trial; NOS ¼ not otherwise specified.
aFor categorical variables, the P-value is for the comparison of most prevalent category by study group.
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Results
During the entire study (both phases), 56 men were

approached, and 48 (84%) consented. The majority of
participants were white, not of Hispanic or Latino
ancestry, married, and retired or disabled (Table 1).

There were no significant differences among the
groups at baseline, with the exception of better func-
tional well-being among those randomized to SP
(Table 2). The covariance adjustment controlled for
this difference in later analyses.

Table 2
Baseline Laboratory, IPSS, and FACT-P Data

Variable

Dose Finding Phase Exploratory RCT Phase

P-Value

Those Who Received MTD of
960 mg Saw Palmetto, n ¼ 20

960 mg of Saw Palmetto,
n ¼ 10

Placebo,
n ¼ 11

Mean (SD) Mean (SD) Mean (SD)

Blood urea nitrogen 19.65 (6.24) 16.30 (6.34) 19.28 (5.85) 0.24
Serum creatinine 1.03 (0.20) 1.01 (0.13) 1.07 (0.37) 0.57
Alkaline phosphatase 70.85 (23.57) 72.12 (17.28) 75.88 (20.24) 0.57
Serum alanine aminotransferase 24.25 (12.31) 21.12 (7.47) 25.22 (10.16) 0.36
Serum aspartate aminotransferase 21.15 (6.17) 23.75 (6.34) 25.66 (17.09) 0.92
White blood cell 6.97 (2.39) 5.96 (1.07) 7.22 (1.73) 0.11
Red blood cell 4.65 (0.38) 4.78 (0.33) 4.63 (0.58) 0.82
Hemoglobin 14.17 (1.92) 14.71 (1.12) 14.26 (2.03) 0.76
Platelet 219.20 (53.00) 205.29 (34.18) 233.55 (60.63) 0.46
Prostate-specific antigen 4.16 (6.33) 6.71 (4.78) 9.66 (12.89) 0.45
International Prostate Symptom Score 8.10 (6.28) 5.56 (5.13) 7.73 (4.41) 0.30
FACT-P total 124.60 (16.86) 127.93 (15.08) 118.68 (17.18) 0.22
FACT-P emotional well-being 18.35 (4.22) 18.96 (2.86) 18.40 (4.17) 0.73
FACT-P functional well-being 22.05 (5.18) 23.60 (4.12) 19.33 (4.59) 0.04
FACT-P physical well-being 25.15 (3.73) 25.80 (2.78) 25.30 (2.26) 0.66
FACT-P social well-being 22.34 (6.38) 21.87 (6.17) 20.85 (7.28) 0.74
FACT-P prostate-specific concerns 36.70 (5.55) 37.70 (4.95) 34.80 (3.68) 0.15

IPSS ¼ International Prostate Symptom Score; FACT-P ¼ Functional Assessment of Cancer TherapyeProstate; MTD ¼ maximum tolerated dose.

RT Clinic Data Collection
Week 3: N = 24
Week 4: N = 24
Week 5: N = 23
Week 6: N = 23
Week 7: N = 23
Week 8: N = 23
Week 9: N = 23
Week 10: N = 23

Attrition Counts and Reasons
N = 2

- BP concerns = 1
- Received pills late = 1

Attrition Counts and Reasons
N = 3

- Level 1 gastritis = 1
- Too many meds = 1
- Received pills late = 1 RT Clinic Data Collection

Week 3: N = 8
Week 4: N = 8
Week 5: N = 9
Week 6: N = 8
Week 7: N = 9
Week 8: N = 9
Week 9: N = 9

Week 10: N = 9Attrition Counts and Reasons
N = 1

- RT schedule issue = 1

Allocated SP: 14 week interview
N = 20

Allocated SP: 22 week interview
N = 22

Allocated SP: 11 week interview
N = 21

Allocated SP: 12 week interview
N = 22

Placebo: 11 week interview
N = 9

Randomized SP: 12 week interview
N = 7

Placebo: 14 week interview
N = 8

Placebo: 22 week interview
N = 9

RT Clinic Data Collection
Week 3: N = 8
Week 4: N = 8
Week 5: N = 7
Week 6: N = 8
Week 7: N = 8
Week 8: N = 8
Week 9: N = 8

Week 10: N = 5

Randomized SP: 11 week interview
N = 6

Placebo: 12 week interview
N = 7

Randomized SP: 14 week interview
N = 5

Randomized SP: 22 week interview
N= 6

Eligible patients approached
N = 56

Consented
N= 48

Baseline Interview
N = 27

Baseline Interview
N = 10

Baseline Interview
N = 11

Dose Finding Phase
N = 27

Randomized to 960mg of SP 
N = 10

Randomized to placebo
N = 11

Attrition Counts and 
Reasons
N = 2

- Overwhelmed = 1
- Other = 1

Allocated to SP
320mg N= 3
640mg N= 4
960mg N= 20

Pilot RCT Phase
N = 21

Attrition Counts and Reasons
N = 1

- Not reached via phone = 1

Attrition 
Counts and 
Reasons
N = 2
Not reached 
via phone = 2

Attrition Counts and Reasons
N = 0

Fig. 2. Consolidated Standards of Reporting Trials (CONSORT) chart saw palmetto study. RCT ¼ randomized controlled trial;
SP ¼ saw palmetto; RT ¼ radiation therapy.
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Dose Finding Phase
As no adverse events were observed for three men on

320mgand fourmenon640mgof SPover 12weeks, the
dose was escalated to 960 mg, again with no dose-
limiting toxicities. Of 20 men who received 960 mg of
SP, 17 completed the 12-week data collection point dur-
ing the dose finding phase (Fig. 2). Of these 17 men,
five (29%) received alpha-adrenergic drugs during
the study period. The medications prescribed for men
in the sample were tamsulosin, doxazosin, terazosin,
and prazosin hydrochloride, and the prescription dates
corresponded toWeeks 3e7of the study (first fiveweeks
of RT). One man who received 320 mg of SP was on an
alpha-adrenergic drug at intake and throughout the
study.

Exploratory RCT Phase
Of the 10 men randomized to 960 mg of SP, none

were prescribed alpha-adrenergic drugs. Of the 11

patients randomized to placebo, two (18%) were pre-
scribed alpha-adrenergic drugs during Week 3 of the
study (start of RT). No significant differences in blood
chemistry or PSA levels were found at Study Weeks 6
or 22 between those who received 960 mg of SP vs.
those who received placebo (Table 3).
Table 4 summarizes the longitudinal comparisons of

the randomized groups on LUTS and HRQOL. No
differences between groups were found with the
exception of a better score on the prostate-specific
concerns subscale of the Functional Assessment of
Cancer TherapyeProstate for the SP group. Based
on this finding, a hypothesis regarding possible
improvement in this HRQOL dimension as a result
of SP can be formulated and formally tested in future
studies.

Discussion
This study addresses the problem of men experi-

menting with SP in the absence of evidence. Because
of the putative slower onset of symptom relief with
SP compared with prescription medications, the
dosing schedule can be started a few weeks before
the expected symptom onset. The decrease in adverse
events with SP may make it an attractive supplement, if
shown to be efficacious.
An interesting contrast occurred between the dose

finding and exploratory RCT phases of the study. Dur-
ing the dose finding phase, patients were not blinded
to receiving SP, whereas those randomized to SP in the
exploratory RCT phase were blinded to whether they
were receiving SP or a placebo. The IPSS scores of
the randomized men were no different from placebo,
whereas the scores of men who knew they were taking
SP improved. This finding underscores the impor-
tance of conducting placebo-controlled blinded trials,
especially when outcomes are patient reported. It is
possible that when men knew they were getting
some dose of SP in the dose finding phase, they may
have been more likely to report symptom control.

Table 3
LS Means of Blood Chemistry and Their SEs at Study

Week 6 and PSA at End of Study (Week 22) Adjusted for
the Respective Values at Baseline

Variable

MTD of 960
mg of SP Placebo

P-Value

LS Mean (SE)
(Allocated

and Randomized
Combined)

LS Mean
(SE)

Blood urea nitrogen 18.14 (1.30) 22.90 (1.99) 0.06
Serum creatinine 1.01 (0.05) 1.11 (0.07) 0.23
Alkaline phosphatase 70.93 (2.29) 66.72 (3.42) 0.32
Serum alanine

aminotransferase
26.49 (1.63) 24.38 (2.42) 0.47

Serum aspartate
aminotransferase

23.02 (0.88) 22.06 (1.31) 0.55

White blood cell 5.03 (0.28) 5.19 (0.42) 0.76
Red blood cell 4.60 (0.06) 4.47 (0.08) 0.23
Hemoglobin 13.95 (0.18) 13.50 (0.27) 0.17
Platelet 195.64 (6.07) 190.69 (9.06) 0.65
Prostate-specific

antigen
0.54 (0.14) 0.06 (0.26) 0.12

LS ¼ least square; PSA ¼ prostate-specific antigen; MTD ¼ maximum toler-
ated dose.

Table 4
LS Means and Their SEs for IPSS (Lower Score Is Better) and Subscales and Total of FACT-P (Higher Score Is Better) by

Study Group Adjusted for Baseline Values

Variable

Dose Finding Phase Pilot RCT Phase P-Value

960 mg,
LS Mean (SE)

960 mg,
LS Mean (SE)

Placebo,
LS Mean (SE)

Randomized
Group Comparison

IPSS 7.44 (0.89) 10.54 (1.29) 9.41 (1.21) 0.12
FACT-P total 133.31 (2.79) 124.77 (4.37) 124.48 (4.18) 0.13
FACT-P emotional well-being 21.30 (0.53) 20.77 (0.84) 21.62 (0.79) 0.76
FACT-P functional well-being 23.97 (0.82) 22.24 (1.30) 21.20 (1.25) 0.17
FACT-P physical well-being 25.75 (0.54) 24.00 (0.86) 25.67 (0.81) 0.22
FACT-P social well-being 23.30 (0.68) 23.38 (1.08) 21.02 (1.01) 0.16
FACT-P prostate-specific concerns 39.59 (1.21) 35.13 (1.92) 33.81 (1.82) 0.03

LS ¼ least square; IPSS ¼ International Prostate Symptom Score; FACT-P ¼ Functional Assessment of Cancer TherapyeProstate; RCT ¼ randomized controlled
trial.
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When men could not be sure if they were getting SP,
they may have been more likely to report symptoms.

An alternative interpretation of this finding is to
account for the use of alpha-adrenergic drugs. In the
exploratory RCT phase, two of 11 men randomized
to placebo were prescribed alpha-adrenergic drugs
in contrast to none of the men in the SP arm. The
resulting IPSS scores did not differ between arms indi-
cating about equal success of LUTS management.
Those randomized in the exploratory RCT phase to
SP were not prescribed any alpha-adrenergic drugs;
their LUTS were managed using SP with about equal
success compared to those in the placebo arm where
some men received alpha-adrenergic drugs. During
the dose finding phase of the study, 29% of patients
received both SP and alpha-adrenergic drugs, which
may explain better outcomes in this group of patients.

The limitations of this study include a small sample
size in the exploratory RCT phase. It would have been
unethical to conduct a larger study in the absence of
safety data and preliminary efficacy data for hypothesis
generation. Also, ideally, men in the exploratory RCT
phase would not be taking any other medications for
the control of LUTS so that the effect of SP could
be isolated. But again, denial of the standard of care
for LUTS management would have been unethical.
Finally, a longer period of taking SP and weekly
follow-up after completion of RT may be needed in
future studies.

Conclusion
This study has demonstrated the safety of the

960 mg dose and has resulted in a hypothesis of effi-
cacy with respect to prostate-specific concerns of
HRQOL. This hypothesis should be tested in future
studies.
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Alexandre Dal-Pana,b,d,e, Stéphanie Dudonnéb,e, Philippe Bourassaa,b,c,d, Morgane Bourdoulousa,
Cyntia Tremblaya, Yves Desjardinsb,e and Frédéric Calona,b,c,d,e,∗ on behalf of the Neurophenols
consortiume
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Abstract. No effective preventive treatment is available for age-related cognitive decline and Alzheimer’s disease (AD).
Epidemiological studies indicate that a diet rich in fruit is associated with cognitive improvement. It was thus proposed that
high polyphenol concentrations found in berries can prevent cognitive impairment associated with aging and AD. Therefore,
the Neurophenols project aimed at investigating the effects of a polyphenolic extract from blueberries and grapes (PEBG) in
the triple-transgenic (3xTg-AD) mouse model of AD, which develops AD neuropathological markers, including amyloid-�
plaques and neurofibrillary tangles, leading to memory deficits. In this study, 12-month-old 3xTg-AD and NonTg mice
were fed a diet supplemented with standardized PEBG (500 or 2500 mg/kg) for 4 months (n = 15–20/group). A cognitive
evaluation with the novel object recognition test was performed at 15 months of age and mice were sacrificed at 16 months
of age. We observed that PEBG supplementation with doses of 500 or 2500 mg/kg prevented the decrease in novel object
recognition observed in both 15-month-old 3xTg-AD mice and NonTg mice fed a control diet. Although PEBG treatment
did not reduce A� and tau pathologies, it prevented the decrease in mature BDNF observed in 16-month-old 3xTg-AD mice.
Finally, plasma concentrations of phenolic metabolites, such as dihydroxyphenyl valerolactone, a microbial metabolite of
epicatechin, positively correlated with memory performances in supplemented mice. The improvement in object recognition
observed in 3xTg-AD mice after PEBG administration supports the consumption of polyphenols-rich extracts to prevent
memory impairment associated with age-related disease, without significant effects on classical AD neuropathology.
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Combined epigallocatechin-3-gallate and resveratrol supplementation
for 12 wk increases mitochondrial capacity and fat oxidation, but not
insulin sensitivity, in obese humans: a randomized controlled trial1,2

Jasper Most,3 Silvie Timmers,3 Ines Warnke,4 Johan WE Jocken,3 Mark van Boekschoten,5 Philip de Groot,5 Igor Bendik,4

Patrick Schrauwen,3 Gijs H Goossens,3 and Ellen E Blaak3*

3Department of Human Biology, NUTRIM School of Nutrition and Translational Research in Metabolism, Maastricht University Medical Center, Maastricht,

Netherlands; 4Research and Development, Human Nutrition and Health, DSM Nutritional Products Ltd., Basel, Switzerland; and 5Nutrition, Metabolism, and

Genomics Group, Division of Human Nutrition, Wageningen University, Wageningen, Netherlands

ABSTRACT
Background: The obese insulin-resistant state is characterized by
impairments in lipid metabolism. We previously showed that 3-d sup-
plementation of combined epigallocatechin-3-gallate and resveratrol
(EGCG+RES) increased energy expenditure and improved the
capacity to switch from fat toward carbohydrate oxidation with
a high-fat mixed meal (HFMM) test in men.
Objective: The present study aimed to investigate the longer-term
effect of EGCG+RES supplementation on metabolic profile, mito-
chondrial capacity, fat oxidation, lipolysis, and tissue-specific in-
sulin sensitivity.
Design: In this randomized double-blind study, 38 overweight
and obese subjects [18 men; aged 38 6 2 y; body mass index
(kg/m2): 29.7 6 0.5] received either EGCG+RES (282 and
80 mg/d, respectively) or placebo for 12 wk. Before and after the
intervention, oxidative capacity and gene expression were assessed
in skeletal muscle. Fasting and postprandial (HFMM) lipid metabo-
lism was assessed by using indirect calorimetry, blood sampling,
and microdialysis. Tissue-specific insulin sensitivity was assessed
by a hyperinsulinemic-euglycemic clamp with [6,6-2H2]-glucose
infusion.
Results: EGCG+RES supplementation did not affect the fasting
plasma metabolic profile. Although whole-body fat mass was not
affected, visceral adipose tissue mass tended to decrease after the
intervention compared with placebo (P-time 3 treatment = 0.09).
EGCG+RES supplementation significantly increased oxidative ca-
pacity in permeabilized muscle fibers (P-time 3 treatment ,
0.05, P-EGCG+RES , 0.05). Moreover, EGCG+RES reduced fast-
ing (P-time3 treatment = 0.03) and postprandial respiratory quotient
(P-time 3 treatment = 0.01) compared with placebo. Fasting and
postprandial fat oxidation was not significantly affected by EGCG
+RES (P-EGCG+RES = 0.46 and 0.38, respectively) but declined
after placebo (P-placebo = 0.05 and 0.03, respectively). Energy ex-
penditure was not altered (P-time 3 treatment = 0.96). Furthermore,
EGCG+RES supplementation attenuated the increase in plasma
triacylglycerol concentrations during the HFMM test that was ob-
served after placebo (P-time 3 treatment = 0.04, P-placebo =
0.01). Finally, EGCG+RES had no effect on insulin-stimulated glu-
cose disposal, suppression of endogenous glucose production, or
lipolysis.

Conclusion: Twelve weeks of EGCG+RES supplementation in-
creased mitochondrial capacity and stimulated fat oxidation compared
with placebo, but this did not translate into increased tissue-specific
insulin sensitivity in overweight and obese subjects. This trial was
registered at clinicaltrials.gov as NCT02381145. Am J Clin Nutr
2016;104:215–27.

Keywords: insulin sensitivity, mitochondrial capacity, obesity,
polyphenols, resveratrol

INTRODUCTION

The prevalence of obesity and related chronic diseases is
continuously increasing (1). Insulin resistance is a major risk
factor for the progression of obesity toward chronic metabolic
diseases, including cardiovascular disease and type 2 diabetes (2).
Reduced lipid storage capacity and impaired endocrine function
of adipose tissue (3) and decreased mitochondrial capacity and
accumulation of lipid intermediates in skeletal muscle (2, 4, 5)
are closely associated with insulin resistance.

Current treatment strategies to control the progression of
chronic diseases are mainly focused on lifestyle, pharmacologic,
or surgical interventions. However, these interventions showed
large interindividual variability in response (6), which underscores
the need for additional strategies to optimize the prevention of
obesity-associated metabolic disorders.

Polyphenols were identified as dietary ingredients with anti-
oxidant properties decades ago. More recently, they were also
implicated in the prevention of type 2 diabetes and cardiovascular

1 Supported by the ALPRO Foundation. Supplements were kindly pro-

vided by Pure Encapsulations, Inc.
2 SupplementalMethods, Supplemental Material, Supplemental Tables 1

and 2, and Supplemental Figures 1 and 2 are available from the “Online

Supporting Material” link in the online posting of the article and from the

same link in the online table of contents at http://ajcn.nutrition.org.

*Towhom correspondence should be addressed. E-mail: e.blaak@
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diseases. As such, epigallocatechin-3-gallate (EGCG)6, which is
most abundant in green tea, and resveratrol, which is present in
grape skin, red wine, and peanuts, have been implicated in the
prevention of body weight gain and insulin resistance in rodents
fed obesogenic diets (7–9). In animal models of obesity, EGCG
was shown to reduce the absorption of intestinal lipids and to
increase lipid catabolism, possibly by inhibiting catechol-O-
methyltransferase (10) or by activating AMP kinase (AMPK)
(11). Resveratrol has been suggested to stimulate mitochondrial
biogenesis by activating sirtuin 1 (SIRT1) and peroxisome
proliferator–activated receptor g coactivator 1a (PGC1a) (7, 8).

Human studies have shown that supplementation with both
EGCG (or EGCG-rich products) and resveratrol improvedmarkers
of insulin sensitivity [HOMA-IR, EGCG (12), resveratrol (13)],
reduced plasma markers of oxidative stress (total antioxidative
status) and systemic inflammation [TNF-a, EGCG (12), resver-
atrol (13)], stimulated postprandial fat oxidation [EGCG (14)],
and reduced body weight [EGCG (15), resveratrol (16)]. How-
ever, conflicting data in humans have also been reported (17–19).

We recently postulated that a combination of polyphenols with
distinct mechanisms of action may have additional and/or syn-
ergistic effects, which may result in physiologically relevant
effects on fat oxidation. Indeed, we showed that supplementation
of a specific combination of EGCG and resveratrol (EGCG+RES)
for 3 d significantly increased resting and postprandial energy
expenditure (EE) and resulted in a more pronounced increase in
respiratory quotient (RQ) after a high-fat mixed meal (HFMM)
compared with placebo in men (20). Importantly, these effects
were not observed after single EGCG supplementation (21).
Here, we investigated the effects of longer-term combined EGCG
+RES supplementation on metabolic profile, skeletal muscle
oxidative capacity, fat oxidation, lipolysis, and peripheral, he-
patic, and adipose tissue insulin sensitivity in overweight and
obese nondiabetic subjects.

METHODS

Subjects

Forty-two untrained (,3 h organized sports activities/wk),
weight-stable (,2 kg body weight change 3 mo before inclu-
sion) overweight and obese [BMI (in kg/m2) .25] white men
(n = 21) and women (n = 21) aged between 20 and 50 y with
normal glucose tolerance (fasting glucose ,6.1 mmol/L, 2-h
glucose ,7.8 mmol/L), normal blood pressure (diastolic:
60–90 mm Hg; systolic: 100–140 mm Hg) were included in this
study. Subjects were not allowed to donate blood or use any
medication or supplements that might interfere with study out-
comes for 3 mo before entering the study. Exclusion criteria were
pregnancy, menopause, lactation, and any reported history of
chronic inflammatory, cardiovascular, hepatic, pulmonary, renal,

or gastrointestinal disease. Intakes of caffeine (,600 mg/d),
green tea (,3 cups/d), alcohol (,20 g/d), and grapes and pea-
nuts (occasional consumption) had to be limited.

Study design and randomization

In this randomized, double-blind, placebo-controlled, parallel-
intervention trial, subjects received either a combination of
EGCG and RES supplements (EGCG+RES; 282 and 80 mg/d,
respectively) or a placebo (partly hydrolyzed microcrystalline
cellulose-filled capsules) for a period of 12 wk to assess effects of
EGCG+RES supplementation on tissue-specific insulin sensi-
tivity (primary outcome) and metabolic profile, skeletal muscle
oxidative capacity, fat oxidation, and lipolysis (secondary out-
comes). An independent researcher executed a block-wise ran-
domization procedure and packed the supplements according to
a computer-generated randomization plan (Microsoft Excel 2011
for Mac, Microsoft Corp.). The supplementation period started
the day after the last baseline measurement in week 0 and was
continued throughout measurements in week 12. Subjects were
instructed to maintain their habitual lifestyle pattern throughout
the study. In total, subjects were asked to visit the university 10
times for medical screening, 3 clinical investigation days (CIDs)
before the start of supplementation (within 7 d), 3 control visits
during the supplementation period, and 3 CIDs in the last week
of supplementation (within 7 d). CIDs comprised skeletal muscle
biopsies combinedwith dual-energyX-ray absorptiometry (CID1),
an HFMM test (CID2), and a hyperinsulinemic-euglycemic clamp
(CID3) and were separated by $1 d. Control visits for compliance,
side effects, and to provide new capsules were scheduled in weeks
2, 4, and 8 of intervention. During weeks 0 and 12, subjects were
asked to complete 3-d food records (2 weekdays, 1 weekend day)
and during week 4 a 1-d food record (1 weekday) to monitor and
control for changes in dietary habits. An experienced dietitian
checked the food records and discussed these with the subjects in
case of incomplete or missing information. Energy and nutrient
intakes were analyzed by using the Dutch Food Composition data
set (NEVO; National Institute for Public Health and the Envi-
ronment, Ministry of Health, Welfare, and Sport, Netherlands).

CIDs

Two days before the CIDs, subjects were asked to refrain from
intense physical activity and alcohol consumption. Meal intake
during the evening before each CID was standardized per subject
by providing the same meal. The first meal was provided ad
libitum (740 6 34 kcal, 48% 6 2% of energy from fat), and
subjects were asked to keep the portion size constant at all
subsequent CIDs. After an overnight fast, subjects came to the
university by car or public transport. Both before and after the
intervention, a 2-step hyperinsulinemic-euglycemic clamp and
an HFMM test were performed, and a skeletal muscle biopsy
sample was collected. All procedures were performed while
subjects were in a resting, half-supine position.

Dual-energy X-ray absorptiometry and skeletal muscle
biopsy (CID1)

First, body composition was measured by dual-energy X-ray
absorptiometry with the use of the 3-compartment model (Hologic
Corp.). Next, skeletal muscle (Vastus lateralis) biopsy samples

6Abbrevations used: AMPK, AMP activated kinase; CID, clinical investi-

gation day; EE, energy expenditure; EGCG, epigallocatechin-3-gallate;

EGCG+RES, epigallocatechin-3-gallate plus resveratrol; EGP, endogenous

glucose production; FFA, free fatty acid; HFMM, high-fat mixed meal;

NOGD, nonoxidative glucose disposal; OxPhos, oxidative phosphorylation;

PGC1a, peroxisome proliferator–activated receptor g coactivator 1a; post,

after intervention; pre, before intervention; Rd, rate of disappearance; RQ,

respiratory quotient; SIRT1, sirtuin 1.
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were taken under local anesthesia during fasting conditions
before and after the 12-wk intervention period. One portion
(w30 mg) was used for high-resolution respirometry (22),
which allows for the determination of oxidative capacity ex vivo
by quantifying the oxygen consumption with the use of the
Oxygraph-2k (Oroboros Instruments). The other portion was
directly frozen in isopentane and stored at 2808C until further
analyses. Protein quantification of mitochondrial oxidative
phosphorylation (OxPhos) complexes was performed by SDS-
PAGE followed by Western blot analysis with the use of nitro-
cellulose membranes (Trans-blot Turbo transfer system; Bio-Rad).
Blots were probed with Total OxPhos Antibody Cocktail
(Mitoscience/Abcam) and a secondary Infrared dye680/700
conjugated donkey anti-mouse antibody (Licor/Invitrogen).
Antigen-antibody complexes were visualized by using an
Odyssey Infrared Imaging System (Licor Biosciences).

A detailed description for skeletal muscle microarray analysis
and lipid composition is provided in the SupplementalMethods.
Briefly, for microarray analysis, 100 ng intact total RNA was
extracted from skeletal muscle biopsy samples by using the
Trizol method (Qiagen) and processed by applying the Gene-
Chip WT Plus Reagent Kit and Human Transcriptome Array 2.0
GeneChips (Affymetrix) according to the manufacturer’s in-
structions. Functional data analysis was based on a false-discovery
rate q-value ,0.2 on the filtered data set [IQR .0.2 (log2),
intensity .20, .5 arrays, .5 probes/gene].

For the determination of lipid composition, total lipids were
extracted after lyophilization of skeletalmuscle tissue. Diacylglycerol
and triacylglycerol were separated by thin-layer chromatography
and fatty acid profiles were determined on an analytic gas
chromatograph, as described previously (5).

Microdialysis (CID2)

Four microdialysis probes (CMA 60; CMA Microdialysis)
were inserted under local anesthesia, 2 in the medial portion of
the gastrocnemius muscle of both legs and 2 in the subcutaneous
adipose tissue 6–8 cm left and right from the umbilicus in male
subjects (n = 17; age: 40.1 6 2.0 y; BMI: 30.0 6 0.8; HOMA-
IR: 2.16 0.4), as described previously (23). After insertion, 90 min
were allowed for tissue recovery from the insertion trauma.
Throughout the HFMM test (CID2), in each tissue one probe
was perfused at 0.3 mL/min with Ringer solution to collect
microdialysate for analyses of glycerol, glucose, pyruvate, and
lactate concentrations by means of CMA enzymatic assay kits
on a CMA 600 microdialysis analyzer.

The contralateral probe was perfused at 5.0 mL/min with
Ringer solution, supplemented with 50 mmol ethanol/L, to assess
the ethanol outflow-to-inflow ratio as an indicator of local blood
flow. Ethanol concentrations were measured spectrophotometrically
at 340 nm by using a standard ethanol assay kit (Boehringer).

HFMM test (CID2)

After inserting a cannula into the antecubital vein, substrate
oxidation was measured for 30 min under fasting conditions
(t = 0) and for 4 h after the ingestion of a liquid HFMM (625 kcal,
61% of energy from fat, 33% of energy from carbohydrate, 6% of
energy from protein), which was consumed within 5 min at t = 0.
Blood samples were taken under fasting (t = 0 min) and post-

prandial (t = 30, 60, 90, 120, 150, 180, 210, and 240 min) con-
ditions. EE and substrate oxidation were measured by indirect
calorimetry by using the open-circuit ventilated hood system
(Omnical; Maastricht University) and were calculated according
to the formulas of Weir (24) and Frayn (25), respectively.

Hyperinsulinemic-euglycemic clamp (CID3)

A 2-step hyperinsulinemic-euglycemic clamp with [6,6-2H2]-
glucose infusion (tracer; Cambridge Isotope Laboratories) was
performed to assess the rate of disappearance (Rd), nonoxidative
glucose disposal (NOGD), and endogenous glucose production
(EGP) (22). First, a cannula was inserted into the antecubital vein.
A second cannula was inserted into a superficial dorsal hand vein
for the sampling of arterialized blood (by using a hot box with air
circulating at w508C). After the administration of a bolus in-
jection of 2.4 mg [6,6-2H2]-glucose/kg, a continuous [6,6-2H2]-
glucose infusion was started at 0.04 mg/(kg3 min) and continued
throughout the measurement. After 2 h, insulin infusion was
started at 10 mU/(m2 3 min) for 2 h, followed by 40 mU/(m2

3min) insulin for the last 2 h to suppress lipolysis and EGP. By
a variable coinfusion of a 20% glucose solution, enriched to 1.92
mg tracer/mL, blood glucose concentrations were maintained at
5.0 mmol/L. During the last 30 min of each insulin-infusion step
[0, 10, and 40 mU/(m2 3 min)], blood samples were collected
and substrate oxidation was measured by using indirect calo-
rimetry [described in the section entitled “HFMM test (CID2)”] to
assess glucose kinetics. Kinetics of Rd and NOGD were calcu-
lated during 0 and 40 mU/(m2 3 min) insulin infusion, re-
spectively, as absolute increases between these steps [D mmol/(kg
3 min)], whereas calculations for insulin-mediated suppression
of EGP and free fatty acids (FFAs) were performed during 0 and
10 mU/(m2 3 min) insulin infusion, respectively, as relative
suppression during 10 compared with 0 mU/(m2 3 min) (%).

Biochemistry

Blood was collected into prechilled tubes and centrifuged
(1000 3 g; 10 min; 48C) and plasma was snap-frozen in liquid
nitrogen and stored at 2808C until analyses. To check for treat-
ment compliance, plasma epigallocatechin-3-gallate and resver-
atrol concentrations were determined by liquid chromatography–
mass spectrometry (for details, see Supplemental Methods).
In brief, for the measurement of free EGCG, 500 mL plasma
was combined with the same volume of an ascorbic acid/
EDTA stabilizing buffer. For analyses, an internal standard was
added, followed by a 23 liquid-liquid extraction. Total resver-
atrol and total dihydro-resveratrol were measured as the sum
of aglycone and conjugated forms (b-glucuronidase digestion
required) after the addition of labeled internal standard by
a liquid-liquid extraction. After centrifugation, an aliquot of the
organic phase was evaporated to dryness, re-dissolved in in-
jection solvent, and analyzed by using liquid chromatography–
mass spectrometry systems. The isotopic enrichment of plasma
glucose was determined by electron ionization gas chromatography–
mass spectrometry and expressed as the tracer-to-tracee ratio for
steady state calculations of Rd, NOGD, and EGP, as described
previously (22).

Plasma glucose, lactate, FFA, triacylglycerol, total cholesterol
and HDL-cholesterol concentrations were determined with an
automated spectrophotometer (ABX Pentra 400 autoanalyzer;
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HoribaABX) by using enzymatic colorimetric kits. LDL-cholesterol
concentrations were calculated by the Friedewald equation (26).
Plasma glycerol concentrations were measured with an enzy-
matic assay (Enzytec Glycerol; Roche Biopharm) automated on
aCobas Fara spectrophotometric autoanalyzer (RocheDiagnostics).
Circulating plasma concentrations of insulin, adiponectin, and leptin
were analyzed by using commercially available radioimmunoassay
kits (Human Insulin–specific Radioimmunoassay, Human Adi-
ponectin Radioimmunoassay, and Human Leptin Radioimmu-
noassay; Millipore Corporation). Plasma concentrations of
inflammatory markers (IL-6, IL-8, and TNF-a) were determined
by using a multiplex ELISA (Human ProInflammatory II 4-Plex
Ultra-Sensitive Kit; Meso Scale Diagnostics).

Supplements

The supplements were commercially available and were pro-
vided by Pure Encapsulations, Inc. All of the capsules were manu-
factured, tested, and checked in accordance to the standards of the
European Union’s Good Manufacturing Practices requirements.

EGCG capsules contained 94% epigallocatechin-3-gallate
(141mg/capsule, lot 3570112) and resveratrol capsules contained
20% trans-resveratrol (40 mg trans-resveratrol in Polygonum
cuspidatum extract/capsule, lot 1611011). The doses of the
supplements were based on previous study outcomes, in which
these doses altered markers of substrate and energy metabolism
[Timmers et al. (13): 150 mg resveratrol/d); Most et al. (20): 200 mg
resveratrol/d, 282 mg EGCG/d]. Higher concentrations appear
to have no (additional) benefit [Poulsen et al. (17): 1500 mg
resveratrol/d; Brown et al. (19): 800 mg EGCG/d]. Two lots of
placebo capsules (microcrystalline cellulose: lots 7150712 and
7160712) were used for blinding. Placebo capsules were en-
capsulated identically to the active supplements and filled with
microcrystalline cellulose and tan/brown and pink/red powder,
respectively, to blind both supplements. Capsules were packed
into white opaque boxes, labeled per subject without indication
of the content. One capsule of each supplement (EGCG and
resveratrol or both blinded placebo capsules) was ingested
during breakfast and dinner. This regimen was maintained until
the last measurement. On CIDs, subjects ingested the capsules
before arrival at the university (between 0700 and 0800 h). After
completion of the study, returned capsules were counted for
compliance and the stability of polyphenols was assessed by
measuring EGCG and resveratrol via HPLC in capsules stored
for 3 mo, according to the manufacturer’s recommendations.
The supplements were considered safe and well tolerated (20).

Study approval

All of the subjects gavewritten informed consent for participation
in this study, which was reviewed and approved by the local medical
ethics committee ofMaastricht UniversityMedical Center. This trial
was registered at clinicaltrials.gov (NCT02381145). All procedures
were conducted according to the Declaration of Helsinki.

Statistical analysis

The sample size (n = 42) was calculated to detect a physio-
logically relevant change in insulin sensitivity of 20%, with an
SD of 4%, a power of 80%, assuming a significance level of a =
0.05 (n = 34), and a drop-out rate of 20% (n = 8). All of the data

are expressed as means 6 SEMs. Data for the HFMM test are
expressed as AUCs to define the total measurement period
during this test (fasting and postprandial) and as incremental
AUCs to define specifically the postprandial response (diet-
induced effect compared with fasting), both calculated by the
trapezoid method. Variables were tested for normality by using
Shapiro-Wilk test and showed a normal distribution. Differences
in subjects’ characteristics at baseline were tested by Student’s
unpaired t test. Data were analyzed by using a 2-factor repeated-
measures ANOVA, with time [before intervention (pre) and after
intervention (post)] and treatment (placebo, EGCG+RES) as
factors. P , 0.05 was considered to be significant, and P , 0.10
was considered to show a trend. In case of a significant time 3
treatment interaction (P-time 3 treatment), post hoc analyses
with Bonferroni correction were applied to identify significant
within-group effects (P-EGCG+RES, P-placebo). In case of
clinically relevant baseline differences between treatment
groups (for fasting insulin, IL-6, mitochondrial capacity of
state 3 respiration, and protein expression of OxPhos com-
plexes III and V; for all, .20% baseline difference), the
baseline value was included as a covariate in univariate AN-
OVA, with the change over time as a dependent variable and
treatment as a between-subjects factor. In the ANOVA model,
no interactions between sex and the primary and secondary
outcomes were observed. Statistical analysis was performed
by using SPSS 19.0 (IBM Corporation) for Macintosh.

RESULTS

Subject characteristics and plasma biochemistry

Forty-two overweight and obese men and women volunteered
to participate in this study (August 2012–December 2013). In
total, 4 subjects (3 men, 1 women) did not complete the study
due to traveling abroad (n = 1), re-employment (n = 1), or
noncompliance with respect to supplementation or changing
lifestyle (n = 2). Characteristics of the 38 subjects (18 men, 20
women) who completed the study are summarized in Table 1.
There were no significant differences between the EGCG+RES
(n = 18; 8 men) and placebo (n = 20; 10 men) groups with re-
spect to baseline characteristics or self-reported moderate or
intense physical activity (EGCG+RES: 1.46 0.3 h/wk; placebo:
1.6 6 0.2 h/wk; P = 0.78).

Compliance was confirmed by counting returned supplements
(,3% of supplements were returned). Supplements were well
tolerated, and no adverse events were reported. Importantly,
plasma concentrations of EGCG, resveratrol, and dihydro-
resveratrol were significantly increased in all subjects who had
received EGCG+RES (Table 2), which indicated compliance to
the supplementation regimen. No significant changes in fasting
plasma concentrations of glucose, insulin, lactate, glycerol,
FFAs, or triacylglycerol were observed (Table 2, Figure 1A–F).
Likewise, fasting plasma concentrations of leptin, adiponectin,
and the inflammatory markers IL-6, IL-8, and TNF-a were not
significantly affected by the intervention (Table 2). Furthermore,
fasting plasma concentrations of total cholesterol, HDL cho-
lesterol, and LDL cholesterol were not significantly changed
after 12 wk of EGCG+RES supplementation compared with
placebo. However, the ratio of total cholesterol to HDL cho-
lesterol, a marker for myocardial infarction risk (27), tended to
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decrease after EGCG+RES supplementation but not after
placebo (P-time 3 treatment = 0.03, P-EGCG+RES = 0.09,
P-placebo = 0.13; Table 2). Adjustments for clinically relevant
differences in baseline values (fasting insulin and IL-6) did not
alter the outcome of the analysis (.20% baseline difference).

EGCG+RES did not alter food intake and body
composition

Food intake, assessed by using self-reported 3-d food records,
did not change after supplementation in either group (EGCG

+RES: 2092 6 200 kcal/d, 45% 6 1% of energy from carbo-
hydrate, 39% 6 1% of energy from fat, 15% 6 1% of energy
from protein; placebo: 1982 kcal/d, 45% 6 2% of energy from
carbohydrate, 38% 6 2% of energy from fat, 16% 6 1% of
energy from protein). Body weight, body fat percentage, and
body fat distribution (upper and lower body fat mass) were not
significantly altered by EGCG+RES supplementation (Table 3).
Interestingly, however, there was a tendency toward a differen-
tial effect on visceral adipose tissue mass, with a tendency
toward a decrease after EGCG+RES compared with placebo
(P-time 3 treatment = 0.09).

EGCG+RES increased skeletal muscle oxidative capacity

Next, we investigated whether skeletal muscle oxidative ca-
pacity increased after 12 wk of EGCG+RES supplementation,
because we previously showed that resveratrol supplementation
for 30 d improved mitochondrial capacity (13). Therefore, ex
vivo mitochondrial respiration with the use of different substrate
combinations was determined in isolated human permeabilized
skeletal muscle fibers (22).

Basal respiration [placebo (pre): 6.95 6 0.96; placebo (post):
3.93 6 1.03; EGCG+RES (pre): 3.67 6 1.17; and EGCG+RES
(post): 4.87 6 1.04 pmol O2 $ mg muscle21 $ s21] increased by
w10-fold by the addition of ADP (state 3 respiration over basal
respiration, with malate and glutamate as substrates; data not
shown). This indicates that the permeabilized fibers are reactive
to ADP and the mitochondrial ADP transport is intact and
functioning. ADP-stimulated complex I–linked respiration with
the addition of malate + glutamate was not affected by EGCG
+RES supplementation (data not shown). In addition, respiration
with a fatty acid substrate, assessed by input of malate + octanoyl-
carnitine, was not significantly affected by EGCG+RES (P-time3

TABLE 1

Subject characteristics1

Placebo

(n = 20)

EGCG+RES

(n = 18) P (t test)

Age, y 38.7 6 2.2 36.1 6 2.2 0.43

BMI, kg/m2 29.5 6 0.7 29.9 6 0.6 0.67

Waist-hip ratio 0.87 6 0.02 0.87 6 0.02 0.78

Systolic blood pressure, mm Hg 114 6 2 117 6 2 0.27

Diastolic blood pressure, mm Hg 76 6 2 76 6 2 0.86

Fasting plasma glucose, mmol/L 5.10 6 0.08 5.19 6 0.09 0.44

2-h Glucose, mmol/L 5.38 6 0.21 5.34 6 0.24 0.92

HbA1c, % 5.15 6 0.06 5.12 6 0.06 0.76

Hemoglobin, mmol/L 8.9 6 0.1 8.6 6 0.2 0.22

Hematocrit, L/L 0.43 6 0.01 0.39 6 0.02 0.18

Creatinine, mmol/L 79.5 6 3.7 74.2 6 2.7 0.29

ALT, U/L 27.9 6 4.4 26.9 6 2.2 0.86

1Values are means 6 SEMs. Data were analyzed by using a Student’s

unpaired t test. P , 0.05 was considered significant for the difference between

placebo and EGCG+RES groups. ALT, alanine aminotransferase; EGCG

+RES, epigallocatechin-3-gallate plus resveratrol; HbA1c, glycated hemoglo-

bin; 2-h Glucose, plasma glucose concentration 2 h after oral glucose ingestion.

TABLE 2

Fasting plasma biochemistry before and after 12 wk of supplementation with EGCG+RES or placebo1

Placebo (n = 20) EGCG+RES (n = 18) P

Week 0 Week 12 Week 0 Week 12 Time Treatment Time 3 treatment

EGCG, nmol/L ,5.45 ,5.45 ,5.45 32.7 6 13.1*

Resveratrol, nmol/L ,43.8 ,43.8 ,43.8 1200.5 6 220*

Dihydro-resveratrol, nmol/L ,43.4 ,43.4 ,43.4 833.8 6 121.6*

Glucose, mmol/L 5.0 6 0.1 5.1 6 0.1 5.1 6 0.1 5.1 6 0.1 0.75 0.61 0.69

Insulin, mU/L 10.1 6 1.5 10.0 6 1.0 8.1 6 1.0 7.4 6 0.6 0.54 0.10 0.67

HOMA-IR 2.3 6 0.4 2.2 6 0.2 1.8 6 0.2 1.7 6 0.1 0.57 0.12 0.74

FFAs, mmol/L 553 6 33 533 6 43 523 6 24 555 6 35 0.89 0.92 0.37

Triacylglycerol, mmol/L 1.29 6 0.16 1.52 6 0.16 1.61 6 0.23 1.61 6 0.24 0.13 0.46 0.17

Cholesterol, mmol/L 5.9 6 0.3 5.8 6 0.3 6.0 6 0.2 5.8 6 0.2 0.13 0.81 0.49

HDL cholesterol, mmol/L 1.23 6 0.07 1.20 6 0.07 1.27 6 0.08 1.29 6 0.09 0.66 0.57 0.14

LDL cholesterol, mmol/L 4.40 6 0.27 4.30 6 0.27 4.45 6 0.22 4.20 6 0.16 0.06 0.94 0.39

Cholesterol:HDL cholesterol 5.09 6 0.34 5.27 6 0.43 5.16 6 0.42 4.94 6 0.42 0.94 0.82 0.03

Adiponectin, mg/mL 9.01 6 0.85 9.64 6 1.05 8.74 6 0.82 8.99 6 0.87 0.15 0.93 0.52

Leptin, ng/mL 23.4 6 4.2 22.7 6 4.1 19.8 6 2.4 18.2 6 2.4 0.28 0.41 0.65

IL-6, pg/mL 0.96 6 0.17 0.83 6 0.11 0.77 6 0.07 0.85 6 0.13 0.93 0.68 0.25

IL-8, pg/mL 9.25 6 0.61 9.82 6 0.86 9.80 6 0.93 9.19 6 0.70 0.98 0.97 0.26

TNF-a, pg/mL 2.84 6 0.21 3.15 6 0.42 2.69 6 0.18 2.63 6 0.15 0.34 0.35 0.20

1Values are means 6 SEMs. Data were analyzed by using 2-factor repeated-measures ANOVA, with time (pre, post) and treatment (placebo, EGCG

+RES) as factors. For EGCG, resveratrol, and dihydro-resveratrol, 2.5, 10, and 10 ng/mL, respectively, were detection limits. P , 0.05 was considered

significant. No baseline differences were observed (Student’s t test). *, In case of a significant time 3 treatment interaction, post hoc analyses with Bonferroni

correction were applied to identify significant within-group effects. Except for polyphenol concentrations, no significant within-group effects were found.

EGCG, free plasma epigallocatechin-3-gallate; EGCG+RES, epigallocatechin-3-gallate plus resveratrol; FFA, free fatty acid; post, after intervention; pre,

before intervention; Resveratrol, plasma total resveratrol.
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treatment = 0.19; Figure 2A). Interestingly, however, we found
that mitochondrial respiration on the electron input of both com-
plexes I and II (state 3, complex I and II), assessed by the addition
of succinate after malate + glutamate (MGS) or after malate +
octanoyl-carnitine + glutamate (MOGS), increased in the EGCG
+RES group compared with the placebo group after 12 wk
of supplementation [state 3 respiration (MGS): P-time 3 treat-
ment = 0.01, P-EGCG+RES = 0.01, P-placebo = 0.26; state
3 respiration (MOGS): P-time3 treatment = 0.05, P-EGCG+RES
, 0.01, P-placebo = 0.45; Figure 2B, C]. Despite randomization,
there was a difference in state 3 mitochondrial respiration at base-

line between groups (P-pre = 0.01), which was inversely correlated
to the change in this variable over time (r = 20.57, P , 0.01). For
this reason, baseline state 3 respiration was included as a covariate
in the analysis.

Furthermore, maximal mitochondrial respiration, as de-
termined by titration of the chemical uncoupler carbonyl cyanide
p-trifluoromethoxyphenylhydrazone, increased after EGCG
+RES supplementation compared with placebo (P-time 3
treatment = 0.01, P-EGCG+RES = 0.01, P-placebo = 0.31; Figure
2D). Mitochondrial proton leak, which was assessed by the addition
of the ATP synthase inhibitor oligomycin, was not significantly

FIGURE 1 Fasting and postprandial insulin and metabolite concentrations before and after intervention. Values are means 6 SEMs; n = 38. Plasma
insulin (A) and metabolite (B–F) concentrations are shown after an overnight fast (at 0 min) and after an HFMM (from 0 to 240 min). Fasting values (t = 0),
AUCs during the HFMM test (calculated from t = 0–240 min), and incremental AUCs were analyzed by using 2-factor repeated-measures ANOVA, with time
[P-time (pre, post)] and treatment [P-treatment (placebo, EGCG+RES)] as factors. P , 0.05 was considered significant. No time 3 treatment interactions
were observed on fasting concentrations and incremental AUCs. Reported P values refer to the respective AUCs. In case of a significant time 3 treatment
interaction (P-time 3 treatment), post hoc analyses with Bonferroni correction were applied to identify significant within-group effects (EGCG+RES, P;
placebo, P). EGCG+RES, epigallocatechin-3-gallate plus resveratrol; HFMM, high-fat mixed meal; PLA, placebo; post, after intervention; pre, before
intervention.
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affected by the intervention (state 4o, P-time 3 treatment = 0.10;
Figure 2E).

EGCG+RES increased oxidative metabolism pathways at
the transcriptional and translational levels

To identify pathways that may underlie the EGCG+RES-induced
improvement in mitochondrial capacity, we next determined
whether protein expression of OxPhos complexes in skeletal muscle
was altered by EGCG+RES. We found an EGCG+RES-induced
increase in complexes III (P-time 3 treatment = 0.03, P-EGCG
+RES = 0.04, P-placebo = 0.35) and V (P-time 3 treatment ,
0.01, P-EGCG+RES , 0.01, P-placebo = 0.29) compared with
placebo (Figure 2G, H). Despite randomization, there was a dif-
ference in complexes III and Vat baseline between groups (.20%
baseline difference). Adjustment for these baseline values did not
alter the outcome of the analysis. On the basis of these findings, we
performed microarray analysis on skeletal muscle biopsy samples
(Vastus lateralis) collected before and after 12 wk of EGCG+RES
or placebo treatment. Indeed, gene set enrichment analysis in-
dicated that the most upregulated pathways after EGCG+RES
supplementation were related to the citric acid cycle and re-
spiratory electron transport chain, whereas pathways related to
carbohydrate metabolism were upregulated in the placebo group
(Figure 3, Supplemental Table 1). Taken together, these data
indicate that the increased mitochondrial capacity after EGCG
+RES supplementation is accompanied by changes at the tran-
scriptional and translational levels.

EGCG+RES affects fat oxidation without changes in EE

Next, we investigated whether the improved skeletal muscle
oxidative capacity after 12 wk of EGCG+RES supplementation
translates into whole-body effects on fasting substrate oxidation.
Indeed, EGCG+RES supplementation significantly affected
fasting substrate oxidation, as reflected by no change in fasting
RQ after EGCG+RES and a significant increase in the placebo
group [EGCG+RES (pre): 0.803 6 0.009; EGCG+RES (post):
0.785 6 0.016; placebo (pre): 0.784 6 0.009; placebo (post):
0.821 6 0.015; P-time 3 treatment = 0.03, P-EGCG+RES =
0.31, P-placebo = 0.04] (Figure 4A), without effects on EE
(Figure 4B). More specifically, an increase in fasting carbohy-
drate oxidation was observed after placebo but not after EGCG
+RES (P-time 3 treatment = 0.05, P-EGCG+RES = 0.44,

P-placebo = 0.04) supplementation. Furthermore, EGCG+RES
did not change fasting fat oxidation, whereas there was a signifi-
cant decrease in the placebo group after 12 wk of supplementation
compared with week 0 (P-time 3 treatment = 0.06, P-EGCG
+RES = 0.46, P-placebo = 0.05; Figure 4C, D).

EGCG+RES affects triacylglycerol concentrations but did
not change postprandial responses of substrate oxidation
and local lipolysis

To examine EGCG+RES-induced effects on postprandial
substrate utilization and EE, we performed an HFMM test (625
kcal, 61% of energy from fat). More specifically, we determined
whole-body, adipose tissue, and skeletal muscle substrate me-
tabolism in the postprandial state by combining plasma blood
sampling, indirect calorimetry, and microdialysis.

The effects of 12 wk of EGCG+RES supplementation on
substrate oxidation in the absence of changes in EE in the fasting
state were maintained throughout the postprandial period (Figure
4E–H). More specifically, postprandial fat oxidation (AUC) was
reduced in the placebo group in week 12 compared with week
0 (P-placebo = 0.03), whereas no significant effect of EGCG
+RES was observed (P-EGCG+RES = 0.38; Figure 4H). In
addition, the intervention-induced changes in EGCG, resver-
atrol, and dihydro-resveratrol plasma concentrations did not
significantly correlate with EGCG+RES-induced effects on fat
oxidation (data not shown).

The postprandial responses after meal intake (incremental
AUC) of RQ, EE, carbohydrate, and fat oxidation as well as the
postprandial responses of plasma metabolites and insulin were
not significantly affected by the intervention (Figure 4I–L and
Figure 1A–F, respectively).

Importantly, however, plasma triacylglycerol concentrations
during the HFMM test were significantly increased in the placebo
group after 12 wk but not in the EGCG+RES group [placebo
(pre): AUC = 440 6 56; placebo (post): AUC = 531 6 62;
EGCG+RES (pre): AUC = 527 6 59; and EGCG+RES (post):
AUC = 530 6 66 mmol 3 4 h/L; P-time 3 treatment = 0.04,
P-EGCG+RES = 0.92, P-placebo , 0.01] (Figure 1F).

Skeletal muscle and abdominal subcutaneous adipose tissue
substrate metabolism and blood flow were investigated in men
with the use of microdialysis. Adipose tissue and skeletal muscle
ethanol outflow-to-inflow ratios, which indicate local blood flow,

TABLE 3

Body composition before and after 12 wk of supplementation with EGCG+RES or placebo1

Placebo (n = 20) EGCG+RES (n = 18) P

Week 0 Week 12 Week 0 Week 12 Time Treatment Time 3 treatment

Body weight, kg 88.3 6 2.8 88.6 6 2.9 92.4 6 3.6 92.0 6 3.8 0.96 0.46 0.41

Body fat, kg 26.7 6 1.9 26.5 6 1.9 29.4 6 1.4 29.1 6 1.6 0.32 0.36 0.85

Body fat, % 30.1 6 1.9 29.9 6 1.8 31.9 6 1.4 31.5 6 1.4 0.11 0.55 0.84

Lean mass, kg 59.5 6 2.5 59.6 6 2.5 61.2 6 3.0 61.1 6 3.2 0.77 0.67 0.73

Upper body fat, kg 13.1 6 1.0 12.9 6 1.0 14.0 6 0.7 13.8 6 0.7 0.33 0.49 0.93

Lower body fat, kg 9.4 6 0.9 9.4 6 0.9 11.0 6 0.8 10.8 6 0.9 0.24 0.32 0.51

Visceral adipose tissue, kg 0.48 6 0.04 0.50 6 0.05 0.44 6 0.05 0.41 6 0.04 0.88 0.39 0.09

1Values are means 6 SEMs. Data were analyzed by using 2-factor repeated-measures ANOVA, with time [P-time (pre, post)] and treatment [P-treatment

(placebo, EGCG+RES)] as factors. P , 0.05 was considered significant. No baseline differences were observed (Student’s t test). In case of a significant time

3 treatment interaction (P-time 3 treatment), post hoc analyses with Bonferroni correction were applied to identify significant within-group effects. No

significant within-group effects were found. EGCG+RES, epigallocatechin-3-gallate plus resveratrol; post, after intervention; pre, before intervention.
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FIGURE 2 Skeletal muscle oxidative capacity and OxPhos protein content before and after the intervention. Values are means6 SEMs; n = 29. Oxidative
capacity (A–E) was assessed by means of ex vivo respirometry on skeletal muscle (Vastus lateralis), isolated after an overnight fast. In aliquots, protein
contents of OxPhos complexes were analyzed by Western blots (F–H). Variables were analyzed by using 2-factor repeated-measures ANOVA, with time [P-
time (pre, post)] and treatment [P-treatment (placebo, EGCG+RES)] as factors. P , 0.05 was considered significant. Significant baseline differences were
identified by Student’s unpaired t test [P (pre)]; and in case of a significant time 3 treatment interaction (P-time 3 treatment), post hoc analyses with
Bonferroni correction were applied to identify significant within-group effects (EGCG+RES, P; placebo, P). A.U., arbitrary units; EGCG+RES, epigalloca-
techin-3-gallate plus resveratrol; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; G, glutamate; M, malate; O, octanoyl-carnitine; OxPhos,
oxidative phosphorylation; PLA, placebo; post, after intervention; pre, before intervention; S, succinate.
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were not significantly affected by the intervention (Supple-
mental Figure 1). Interstitial glycerol concentrations, which
reflect local lipolysis, were also not affected by EGCG+RES
(Supplemental Figure 2). Furthermore, no effects of EGCG
+RES supplementation were observed on interstitial glucose,
pyruvate, and lactate concentrations.

EGCG+RES did not affect intramuscular lipid content and
composition

Alterations in fat oxidation may contribute to changes in
intramyocellular lipid metabolites and, consequently, insulin
sensitivity (2). EGCG+RES supplementation for 12 wk did not
alter total lipid content (triacylglycerol and diacylglycerol) or
saturation of the triacylglycerol and diacylglycerol fractions
(Supplemental Table 2).

EGCG+RES did not affect tissue-specific insulin sensitivity

Finally, we investigated whether the improved mitochondrial
capacity and whole-body fat oxidation resulted in improved
insulin sensitivity after EGCG+RES supplementation. We found
no changes in peripheral, hepatic, or adipose tissue insulin
sensitivity after EGCG+RES supplementation compared with
placebo supplementation (Table 4), which is in agreement with
unchanged fasting and postprandial plasma glucose and insulin
concentrations. More specifically, the Rd and EGP under fasting
and insulin-stimulated conditions were not significantly affected
after 12 wk of EGCG+RES supplementation (Table 4). Similar
results were found when values were expressed as changes rela-
tive to fasting conditions (Table 4). Interestingly, EGCG+RES
increased fasting NOGD (P-time 3 treatment = 0.10, P-EGCG
+RES = 0.01, P-placebo = 0.91). Furthermore, EGCG+RES
did not improve insulin-mediated suppression of plasma FFAs,
indicating that adipose tissue insulin sensitivity was also not
affected by EGCG+RES supplementation (P-time3 treatment =
0.63; Table 4).

DISCUSSION

Combining polyphenols with distinct mechanisms of action
may lead to additional or synergistic beneficial metabolic effects
compared with single-polyphenol supplementation (20, 21). Here,
we showed that after 12 wk, combined EGCG+RES supple-
mentation preserved fasting and postprandial fat oxidation com-
pared with placebo. This coincided with increased skeletal muscle
oxidative capacity in the EGCG+RES group. In addition, EGCG
+RES supplementation attenuated the increase in triacylglycerol
concentrations compared with placebo, and the reduction in vis-
ceral adipose tissue mass tended to be higher with EGCG+RES
thanwith placebo. These beneficial metabolic effects, however, did
not translate into improved peripheral, hepatic, and adipose tissue

FIGURE 3 Skeletal muscle gene set enrichment analyses before and
after the intervention. Heat maps of pathways related to metabolic function
from gene set enrichment analyses on skeletal muscle (Vastus lateralis) are
shown (n = 27). Signal log ratios are presented per subject and as means per
group. Genes in the heat maps represent significantly contributing genes to
the most affected pathways by EGCG+RES or placebo supplementation
(false-discovery rate, q-value , 0.2). Colors reflect the signal log ratios
per subject and group (Ø), with red being downregulated and green being
upregulated comparing post- with premeasurement. (A) WP2766: The citric
acid TCA cycle and respiratory electron transport. (B) BIOC_PGC1A path-

way. (C) Fatty acid triacylglycerol and ketone body metabolism. (D)
WP534: Glycolysis and gluconeogenesis. (E) WP1848: Metabolism of car-
bohydrates. (F) WP1935: Transport of glucose and other sugars, bile, salts
and organic acids, metal, ions, and amine compounds. (G) Translocation of
GLUT4 to the plasma membrane. (H) Unfolded protein response. A list of
definitions of gene and protein names used in this figure is included in the
Supplemental Material. EGCG +RES, epigallocatechin-3-gallate plus
resveratrol; PLA, placebo.
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insulin sensitivity in overweight men and women. Because the
resveratrol supplement is composed of P. cuspidatum extract, we
cannot exclude metabolic effects of other components [piceid (=
resveratrol-glucoside) and emodin (28)].

We previously showed that 3 d of EGCG+RES supple-
mentation increased EE (20). The present study showed that
this increase is not maintained after 12 wk of supplementation.
Furthermore, consistent with unchanged food intake, we found
that body weight and body composition were not affected
by longer-term EGCG+RES supplementation. These findings
are in line with most (13, 14, 17, 18, 29, 30) but not all (15)
previous studies in humans. Although no significant effects on
total fat mass were apparent, we found that EGCG+RES tended
to decrease visceral adipose tissue mass by w11% compared
with placebo. Likewise, EGCG and resveratrol reduced vis-
ceral adipose tissue in animals (31, 32). Because visceral
adipose tissue is known to be detrimental to metabolic health
(33), its reduction may be of physiologic importance in the
long term.

Interestingly, we showed that combined EGCG+RES sup-
plementation significantly affected fasting substrate oxidation
compared with placebo (Figure 4). EGCG+RES supplementation
preserved fat oxidation, whereas fat oxidation significantly de-
clined in the placebo group. This effect was maintained during
postprandial conditions. In agreement with our findings, previous
studies in rodents showed that polyphenols may stimulate fat
oxidation under fasting conditions (9, 31, 34). The compensatory
increase in carbohydrate oxidation that we found in the placebo

group was not accompanied by alterations in whole-body glucose
disposal. Rather, we found that EGCG+RES may diminish
glycolysis and increase glycogen storage (35), as indicated by the
increased fasting NOGD (w40%; P-EGCG+RES = 0.01). Im-
portantly, the differentially affected fat oxidation in the present
study is neither driven by an increased lipid supply toward
skeletal muscle nor by a significant reduction in muscle lipid
stores (triacylglycerol and diacylglycerol content). Indeed, it
was previously shown that a shift in fasting fat oxidation can
occur independently of changes in intramuscular lipid content,
EE, adiposity, or insulin sensitivity (36, 37). Alternatively,
a higher oxidative capacity of skeletal muscle mitochondria was
found to be predictive of a lower fasting respiratory exchange
ratio or, in other words, a greater relative reliance on lipids in-
stead of carbohydrate as a fuel source during fasting conditions
(37–39). Interestingly, we found that 12 wk of EGCG+RES
supplementation increased skeletal muscle oxidative capacity in
permeabilized muscle fibers. This was accompanied by an in-
creased muscle protein content of OxPhos complexes and an
upregulation of mitochondrial pathways (citric acid cycle and
respiratory electron transport chain) (Figures 2 and 3). In line
with these findings, we and others previously showed that
resveratrol increased mitochondrial capacity by activating the
AMPK-SIRT-PGC1a pathway (7, 8, 13). It has been suggested
that EGCG increases b-adrenergic stimulation by norepineph-
rine due to catechol-O-methyltransferase inhibition (10, 40). How-
ever, in our previous study we did not observe altered norepinephrine
concentrations after EGCG+RES supplementation (20). Finally,

FIGURE 4 Fasting and postprandial whole-body substrate oxidation and energy expenditure before and after the intervention. Values are means6 SEMs;
n = 31. Indirect calorimetry was performed during fasting conditions and for 4 h after intake of a liquid HFMM. Mean oxygen consumption and carbon
dioxide production over 20 min were used for calculations. Substrate oxidation and energy expenditure were measured after an overnight fast (from 230 to
0 min) and after an HFMM (from 0 to 240 min). Fasting values (A–D), AUCs during the HFMM test (calculated from t = 0 to 240 min; E–H), and incremental
AUCs (I–L) were analyzed by using 2-factor repeated-measures ANOVA, with time [P-time (pre, post)] and treatment [P-treatment (placebo, EGCG+RES)] as
factors. P , 0.05 was considered significant. In case of a significant time 3 treatment interaction (P-time 3 treatment), post hoc analyses with Bonferroni
correction were applied to identify significant within-group effects (EGCG+RES, P; placebo, P). EGCG+RES, epigallocatechin-3-gallate plus resveratrol;
HFMM, high-fat mixed meal; PLA, placebo; post, after intervention; pre, before intervention.
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reduced oxidative stress, indicated by a reduced unfolded protein
response pathway (41), might have contributed to the observed
improvement in skeletal muscle oxidative capacity (42–44) or
vice versa (45).

An increased mitochondrial capacity might reflect an im-
proved metabolic risk profile, because increased mitochondrial
capacity has been associated with higher insulin sensitivity in
several cross-sectional studies in men (37–39, 46). Therefore, we
hypothesized that the improvements in lipid metabolism may
lead to increased insulin sensitivity after 12 wk of EGCG+RES
supplementation. However, we did not find a significant change
in peripheral, hepatic, or adipose tissue insulin sensitivity. To
date, only 3 human clinical trials with resveratrol, but not a single
study with EGCG, examined the effects of polyphenol supple-
mentation on peripheral and hepatic insulin sensitivity by using
the gold-standard hyperinsulinemic-euglycemic clamp. In accor-
dance with our findings, these studies did not show significant
changes in peripheral (17, 18, 29) and hepatic (18) insulin sen-
sitivity in lean (18) and obese (17) patients or in patients with
nonalcoholic fatty liver disease (29) after supplementation with
resveratrol for 4, 8, or 12 wk, respectively. Importantly, in these
studies mitochondrial capacity was not assessed (29) or did not
improve (17, 18) on the basis of gene expression and protein
abundance of related enzymes. Therefore, the present study is the
first, to our knowledge, to show that combined EGCG+RES
supplementation has beneficial effects on skeletal muscle oxida-
tive capacity, although this was not accompanied by increased
peripheral, hepatic, or adipose tissue insulin sensitivity in over-
weight and obese men and women.

In line with these findings, the insulin-mediated stimulation of
carbohydrate oxidation and suppression of lipid oxidation were
not affected by EGCG+RES supplementation after meal in-
gestion or during the hyperinsulinemic-euglycemic clamp. Pre-
viously, we showed that single supplementation of resveratrol for
4 wk and combined EGCG+RES supplementation for 3 d im-
proved metabolic flexibility in humans (13, 20), as shown by
amore pronounced suppression of postprandial fat oxidation. The
apparent discrepancy between the present and earlier studies may
be explained by the duration of supplementation. EGCG+RES
supplementation had no effect on postprandial glucose, insulin,
and FFA concentrations or local interstitial glucose and glycerol
concentrations. This is in agreement with other placebo-
controlled trials in whites (13, 19), whereas sex-specific analyses
may show metabolic effects (14).

Strikingly, we found that EGCG+RES supplementation for
12 wk attenuated the increase in plasma triacylglycerol during the
HFMM test that was seen in the placebo group. Previous studies
in humans (13, 14) and rodents (9, 31, 47) also showed reduced
plasma triacylglycerol after EGCG or resveratrol supplementa-
tion. This might, at least in part, be explained by a reduced
intestinal lipid uptake, an improved buffering capacity of dietary
triacylglycerol in adipose tissue, or increased peripheral (e.g.,
muscle and liver) triacylglycerol extraction. In accordance,
a reduced intestinal lipid uptake after EGCG supplementation
in rodents has been suggested (9), although this could not be
confirmed in humans (30). In addition, EGCG+RES supple-
mentation may have affected hepatic lipid clearance, storage, and
oxidation, as indicated by several animal studies (47–49).

TABLE 4

Whole-body substrate kinetics before and after 12 wk of supplementation with EGCG+RES or placebo1

Placebo (n = 19) EGCG+RES (n = 17) P

Week 0 Week 12 Week 0 Week 12 Time Treatment Time 3 treatment

Rd, mmol/(kg 3 min)

Fasting 10.6 6 0.3 10.7 6 0.3 10.4 6 0.2 10.9 6 0.3 0.25 0.91 0.19

Clamp 31.2 6 2.3 32.5 6 2.3 34.2 6 2.8 35.8 6 3.3 0.25 0.38 0.89

Stimulation (D) 20.6 6 2.2 21.5 6 2.3 24.3 6 3.0 25.0 6 3.2 0.35 0.27 0.84

NOGD, mmol/(kg 3 min)

Fasting 6.1 6 0.7 6.2 6 0.6 5.7 6 0.6 7.9 6 0.7* 0.05 0.41 0.10

Clamp 20.5 6 2.4 23.4 6 1.9 23.0 6 2.5 25.3 6 3.1 0.16 0.73 0.95

Stimulation (D) 14.4 6 2.1 17.2 6 2.1 17.5 6 2.7 17.4 6 2.6 0.54 0.76 0.44

EGP

Fasting, mmol/(kg 3 min) 10.4 6 0.3 10.4 6 0.3 10.1 6 0.2 10.7 6 0.3 0.25 0.91 0.19

Clamp, mmol/(kg 3 min) 4.0 6 0.6 4.2 6 0.6 4.6 6 0.5 4.6 6 0.5 0.78 0.57 0.98

Suppression, % 60.9 6 4.9 58.6 6 4.9 54.1 6 5.1 56.3 6 4.7 0.98 0.57 0.74

Plasma FFAs

Fasting, mmol/L 545 6 40 547 6 44 537 6 42 543 6 47 0.88 0.91 0.94

Clamp, mmol/L 196 6 25 210 6 22 189 6 26 203 6 23 0.17 0.83 0.94

Suppression, % 57.7 6 6.6 57.1 6 5.2 63.4 6 7.0 59.0 6 5.5 0.52 0.62 0.63

Substrate oxidation

RQ, D 0.09 6 0.01 0.08 6 0.02 0.10 6 0.01 0.11 6 0.01 0.96 0.30 0.31

Carbohydrate, D g/min 0.10 6 0.01 0.09 6 0.02 0.11 6 0.01 0.12 6 0.02 0.93 0.27 0.54

Fat, % 55.5 6 7.6 54.3 6 9.1 46.7 6 6.9 48.4 6 8.3 0.95 0.47 0.81

1Values are means 6 SEMs. Data were analyzed by using 2-factor repeated-measures ANOVA, with time [P-time (pre, post)] and treatment [P-treatment

(placebo, EGCG+RES)] as factors. P , 0.05 was considered significant. No baseline differences were observed (Student’s t test). *, In case of a significant

time 3 treatment interaction (P-time 3 treatment), post hoc analyses with Bonferroni correction were applied to identify significant within-group effects.

EGCG+RES, epigallocatechin-3-gallate plus resveratrol; EGP, endogenous glucose production; FFA, free fatty acid; NOGD, nonoxidative glucose disposal;

post, after intervention; pre, before intervention; Rd, rate of disappearance; RQ, respiratory quotient; D, absolute difference between fasting and insulin-

stimulated conditions.
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In the present study, we analyzed EGCG, resveratrol, and
dihydro-resveratrol plasma concentrations before and after in-
tervention. In future studies, a more detailed characterization of
polyphenol metabolites might provide additional insight into
polyphenol-induced effects on oxidative metabolism, because
polyphenolic metabolites may exert distinct effects on peripheral
tissues (50, 51). Furthermore, due to the extensive phenotyping
in the current controlled trial, multiple statistical comparisons
were made, which may increase the likelihood of obtaining false-
positive results. Nevertheless, the fact that our major findings on
variables of mitochondrial oxidative capacity and proteins in
oxidative phosphorylation and fat oxidation all point toward the
same direction of an improvement with EGCG+RES compared
with placebo makes it highly unlikely that these are chance
findings. Third, in this randomized trial, the statistical plan in-
cluded a completers analysis taking a drop-out rate of 20% into
account, which was higher than the actual drop-out rate. The
drop-out rate was similar in both groups (10%; n = 2) and was
therefore assumed to be randomly distributed. An intention-
to-treat analysis would therefore make the reported physiologic
effects on oxidative metabolism and fat oxidation only slightly
less pronounced.

In conclusion, the present study showed that 12 wk of EGCG
+RES supplementation improved skeletal muscle oxidative ca-
pacity, preserved fasting and postprandial fat oxidation, and
prevented an increase in triacylglycerol concentrations compared
with placebo. These putative beneficial metabolic effects did not
translate into improved peripheral, hepatic, or adipose tissue
insulin sensitivity after 12 wk. Importantly, the improved mi-
tochondrial capacity and fat oxidation may improve physical
condition (52) and play a role in the prevention of weight gain
(53) and the worsening of insulin resistance (4) in the long term.
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ORIGINAL ARTICLE

Gut microbiota composition in relation to the metabolic
response to 12-week combined polyphenol supplementation
in overweight men and women
J Most1, J Penders2, M Lucchesi2, GH Goossens1 and EE Blaak1

BACKGROUND/OBJECTIVES: The intestinal microbiota may have a profound impact on host metabolism. As evidence suggests
that polyphenols affect substrate utilization, the present study aimed to investigate the effects of polyphenol supplementation on
intestinal microbiota composition in humans. Furthermore, we examined whether (changes in) gut microbiota composition may
determine the metabolic response to polyphenol supplementation.
SUBJECTS/METHODS: In this randomized, double-blind, placebo (PLA)-controlled trial, 37 overweight and obese men and women
(18 males/19 females, 37.8 ± 1.6 years, body mass index: 29.6 ± 0.5 kg/m2) received either epigallocatechin-3-gallate and resveratrol
(EGCG+RES, 282 and 80 mg/day, respectively) or PLA for 12 weeks. Before and after intervention, feces samples were collected to
determine microbiota composition. Fat oxidation was assessed by indirect calorimetry during a high-fat mixed meal test (2.6 MJ,
61 energy% fat) and skeletal muscle mitochondrial oxidative capacity by means of ex vivo respirometry on isolated skeletal muscle
fibers. Body composition was measured by dual-energy X-ray absorptiometry.
RESULTS: Fecal abundance of Bacteroidetes was higher in men as compared with women, whereas other assessed bacterial taxa
were comparable. EGCG+RES supplementation significantly decreased Bacteroidetes and tended to reduce Faecalibacterium
prausnitzii in men (P= 0.05 and P= 0.10, respectively) but not in women (P= 0.15 and P= 0.77, respectively). Strikingly, baseline
Bacteroidetes abundance was predictive for the EGCG+RES-induced increase in fat oxidation in men but not in women. Other
bacterial genera and species were not affected by EGCG+RES supplementation.
CONCLUSIONS: We demonstrated that 12-week EGCG+RES supplementation affected the gut microbiota composition in men but
not in women. Baseline microbiota composition determined the increase in fat oxidation after EGCG+RES supplementation in men.

European Journal of Clinical Nutrition (2017) 71, 1040–1045; doi:10.1038/ejcn.2017.89; published online 7 June 2017

INTRODUCTION
The human intestinal microbiota consists of 1012–1014 bacteria
and may significantly impact health status.1 Although antibiotic or
fecal transplantation studies provide important proof-of-principle
evidence for the impact of the microbiota on host metabolism,2,3

dietary interventions may offer a more feasible approach to
manipulate gut microbiota.4

Changes in macronutrient composition have been shown to
affect the intestinal microbiota5 and improve insulin sensitivity in
patients with type 2 diabetes.6 Interestingly, polyphenols may
induce beneficial metabolic effects,7–10 which may, at least partly,
be mediated by alterations of the gut microbiota composition. For
example, polyphenol-enriched products induced alterations in
microbial composition and had beneficial effects on insulin
sensitivity, ectopic fat storage and inflammation11–14 in rodents.
In line, supplementation of the polyphenols epigallocatechin-3-
gallate (EGCG) and resveratrol (RES) has been shown to improve
markers of insulin sensitivity, inflammation and fat oxidation in
humans.7,9,15 Although these effects have largely been attributed
to direct effects on peripheral organs, importantly, however, our
gut microbes may have an important role in the conversion of
polyphenols to bioactive compounds.16 Furthermore, polyphenols

may modify the gut microbial composition, thereby acting as
prebiotics.17 Until now, studies that have examined the effects of
polyphenols on gut microbiota composition and assessed the
involvement of the intestinal microbiota in effects on peripheral
metabolism are scarce.18

Here we aimed to investigate the effects of combined EGCG
and RES supplementation for 12 weeks on gut microbiota
composition in humans. Therefore, we measured fecal abun-
dances of key microbial phyla and functional groups before and
after 12-week supplementation with either EGCG+RES or placebo
(PLA) in overweight and obese men and women. Second, we
examined whether (changes in) microbiota composition may
underlie the EGCG+RES-induced improvement in lipid oxidation
and mitochondrial oxidative capacity in humans that we have
previously found.10

MATERIALS AND METHODS
Study design
In this randomized, double-blind, PLA-controlled study, which was a
substudy of a larger study designed to investigate the effects of poly-
phenol supplementation on insulin sensitivity, fat oxidation and skeletal
muscle oxidative capacity,10 subjects received a combination of EGCG and

1Department of Human Biology, Maastricht University Medical Center+, Maastricht, The Netherlands and 2Department of Medical Microbiology, NUTRIM School of Nutrition and
Translational Research in Metabolism, Maastricht University Medical Center+, Maastricht, The Netherlands. Correspondence: Professor EE Blaak, Department of Human Biology,
Maastricht University Medical Center+, PO BOX 616, Maastricht 6200 MD The Netherlands.
E-mail: e.blaak@maastrichtuniversity.nl
Received 25 October 2016; revised 13 March 2017; accepted 30 March 2017; published online 7 June 2017
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© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved 0954-3007/17
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Polyphenols from grape and blueberry improve  
episodic memory in healthy elderly with lower level 
of memory performance: a bicentric double-blind, 
randomized, placebo-controlled clinical study
Julien Bensalem, Stéphanie Dudonné, Nicole Etchamendy, Hermine Pellay, Camille Amadieu, 
David Gaudout, Séverine Dubreuil, Marie-Eve Paradis, Sonia Pomerleau, Lucile Capuron, Carol 
Hudon, Sophie Layé, Yves Desjardins and Véronique Pallet

The Journals of Gerontology
Series A, gly166, 
https://doi.org/10.1093/gerona/gly166

© The Author(s) 2018. Published by Oxford University Press on behalf 
of The Gerontological Society of America. All rights reserved.  

For permissions, please e-mail: journals.permissions@oup.com.

Polyphenols are promising nutritional bioactives exhibiting beneficial effect on age-related cogni-
tive decline. The present study evaluated the effect of a polyphenol-rich extract from grape and 
blueberry (PEGB) on memory of healthy elderly subjects (60–70 years-old). A bicentric, random-
ized, double-blind, placebo-controlled trial was conducted with 215 volunteers receiving 600 mg/
day of PEGB (containing 258 mg flavonoids) or a placebo for 6 months. The primary outcome 
was the CANTAB Paired Associate Learning (PAL), a visuospatial learning and episodic memory 
test. Secondary outcomes included verbal episodic and recognition memory (VRM) and work-
ing memory (SSP). There was no significant effect of PEGB on the PAL on the whole cohort. Yet, 
PEGB supplementation improved VRM free recall. Stratifying the cohort in quartiles based on 
PAL at baseline revealed a subgroup with advanced cognitive decline (decliners) who responded 
positively to the PEGB. In this group, PEGB consumption was also associated with a better VRM 
delayed recognition. In addition to a lower polyphenol consumption, the urine metabolomic pro-
file of decliners revealed that they excreted more metabolites. Urinary concentrations of specific 
flavan-3-ols metabolites were associated, at the end of the intervention, with the memory im-
provements. Our study demonstrates that PEGB improves age-related episodic memory decline 
in individuals with the highest cognitive impairments.

Keywords: cognition, aging, flavan-3-ols, CANTAB, PAL
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The Research: Neurophenol®

Neurophenol® is a specially selected blend of 
polyphenols obtained from whole Canadian wild 
blueberries and French grapes. Blueberries are a source 
of proanthocyanidins and phenolic acids, while grapes 
are a source of stilbenes and flavonols. The fruits are 
concentrated to provide a proprietary combination of 
highly purified extracts. These extracts contain a blend of 
polyphenols, including monomers, oligomers, flavonols, 
anthocyanidins and phenolic acids.

Figure 2: Neurophenol® supplementation supported recognition 
memory in older adults, as determined by verbal recognition 
memory test. Significant support was evident in the lowest quartiles 
of initial performance (p < 0.05). (box, far right)‡ 

Figure 1: Neurophenol® supplementation supported episodic 
memory in older adults, as determined by paired associate learning 
test. Significant support was evident in the lowest quartile of initial 
performance (p < 0.05). (box, far right)‡ 

Figure 3: Neurophenol® provided significant cognitive benefit to 
individuals whose scores were lowest at baseline. Results from 
this group only are shown above. Neurophenol® supported episodic 
memory (left), indicated by the reduction of total errors in the 
Paired Associates Learning (PAL) test. Neurophenol® also provided 
significant support for verbal recognition memory (right).‡ 

Figure 4: Neurophenol® supplementation promoted nerve growth 
factor (NGF) gene expression in both young and aged mice, and  
Ca+2 / calmodulin-dependent protein kinase (CamKII) in aged 
mice. NGF promotes cholinergic nerve function to support spatial 
memory, while CamKII is involved in signaling cascades related to 
learning and memory.‡

Neurophenol® typical content

Neurophenol® supports cognitive function, as demonstrated in several recent studies.  In a recent randomized, double-blind 
study of 200 healthy individuals between the ages of 60-70, Neurophenol® provided significant support for episodic memory and 
verbal recognition memory. Animal research suggests that Neurophenol® may also support spatial memory. Spatial memory is 
essential for recording information about orientation in the environment, while recognition memory is a key factor in the ability to 
recognize previous events. In a multi-national study of 200 older adults, Neurophenol® provided significant support for cognitive 
performance and memory at a dose of 600 mg per day over a six-month  period. The supplement supported episodic memory or 
the ability to remember a past event (Figure 1). Neurophenol® also promoted the ability to encode and retrieve verbal information 
(Figure 2). For both outcomes, significant support was evident in the lowest quartiles of initial performance (Figures 1-3). These 
actions may be explained, in part, by modulation of the expression of genes involved in neuronal plasticity (Figure 4).‡
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Potentiation of the bioavailability of blueberry
phenolic compounds by co-ingested grape
phenolic compounds in mice, revealed by targeted
metabolomic profiling in plasma and feces†

Stéphanie Dudonné,*a Alexandre Dal-Pan,a,b Pascal Dubé,a Thibault V. Varin,a

Frédéric Calona,b and Yves Desjardinsa

The low bioavailability of dietary phenolic compounds, resulting from poor absorption and high rates of

metabolism and excretion, is a concern as it can limit their potential beneficial effects on health. Targeted

metabolomic profiling in plasma and feces of mice supplemented for 15 days with a blueberry extract, a

grape extract or their combination revealed significantly increased plasma concentrations (3–5 fold) of

blueberry phenolic metabolites in the presence of a co-ingested grape extract, associated with an equi-

valent decrease in their appearance in feces. Additionally, the repeated daily administration of the blue-

berry–grape combination significantly increased plasma phenolic concentrations (2–3-fold) compared to

animals receiving only a single acute dose, with no such increase being observed with individual extracts.

These findings highlight a positive interaction between blueberry and grape constituents, in which the

grape extract enhanced the absorption of blueberry phenolic compounds. This study provides for the first

time in vivo evidence of such an interaction occurring between co-ingested phenolic compounds from

fruit extracts leading to their improved bioavailability.

1. Introduction

In contrast to drugs, which have a targeted and well-defined
molecular mechanism of action, phytochemicals act in a pleio-
tropic manner.1–4 The multiple protective effects of plant
bioactives on health are therefore attributed to a combined
effect of several interacting compounds, rather than to a single
molecule.5,6 Positive interactions (synergism) between phyto-
chemicals can enhance the potency of a bioactive compound,
thereby leading to a combined bioactivity greater than the sum
of the individual compounds, while negative interactions
(antagonism) result in a reduced bioactivity from what is
expected.2 Synergies between plant bioactives have been widely
suggested,7–9 but few reports have demonstrated this pheno-
menon or proposed the possible underlying mechanisms. In
particular, interactions between phytochemicals have been

suggested to affect the way they are absorbed, metabolized and
excreted,10,11 but to date, in vivo evidence of an improvement
of their bioavailability resulting from such interactions is
lacking, owing to methodological limitations. Due to the tre-
mendous diversity of phytochemicals, their variable absorp-
tion and their complex biotransformation, it has been almost
impossible to comprehensively assess their bioavailability by
conventional methods. Metabolomics now provides suitable
approaches to analyze changes in metabolite profiles related to
synergistic or antagonistic effects, and may thereby improve
our understanding of the complex interactions inherent to
multi-target and multi-component phytotherapeutics.12

Berries are rich sources of phenolic compounds and are
receiving growing interest, because of their positive effects on
health.13 Epidemiological, pre-clinical and cell culture studies
support the use of phenolic compounds to prevent chronic dis-
eases, such as cardiovascular diseases and certain types of
cancers.14,15 In particular, blueberry and grape are being
studied for their capacity to prevent neurodegeneration and
cognitive decline.16–18 The purpose of the present work was to
investigate the bioavailability of phenolic compounds from
blueberry and grape extracts after oral administration in mice,
using targeted metabolomics in plasma and feces, and deter-
mine whether acute or chronic co-administration might affect
their bioavailability.

†Electronic supplementary information (ESI) available. See DOI:
10.1039/c6fo00902f

aInstitute of Nutrition and Functional Foods (INAF), Laval University, 2440

boulevard Hochelaga, Québec (QC) G1V0A6, Canada.

E-mail: stephanie.dudonne.1@ulaval.ca; Fax: (+1) 418-656-3515;

Tel: (+1)418- 656-2131 #4326
bFaculty of Pharmacy, CHUQ Research center, Laval University, 2705 boulevard

Laurier, Québec (QC) G1V4G2, Canada
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Supplementation with Resveratrol and
Curcumin Does Not Affect the Inflammatory
Response to a High-Fat Meal in Older Adults
with Abdominal Obesity: A Randomized,
Placebo-Controlled Crossover Trial
Cécile Vors, Charles Couillard, Marie-Eve Paradis, Iris Gigleux, Johanne Marin, Marie-Claude Vohl,
Patrick Couture, and Benoît Lamarche

Institute of Nutrition and Functional Foods (INAF), Laval University, Québec, Canada

Abstract

Background:High-fat meals induce postprandial inflammation. Resveratrol is a polyphenol known to prevent comorbidi-

ties associated with cardiovascular disease and exerts an anti-inflammatory action. There is also an increasing body of

evidence supporting the role of curcumin, a polyphenol from the curcuminoid family, as a modulator of proinflammatory

processes.

Objective: The objectives of this study were to investigate the following: 1) the bioavailability of resveratrol consumed in

combination with curcumin after consumption of a high-fat meal; and 2) the acute combined effects of this combination

on the postprandial inflammatory response of subjects with abdominal obesity.

Methods: In a double blind, crossover, randomized, placebo-controlled study, 11 men and 11 postmenopausal women

[mean ± SD age: 62 ± 5 y; mean ± SD body mass index (in kg/m2): 29 ± 3] underwent a 6-h oral fat tolerance test

on 2 occasions separated by 1–2 wk: once after consumption of a dietary supplement (200 mg resveratrol and 100 mg

curcumin, Res/Cur) and once after consumption of a placebo (cellulose). Plasma concentrations of total resveratrol and

its major metabolites as well as inflammatory markers, adhesion molecules, and whole blood NFκB1 and PPARA gene

expression were measured during both fat tolerance tests.

Results: Kinetics of resveratrol and identified metabolites revealed rapid absorption patterns but also relatively lim-

ited bioavailability based on free resveratrol concentrations. Supplementation with Res/Cur did not modify postprandial

variations in circulating inflammatory markers (C-reactive protein, IL-6, IL-8, monocyte chemoattractant protein-1) and

adhesion molecules [soluble E-selectin, soluble vascular cell adhesion molecule-1 (sVCAM-1), soluble intercellular adhe-

sion molecule-1] compared to placebo (PTreatment×Time > 0.05). However, Res/Cur significantly decreased the cumulative

postprandial response of sVCAM-1, compared to placebo (incremental area under the curve –4643%, P = 0.01). Post-

prandial variations of whole-blood PPARA and NFKB1 gene expression were not different between Res/Cur and placebo

treatments.

Conclusions: Acute supplementation with Res/Cur has no impact on the postprandial inflammation response to a high-

fat meal in abdominally obese older adults. Further studies are warranted to examine how resveratrol and curcumin may

alter the vascular response to a high-fat meal. This trial was registered at clinicaltrials.gov as NCT01964846. J Nutr

2018;148:379–388.

Keywords: adhesion molecules, bioavailability, gene expression, polyphenols, subclinical inflammation

Introduction
There is increasing evidence showing that inflammation is im-
plicated in the pathogenesis of numerous chronic conditions,
including coronary artery disease (CAD) (1). The synthesis and

secretion of inflammatory mediators are under the tight regu-
lation of different cellular signaling pathways involving pro-
tein kinases. The inflammatory signaling cascade includes the
IκB kinase β (IKKβ) and NF-κB pathway, now identified as

© 2018 American Society for Nutrition. All rights reserved.
379Manuscript received September 20, 2017. Initial review completed October 30, 2017. Revision accepted December 18, 2017.

First published online March 12, 2018; doi: https://doi.org/10.1093/jn/nxx072.
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Strawberry and cranberry polyphenols improve insulin sensitivity in
insulin-resistant, non-diabetic adults: a parallel, double-blind, controlled
and randomised clinical trial

Martine Paquette1,2, Ana S. Medina Larqué1,2, S. J. Weisnagel2,3, Yves Desjardins1, Julie Marois1,2,
Geneviève Pilon1,4, Stéphanie Dudonné1, André Marette1,4 and Hélène Jacques1,2*
1Institute of Nutrition and Functional Foods, Laval University, Quebec, Canada, G1V 0A6
2School of Nutrition, Laval University, Quebec, Canada, G1V 0A6
3Diabetes Research Unit, Endocrinology and Nephrology Axis, Research Centre, Laval University Health Center of Quebec,
Quebec, Canada, G1V 4G2
4Quebec Heart and Lung Institute, Quebec, Canada, G1V 4G5

(Submitted 3 June 2016 – Final revision received 13 January 2017 – Accepted 28 January 2017 – First published online 14 March 2017)

Abstract
Plant-derived foods rich in polyphenols are associated with several cardiometabolic health benefits, such as reduced postprandial
hyperglycaemia. However, their impact on whole-body insulin sensitivity using the hyperinsulinaemic-euglycaemic clamp technique remains
under-studied. We aimed to determine the effects of strawberry and cranberry polyphenols (SCP) on insulin sensitivity, glucose tolerance,
insulin secretion, lipid profile, inflammation and oxidative stress markers in free-living insulin-resistant overweight or obese human subjects
(n 41) in a parallel, double-blind, controlled and randomised clinical trial. The experimental group consumed an SCP beverage (333mg SCP)
daily for 6 weeks, whereas the Control group received a flavour-matched Control beverage that contained 0mg SCP. At the beginning and at
the end of the experimental period, insulin sensitivity was assessed by a hyperinsulinaemic-euglycaemic clamp, and glucose tolerance and
insulin secretion by a 2-h oral glucose tolerance test (OGTT). Insulin sensitivity increased in the SCP group as compared with the Control
group (+0·9 (SEM 0·5)× 10− 3 v. −0·5 (SEM 0·5)× 10−3mg/kg per min per pmol, respectively, P= 0·03). Compared with the Control group, the SCP
group had a lower first-phase insulin secretion response as measured by C-peptide levels during the first 30min of the OGTT (P= 0·002).
No differences were detected between the two groups for lipids and markers of inflammation and oxidative stress. A 6-week dietary
intervention with 333mg of polyphenols from strawberries and cranberries improved insulin sensitivity in overweight and obese non-diabetic,
insulin-resistant human subjects but was not effective in improving other cardiometabolic risk factors.

Key words: Polyphenols: Strawberries: Cranberries: Insulin sensitivity: Glucose metabolism: Insulin secretion: Insulin-resistant
subjects

According to the International Diabetes Federation(1), up to 592
million people worldwide (one in ten adults) will suffer from
type 2 diabetes by the year 2035. This alarming increase has
been predicted based on several factors, such as the high pre-
valence of obesity and sedentary lifestyles(2,3). Indeed in obese
humans, elevated levels of NEFA, pro-inflammatory cytokines
and other factors produced by adipose tissue are key determi-
nants of insulin resistance(4). To maintain plasma glucose at
normal levels, pancreatic β-cells must adjust their function to
compensate for insulin resistance. This leads to an exhaustion
of β-cell insulin secretion and the development of impaired
glucose tolerance (IGT) and subsequent type 2 diabetes.
In recent decades, scientific evidence has shown a link between

increased consumption of fruits and vegetables, particularly berries,

and reduced incidence of type 2 diabetes(5). Recent reviews have
indeed reported that berries, like strawberries and cranberries, can
lower markers of cardiometabolic risk(6–11) and improve markers of
the metabolic syndrome in humans(12–14). It is well-documented
that strawberries and cranberries are rich in polyphenols and
contain a wide variety of phenolic compounds, ranging
from phenolic acids (hydroxybenzoic and hydroxycinnamic
acids), flavonoids (anthocyanins, flavonols and flavan-3-ols) to
polymerised molecules (proanthocyanidins and ellagitannins)(15).
According to several in vitro and animal studies, polyphenols may
improve glucose metabolism(16) and peripheral glucose uptake in
insulin-sensitive tissues by increasing GLUT4 translocation and
activity and reducing oxidative stress and inflammation(17,18). It has
recently been demonstrated that anthocyanin-rich bilberry

Abbreviations: IAUC, incremental AUC; IGT, impaired glucose tolerance; M/I, insulin sensitivity index; OGTT, oral glucose tolerance test; SCP, strawberry and
cranberry polyphenols; UHPLC, ultra-high performance liquid chromatography (UHPLC).

* Corresponding author: H. Jacques, fax +1 418 656 3353, email helene.jacques@fsaa.ulaval.ca
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distribution, and reproduction in any medium, provided the original work is properly cited.
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extract reduces glycaemia and improves insulin sensitivity
in diabetic mice(19). Afrin et al.(12) reviewed six human inter-
vention studies on the impact of strawberries on the metabolic
syndrome, and specifically on the prevention of type 2 diabetes,
but none used the gold standard clamp technique to assess
insulin sensitivity.
There are several indices calculated from the oral glucose

tolerance test (OGTT), such as the Matsuda index and insulin
sensitivity index (ISI), or from fasting glycaemia and/or
insulinaemia, such as the homeostasis model assessment of insulin
sensitivity (HOMA-IR) and the quantitative insulin sensitivity
check index (QUICKI), that indirectly estimate insulin sensitivity
in humans. However, these indices are not as accurate as a
direct measurement of whole-body insulin sensitivity by the
hyperinsulinaemic-euglycaemic clamp(20). In this respect, the
clamp technique is recognised as the reference method for mea-
suring insulin sensitivity, and according to Antuna-Puente et al.(21),
it should be promoted in clinical human studies. So far, only two
studies have used a hyperinsulinaemic-euglycaemic clamp to
assess the effect of berry polyphenols on insulin sensitivity(22,23).
According to one study in which obese non-diabetic insulin-
resistant participants received a blueberry or placebo smoothie
twice a day, the mean percentage increase in insulin sensitivity
was five times greater in the experimental group compared with
that in the placebo group(22). In the second study, a grape poly-
phenol supplement protected against a decrease in insulin sensi-
tivity caused by a fructose-rich diet in overweight subjects(23). To
the best of our knowledge, there are no human studies evaluating
the effects of strawberry and cranberry polyphenols (SCP) on
insulin sensitivity assessed by the hyperinsulinaemic-euglycaemic
clamp in non-diabetic insulin-resistant subjects.
The proposed study aims to test the effects of an SCP blend

incorporated in a beverage on insulin sensitivity and related
parameters in free-living overweight or obese men and women
with insulin resistance. This blend has been comprehensively
analysed and contains well-defined amounts of anthocyanins,
proanthocyanidins, ellagitannins, phenolic acids and flavonols
(quercetins)(24). The primary endpoint was the difference in the
change in insulin sensitivity after 6 weeks of SCP consumption
compared with a SCP-free Control beverage. Secondary endpoints
aimed to assess changes in glucose tolerance, insulin secretion,
plasma lipids, markers of oxidative stress and inflammation, as well
as to characterise plasma phenolic components as bioavailability
(efficacy) outcomes. We hypothesised that the consumption of SCP
improves insulin sensitivity and lipid profile and reduces inflam-
matory and oxidative stress markers in overweight/obese subjects.

Methods

Study design

This 6-week clinical trial was a randomised, double-blinded,
controlled, parallel study performed at the Institute of Nutrition
and Functional Foods (INAF) in Quebec City , Canada. The
study was conducted in accordance with the Declaration of
Helsinki and all procedures involving human subjects were
approved by the Research Ethical Committee of the Quebec
University Health Center. Written informed consent was

obtained from all participants after reading a detailed consent
form prior to their participation in the study. This trial was
registered at clinicaltrials.gov as NCT01766570. The study was
conducted, including analyses, between spring 2012 and
fall 2015.

Subjects

All subjects were overweight or obese (BMI≥ 25kg/m2) and
insulin resistant based on fasting plasma insulin level >60pmol/l
(J.-P. Després and J. Bergeron, unpublished results). Subjects
may have also displayed impaired fasting plasma glucose (IFG)
(5·6–6·9mmol/l) with or without IGT (7·8–11·0mmol/l)
following a 2-h 75 g OGTT(25). Exclusion criteria included
smoking, chronic disease (diabetes, respiratory, renal, gastro-
intestinal or hepatic disease, CVD, hypertension, cancer),
metabolic or acute disease, use of medication or supplement
known to affect lipid or glucose metabolism, use of antioxidant
supplements, major surgery in the 3 months preceding the
study and significant weight change (SEM 10%) within 6 months
prior to beginning the study.

A total of 116 subjects, recruited in the Quebec City metro-
politan area by media advertising, were first screened to
examine their eligibility to participate in this study. Of the fifty
eligible subjects who began the experimental period, forty-six
participants (twenty men and twenty-six women) aged between
40 and 70 years completed the study. However, five subjects
(three in the SCP group and two in the Control group) were
excluded from analysis because they no longer met some
inclusion criteria, leading to a total of eighteen men (nine in
each of the two groups) and twenty-three postmenopausal
women (eleven in the SCP group and twelve in the Control
group) who were included in the statistical analysis (online
Supplementary Fig. S1).

Experimental groups

The polyphenol blend and Control were provided as energy-free
beverages formulated with purified water and small amounts of
sucralose. Red food colour was added in the Control beverage.
Both beverages thus had the same taste and visual aspect. Both
were formulated in a single batch by Atrium Innovations Inc. and
were provided in dark bottles at 120ml/d. The bottles were sealed
and kept at room temperature with limited light exposure.
The polyphenol blend contained 1·84g of a mixture of dry straw-
berry (Fragaria×ananassa Duch) and cranberry (Vaccinium
macrocarpon L.) polyphenol extracts (GlucoPhenolTM; Nutra-
Canada) providing an average daily dose of 333 (SD 12)mg of
polyphenols (18% total polyphenols in GlucoPhenolTM, as deter-
mined by Folin–Ciocalteu assay). SCP (GlucoPhenolTM) complies
with good manufacturing practices according to Health Canada
regulations. To determine the amount of polyphenols to be used
for the present study, we first conducted a bioavailability study in
rats with different doses of SCP(24). The dose of 333mg poly-
phenols was chosen as corresponding, for a 60kg human, to the
dose (36mg/kg) that induced the highest concentration of plasma
total phenolic metabolites in the rat(24). The total phenolic content
was monitored in the SCP beverage throughout the study,
ensuring a minimum of 300mg/d. In order to simulate the taste

520 M. Paquette et al.
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and colour of the SCP-containing beverage, a pomegranate-
derived red food colour was used in the SCP-free Control
beverage providing a small quantity of polyphenols. The two
beverages were characterised for their phenolic composition as
previously described(24) (Table 1). In brief, proanthocyanidins
were analysed by normal-phase HPLC with fluorescence
detection, and quantified using an epicatechin standard. Phenolic
acids were analysed using reverse-phase ultra-high performance
liquid chromatography (UHPLC) coupled with tandem MS and
their quantification was achieved using their corresponding
standard when available, or their aglycone or most similar
phenolic structure otherwise. The daily phenolic dose provided by
SCP corresponds approximately to the intake of 112g of fresh fruit
(equivalent to two servings).

Study timeline

Participants were equally divided into two groups by sex after a
2-week run-in period. During this period, subjects were asked
to maintain their usual food habits and physical activity level,
and were limited to one unit drink or less of beer or spirits
per day. The consumption of berries, wine, polyphenol sup-
plements and all products containing berries or wine was also
forbidden. Assignment of treatment was conducted through the
use of a random sequence of numbers. Allocation to treatment
was concealed by a secure computer-assisted method enabling
preservation of assignments until enrolment was assured and
confirmed. Men and women were equally distributed among
the two groups using the same computer-assisted method. The
study sponsor held the trial codes which were disclosed after
completion of the statistical analyses. Participants in the treat-
ment group consumed an SCP-containing beverage, whereas
the Control group received a flavour-matched SCP-free Control
beverage, daily for a 6-week period. During the experimental
period, subjects were asked to follow the same aforementioned
recommendations as during the run-in period. Approximately

2–3 weeks after the beginning of the experimental period,
a registered dietitian called all participants once to ensure that
they consumed the beverages daily and followed the prescribed
instructions. Subjects were instructed to shake the bottle before
consumption and drink the beverage with or without food
regardless of the time of day. To document compliance, sub-
jects were requested to bring back the unused bottles at the end
of the study. Bottle counts indicated a 99% compliance in both
groups. Also, a 6-week checklist was provided to all participants
to identify study materials that had not been ingested, thus
providing us with a tool to confirm the compliance rate of the
participants.

Anthropometric and blood pressure measurements

Fasted body weight, height, waist and hip circumferences
were measured at the beginning and at the end of the study
using standardised methods. BMI and waist:hip ratio were
then calculated. Blood pressure was measured three times
on the right arm with an automatic tensiometer (Digital
Blood Pressure Monitor, model HEM-907XL; OMRON®)
following a 10-min rest at the beginning and at the end of the
experimental period.

Food records and questionnaires

During the screening visit, two online self-administered ques-
tionnaires were completed by all subjects to collect information
on medical history, lifestyle, economic and socio-demographic
characteristics. Participants were also asked to complete two
online self-administered questionnaires at the beginning and at
the end of the experimental period, including a validated FFQ
to record energy and macronutrient intake for 28 consecutive
days(26) and a short physical activity questionnaire. There was
also an additional questionnaire on the subjects’ liking of the
experimental beverages (taste, texture, etc.) and on side effects,
administered at the end of the study. Changes in medication,

Table 1. Phenolic composition of experimental beverages
(Mean values and standard deviations)

SCP Control

Phenolic composition (µg/120ml) Mean SD Mean SD

Proanthocyanidins 20 040* 522 5070 169
Monomers 4156* 9 1276 36
Dimers 237 5 ND ND
Polymers 15 647* 528 3794 133

Phenolic acids 28 206* 256 5013 138
Gallic acid 728* 5 11 2
Hydroxybenzoic acid 3334* 94 103 12
p-Coumaric acid 9095* 171 47 9
m-Coumaric acid 2051* 80 6 1
Caffeic acid 372 22 ND ND
Ferulic acid 65* 7 33 4
Vanillic acid 107* 3 3 0·3
Caffeoyl glucoside 1282* 54 8 2
Coumaroyl glucoside 5508* 178 9 4
Chlorogenic acid 927* 14 240 28

SCP, strawberry and cranberry polyphenols; ND, not detectable/below limit of detection.
The SCP beverage provided an average daily dose of 333 (SD 12)mg of polyphenols, as determined by Folin–Ciocalteu assay.
* Welch’s t test and the Mann–Whitney test showed significant differences (P<0·05) in concentrations of each measured phenolic compound in SCP

beverage compared with Control.
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temporary medication, natural health products intake or
consumption of any other food supplements were monitored
according to the exclusion criteria during the entire study period.

Hyperinsulinaemic-euglycaemic clamp

A 120-min hyperinsulinaemic-euglycaemic clamp was per-
formed at the beginning and at the end of the experimental
period at the Diabetes Research Unit of the Laval University
Health Center of Quebec after a 12-h overnight fast, according
to the method described by Piche et al.(27). Alcohol intake was
forbidden 48 h before the clamp. Insulin sensitivity (M/I) was
calculated from glucose infusion rate (mg/min) during the final
30min of the clamp divided by body weight (kg) and then
divided by the mean insulin concentration during the final
30min of the clamp (mg/kg per min per pmol)(27). For NEFA
analysis, additional blood samples were collected during the
clamp at 0, 30, 60, 90 and 120min, centrifuged after 30min at
room temperature and then stored at −80°C until analysis.

Oral glucose tolerance test

A 75-g OGTT was performed 2–3 d before each clamp at the
beginning and at the end of the experimental period at INAF to
assess glucose tolerance after a 12-h overnight fast. Blood
samples were collected at time points −15, 0, 15, 30, 60 and
120min, immediately centrifuged and kept at −20°C for further
measurements of glucose, insulin and C-peptide. Alcohol intake
was forbidden 48 h before the test. For the second clamp and
OGTT, participants were asked to consume the beverage
12 h before their appointment.

Blood collection and storage

Plasma and serum samples were collected in the fasting state,
before each OGTT and clamp, and stored at −80°C for further
analysis of lipids, inflammatory markers (high-sensitivity
C-reactive protein (hsCRP), IL-6, TNF-α, high molecular weight
(HMW) adiponectin and regulated on activation normal
T cell expressed and secreted (RANTES)/chemokine ligand 5
(CCL5)), plasminogen activator inhibitor-1 (PAI-1), a marker of
cardiovascular risk, and ferric reducing antioxidant power
(FRAP) and oxidised LDL, markers of oxidative stress.

Glucose, insulin and C-peptide

Plasma glucose was determined using an enzymatic method(28)

and plasma insulin was measured by RIA with polyethylene
glycol separation(29). Plasma C-peptide level, an indicator of
insulin secretion used to estimate pancreatic β-cell function,
was determined using a modified version of the method of
Hedging with polyclonal antibody A-4741 from Ventrex and
polyethylene glycol precipitation(29).

Lipids

LDL and HDL were isolated from fresh blood by ultra-
centrifugation combined with a heparin–manganese chloride
precipitation(30). Then, cholesterol and TAG concentrations in
total serum and lipoproteins were determined enzymatically

by using a Technicon RA-500 analyzer (Bayer). NEFA were
determined in serum via an enzymatic colorimetric assay
(Wako Diagnostics) using a Beckman Olympus AU400 (Beck-
man Coulter Canada LP).

Inflammatory, thrombogenic and oxidative markers

Serum level of hsCRP was measured using nephelometry as
described previously(31). PAI-1, IL-6 and TNF-α were measured
in plasma at the Quebec Heart and Lung Institute, Quebec,
using commercially available Multiplex kits (EMD Millipore).
Plates were read and analysed using the Bio-Plex 200 system
(Bio-Rad). Oxidised-LDL, HMW adiponectin and RANTES were
determined using a commercially available ELISA (Mercodia;
R&D Systems) according to manufacturer’s instructions. Total
antioxidant capacity of plasma, assessed by FRAP assay, was
determined as described previously(32).

Bioavailability study

A subgroup of seventeen subjects performed an additional
bioavailability study, to identify circulating phenolic metabolites
following the administration of experimental beverages. Halfway
through the supplementation period (30 (SEM 3)d), fasted subjects
were administered their respective treatment at INAF (SCP,
n 8; Control, n 9). Blood samples were collected using EDTA-
containing syringes before and 30, 60, 120, 240 and 360min after
the ingestion. During the experiment, all subjects were kept fasted.
Plasma samples were obtained by centrifugation (3500 rpm,
10min at 4°C). Plasma phenolic compounds were characterised
by UHPLC–MS/MS as previously described(24), with slight
modifications. Acidified plasma samples (300 µl) were loaded into
preconditioned Waters OASIS HLB (Waters Ltd) µElution plates
2mg–30 µm. The retained phenolic compounds were eluted with
75 µl of acetone–ultrapure water–acetic acid solution (70:29·5:0·5,
v/v/v) in presence of rosmarinic acid as internal standard (1µg/ml
final concentration). The eluted solutions were directly analysed
by UHPLC–MS/MS, using a Waters Xevo TQD MS (Waters Ltd)
coupled to a Waters Acquity UHPLC (Waters Ltd). Phenolic
metabolites were separated and identified as previously
reported(24).

Statistical analyses

We estimated sample size based on the primary endpoint of
insulin sensitivity from data published by Stull et al.(22) and
Ouellet et al.(33). For this purpose, we used the following
values: an average difference in changes from baseline (Post v.
Pre) of 17× 10−3mg/kg per min per pmol for insulin sensitivity
between the SCP and Control groups after 6 weeks and an
estimated SD of 18. Power calculation at 80% with a two-sided
significance level set at 0·05 showed that a minimum of forty
subjects, twenty in each group, was required to observe sig-
nificant changes from baseline in insulin sensitivity between the
SCP and Control groups over a 6-week dietary intervention,
taking into account 25% expected dropouts. Statistical analyses
were performed using SAS 9.3 (SAS Institute).

Paired t tests were performed to compare changes from
baseline (Post v. Pre) within the same group. Because baseline
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P< 0·001) only, PROC MIXED for ANCOVA with baseline
insulin sensitivity as covariate was used to compare the changes
in M/I between the two treatments. A two-way repeated-
measures ANOVA was applied for variables with repeated
measures over time (glucose, insulin, C-peptide and NEFA
concentrations during the OGTT or clamp). In this model,
no significant time-by-treatment interaction was observed.
Furthermore, positive incremental AUC (IAUC) for glucose
(mmol/l per min), insulin (pmol/l per min) and C-peptide
(pmol/l per min) up to 30 and 120min were calculated using
the trapezoid method with baseline value corresponding to the
fasting level (time point −15min of the OGTT). The percentage
change in IAUC ((IAUC post value − IAUC pre value)× 100/
IAUC pre value) was also calculated. PROC MIXED for a
two-way ANOVA was used to compare changes from baseline
for anthropometric and blood pressure measurements, IAUC
glucose, insulin and C-peptide during OGTT, lipid and cardio-
vascular parameters and markers of inflammation and oxidative
stress. Data from men and women were pooled together
because there was no significant sex-by-treatment interaction.
As several significant correlations were observed within and
between OGTT and lipid variables, a Bonferroni correction was
applied, setting the two-sided significance level at P< 0·004
for those variables. No Bonferroni correction was applied for
M/I, inflammatory and oxidative stress because no correlation
was observed between those and the other variables, and a
two-sided significance level was set at 0·05. PROC GLM ANOVA
was used to compare the FFQ variables.
Plasma concentrations of phenolic metabolites were mea-

sured post-ingestion in a subgroup (n 17) and were compared
using the Welch’s t test (correcting for unequal variance) when
data were assumed to be normally distributed (or met the

criteria for normality after log transformation), or using the
non-parametric Mann–Whitney test otherwise, using GraphPad
Prism 6.05 software. Correlations were assessed between
circulating concentrations of phenolic metabolites (expressed
as area under the plasma concentration (nM) time (min) curve
between 0 and 30min after the ingestion of the beverages) and
changes in M/I and in outcomes of OGTT (expressed as the
percentage change in the IAUC for glucose, insulin and
C-peptide during the first 30min of the OGTT). A robust
regression with M-estimations was adjusted using the procedure
ROBUSTREG of SAS 9.4. To perform an optimal selection of the
model, the smallest Akaike criterion was deemed the best
model. Considering the small size of the subgroup and the
multiplicity of analysis, a Bonferroni correction (P< 0·0025) was
performed for post-ingestion plasma concentration of phenolic
metabolites. Bonferroni correction was also applied for the
correlational analysis with the outcomes of the first 30min
OGTT parameters (P< 0·017). Since M/I assesses insulin sensi-
tivity by hyperinsulinaemic-euglycaemic clamp, correlations
with M/I changes were analysed separately from the OGTT
rate changes and remained at a statistically significant level
of P≤ 0·05. The results are presented as means with their
standard errors.

Results

Subject baseline characteristics

Baseline clinical and laboratory characteristics of participants
are shown in Table 2. All subjects were insulin resistant, over-
weight or obese (BMI≥ 25 kg/m2) with increased abdominal
adiposity (waist circumference >94 cm for men and >80 cm for
women). There were no differences between the two groups

Table 2. Baseline characteristics of the study participants*
(Mean values with their standard errors; numbers and percentages)

SCP (n 20) Control (n 21)

Variables Mean SEM Mean SEM P

Age (years) 57 1 60 1 0·18
Body weight (kg) 85 3 85 3 0·97
BMI (kg/m2) 31 1 31 1 0·91
Waist circumference (cm) 104 3 104 2 0·95
Hip circumference (cm) 111 2 111 2 0·93
Cholesterol (mmol/l)

Total 5·70 0·17 5·37 0·22 0·07
HDL 1·25 0·05 1·33 0·05 0·24
LDL 3·52 0·17 3·20 0·15 0·18

Total TAG (mmol/l) 2·03 0·24 1·73 0·26 0·39
Total cholesterol:HDL-cholesterol ratio 4·8 0·3 4·1 0·2 0·07
Fasting plasma glucose (mmol/l) 6·0 0·1 5·8 0·1 0·16
2-h plasma glucose (mmol/l) 7·7 0·4 7·4 0·4 0·71
Fasting plasma insulin (pmol/l) 118 11 130 11 0·45

n % n %

Sex
Women 11 55 12 57 –

Men 9 45 9 43 –

SCP, strawberry and cranberry polyphenols.
* PROC MIXED ANOVA test showed no significant differences in baseline characteristics between the two groups.
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regarding age, body weight, BMI, waist and hip circumferences,
lipid profile, fasting plasma glucose, 2-h plasma glucose or
fasting plasma insulin.
At baseline, all subjects had a high fasting plasma insulin level

(>60 pmol/l), of whom thirty-one had fasting plasma insulin
levels >90 pmol/l. From data collected during the pre-
intervention OGTT and according to the Expert Committee on
the Diagnosis and Classification of Diabetes Mellitus(25), twelve
subjects had both IFG (5·6–6·9mmol/l) and IGT (7·8–
11·0mmol/l), seventeen subjects had IFG only, three subjects
had IGT only and nine among them had normal glucose
tolerance (fasting plasma glucose <5·6mmol/l and plasma
glucose <7·8mmol/l after 120min).

Food intake and physical activity

According to FFQ data (online Supplementary Table S1), there
were no differences in baseline dietary intake or in changes
from baseline (Post v. Pre) in energy and macronutrient intake
between the two groups. In addition, no change from the level
of physical activity was perceived during the study (data not
shown). As for side effects, no major harmful or unexpected
effects were reported in either group.

Anthropometric measurements and blood pressure

Body weight, anthropometric, systolic and diastolic blood
pressure measurements were performed at the beginning and at
the end of the experimental period. No differences in changes
from baseline (Post v. Pre) were observed for these parameters
between the two groups (online Supplementary Table S2).

Insulin sensitivity and other parameters of
glucose homoeostasis

Insulin sensitivity (M/I) increased by 14% (+0·9 (SEM 0·5)×10−3mg/
kg per min per pmol) (Fig. 1) in the SCP group (P=0·05), whereas
it decreased by 7% (−0·5 (SEM 0·5)×10−3mg/kg per min per pmol)
in the Control group without achieving a level of significance
(P=0·28). When we compared the changes from baseline
(Post v. Pre) between the two treatments, the SCP group showed
significant improvement in insulin sensitivity (P=0·03) compared
with Control.
We also performed repeated measurements ANOVA for

glucose (Table 3), insulin (Table 3) and C-peptide (Fig. 2(a)
and (b)) up to 120min during OGTT and for NEFA (online
Supplementary Fig. S2) over time during the clamp. There were
no differences between baseline values (Pre) for all glucose
metabolism parameters. Whereas glucose, insulin and NEFA
responses were not different between treatments, there was an
overall increase in C-peptide with Control compared with SCP
(P= 0·002) (Fig. 2(c)).

The mean IAUC up to 30min corresponding to the early
phase of insulin response during the OGTT and the mean IAUC
up to 120min after the OGTT are shown in Table 3 for plasma
glucose and insulin and in Fig. 3 and 4 for C-peptide. No dif-
ferences in changes from baseline (Post v. Pre) for plasma IAUC
glucose (Table 3), IAUC insulin (Table 3) and IAUC C-peptide
(Fig. 3) were observed up to 120min within each group or

between the two groups. However, compared with the baseline
(Pre) values, plasma IAUC C-peptide up to 30min was increased
by 26% in the Control group (P= 0·003) and non-significantly
reduced by 8% in the SCP group (P= 0·21). These changes were
different between the two groups (P= 0·002) (Fig. 4).

Lipid profile

No differences in changes from baseline (Post v. Pre) for total,
LDL- and HDL-cholesterol or TAG were observed within each
group or between the two groups (Table 4).

Inflammatory, thrombogenic and oxidative markers

The effects of SCP on inflammatory and oxidative stress markers
are shown in Table 4. No differences in changes from baseline
(Post v. Pre) for pro-inflammatory cytokines, hsCRP, HMW
adiponectin, PAI-1, oxidised-LDL, RANTES or total antioxidant
capacity of plasma (FRAP) were observed within each group or
between the two groups.

Phenolic composition and bioavailability of
experimental beverages

As shown in Table 1, SCP-containing and SCP-free Control
beverages differed significantly in terms of phenolic content.
SCP contained four times more proanthocyanidins and six times
more phenolic acids. In particular, SCP were characterised
by a very high content of coumaric acids: p-coumaric acid,
m-coumaric acid and coumaroyl glucoside. At the 30-d mid-
point of the daily consumption of the beverages, about twenty
phenolic metabolites were identified in the plasma of volun-
teers. They are present in circulation as conjugate metabolites
and microbial degradation products, because the native
phenolic compounds are normally extensively metabolised.
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Fig. 1. Insulin sensitivity (M/I) before (Pre) and after (Post) 6-week
consumption of strawberry and cranberry polyphenols (SCP) or Control in
insulin-resistant human subjects. Values are means (n 39), with their standard
errors represented by vertical bars. NS, no significant difference. Paired t test
for comparisons from baseline (Post v. Pre) within each group showed a
significant increase with SCP, † P= 0·05. PROC MIXED for ANCOVA with
baseline insulin sensitivity as covariate indicated significant difference in
changes from baseline (Post v. Pre) between the two groups, * P= 0·03.
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Among these, p-coumaric acid, m-coumaric acid, ferulic acid
and hydroxyhippuric acid, whose absorption kinetics is
presented in Fig. 5, were detected in significantly higher con-
centration following the consumption of SCP, relative to Control
(respective AUC of 17·4 (SEM 1·8) v. 0, 85·9 (SEM 5·3) v. 0·7 (SEM
0·3), 20·3 (SEM 3·9) v. 0·9 (SEM 0·4), 204·6 (SEM 25·4) v. 38·6 (SEM
6·9); P< 0·0001). A significant negative correlation was found
between plasma concentration of p-coumaric acid (AUC 0–
30min) and the percentage change in IAUC (before and after
treatment) of the above-mentioned C-peptide response (first
30min of the OGTT) (P= 0·0046, r2 0·34). No correlations were

reported between the remaining metabolites and the para-
meters related to insulin sensitivity and the first 30min OGTT.

Discussion

This study investigated the impact of daily consumption of a
333mg SCP blend on insulin sensitivity in insulin-resistant, non-
diabetic subjects over a period of 6 weeks. The main outcomes
of this study are: (1) an improvement in insulin sensitivity, as
assessed by hyperinsulinaemic-euglycaemic clamp and (2) the
prevention of further compensatory insulin secretion, as shown

Table 3. Incremental AUC (IAUC) and time point values over time during oral glucose tolerance test (OGTT) for glucose and insulin before and after 6-week
consumption of strawberry and cranberry polyphenols (SCP) or Control in insulin-resistant human subjects
(Mean values with their standard errors)

SCP (n 20) Control (n 21)

Pre Post Pre Post

Variables Mean SEM Mean SEM P1* Mean SEM Mean SEM P2* P†

IAUC glucose up to 30min (mmol/l per min) 56 4 58 6 0·77 55 5 53 4 0·48 0·77
Plasma glucose (mmol/l) 0·42 0·53 0·31‡

−15 6·1 0·1 6·1 0·1 5·9 0·1 6·0 0·1
0 6·0 0·1 6·1 0·1 5·8 0·1 5·9 0·1
15 8·1 0·2 8·1 0·3 7·7 0·2 8·0 0·2
30 9·7 0·3 9·8 0·3 9·3 0·3 9·4 0·3
60 10·3 0·5 10·6 0·4 9·9 0·5 9·5 0·4
120 7·7 0·4 7·5 0·4 7·4 0·4 6·9 0·3

IAUC glucose up to 120min (mmol/l per min) 348 31 357 32 0·71 329 34 291 27 0·11 0·16
IAUC insulin up to 30min (pmol/l per min) 9 1 8 1 0·56 10 1 12 2 0·12 0·13
Plasma insulin (pmol/l) 0·41 0·34 0·21‡

−15 129 11 132 14 134 12 144 16
0 118 9 120 13 130 13 131 17
15 402 37 418 53 479 58 600 85
30 729 73 645 76 759 79 822 106
60 1006 99 968 104 1173 148 1064 127
120 895 111 818 99 1094 184 1208 233

IAUC insulin up to 120min (pmol/l per min) 80 8 74 8 0·40 95 12 95 13 0·94 0·51

* P value obtained from paired t test to compare changes from baseline (Post v. Pre) within the SCP (P1) and Control (P2) groups.
† P value represents between-treatment comparison of changes from baseline (Post v. Pre), assessed by PROC MIXED ANOVA.
‡ P value obtained from repeated measures ANOVA performed on the averages of all time points for SCP and Control to assess treatment effect. Due to significant correlations

within OGTT variables, a Bonferroni correction was applied for these variables, defining level of statistical significance at P<0·004.
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Fig. 2. Responses of plasma C-peptide at −15, 0, 15, 30, 60 and 120min during the oral glucose tolerance test (OGTT) before (Pre) and after (Post) 6-week
consumption of (a) strawberry and cranberry polyphenols (SCP) or (b) Control, in insulin-resistant human subjects. (c) Changes from baseline (Post v. Pre) in plasma
C-peptide at −15, 0, 15, 30, 60 and 120min during the OGTT before (Pre) and after (Post) 6-week consumption of SCP or Control in insulin-resistant human subjects.
Repeated measures ANOVA showed significant difference in the changes from baseline (Post v. Pre) between the two groups over time during the OGTT in insulin-
resistant human subjects. A Bonferroni correction was applied defining level of statistical significance at P< 0·004. Values are means (n 41), with their standard errors
represented by vertical bars. , SCP Pre values; , SCP Post values; , Control Pre values; , Control Post values; , SCP (Post v. Pre values);

, Control (Post v. Pre values).
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by a lack of increase in the early C-peptide response during
an OGTT. Analysis of plasma phenolic metabolites also
revealed that the most abundant phenolic acids identified with
SCP intake were p-coumaric acid, m-coumaric acid, ferulic acid
and hydroxyhippuric acid. Interestingly, plasma p-coumaric
acid was inversely related to the early C-peptide response
during OGTT.
The hyperinsulinaemic-euglycaemic clamp is the gold standard

and reference technique for assessing insulin sensitivity when

whole-body insulin sensitivity is the primary outcome(20). It is a
steady-state technique that requires a constant insulin infusion. It
is the most reliable technique in a clinical study like ours with
relatively low number of subjects. Although indirect OGTT-
derived indices (e.g. Matsuda index and ISI) may be of particular
interest in prospective studies with large cohorts, they have
potential limitations in reproducibility due to intra-individual
variation in plasma glucose and insulin responses during the
OGTT(34). With regard to the indirect indices based on fasting
levels of glucose and insulin (e.g. HOMA-IR and QUICKI), they
tend to assess hepatic insulin resistance rather than peripheral and
whole-body insulin sensitivity(35).

Our study demonstrates an improvement in insulin sensitivity
following the consumption of SCP compared with Control.
These results are in good agreement with those of Stull et al.(22)

who observed a 22% increase in insulin sensitivity, assessed
with the hyperinsulinaemic-euglycaemic clamp technique, fol-
lowing a 6-week daily dietary supplementation with whole
blueberries in obese, non-diabetic, and insulin-resistant human
subjects, and those of Hokayem et al.(23) who noted that the
negative effects of fructose used to develop insulin resistance
were counteracted by grape polyphenol supplementation in a
double-blind controlled trial. It is noteworthy that our dose of
polyphenols (a total of 333mg of combined SCP/d), which is a
much lower dose than those used by Stull et al.(22) (1462mg
polyphenols from blueberry powder/d) and Hokayem et al.(23)

(2 g from grape polyphenols/d), can exert a comparable effect
on insulin sensitivity. The present results with SCP are also in
good agreement with those reported by Edirisinghe et al.(36)

who observed a reduction in postprandial insulin response in
overweight adults after a single consumption of a high-
carbohydrate, moderate-fat meal with a strawberry beverage
containing 10 g of strawberries in a freeze-dried form (95mg of
polyphenols). Furthermore, Park et al.(37) observed a reduction
in systolic and diastolic blood pressure concomitant with a
trend to improve fasting insulin and insulin sensitivity in sub-
jects with pre-hypertension consuming a grape seed extract-
containing beverage (528mg of polyphenols). Most of these
subjects were hyperinsulinaemic or insulin resistant. This is of
interest in the present study, given the evidence supporting a
link between hypertension and insulin resistance through
insulin mediated signalling pathways(38) and NO production(39).
Similarly, Rodriguez-Mateos et al.(40) reported that endothelial
function (at 1 h) in healthy men increased in a dose-dependent
manner up to an intake of 766mg polyphenols from a blueberry
drink and reached a plateau at higher doses. Therefore, the
present results together with those from the three latter studies
suggest that polyphenol doses lower than 800mg may offer
metabolic benefits. Of note, the beneficial effect of SCP on
insulin sensitivity observed in the present study cannot be
explained by variations in energy and macronutrient intake,
body weight or body fat mass since no changes in these
parameters were seen between the two groups.

The progression from normal glucose tolerance to type 2
diabetes is characterised by both an increase in insulin resis-
tance and a decrease in insulin secretion caused by β-cell
dysfunction. Insulin resistance is defined as decreased tissue
sensitivity to insulin to stimulate glucose uptake and utilisation.
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Fig. 3. Positive incremental AUC (IAUC) up to 120min of the oral glucose
tolerance test for C-peptide concentrations before (Pre) and after (Post) 6-week
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polyphenols (SCP) or Control in insulin-resistant human subjects
(Mean values with their standard errors)

SCP (n 20) Control (n 21)

Pre Post Pre Post

Variables Mean SEM Mean SEM P1* Mean SEM Mean SEM P2* P†

Cholesterol (mmol/l)
Total 5·70 0·17 5·60 0·19 0·52 5·37 0·22 5·45 0·20 0·45 0·33
HDL 1·25 0·05 1·26 0·06 0·68 1·33 0·05 1·37 0·06 0·10 0·40
LDL 3·52 0·17 3·51 0·17 0·97 3·20 0·15 3·37 0·17 0·05 0·32

Total cholesterol:HDL-cholesterol ratio 4·76 0·27 4·62 0·24 0·16 4·12 0·20 4·08 0·17 0·60 0·41
TAG (mmol/l) 2·03 0·24 1·82 0·21 0·06 1·73 0·26 1·56 0·18 0·07 0·99
hsCRP (mg/l)‡ 3·6 0·7 3·0 0·6 0·13 5·4 2·9 3·0 0·6 0·69 0·53
TNF-α (ng/l)§ 4·4 0·4 4·0 0·4 0·06 4·3 0·2 4·0 0·3 0·32 0·69
IL-6 (ng/l)§ 4·9 0·4 4·8 0·6 0·99 5·6 1·0 4·9 0·8 0·24 0·23
HMW adiponectin (µg/ml)§ 6·83 1·10 5·91 0·93 0·15 7·15 1·15 6·73 1·20 0·61 0·65
PAI-1 ×103 (ng/l)§ 30·5 2·7 28·5 3·1 0·46 30·0 2·5 27·3 3·5 0·41 0·87
RANTES (µg/l)‡ 3·21 0·39 3·15 0·44 0·86 3·06 0·40 2·77 0·37 0·53 0·71
Oxidised-LDL (U/l)‡ 96·5 6·2 92·9 5·6 0·14 79·7 5·4 80·2 4·8 0·83 0·22
FRAP (µM Fe2+/l)‡ 1191 58 1237 65 0·37 1135 36 1189 41 0·07 0·70

hsCRP, high-sensitivity C-reactive protein; HMW, high molecular weight; PAI-1, plasminogen activator inhibitor-1; RANTES, regulated on activation, normal T cell expressed and
secreted; FRAP, ferric reducing antioxidant power.

* P value obtained from paired t test to compare changes from baseline (Post v. Pre) within the SCP (P1) and Control (P2) groups.
† P value represents between-treatment comparison of changes from baseline (Post v. Pre), assessed by PROC MIXED ANOVA. Due to significant correlations between lipid and

oral glucose tolerance test variables, a Bonferroni correction was applied for these variables, defining level of statistical significance at P<0·004.
‡ n 38–39 (SCP n 18–20; Control n 18–21).
§ n 33 (SCP n 15; Control n 18).
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In the early stages of insulin resistance, plasma glucose is
maintained at normal levels by a compensatory increase in
insulin secretion, the first abnormality being an increase in first-
phase insulin secretion by pancreatic β-cells(41). But when β-cell
compensation fails, fasting plasma glucose levels rise (IFG),
leading to IGT and eventually type 2 diabetes(42). In the context
of the present study, the beverage rich in polyphenols pre-
vented a further elevation in early-phase insulin release, as
indicated by C-peptide levels, and prevented the overall
increase of insulin secretion, suggesting that the improvement
in insulin sensitivity after consumption of the SCP beverage may
have precluded a further compensatory increase in insulin
secretion. A reducing effect of a polyphenol-rich cranberry
extract has already been observed on C-peptide levels in high-
fat/high-sucrose-fed mice(43). However, in humans, to the best
of our knowledge, this is the first report showing a beneficial
effect of a SCP extract on C-peptide response during an OGTT.
In this study, we found differences between the SCP and the

Control groups in the plasma levels of four polyphenolic
compounds and metabolites (p-coumaric acid, m-coumaric
acid, ferulic acid, hydroxyhippuric acid). These levels were
found in the same low micromolar range as that reported by
Feliciano et al.(44) and Park et al.(37), where physiological and
metabolic bioactivity is probable(45). Particularly of interest, an
increased plasma concentration of p-coumaric acid during the
30min post-consumption was found to significantly correlate
with a reduced secretion of C-peptide compared with the
Control during the early phase of the OGTT response
(P= 0·0046, r2 0·34). Although a direct effect of p-coumaric acid
on insulin sensitivity cannot be confirmed by these results, this
compound was recently found to stimulate AMP-activated
protein kinase phosphorylation, leading to increased glucose
uptake in L6 myocytes(46). p-Coumaric acid was also found to
improve glucose uptake in vitro through synergistic interactions
with a commercial oral hypoglycaemic drug (thiazolidine-
dione)(47). Moreover, since only 5–10% of ingested phenolic
compounds are assumed to be absorbed(48), a large amount
proceeds to the large intestine (especially polymeric forms such
as proanthocyanidins) where they can exert an activity. Indeed,
we recently showed that cranberry polyphenols can improve
insulin sensitivity in high-fat-fed mice, leading to reduced
inflammation in both intestinal and hepatic tissues, through
modulation of gut microbiota(43). In this latter study, changes in
gut microbiota were detected following 5 weeks of supple-
mentation, suggesting that 6 weeks of supplementation in
humans was very likely a period long enough to modulate their
intestinal microbiota. SCP may also improve insulin sensitivity
by increasing insulin signalling and glucose transport in skeletal
muscle cells. Indeed, Nizamutdinova et al.(17) showed that
anthocyanins administrated by gavage can improve insulin
signalling by stimulating tyrosine phosphorylation of the insulin
receptors and by increasing the expression of GLUT4 in muscle
of streptozotocin-diabetic rats.
Whereas our study provides evidence for the beneficial effect

of SCP treatment on insulin sensitivity, this finding was not
associated with a decrease in other markers of cardiovascular
risk. Nutritional studies are somewhat contradictory regarding
the effects of strawberries and cranberries on cardiometabolic

markers such as plasma lipids, oxidative stress, antioxidant
capacity and inflammation. Indeed, lipid changes seen in our
study contrast with those reported by Basu et al.(7) and Lee
et al.(49) who observed a decrease in total cholesterol and LDL-
cholesterol in human subjects consuming either freeze-dried
strawberry powder(8) or cranberry extract(49). Similarly, our
findings on inflammatory and oxidative markers do not agree
with those of Moazen et al.(50) who observed a decrease in
plasma CRP and oxidised-LDL after administration of freeze-
dried strawberries, and those of Ruel et al.(9,11,51) who observed
an increase of plasma HDL-cholesterol, antioxidant capacity
and a decrease in oxidised-LDL after consumption of low-
energy cranberry drink. Additionally, some clinical studies
investigating the effects of approximately 300mg polyphenols
from freeze-dried strawberry powder reported reducing effects
on fasting oxidised LDL for 6 weeks(9), and postprandial CRP
and IL-6(36) in an overweight, hyperlipidaemic population.
However, other clinical studies using freeze-dried strawberry
powder or reduced-energy cranberry juice have demonstrated,
as in our study, a lack of effect on antioxidant status(52), on CRP,
IL-6 and TNF-α(52,53).

Discrepancies between our results on lipids and inflamma-
tory and oxidative markers and those of the above-cited
studies(8,12,36,49–51) may stem from the delivery form of straw-
berry (freeze-dried form v. SCP extract) or cranberry (juice,
dried fruit forms or SCP extract), the experimental design (acute
v. longer term), the polyphenol dose or the population studied.
In the present study, the SCP were a SCP enriched extract
providing 333mg/d of polyphenols and was devoid of fibres,
sugars, minerals and vitamins. On the one hand, this amount of
polyphenols, which corresponds to the quantity supplied by
about 120 g of fresh fruits, is equivalent to approximately one-
fourth the level of polyphenols present in the freeze-dried
strawberry powder used by Basu et al.(7) and Moazen et al.(50)

(1001–2006mg polyphenols/d) and in the low-energy
cranberry juice used in previous studies(9–12,15,51). On the
other hand, the key difference between the SCP extract used in
the present study and these other sources of polyphenols is the
lack of fermentable fibres. It is well recognised that strawber-
ries(54) and cranberries(55) contain significant amounts of fer-
mentable soluble and insoluble fibres that may reduce lipids,
inflammatory and oxidative markers(56). Therefore, the lack of
dietary fibre in our extract is among the plausible explanations
for the absence of an SCP effect on lipids, inflammatory and
oxidative markers in the current study. Moreover, the present
results and those from a study by Hokayem et al.(23) who used a
berry (grape) polyphenol extract, suggest that the various
phenol compounds present in berries may specifically improve
insulin sensitivity in humans.

The participants in this study were insulin resistant and
included both sexes and a relatively broad age range
(40–70 years). Given the free-living nature of the study, the
results can most likely apply to an overweight adult pre-diabetic
population. Despite the parallel arm design and polyphenol
content of the beverage used, the present study did allow
sufficient power to detect statistical differences on the primary
endpoint of insulin sensitivity. However, this study was not
sufficiently powered to detect differences on secondary
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would have been interesting to obtain muscle and adipose tis-
sue biopsies to test whether SCP reduced inflammation in these
tissues. Such biopsies may have also allowed us to ascertain the
identity of the molecules involved in cellular insulin signalling.
Nonetheless, considering the robust nature of our randomised,
controlled, double-blind study, it is likely that the consumption
of SCP resulted in the improvement in the hyperinsulinaemic-
euglycaemic clamp insulin sensitivity and OGTT parameters.
Finally, since this is a proof-of-concept study, it will be necessary
to consider longer-term interventions in larger populations of
subjects to confirm the results and expand upon the potential role
of SCP in preventing or delaying the onset of type 2 diabetes.
In conclusion, our data indicate that 6-week consumption of

333mg polyphenols from strawberries and cranberries may
improve insulin sensitivity and prevent an increase in com-
pensatory insulin secretion without affecting plasma lipids, CRP,
pro-inflammatory cytokines and antioxidant capacity. Con-
trolled dose–response trials are needed to ascertain the lower
and upper range of activity of these polyphenols, as well as
larger and longer-term studies.
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A randomized, crossover, head-to-head comparison of eicosapentaenoic
acid and docosahexaenoic acid supplementation to reduce inflammation
markers in men and women: the Comparing EPA to DHA (ComparED)
Study1–3
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ABSTRACT
Background: To date, most studies on the anti-inflammatory effects
of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in
humans have used a mixture of the 2 fatty acids in various forms

and proportions.
Objectives: We compared the effects of EPA supplementation with
those of DHA supplementation (re-esterified triacylglycerol; 90% pure)

on inflammation markers (primary outcome) and blood lipids (second-
ary outcome) in men and women at risk of cardiovascular disease.
Design: In a double-blind, randomized, crossover, controlled study,
healthy men (n = 48) and women (n = 106) with abdominal obesity

and low-grade systemic inflammation consumed 3 g/d of the follow-

ing supplements for periods of 10 wk: 1) EPA (2.7 g/d), 2) DHA
(2.7 g/d), and 3) corn oil as a control with each supplementation sep-

arated by a 9-wk washout period. Primary analyses assessed the

difference in cardiometabolic outcomes between EPA and DHA.
Results: Supplementation with DHA compared with supplementa-
tion with EPA led to a greater reduction in interleukin-18 (IL-18)

(27.0% 6 2.8% compared with 20.5% 6 3.0%, respectively; P =
0.01) and a greater increase in adiponectin (3.1% 6 1.6% compared

with 21.2% 6 1.7%, respectively; P , 0.001). Between DHA and

EPA, changes in CRP (27.9% 6 5.0% compared with 21.8% 6
6.5%, respectively; P = 0.25), IL-6 (212.0% 6 7.0% compared

with 213.4% 6 7.0%, respectively; P = 0.86), and tumor necrosis
factor-a (214.8% 6 5.1% compared with 27.6% 6 10.2%, re-

spectively; P = 0.63) were NS. DHA compared with EPA led

to more pronounced reductions in triglycerides (213.3% 6 2.3%

compared with 211.9% 6 2.2%, respectively; P = 0.005) and the

cholesterol:HDL-cholesterol ratio (22.5% 6 1.3% compared with

0.3% 6 1.1%, respectively; P = 0.006) and greater increases in
HDL cholesterol (7.6% 6 1.4% compared with 20.7% 6 1.1%, re-

spectively; P, 0.0001) and LDL cholesterol (6.9%6 1.8% compared

with 2.2% 6 1.6%, respectively; P = 0.04). The increase in LDL-

cholesterol concentrations for DHA compared with EPAwas significant

in men but not in women (P-treatment 3 sex interaction = 0.046).
Conclusions: DHA is more effective than EPA in modulating spe-
cific markers of inflammation as well as blood lipids. Additional

studies are needed to determine the effect of a long-term DHA

supplementation per se on cardiovascular disease risk. This trial

was registered at clinicaltrials.gov as NCT01810003. Am J
Clin Nutr 2016;104:280–7.

Keywords: DHA, EPA, inflammation, men and women, random-
ized controlled trial, risk factors

INTRODUCTION

Subclinical inflammation is recognized as a key etiologic factor
in the development of atherosclerosis that leads to ischemic heart
disease (IHD).8 (1, 2). There is a growing body of literature that
has suggested that long-chain v-3 (n–3) PUFAs (LCn–3PUFAs),
primarily EPA (20:5n–3) and DHA (22:6n–3), may attenuate the
proinflammatory state that is associated with obesity and meta-
bolic syndrome (MetS) (3). In that regard, a number of mechanisms
supporting the purported anti-inflammatory effects of LCn–3PUFAs
have been proposed. These mechanisms include the inhibition of
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3 Supplemental Tables 1–6 are available from the “Online Supporting Ma-

terial” link in the online posting of the article and from the same link in the

online table of contents at http://ajcn.nutrition.org.
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the proinflammatory nuclear transcription factor kB in various
tissues through a series of metabolic cascades involving the acti-
vation of peroxisome proliferator activated receptor-g and several
other signaling proteins (4).

A recent meta-analysis of randomized controlled trials (RCTs)
substantiated the anti-inflammatory effect of LCn–3PUFA sup-
plementation as evidenced by significant reductions in plasma
C-reactive protein (CRP), IL-6, and TNF-a concentrations (5).
This analysis was based on data from 68 RCTs and 4601 indi-
viduals with or without chronic nonautoimmune diseases such
as dyslipidemia, obesity, type 2 diabetes, and MetS. The meta-
analysis revealed significant research gaps pertaining to the
effects of LCn–3PUFAs on inflammation markers. Most im-
portantly, almost all of the RCTs available thus far have either
used a mix of EPA and DHA in various ratios or have investi-
gated only one of the 2 LCn–3PUFAs. The use of these methods
is not a trivial issue considering that DHA appears to be more
potent than is EPA in modulating plasma lipid concentrations
(6). Therefore, it remains largely unknown whether EPA and
DHA have similar or different effects on markers of inflam-
mation. Other significant shortcomings have included the fact
that almost all of the available RCTs to date were not designed
a priori to investigate the effect of EPA or DHA on markers of
subclinical inflammation as a primary outcome and were also
based on sample sizes that may have been too small to yield
robust results. Finally, whether sex influences the efficacy of EPA
and DHA to modulate markers of inflammation is an area of great
interest that remains speculative. Addressing these gaps has im-
portant public health implications considering that EPA plus DHA
supplements are broadly recommended by various health agencies,
including the American Heart Association (7), for IHD risk pre-
vention or the management of triglycerides.

The Comparing EPA to DHA Study is a double-blind, random-
ized, crossover, controlled study that was specifically designed to
compare the effects of EPA and DHA on inflammation markers in
individuals with abdominal obesity and subclinical inflammation.
As a secondary objective, we compared the effects of EPA and
DHA on plasma lipids and verified if responses to EPA and DHA
in men and women are similar. We hypothesized that DHA is
more potent than is EPA in modulating inflammatory markers and
plasma lipid concentrations. However, on the basis of evidence
that suggested that platelet aggregation is more responsive to EPA
in men and to DHA in women (8), we also hypothesized that EPA
supplementation induces a greater anti-inflammatory response
than does DHA in men, whereas women are more responsive to
supplementation with DHA.

METHODS

Study design

This study used a double-blind, randomized, controlled, cross-
over design with 3 treatment phases as follows: 1) EPA, 2) DHA,
and 3) corn oil as a control. Each treatment phase had a median
duration of 10 wk. The median washout time between treat-
ments was 9 wk. The random assignment of participants to one
of 6 treatment sequences was performed with the use of an in-
house computer program and was stratified by sex. Allocations to
treatments were concealed from participants, study coordinators,
and laboratory technicians throughout the study. Codes were

unconcealed after all primary statistical analyses had been com-
pleted. Participants were supplemented with 3 identical 1-g capsules
of .90% fish oils/d that provided 2.7 g EPA/d, 2.7 g DHA/d, and
0 g EPA and DHA/d (3 g corn oil was used as the control). Sup-
plements were formulated as re-esterified triacylglycerol and pro-
vided by Douglas Laboratories. Participants were instructed to
maintain a constant body weight during the course of the study.
Subjects were also counseled about how to exclude fatty fish
(including salmon, tuna, mackerel, and herring), fish-oil supple-
ments, flax products, walnuts, and v-3–enriched products during the
3 study phases. Vitamin supplements and natural health products
were allowed at a stable dose. Alcohol consumption was permitted
during the study of intakes that did not exceed 1 or 2 servings
alcohol/d (12–15 g alcohol/d) but was forbidden during the 4 d that
preceded blood draws. Subjects were also instructed to maintain
their usual physical activity except during the 4 d that preceded
blood sampling at the various stages of the study during which they
were asked not to engage in any form of vigorous physical activity.

Study population

The a priori–defined eligibility criterion was to have MetS as
per the International Diabetes Federation definition (9). How-
ever, this criterion was modified 2 mo into recruitment because
of unforeseen difficulties in achieving the intended sample size
with the use of such a criterion (eligibility rate was 2.4% on the
basis of 170 screens). Eligibility criteria were modified to in-
clude having abdominal obesity per International Diabetes Fed-
eration sex-specific cutoffs ($80 cm for women;$94 cm for men)
(9) in combination with a screening plasma CRP concentration.1
but ,10 mg/L. Subjects had to be otherwise healthy. These new
criteria were consistent with the primary aim of the study, which
was to compare the effects of EPA and DHA supplementation on
markers of inflammation. Subjects were recruited at the Institute
of Nutrition and Functional Foods via the media (newspaper and
radio) and electronic newsletters. Subjects had to be aged be-
tween 18 and 70 y and have stable body weight for$3 mo before
random assignment. In premenopausal women, only those in-
dividuals with a regular menstrual cycle (25–35 d) for the past
3 mo were included. Follicle-stimulating hormone measurements
were performed when needed to confirm the premenopausal
status (follicle-stimulating hormone concentration,25 IU/L) (10).
Women who were using contraceptive agents were eligible. The
use of contraceptive agents was documented and adjusted for
if required (see Statistical analyses section). Evidence has sug-
gested that phases of the menstrual cycle have little effects on
markers of inflammation (11), and therefore, collections of sam-
ples were not adjusted for the menstrual cycle. Exclusion criteria
were a plasma CRP concentration .10 mg/L at screening, ex-
treme dyslipidemias such as familial hypercholesterolemia, having
a personal history of cardiovascular diseases (IHD, cerebrovas-
cular disease, or peripheral arterial disease), taking medications
or substances known to affect inflammation (e.g., taking steroids
or binging alcohol), and the use of LCn–3PUFA supplements
#2 mo of study onset. Postmenopausal women who were re-
ceiving hormone replacement therapy at a stable dose were in-
cluded (12). All participants signed an informed consent document
that was approved by the local ethics committees at the begin-
ning of the study, and the study protocol was registered at
clinicaltrials.gov (NCT01810003) on 4 March 2013.
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Anthropometric measures

Anthropometric measures, including waist and hip circumfer-
ences, were obtained according to standardized procedures (13).
Body composition was measured with the use of dual-energy
X-ray absorptiometry (GE Healthcare).

Risk factor assessment

Plasma CRP concentrations were measured with the use of the
Behring Latex-Enhanced highly sensitive assay on the Behring
Nephelometer BN-100 system (Behring Diagnostic) and the
calibrators (N Rheumatology Standards SL) provided by the
manufacturer as described previously (14). Other inflammation
markers were measured with the use of commercial ELISA kits
for the human form of the cytokine as follows: IL-6 and TNF-a
(HS600B and HSTA00D; R&D Systems), IL-18 (7620; MBL
International), and adiponectin (K1001-1; B-Bridge International).
Serum total cholesterol, triglycerides, and HDL cholesterol were
assessed on a Roche/Hitachi Modular system (Roche Diagnos-
tics) according to the manufacturer’s specifications and with the
use of proprietary reagents. Plasma LDL-cholesterol concen-
trations were calculated with the use of Friedewald’s equation.
Total plasma apolipoprotein B (apoB) concentrations were mea-
sures with the use of a commercial ELISA kit (A70102; Alerchek
Inc.). CVs for each analyte are shown in Supplemental Table 1.
Total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides,
apoB, CRP, IL-6, and adiponectin were measured twice on con-
secutive days at the end of each treatment to reduce variation and,
hence, increase statistical power. The mean of the 2 measurements
were used in the analyses. Analyses for TNF-a and IL-18 were
based on a single measure posttreatment. Treatment-specific base-
line values were measured once. All personnel involved in the
measurements of study outcomes were blinded to treatments.

Compliance

Compliance to supplementation was assessed by counting sup-
plements that were returned to study coordinators by participants.
Subjects with compliance ,80% during any given treatment were
considered to be noncompliant, and data from that particular
treatment were excluded from analyses. EPA and DHA contents in
plasma phospholipids were also used as another proxy of com-
pliance in a randomly selected subsample of participants (n = 30;
15 women and 15 men). EPA and DHA contents of plasma
phospholipids were measured before and after treatments as
described previously (15). The fatty acid composition of plasma
phospholipids was expressed as a percentage of all fatty acids.
The concurrent use of a medication during the experimental
protocol was tracked with the use of checklists. Participants were
asked to notify the physician in charge of the clinical aspects of the
study before the initiation of any medication. Variations in dietary
habits during the intervention were monitored with the use of a val-
idated quantitative web-based food-frequency questionnaire at
the end of each treatment phase (16). Usual physical activity was
monitored with the use of a 3-d validated physical activity journal (17).

Sample-size calculation

A priori sample-size calculations indicated that n = 150 in-
dividuals would allow us to detect a minimal difference of 10%

in plasma CRP concentrations when any 2 treatments were com-
pared with a power of 81% and P, 0.01 (2 tailed) (18). CRP was
used as the primary outcome measure for sample-size calculations
because it is considered a key variable for the assessment of the
inflammatory status in clinical practice (19). A 10% reduction in
plasma CRP was considered to be of clinical relevance on the
basis of several epidemiologic studies that have shown a linear
relation between CRP and risk of IHD (19). The power to detect
a significant treatment 3 sex interaction was estimated with the
use of the GLMPower procedure in SAS software (v9.3; SAS
Institute Inc.) with treatment, sex, and treatment 3 sex as main
effects. On the basis of SD estimates (35%) and with consid-
eration of a sample size of 150 individuals equally distributed
between men and women, the power was 80% to detect a signifi-
cant treatment 3 sex interaction (P , 0.05) for a reduction in
plasma CRP, compared with the control value, that was$10% with
treatment A (no change with treatment B) in men and $10% with
treatment B (no change with treatment A) in women. The minimal
detectable difference between treatments in plasma CRP within
each sex was 11.5% [power: 80%; P ,0.05 (2-tailed); with n = 75
in each group]. The anticipated sample size provided high statistical
power to investigate changes in lipid concentrations (not shown).

Statistical analyses

Differences in study outcomes between treatments were as-
sessed with the use of the MIXED procedure for repeated measures
in the SAS program (v9.4) with treatment, sex, and the treatment3
sex interaction (when significant) as fixed effects and a compound
symmetry or autoregressive covariance matrix to account for
within-subject correlations. The change of each treatment com-
pared with the control value (posttreatment EPA minus control and
DHA minus control) was used as the dependent variable in all
analyses as per our a priori–defined analytic plan (20). To be in-
cluded in the analyses, subjects had to have completed the control
phase plus $1 of the 2 treatment phases. With this approach, the
main treatment effect in the mixed models reflected the direct
comparison of EPA and DHA and was considered the primary
analysis. Adjustment for multiple comparisons was not necessary
because the main treatment effect had only 2 levels. In the same
model and as secondary analyses, the change for each treatment
compared with the control value was tested against the null
hypothesis by the LSMEANS statement in the MIXED pro-
cedure. Potential confounders of the outcome measure response to
treatment, mainly obesity and body fat status, age, use of con-
traceptive agents (premenopausal women), menopausal status,
energy and nutrient intakes, and the sequence of treatments,
were considered by integrating interaction terms with the main
treatment effect into the mixed models. Results from analyses
that were based on the most parsimonious models (i.e., retaining
only the variables that contributed significantly to variations in
any given study outcome) are shown. All primary statistical anal-
yses were undertaken in a blinded fashion with the use of study
codes for each treatment. The skewness in the distribution of all
study outcomes was considered, and data were transformed
when required. In the case of the CRP analysis per se, missing
values were attributed when the mean of the 2 consecutive
posttreatment CRP values was .10 mg/L. Because the MIXED
procedure is robust to missing data, analyses were first conducted
without the multiple imputation of missing data (21). However,
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we also analyzed the study results with the use of an intent-to-
treat (ITT) approach with the multiple imputation of missing
data. Comparisons between treatments (significant compared with
NS) were unchanged in the ITT analysis with only slightly
larger P values with the ITT approach for the significance of the
treatment effect for IL-18 and adiponectin. Details are provided
in Supplemental Table 2.

RESULTS

Baseline characteristics of subjects

Figure 1 represents the Consolidated Standards of Reporting
Trials flow diagram of the study (22), which was initiated on 3
April 2013 and was completed on 19 June 2015. Of 173 eligible
men and women, a total of 154 subjects were randomly assigned
to treatment sequences. The dropout rate was 20% (n = 31 of
154 randomly assigned participants). Treatment-specific data of
participants with compliance ,80% (n = 2 for the EPA treat-
ment compared with the control) were excluded from analyses.
Characteristics at the screening visit of the 154 subjects randomly
assigned into the study are shown by sex (n = 48 for men; n = 106
for women) in Table 1. Sixty-six percent of women were post-
menopausal, of whom 23% were receiving hormonotherapy.
Seventy-two percent of premenopausal women were using con-
traceptive agents. As per the inclusion criteria, all subjects had
a high waist circumference ($94 cm for men and $80 cm for
women) and an elevated plasma CRP concentration as a group
but were otherwise healthy. There was no difference in the base-
line characteristics of participants between treatments (Sup-
plemental Table 3). We showed marginal differences concerning
dietary intakes of fibers, proteins, EPA, and DHA as well as
a significant difference in alcohol consumption between treat-
ments (Supplemental Table 4). However, such differences in
nutrient intakes had no effect on study outcomes (P . 0.05) and
thus were not included in the final mixed models.

Compliance to treatments and side effects

The mean compliance to supplementation during each treat-
ment phase that was based on returned capsules was high (control:
97% 6 5%; EPA: 97% 6 6%; DHA: 96% 6 5%) and not sig-
nificantly different between treatments (Kruskal-Wallis test: P =
0.17). The plasma phospholipid fatty acid composition that was
measured posttreatment is presented in Supplemental Table 5.
The phospholipid fatty acid profile tracked well with each sup-
plementation phases, which also reflected a high compliance with
treatments. Changes in plasma phospholipid concentrations of
EPA, docosapentaenoic acid, and DHA after each treatment were
similar between men and women with the exception of plasma
docosapentaenoic acid concentrations, which were higher in men
than in women after EPA supplementation (2.56% 6 0.11%

FIGURE 1 Consolidated Standards of Reporting Trials chart of study subjects. After a telephone screening of 786 subjects, 441 individuals did not meet
the inclusion criteria. Of 345 eligible subjects, 55 individuals declined to take part in the study because of time commitments, and 290 individuals underwent
a clinical assessment. Of 173 eligible subjects, 154 participants were randomly assigned. The dropout rate was 20% (31 of 154 subjects who were randomly
assigned). The completion rate varied by phases because of the randomized crossover nature of the study (not shown). After considering dropouts and subjects
who were excluded because of compliance that was judged to be ,80% (n = 2 for the EPA treatment), the analysis of DDHA (DHA compared with control)
was based on n = 123, and the analysis of the DEPA was based on n = 121. CRP, C-reactive protein.

TABLE 1

Characteristics at screening of subjects randomly assigned into the study

(n = 154)1

Men (n = 48) Women (n = 106)

Age, y 57 6 122 50 6 16

BMI, kg/m2 30 6 4 29 6 4

Waist circumference, cm 107 6 10 98 6 9

SBP, mm Hg 119 6 13 111 6 12

DBP, mm Hg 78 6 9 71 6 8

Total cholesterol, mmol/L 4.9 6 0.7 5.5 6 0.9

LDL cholesterol,3 mmol/L 3.0 6 0.7 3.2 6 0.8

HDL cholesterol, mmol/L 1.3 6 0.3 1.7 6 0.4

Cholesterol:HDL-cholesterol ratio 4.0 6 0.9 3.5 6 1.0

Triglycerides, mmol/L 1.5 6 0.8 1.4 6 0.7

CRP, mg/L 2.8 6 1.8 3.7 6 2.4

Fasting glucose, mmol/L 5.5 6 0.9 5.2 6 0.7

Subjects with MetS, n (%) 25 (12) 17 (19)

1CRP, C-reactive protein; DBP, diastolic blood pressure; SBP, systolic

blood pressure; MetS, metabolic syndrome.
2Mean 6 SD (all such values).
3n = 47 in men because of a missing value.
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compared with 2.10% 6 0.07%, respectively; P = 0.01). There
was no difference in the frequency of self-reported side effects
between treatments (Supplemental Table 6).

There was no difference between EPA, DHA, and the control
in posttreatment body mass index, waist circumference, and

percentages of fat and android fat (data not shown). Table 2
presents absolute changes in study outcomes after EPA and
DHA treatment compared with control values, whereas Figure 2
depicts treatment-specific changes in relative terms.

Inflammation markers

Compared with the EPA treatment, supplementation with
DHA led to a greater reduction in serum IL-18 (P = 0.01) and
a greater increase in adiponectin (P , 0.001) (Table 2, Figure
2). Changes in serum concentrations of CRP (P = 0.25), IL-6
(P = 0.86), and TNF-a (P = 0.63) were not different between
DHA and EPA treatments. Compared with the control, EPA sig-
nificantly decreased plasma IL-6 concentrations (213.4%) but had
no significant effect on other inflammation markers. Compared
with the control, DHA supplementation significantly decreased
plasma CRP (27.9%), IL-6 (212.0%), IL-18 (27.0%), and
TNF-a (214.8%) concentrations and increased adiponectin
concentrations (+3.1%). There was no significant treatment 3
sex interaction in the response of inflammation markers to EPA
and DHA.

Blood lipids

Compared with the EPA treatment, supplementation with DHA
reduced triglycerides (P = 0.005), the cholesterol:HDL-cholesterol
ratio (P = 0.006), and increased serum concentrations of HDL
cholesterol (P, 0.0001) and LDL cholesterol (P = 0.04) (Table 2,
Figure 2). There was a treatment3 sex interaction (P = 0.0455) in
the LDL-cholesterol response to EPA and DHA (Figure 3). DHA
supplementation increased LDL cholesterol more than did EPA

TABLE 2

Changes compared with control values in posttreatment inflammation markers and blood lipids with EPA and DHA1

Control

DEPA compared

with control P2,3
DDHA compared

with control P2,3
P-DEPA compared

with DDHA3,4

Inflammation markers5

CRP,6 mg/L 3.02 6 0.14 20.05 6 0.14 0.45 20.23 6 0.14 0.02 0.25

IL-6, pmol/L 1.61 6 0.16 20.21 6 0.10 0.03 20.19 6 0.10 0.01 0.86

IL-18, pmol/L 271.7 6 12.6 22.12 6 6.29 0.38 218.15 6 6.25 0.002 0.01

TNF-a, pmol/L 1.35 6 0.14 20.11 6 0.10 0.10 20.20 6 0.05 0.01 0.63

Adiponectin, mg/L 7.03 6 0.46 20.08 6 0.12 0.14 0.22 6 0.12 0.047 ,0.001

Blood lipids

Total cholesterol, mmol/L 5.16 6 0.08 20.03 6 0.05 0.62 0.15 6 0.05 0.001 ,0.001

LDL cholesterol, mmol/L 2.99 6 0.07 0.07 6 0.04 0.046 0.16 6 0.04 ,0.0001 0.04

HDL cholesterol, mmol/L 1.54 6 0.04 20.01 6 0.02 0.48 0.11 6 0.02 ,0.0001 ,0.0001

Cholesterol:HDL-cholesterol ratio5 3.55 6 0.09 0.01 6 0.04 0.86 20.10 6 0.05 ,0.001 0.006

apoB,5 g/L 1.31 6 0.04 0.01 6 0.02 0.46 0.03 6 0.02 0.02 0.16

Triglycerides,5 mmol/L 1.38 6 0.06 20.16 6 0.03 ,0.0001 20.25 6 0.04 ,0.0001 0.005

1All values are unadjusted means 6 SEMs. n = 125 for the control, n = 121 for the DEPA, and n = 123 for the DDHA. apoB, apolipoprotein B; CRP,

C-reactive protein.
2P values for EPA and DHA changes compared with control values in the outcome were determined with the use of the LSMEANS statement and were

tested against the null hypothesis in mixed models (SAS v9.4; SAS Institute Inc.).
3Adjustment for potential covariates (sex, age, weight, waist circumference, menopausal status, value of control treatment, treatment-specific baseline

value, and sequence of treatments) was considered only when the covariates were shown to be significant at P , 0.05 in mixed models.
4Main treatment P values for the comparison between EPA and DHA changes compared with control values in the outcome were determined with the use

of the main treatment effect in mixed models. The mixed model for the main effect for the comparison of DEPA and DDHAwas based on n = 123 observations

with the exclusion of DEPA data for 2 participants because of low compliance.
5Log-transformed data were used in these analyses because of the skewness of distributions of posttreatment values.
6n = 117 for the control. Because of exclusions that were due to CRP concentrations .10 mg/L after the treatment phase, n = 110 for EPA changes from

control values, and n = 111 for DHA changes from control values.

FIGURE 2 Mean6 SEM percent changes (D) compared with control values
in posttreatment inflammation markers and blood lipids with EPA and DHA. Mixed
models provided P values for main treatment effects (DEPA compared with DDHA).
**P, 0.05 for within-treatment effects (compared with control values) as shown in
Table 2 and determined with the use of the LSMEANS statement in the mixed
models. n = 121 for EPA changes from control values, and n = 123 for DHA changes
from control values. Apo B, apolipoprotein B; C, cholesterol; CRP, C-reactive pro-
tein; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; TG, triglyceride.
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in men (12.5% compared with 5.1%) but not in women (4.4%
compared with 3.0%). No significant difference between DHA
and EPAwas observed for total apoB concentrations. Compared
with the control, EPA supplementation significantly decreased
plasma triglycerides (211.9%) and increased LDL cholesterol
concentrations (+2.2%) but had no significant effect on other
lipid variables (Table 2, Figure 2). In contrast, supplementation
with DHA compared with the control significantly increased
total cholesterol (+3.8%), LDL cholesterol (+6.9%), total apoB
(+4.5%) and HDL cholesterol (+7.6%) and significantly re-
duced serum triglycerides (213.3%) and the cholesterol:HDL-
cholesterol ratio (22.5%).

DISCUSSION

To the best of our knowledge, this is the first study that was
designed specifically to provide a head-to-head comparison of the
effects of EPA and DHA on inflammation markers as a primary
outcome in both men and women. Data indicate that DHAmay be
more effective than EPA in attenuating systemic inflammation and
modulating plasma lipid risk factors in healthy men and women
with abdominal obesity and subclinical systemic inflammation.

LCn–3PUFAs and markers of inflammation

The current study addressed key research gaps pertaining to the
effect of LCn–3PUFAs on surrogate markers of inflammation.
Previous RCTs on the topic have yielded inconsistent results
because of a number of experimental and methodologic factors
(5, 23). First and foremost, most of the available RCTs in healthy
subjects or in subjects who were at risk of cardiovascular disease
(CVD) investigated the effect of LCn–3PUFAs on inflammation
markers as a secondary outcome and not as the primary outcome.
In the meta-analysis by Li et al. (5), only one study provided

a head-to-head comparison of EPA and DHA on inflammation
markers in the 68 RCTs reviewed. The study, in patients with
type 2 diabetes, showed no significant effect of EPA or DHA
supplementation (4 g/d for 6 wk) on CRP, IL-6, and TNF-a con-
centrations but was based on a sample of only 25 patients/group
(24). Two recent studies have compared EPA and DHA directly
(,2 g/d) and showed no significant effect on CRP and proin-
flammatory cytokines (25, 26). These parallel-arm studies com-
prised ,20 subjects/group and, therefore, were also clearly
underpowered to yield robust results. These examples emphasize
how studies thus far, in almost all cases, were not adequately
designed to specifically investigate markers of inflammation. In
that context, results from this large RCT provide novel and
meaningful information to our knowledge.

Supplementation with DHA (2.7 g/d) for 10 wk decreased
serum IL-18 and increased adiponectin significantly more than
did supplementation with EPA (2.7 g/d). Also, the reduction in
plasma CRP concentrations with DHA compared with control oil
was almost 4-fold greater in magnitude than the reduction with
EPA although this difference did not reach significance. The data
confirm the indirect evidence from the meta-analysis by Li et al.
(5), which suggested that the anti-inflammatory effects of mixed
LCn–3PUFAs seen in previous studies may have been attributable
to DHA. Results from a meta-analysis of 13 RCTs suggested
a modest increase in plasma adiponectin concentrations with
LCn–3PUFA supplementation (27), but our data indicate that this
effect may also be attributable more specifically to DHA.

Mendelian randomization studies have indicated that increased
plasma CRP concentrations are unlikely to be even a modest
causal factor for CVD (28). This suggestion does not rule out the
importance of inflammation in the etiology of atherosclerosis and
resulting CVD (2). Data from the Justification for the Use of
Statins in Primary Prevention: An Intervention Trial Evaluating
Rosuvastatin trial have shown that the statin treatment of patients
with low LDL-cholesterol concentrations but with subclinical
inflammation (CRP concentration .2 mg/L) was highly effec-
tive in reducing risk of vascular events, myocardial infarction,
and stroke (29). Data from the current study indicate that DHA
compared with the control corn oil is effective in reducing
plasma concentrations of several inflammation markers (IL-6,
IL-18, and TNF-a) in addition to CRP. IL-18 is expressed in
human atheroma where it influences the expression of adhesion
molecules, chemokines, cytokines and matric metalloproteinases.
IL-6 is involved in the acute-phase response by inducing the
production of CRP and other inflammatory markers in the liver.
The expression of IL-6 is also stimulated in smooth muscle cells
by circulating IL-18 and other cytokines (30). Changes in each
of these surrogate markers suggest significant effects of DHA on
a variety of inflammation processes. EPA enhances the synthesis
of the E-series resolvins, whereas DHA leads to the production
of the D-series resolvins in addition to enhancing the synthesis of
protectins and maresins, all of which may have different anti-
inflammatory properties. Although relatively well characterized in
cell and animal models (31), the potentially distinct contributions
of resolvins from EPA and protectins and maresins from DHA on
inflammation processes have not been well characterized in vivo
in humans (4, 23).

Although supplementation with a mixture of EPA and DHA
may activate the peroxisome proliferator activated receptor-a
pathway in both sexes, the nuclear transcription factor kB pathway

FIGURE 3 Mean 6 SEM percent changes (D) compared with control
values in posttreatment LDL cholesterol with EPA and DHA by sex. The
treatment 3 sex interaction for the change in LDL cholesterol was signifi-
cant (P = 0.0455). Mixed models provided P values for main treatment effects
(DEPA compared with DDHA) by sex. **P, 0.05 for within-treatment effects
(compared with control values) determined with the use of LSMEANS state-
ments in the mixed models. For men, n = 36 for EPA changes from control
values, and n = 37 for DHA changes from control values. For women, because
of missing data, n = 85 for EPA changes from control values, and n = 86 for
DHA changes from control values.
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appears to be activated in men only (32), which suggests that men
and women may respond differently to EPA and DHA supple-
mentation. Our results are not consistent with these data or with
our a priori hypothesis that there is a sex-specific anti-inflammatory
response to EPA and DHA.

LCn–3PUFA and plasma lipids

A meta-analysis of RCTs that compared the effect of different
doses of EPA and DHA on blood lipids has been published (6). In
the 21 studies included in the meta-analysis, 10 studies compared
EPAwith a control, 17 studies compared DHAwith a control, and
only 6 studies compared EPA with DHA directly. Results from
our own study are consistent with specific analyses of these 6
head-to-head comparison studies of EPA and DHA in showing
significantly greater reduction in plasma triglycerides and sig-
nificantly greater increases in plasma LDL cholesterol and HDL
cholesterol with DHA than with EPA. The fact that the LDL-
cholesterol–raising effect of DHA seems to be more pronounced
in men than in women deserves further investigation. We showed
that the increase in total plasma apoB after DHA supplementation
was one-half that of LDL cholesterol. This result, combined with
a greater reduction in serum triglycerides, suggests an increase in
the LDL particle size with DHA as well (33). This assumption
needs to be verified by proper measures of the change in LDL
particle size with EPA and DHA.

This study has several strengths but also some limitations that
need to be outlined. To the best of our knowledge, this is the
largest crossover-design study to provide a head-to-head com-
parison of the effects of EPA and DHA on inflammatory markers
as a primary outcome. The repeated measures after treatment re-
duced the intraindividual variability of the results and, hence, in-
creased the statistical power. The use of corn oil as a control may
have blunted the effects of EPA and DHA on some of the study
outcomes. However, many previous RCTs used various veg-
etable oils as a control, and to that extent, our study design was
similar to that of previous studies on this topic (5). Compared
with baseline values, corn-oil supplementation decreased total
cholesterol and LDL-cholesterol concentrations but had no effect
on other markers in this study (data not shown). Concentrations
of EPA and DHA in plasma phospholipids were measured only
posttreatment, and hence, it was not possible to verify that the
values had returned to baseline concentrations after each washout
period. However, concentrations of blood lipids and inflamma-
tory markers were similar at baseline in the 3 treatments (Sup-
plemental Table 3). There was also no significant sequence-
by-treatment interaction on the study outcomes. These results
provide convincing evidence of no residual or carryover effects of
a treatment onto the subsequent treatment. The 20% dropout rate
remains acceptable for a crossover study of a total duration of
46 wk. Also, the number of subjects whowere eligible for statistical
analyses was lower than our sample-size target, which implied
that detectable effect sizes were slightly larger than anticipated.
Inflammation markers are known to be sensitive to acute immune
challenges. However, sensitivity analyses that excluded values
greater than the 95th percentile for each risk factor had no effect
on the results (not shown), which made the results quite robust.
The use of mixed models compared with an ITT approach for the
analysis of data from RCTs is a controversial issue. Nevertheless,

both methods yielded almost identical results, which supported
the robustness of the experimental data.

In conclusion, data from this carefully controlled RCT
indicate that DHA supplementation at a dose ofw3 g/d for 10
wk may be more potent in modulating inflammation markers
than would be a similar dose of EPA in men and women with
abdominal obesity and subclinical systemic inflammation but
who are otherwise healthy. To our knowledge, these are im-
portant new data because most available studies have been un-
dertaken with the use of mixtures of various ratios of EPA and
DHA. Consistent with previous studies, DHA was also more
potent than EPA in modulating lipid risk factors. The extent to
which such differences between EPA and DHA in modulating lipid
and inflammation risk factors are meaningful in terms of CVD-risk
prevention remains unclear and need to be investigated in the
future.
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Comparison of therapeutic effects of omega-3
fatty acid eicosapentaenoic acid and
fluoxetine, separately and in combination, in major
depressive disorder

Shima Jazayeri, Mehdi Tehrani-Doost, Seyed A. Keshavarz,
Mostafa Hosseini, Abolghassem Djazayery, Homayoun Amini,
Mahmoud Jalali, Malcolm Peet

Objective: To compare therapeutic effects of eicosapentaenoic acid (EPA), fluoxetine and
a combination of them in major depression.
Method: Sixty outpatients with a diagnosis of major depressive disorder based on DSM-IV
criteria and a score ]15 in the 17-item Hamilton Depression Rating Scale (HDRS) were
randomly allocated to receive daily either 1000 mg EPA or 20 mg fluoxetine, or their
combination for 8 weeks. Double dummy technique was used to double blind the study.
Patients were assessed at 2 week intervals. Change in HDRS was the primary outcome
measure.
Results: Analysis of covariance for HDRS at week 8 across treatment groups was
performed in 48 patients who completed at least 4 weeks of the study, with the last
observation carried forward. Treatment, age of onset and baseline HDRS had a significant
effect on HDRS at week 8. EPA�fluoxetine combination was significantly better than
fluoxetine or EPA alone from the fourth week of treatment. Fluoxetine and EPA appear to
be equally effective in controlling depressive symptoms. Response rates (]50% decrease
in baseline HDRS) were 50%, 56% and 81% in the fluoxetine, EPA and combination
groups, respectively.
Conclusions: In the present 8 week trial EPA and fluoxetine had equal therapeutic effects
in major depressive disorder. EPA�fluoxetine combination was superior to either of them
alone.
Key words: EPA, fluoxetine, major depressive disorder, omega-3.
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Double blind randomized placebo controlled clinical trial of 
omega 3 fatty acids for the treatment of diabetic patients with 
nonalcoholic steatohepatitis

Srinivasan Dasarathy, MD1,2, Jaividhya Dasarathy, MD5, Amer Khiyami, MD6, Lisa Yerian, 
MD3, Carol Hawkins, RN4, Ruth Sargent, LPN1, and Arthur Joseph McCullough, MD1,2

1Department of Gastroenterology, MetroHealth Medical Center, Cleveland, OH.
2Department of Pathobiology, MetroHealth Medical Center, Cleveland, OH.
3Department of Pathology Cleveland Clinic, MetroHealth Medical Center, Cleveland, OH.
4Department of Gastroenterology, MetroHealth Medical Center, Cleveland, OH.
5Department of Family Medicine, MetroHealth Medical Center, Cleveland, OH.
6Department of Pathology, MetroHealth Medical Center, Cleveland, OH.

Abstract
Background—Nonalcoholic steatohepatitis (NASH) is common and severe in patients with 
diabetes mellitus. Although, there are no effective treatments for NASH in diabetic patients, 
preliminary reports suggest that polyunsaturated fatty acids (PUFA) may be beneficial in these 
patients.

Aim—A prospective, randomized, double blind placebo controlled study (NCT 00323414) was 
performed in NASH patients with diabetes.

Methods—37 patients (50.6±9.8y) with well controlled diabetes (HbA1C<8.5%) were 
randomized to receive either PUFA containing eicosapentaenoic acid 2160 mg and 
docosahexaenoic acid 1440 mg daily or an isocaloric, identical placebo containing corn oil for 48 
weeks under CONSORT guidelines. Clinical, demographics, biochemical laboratory tests, body 
composition using DEXA® and liver biopsy were done at randomization and at the end of 
treatment. Liver biopsy was scored by the NASH CRN criteria. An intention to treat analysis was 
performed.
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Results—At inclusion, gender, age, body weight, biochemical tests, glucose control and liver 
histology were similar in the 2 treatment groups. There was no change in liver enzymes, body 
weight or body composition during the study in either group. At the end of treatment, hepatic 
steatosis and the activity score improved (p<0.05) and lobular inflammation worsened (p<0.001) 
with placebo but was unchanged with PUFA. At the end of treatment, insulin resistance (serum 
glucose and HOMA) worsened with PUFA but not placebo.

Conclusions—PUFA provided no benefit over placebo in NASH patients with diabetes. The 
effects of PUFA on histology and insulin resistance were inferior to placebo. These data provide 
no support for PUFA supplements in NASH.

Keywords
Diabetes mellitus; nonalcoholic steatohepatitis; polyunsaturated fatty acids

Introduction
Both nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes (DM), which affect 30% 
and 10% of the US adult population respectively(3;13), are common complex metabolic 
diseases associated with insulin resistance (30). NAFLD is the most common cause of 
chronic liver disease (56). Nonalcoholic steatohepatitis (NASH) is the most severe form of 
NAFLD(37). One third of NASH patients have advanced fibrosis and 20% develop cirrhosis 
(37). Thus, it is estimated that NAFLD has or will cause 6-8 million Americans to develop 
cirrhosis. Supporting these estimates is the fact that NAFLD is now the third most common 
indication for liver transplantation with a trajectory to become the most common in 10 years 
(5). DM, which is present in 30% of NAFLD patients (35), is now recognized as a major 
risk factor for liver injury in these patients (55;57).

The recognition of the clinical consequences and underlying molecular mechanisms of 
NASH (51) has led to a number of treatment strategies that have been studied, 
predominantly in non-diabetic patients (33). To date, only vitamin E (44) and weight loss 
(40) have been shown to be safe and effective therapies for reversing NASH. There are no 
established therapies for NASH patients with DM.

N-3 polyunsaturated fatty acids (PUFA) have been shown in nascent human and animal 
studies to have a beneficial impact in improving hypertension, hyperlipidemia, endothelial 
dysfunction, cardiovascular disease (25) and improving hepatic steatosis in NAFLD (38).
The n-3 PUFAs, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have been 
shown to regulate a number of transcription factors that control critical components of 
hepatic fatty acid metabolism (11;22). N-3 PUFAs are potent activators of PPARα that in 
turn stimulates fatty acid oxidation (39;60) and PPARγ that increases insulin sensitivity 
(29), inhibits hepatic lipogenesis via sterol regulatory binding protein-1 expression (54),
down regulates pro-inflammatory genes (1;21;27) and reduces hepatic reactive oxygen 
species (ROS) (20). Human studies with n-3 EPA supplements resulted in improved lipid 
profile (15;41). Long term treatment with EPA in humans has reported them to be well 
tolerated and safe (46). These data provide compelling evidence for a therapeutic role of n-3 
PUFA in fatty liver; specifically in patients with DM who have multiple metabolic risk 
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factors that can potentially be reversed by the administration of n-3 fatty acids, EPA and 
DHA. Therefore, we performed a randomized double blind controlled trial in NASH patients 
with DM.

Subjects and Methods
Selection of patients

Patients were recruited from two medical centers, Cleveland Clinic and MetroHealth 
Medical Center, in Cleveland, Ohio. Patients were considered for the study if they had an 
established diagnosis of NASH and a NAFLD activity score (NAS) ≥ 4 on liver biopsy 
performed within 6 months of entry into the study. Other inclusion criteria were (1) adult 
diabetic patients (age >18) with at least moderate control of blood sugar (HbA1c <8.5%), (2)
a stable regimen of anti-diabetic agents (> 4 months) prior to the biopsy and during the time 
between biopsy and randomization, (3) appropriate exclusion of other liver disease, (4)
ability to give informed consent.

The exclusion criteria were (1) cirrhosis defined on liver biopsy or unequivocal clinical 
evidence of cirrhosis, (2) daily alcohol intake > 30 g for male and > 20 g for females for at 
least three consecutive months during the previous 5 years assessed by the Skinner lifetime 
history questionnaire and the self-administered Audit , (3) end stage organ disease 
associated with diabetes (renal failure defined as a serum creatinine >2, severe neuropathy, 
advanced peripheral vascular disease), (4) heart failure (NYHA class 2-4), (5) the use of any 
amount of fish oil supplements during the 6 months prior to biopsy, (6) the use of 
medications known to cause steatosis, (7) the use of medications that have shown benefits in 
previous studies (vitamin E, thiazolidinedione, S-adenosylmethione) (8) other types of liver 
disease suspected by history, clinical finding or serum biochemistries.

Study Design
This was a pilot and feasibility study of the NASH Clinical Research Network (CRN) 
designed as a prospective double blinded, randomized, placebo controlled trial. The study 
was approved by the Institutional Review Boards at both participating centers and 
conformed to the Helsinki accord on human subjects in research. It was undertaken in 
accordance with the CONSORT guidelines (Figure 1). An independent Data and Safety 
Monitoring Board and a regulatory and compliance monitor provided oversight and 
supervised the conduction of the study. The study was registered in clinicaltrials.gov
NCT00323414.

Patients, who met the study criteria, were randomized to one of two study groups and 
received either an oral dose of purified EPA/DHA or placebo (corn oil).The duration of the 
study was 48 weeks. At entry and at each study visit, study patients were instructed to 
perform 30 minutes of aerobic exercises 5 days a week and follow a healthy heart diet.

The EPA/DHA supplementation included 2160 mg of EPA and 1440 mg of DHA in 2 
divided doses and contained 72 calories. An identical placebo containing corn oil (72 
calories) was administered in the same manner. Patients were randomized by the sealed 
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envelope technique using a random numbers table. The codes were broken only after 
primary analysis was completed.

Both formulations were yellow, oblong capsules without markings and with no discernible 
differences in odor or taste. The PUFA formulation was a marine fish (anchovy and 
sardines) concentrate (0pti-EPA™ ) and provided by Douglas Laboratories (Pittsburg PA), 
which tested the quality and purity of the PUFA. The oil is molecularly distilled fish oil and 
meets all the specific health limits for dioxins, PCBs and heavy metals as established by the 
Council for Responsible Nutrition(www.crnusa.org).

Evaluation and Monitoring
Clinical history and physical examination were performed at entry, at 12, 24, 36 and 48 
weeks. A follow up liver biopsy was performed at 48 weeks at discontinuation of the study 
medication. Laboratory studies were performed at entry and at 48 weeks and included blood 
counts, hepatic function, prothrombin time, renal function, fasting glucose and insulin, 
HbA1c, and a fasting lipid panel. Patients were followed for 24 weeks after completing the 
study and clinical and biochemical assessments were repeated. Precise weight and height 
measurements were obtained. The metabolic syndrome was diagnosed using previously 
defined criteria (16). Body composition measured using dual energy X-ray absorptiometry 
(DEXA®) was performed at entry and at the completion of the study. All subjects were 
evaluated by a dietician for education regarding an American Diabetic Association 
recommended diet as part of clinical care. However, no specific dietary intervention was 
planned to avoid additional confounders.

Assessment of Liver Histology
Liver pathologists at each center (A.K at MetroHealth and L.Y. at the Cleveland Clinic) 
established the histological diagnosis of NASH that was required for entry into the study. 
Adequacy of the liver biopsy samples was assessed by the study pathologists, who reviewed 
all entry and end of study biopsies. The histological review used the NASH CRN criteria 
(23). The grade was based on the individual scores for steatosis, lobular inflammation, 
ballooning and the composite NAFLD activity score (NAS).

Fibrosis was staged from 0-4 (0 absent, 1a: mild perisinusoidal (seen on Masson Trichrome 
stain), 1b: moderate perisinusoidal (seen on hematoxylin and eosin stain), 1c: portal/
periportal, 2 perisinusoidal and periportal/portal, 3: bridging fibrosis, 4: cirrhosis.

Outcome measures—The primary outcome was defined as an improvement of ≥ 2 points 
in the NAS. Secondary outcome measures included change in serum transaminases, insulin 
resistance (HOMA score) and measures of diabetes control (fasting blood glucose and 
HbA1C) before and after therapy.

Statistical Analysis—Qualitative variables were compared using the chi square test. 
Quantitative and rating variables were compared using the student’s ‘t’ test for independent 
variables and the paired ‘t’ test for serial measurements. For multiple group comparisons, 
analysis of variance with Bonferroni post hoc analysis was used. The primary outcome 
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measure was the change in the composite histological score between the two groups. Since 
this outcome measure is ordinal, a conservative approach to estimating sample size was to 
convert it to a dichotomous variable (improved histology versus no change or worsening 
histology). For the placebo group, the percentage with improved histology was estimated to 
be 15%. This value represents the percentage of patients with NASH secondary to diabetes 
who have improved histology one year following their initial biopsy (37). For the PUFA 
group, the percentage of patients with improved histology is estimated to be 60% 
(improvement of 45%). This difference (about 50% improvement) has been documented in 
patients treated with PUFA for other components of the metabolic syndrome (i.e. 
hypertriglyceridemia)(32). Hence, 18 patients per group will allow us to show a rate of 
improvement of 15% versus 60% with a power of 80% and a type I error of 0.05 (two-tail). 
This sample size would also allow us to detect an effect size of 0.83 (Difference / Standard 
Deviation) with a power of 80% and a Type I Error of 0.05(two-tail) for our secondary 
outcome measures that are interval in nature (i.e., insulin sensitivity, aminotransferases). 
The difference in the secondary outcome variable: insulin sensitivity and aminotransferases 
were anticipated to be 50-80% between the treatment and control groups. This number of 
patients was more than adequate for the secondary outcome measures that are expected to 
change between the 2 groups by at least 50-100 %.

An intention to treat analysis was performed. The effect of PUFA and placebo were 
compared for the primary and secondary outcomes on both an absolute difference and delta 
change during treatment.

Analysis for Efficacy—Even though the primary intent of this study was to obtain pilot 
data for a larger, multi-centered study, the data was analyzed (as stated above) for efficacy. 
Patient compliance was monitored and reinforced with protocol telephone calls and study 
visits with our research personnel. In addition, compliance with the medication was 
monitored by research personnel using pill counts and patient self-reporting.

Results
Study Patients

Thirty seven subjects met the above criteria and completed the study. The medication was 
well tolerated by all subjects. Their baseline clinical and demographic features are shown in 
table 1. Both groups were comparable at entry regarding demographics, laboratory tests, and 
metabolic parameters. Females were the majority in both study groups. All patients had the 
metabolic syndrome with at least 3 components and these were similar in the two treatment 
groups. The mean serum transaminases did not differ between groups. Serum ALT and AST 
were greater than 40 IU/dl in 8 patients in the PUFA and 12 patients in the placebo group. 
Measures of diabetes control including fasting blood glucose and HbA1C were similar 
(p>0.1) in the 2 treatment groups. Histological evaluation showed that the NAS and its 
individual components that included steatosis, inflammation, hepatocyte ballooning, and 
fibrosis were also similar in the 2 groups.
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Body composition
As displayed in table 2, anthropomorphic and body composition measurements including 
body weight, body mass index (BMI), whole body fat mass, trunk fat, and total lean mass 
and bone mass were also similar in the 2 study groups. All patients in both groups were 
overweight with 17 patients in each group being obese (BMI> 30 kg/m2). There was no 
significant change in body weight or in any of the measures of body composition in either of 
the groups during the course of the study.

Outcome measures
The primary outcomes are displayed in table 3 and figure 2. End of treatment histological 
outcome measures showed that steatosis and the NAS significantly improved while lobular 
inflammation worsened in the placebo group (Table 3). In contrast, there was no significant 
change in any of the histological measures in the PUFA group (Table 3). However, the mean 
change from initiation to end of treatment in individual components or the composite 
NAFLD activity score on liver biopsy in the PUFA and placebo groups were not 
significantly different (Figure 2). Changes in histological components in individual subjects 
are shown in table 3. Eight patients in the PUFA group and 9 subjects in the placebo group 
had at least a 2 point reduction in the NAS. Steatosis was unchanged in 7 patients in the 
PUFA group and in 8 in the placebo group, worsened in 3 patients on PUFA and 1 in the 
placebo group. In the remainder, steatosis decreased by at least 1 point on the NAS system. 
Lobular inflammation was unchanged in 8 and worsened by 1 point in 3 patients in the 
PUFA group while it was unchanged in 7 and did not worsen in any of those treated with 
placebo. There was improvement in hepatocyte ballooning by at least 1 point in 6 patients in 
the PUFA group and in 10 patients in the placebo group. Ballooning score was unchanged in 
11 patients in PUFA and 7 in the placebo group while it worsened in 1 in the PUFA and 2 in 
the placebo group, respectively. In the majority of patients, the fibrosis score did not change 
(12 in PUFA and 9 in placebo group). These were not significantly different between PUFA 
and placebo treated subjects.

Displayed in table 4 are the predefined secondary outcome measures. There were no 
significant changes in hepatic transaminases or total bilirubin in either group. Improvement 
in serum ALT compared to baseline was observed in 11 subjects in the PUFA and 13 in the 
placebo. Blood glucose, insulin, HOMA IR, HbA1C, serum triglycerides, HDL and total 
cholesterol all increased in the PUFA group but only the increases in glucose and HbA1C 
were significant.

Discussion
This is the first randomized, placebo controlled double blind study comparing omega 3 fatty 
acid supplementation and isocaloric placebo that used predefined histology as the primary 
endpoint in diabetic patients with NASH. In these patients with well controlled diabetes, in 
whom the compliance was excellent and the diagnosis of NASH used well-established 
histological criteria, PUFA supplementation was not beneficial for either histological or 
biochemical improvement. In contrast, there was evidence that insulin resistance worsened 
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with PUFA supplementation. These results differ from previous studies that used different 
endpoints to evaluate PUFA in NASH.

There have been 10 studies (4;6;9;18;36;47;48;50;52;59) [see table, supplementary digital 
content] and one meta-analysis (38) that have evaluated the efficacy of PUFA in NAFLD. 
Five were randomized placebo controlled trials with a total of 286 patients (6;32;36;47;59),
one was diet controlled with 40 patients (48) and four were open label with a total of 124 
patients (4;18;50;52). Table 5 displays the characteristics of our study and the 5 previously 
published placebo controlled trials. All of the published trials except one performed in 
children (36) included adults with nonalcoholic fatty liver seen on ultrasound. The duration 
of the placebo controlled trials ranged from 8 weeks to 12 months and the dose varied 
between 830 mg to 6 grams. One study used pure DHA (36), one used pure EPA (50), while 
all the other trials used a mixture of both EPA and DHA. Only 2 of the published trials 
(36;50) performed entry liver biopsies and only one (50) obtained post treatment biopsies 
but only in seven of the 23 (30.4%) enrolled patients. Improvement in the amount of fat on 
ultrasound was the primary outcome for both the placebo (6;9;36;47;59) and non-placebo 
(4;18;48;50;52) controlled studies. There was significant heterogeneity in the design, type of 
PUFA used and the duration of follow-up (supplementary table). Furthermore, most studies 
did not include diabetic patients.

PUFA supplements significantly decreased the amount of hepatic fat observed on ultrasound 
in most of these studies (4;6;9;36;47;48;50;59), as was the case in a meta-analysis that 
included most but not all of the PUFA trials (38).These results support the strategy of PUFA 
supplements in NAFLD patients, who have been reported to consume less polyunsaturated 
fat intake (34) and fish (58) and a higher ratio of n-6/n-3 (8) in their diet, as compared to 
controls.

Although these studies suggest that PUFA are effective in improving liver fat content, the 
effect of PUFA on other components of NASH, specifically those histological features 
believed to predict progression, including hepatocyte ballooning and fibrosis, were not 
assessed. An additional limitation to these trials is the lack of standardized, protocol liver 
biopsies with predetermined histological end points. This is especially relevant given the 
limitation of ultrasound to precisely quantify hepatic fat content, and inability to identify 
histological measures of hepatocellular injury (10). To our knowledge, the present study is 
the first of its kind to examine the role of both EPA and DHA in a double blind, randomized 
study in well characterized NASH patients with diabetes. In the current study, both DHA 
and EPA were used rather than purified DHA or EPA because each has a different effect on 
hepatic fatty acid metabolism (14;53). Although the optimal dose of PUFA supplements 
remains unclear (28), we chose the dose of 3.6 g because similar doses have shown to be 
beneficial for cardiovascular disease (45) hypertriglyceridemia (32) and NAFLD.

Our data showed that over 48 weeks of treatment, there were no significant beneficial effects 
of PUFA in this population. The two treatment groups were similar in terms of demographic 
characteristics and diabetic control as determined by HbA1C. Importantly, there was no 
change in body weight or body composition over the course of study in either study group. 
Of note, patients treated with PUFA did not show a statistically significant improvement in 
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histology while patients on placebo had significant improvement in steatosis and in the 
NAFLD activity score. In addition, markers of glycemic control worsened in the PUFA 
treated patients while lipid control did not change. These data are in contrast to previous 
data on the analysis of 23 trials using omega 3 PUFA in type 2 diabetes mellitus (17).
Plasma triglyceride levels decreased while glycemic control and HDL did not change. The 
dose of PUFA in the present study was similar to those previously reported with beneficial 
effects.

Our observations in the present study differ from the randomized and open labeled studies 
previously reported. Even though the number of patients who showed improvement in 
overall histology was similar between the PUFA and placebo groups, it is interesting that the 
mean NAS improved in the placebo group but not in the PUFA. Improvement of patients in 
the placebo arm in this study is consistent with previous reports in randomized controlled 
studies on non diabetic patients with NASH that spontaneous improvement in liver histology 
occurs in 15-26% (7;19). These observations also suggest that PUFA might adversely affect 
NASH patients with DM. This could be due to worsening of glucose control as seen in the 
current study. Another possible explanation could be the use of other supplements including 
vitamin E but none of these patients had reported ingestion of vitamin E or other food 
supplements for the 6 months prior to or during the study period. Use of n-3 PUFA could 
have increased hepatic mitochondrial fatty acid oxidation by activation of PPARα with 
increased oxidative stress (26;49) that could also have resulted in failure of beneficial 
effects. In addition, recent studies have shown a lack of clinical efficacy of PUFA in 
cardiovascular trials (24;25;42;43) and even potential harm in a cancer trial (2).

One of the limitations of the present study was that neither tissue nor plasma EPA and DHA 
were quantified and this could have contributed to the negative results. However, 
compliance was carefully assessed by clinical criteria (pill count technique and patient 
recall). Variable absorption and metabolism may also contribute to differential effects of the 
medications. Another limitation is the relatively small sample size that might have allowed 
for a type 2 error and potentially missing a positive effect of PUFA. However, this is 
unlikely given the relative positive effect in the placebo group compared to PUFA. Finally, 
patients were not rigorously monitored for dietary compliance and this may have contributed 
to worsening glycemic control and failure to respond to PUFA.

We therefore believe that it is principally our study design of using change in liver histology 
as an outcome measure and the study population of diabetic patients that explains our 
essentially negative observations. In fact, as mentioned earlier, PUFA may be worse than 
placebo in this patient group. Our data suggests that patients with type 2 diabetes may 
demonstrate metabolic heterogeneity determined by the presence or absence of NASH. The 
potential mechanisms by which omega 3 PUFAs lower plasma triglycerides include 
suppression of SREBP-1 with resultant reduced lipogenesis, decreased VLDL secretion and 
enhanced hepatic clearance of lipoproteins requiring a hepatic response (12). It is possible 
that patients with NASH do not respond appropriately to PUFA. This is the first study of its 
kind to specifically evaluate the response of an intervention that depends on its hepatic 
effects in diabetic patients with NASH. These data therefore provide a paradigm shift in 
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developing therapeutic interventions for diabetic patients and suggest that response to 
therapy may be determined by the severity of underlying hepatic dysfunction.

We conclude that despite strong rationale for the use of PUFA in NAFLD (31) the present 
study shows that in a well characterized population of NASH patients with diabetes, 
supplementation of n-PUFA provided no beneficial effects, and may potentially be inferior 
to placebo in terms of histological progression of the disease. Results from long term studies 
that are ongoing on the use of n-3 PUFA in NASH will need to be evaluated before PUFA 
can be recommended as a therapeutic intervention in this population at high risk of 
progression to cirrhosis. (Clinicaltrials.gov NCT 00323414).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CONSORT statement of study design.
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Figure 2. 
Histograms showing mean (±SEM) of difference in histological scores on liver biopsy in the 
PUFA and placebo groups.
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Table 1

Clinical and laboratory characteristics

Characteristic PUFA Placebo

Number 18 19

Gender (M:F) 6:12 2:17

Age (y) 51.5±6.9 49.8±12.1

Ethnicity

Caucasian 17 (94.4%) 17 (89.5%)

Hispanic 0 2 (10.5%)

Black 1 (5.6%) 0

Hypertension 17 (94.4%) 13 (68.4%)

Hyperlipidemia 9 (50%) 11 (47.9%)

Laboratory results

AST (units/l) 47.7±22.8 49.1±22.1

ALT (units/l) 60.1±27.6 66.0±43.7

Total bilirubin (mg/dl) 1.1±0.3 1.0±0.1

Fasting glucose (mg/dl) 129.9±36.5 120.5±37.6

HOMA IR 12.01±6.8 15.5±4.9

HbA1C (g/dl) 6.7±0.9 6.7±0.7

Total cholesterol (mg/dl) 177.9±40.2 189.6±47.4

HDL (mg/dl) 40.3±7.0 41.1±9.7

Triglycerides (mg/dl) 190.2±108.9 233.0±169.6

Liver biopsy findings

Steatosis grade

1 3 (16.7%) 4 (21.1%)

2 7 (38.9%) 9 (47.4%)

3 8 (44.4%) 6 (31.6%)

Lobular inflammation grade

1 2 (11.1%) 4 (21.0%)

2 12 (66.6%) 9 (47.4%)

3 4 (22.2%) 6 (31.6%)

Ballooning grade
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Characteristic PUFA Placebo

1 6 (33.3%) 7 (36.8%)

2 12 (66.7%) 12 (63.2%)

Fibrosis grade

1 6 (33.3%) 7 (36.8%)

2 6 (33.3%) 7 (36.8%)

3 6 (33.3%) 5 (26.3%)

All values mean±SD
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Table 2

Body composition in diabetic patients with NASH.

PUFA Placebo

Weight 98.2±14.8 96.4±14.3 97.9±27.4 98.6±25.1

BMI (kg/m2) 34.8±4.6 34.1±4.6 35.7±7.0 35.9±6.2

Waist circumference
(cm)

113.1±10.2 113.0±11.7 110.8±15.7 112.1±14.6

Trunk fat 21.6±5.6 20.8±5.5 20.9±6.7 18.7±5.0

Total body fat 35.2±8.8 33.1±8.9 39.5±15.3 35.1±8.3

Total body lean mass 57.6±6.2 58.6±6.3 52.3±7.3 52.7±6.1

Total body bone mass 24.6±3.6 24.8±3.8 23.9±4.3 24.6±5.4

All values mean±SD

All measurements in kg.
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Table 3

Primary histological outcomes

Characteristic PUFA Placebo

Number 18 19

Entry End of trt Entry End of trt.

NAFLD activity score 6.12±0.99 5.41±1.20 5.83±1.25 4.11±1.45a

Decrease by ≥ 2 points 8 (44.4%) 9 (47.4%)

Unchanged 7 (38.9%) 8 (42.1%)

Worsened by ≥ 2 points 3 (16.7%) 2 (10.5%)

Steatosis 2.29±0.77 2.06±0.75 2.06±0.75 1.47±0.72b

Improved 8 (44.4%) 10 (52.6%)

Unchanged 7 (38.9%) 8 (42.1%)

Worsened 3 (16.7%) 1 (5.3%)

Lobular inflammation 1.88±0.60 2.12±0.60 1.50±0.51 2.17±0.51a

Improved 7 (38.9%) 10 (52.6%)

Unchanged 8 (44.4%) 8 (42.1%)

Worsened 3 (16.7%) 1 (5.3%)

Ballooning 1 (5.3%) 1.47±0.51 1.69±0.48 1.38±0.50

Improved 6 (33.3%) 10 (52.6%)

Unchanged 11 (61.1%) 7 (36.8%)

Worsened 1 (5.6%) 1 (5.6%)

Fibrosis 2.13±1.02 2.06±0.85 1.94±0.77 2.00±0.82

Improved 3 (16.7%) 3 (16.7%)

Unchanged 12 (66.7%) 9 (47.4%)

Worsened 3 (16.6%) 4 (21.1%)

a
p<0.001 compared to Entry;

b
p<0.05 compared to entry.
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Table 4

Secondary outcome measures

Group PUFA Placebo

Characteristic Baseline 48 w Baseline 48 w

Aspartate amino transferase (IU/dl) 47.7±22.8 41.7±17.4 47.8±22.1 47.9±38.1

Alanine amino transferase
(IU/dl)

60.1±27.6 56.9±30.9 66.7±44.9 59.6±43.8

Serum bilirubin (mg/dl.) 1.1±0.3 1.1±0.3 1.0±0.1 1.0±0.0

Blood glucose (mg/dl) 129.9±36.5 150.4±43.7a 121.5±38.4 123.5±22.9

Insulin (mIU/L) 37.7±17.7 42.3±20.7 55.4±50.6 43.6±21.6

HOMA 12.0±6.8 16.1±10.3a 15.8±15.2 13.1±7.3

HbA1C (g/dl) 6.7±0.9 7.5±2.2b 6.7±0.7 6.9±1.1

Serum triglycerides (mg/dl) 175.2±91.6 211.5±160.8 232.1±174.5 177.4±66.0

Serum HDL (mg/dl.) 40.6±7.1 43.2±8.9 40.8±9.4 41.6±9.3

Total cholesterol 177.9±40.2 182.5±55.5 189.6±47.4 187.2±32.1

All values mean±SD

a
p<0.05 compared to baseline;

b
p= 0.059 compared to baseline
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Table 5

Placebo Controlled Trials in NAFLD

Author (Year) n Method of
Diagnosis Dose Duration Outcome1

Zhu [34] 144 Ultrasound 6,000 24 weeks FOU, ALT, Lipids

Chen [35] 46 Ultrasound 5,000 24 weeks FOU

Cussons [36] 2 25 Ultrasound 4,000 8 weeks FOU

Sofi [33] 11 Ultrasound 830 12 months FOU

Nohili [32] 3 60 Ultrasound/
Liver Biopsy 250/500 6 months FOU

Dasarathy
(present study) 37 NASH on Biopsy 3,600 48 weeks Liver Histology

1
FOU = Fat on ultrasound

2
This was a crossover study

3
Only DHA used at two different doses: 250 and 500 mg
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Treatment studies have suggested that omega-3 fatty acids (ω-3 FAs) as monotherapy or adjunctive
treatment have therapeutic effects in depression. The authors recently reported a study in which fluoxetine
and eicosapentaenoic acid (EPA), which is an omega-3 fatty acid, appeared to be equally effective in
controlling depressive symptoms and their combination was superior to either of them alone. Regulation of
hypothalamus–pituitary–adrenal (HPA) axis activity and reduction of inflammatory cytokines are among
several biological mechanisms which potentially explain the impact of ω-3 FAs on depression. In the present
study, plasma cortisol and serum interleukin-1beta (IL-1 β) and interleukin-6 (Il-6) were measured in
patients with a diagnosis of major depressive disorder (MDD) participating in aforementioned trial to
determine the effects of 8 weeks of treatment of depression with 1000 mg EPA alone or in combination with
20 mg fluoxetine on HPA axis activity and inflammatory cytokine production and compare the changes in
these variables with those of treating with 20 mg fluoxetine alone. Forty-two patients were included in
analysis. Two-way repeated measures analysis of variance (ANOVA) showed that plasma cortisol decreased
significantly after 8 weeks of intervention without significant difference among the groups. There was no
interaction between group and response to treatment over time in the cortisol response based on three-way
ANOVA. Serum concentrations of IL-1β and IL-6 did not change significantly after intervention. In conclusion,
EPA alone or in combination with fluoxetine, as well as fluoxetine alone decreased serum cortisol after
8 weeks of treatment in patients with major depression disorder (MDD) without any significant effect of
response to treatment. Serum IL-1β and IL-6 did not change significantly after intervention. These findings
suggest that EPA may exert its therapeutic effects through reduction of cortisol.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Treatment studies have suggested that omega-3 fatty acids (ω-3
FAs) as monotherapy or adjunctive treatment have therapeutic effects
in depression (Freeman et al., 2006; Lin and Su, 2007). The authors
recently reported a study in which fluoxetine and eicosapentaenoic
acid (EPA), which is an omega-3 fatty acid, appeared to be equally
effective in controlling depressive symptoms (Jazayeri et al., 2008).
Their combination was superior to either of them alone. It was

speculated that EPA may exert its therapeutic effects through
reduction of hyperactivity of hypothalamus–pituitary–adrenal
(HPA)-axis and production of inflammatory cytokines. Many previous
studies have shown that antidepressants can normalise overactivity of
HPA axis (Nikisch et al., 2005; Himmerich et al., 2006, 2007; Schule et
al., 2009); in addition, it has been reported that most antidepressants
have anti-inflammatory effects (Maes, 2008). Regulation of HPA-axis
activity and reduction of inflammatory cytokines are among several
biologicalmechanismswhich potentially explain the impact ofω-3 FAs
on depression (Freeman et al., 2006). Information regarding the effects
ofω-3 FAs onHPA-axis activity and inflammatory cytokines in patients
withmajor depressive disorder (MDD) is limited. In the present study,
plasma cortisol and serum interleukin-1beta (IL-1β) and interleukin-6
(Il-6) were measured in the subjects participating in the aforemen-
tioned trial (Jazayeri et al., 2008) to determine the effects of 8weeks of
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Background: Depression is common in individuals with diabetes. The present study is the first
randomized controlled trial to test the efficacy of ω-3 ethyl-eicosapentaenoic acid (E-EPA) as
adjuvant to antidepressant medication in the treatment of depression in adults with diabetes
mellitus.
Methods: In the VU University Medical Center, we conducted a 12-week, placebo-controlled,
double-blind, parallel-group intervention study of E-EPA (1 g/day) versus placebo in 25 diabetes
patients meeting DSM-IV criteria for major depressive disorder, who were already using
antidepressant medication. The primary outcomewas severity of depressive symptoms, assessed
by theMontgomery Åsberg Depression Rating Scale (MADRS) at baseline and 12-week follow-up
at two-weekly intervals. Blood samples were collected at baseline and at 12-week follow-up to
determine EPA levels in erythrocyte membranes. Data were analyzed with ANOVA for repeated
measures.
Results: Thirteen participants were randomly assigned to E-EPA; 12 participants were given
placebo. At 12-week follow-up, erythrocyte membranes from patients receiving E-EPA contained
tripled levels of EPA, while no changes were noted in participants receiving placebo. In both
groups, depressive symptoms significantly decreased over time (F=21.14, pb0.001), yet no
significant differences were found between those treated with E-EPA versus placebo (F=1.63,
p=0.17).
Limitations: Although having sufficient study power, this study had a relatively small sample size.
Small effects could not be detected, and dose-dependent effects could not be studied.
Conclusions:Noevidencewas found for the efficacyof addingE-EPA to antidepressants in reducing
depressive symptoms in diabetic patients with co-morbid depression.

© 2010 Elsevier B.V. All rights reserved.
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Depressive symptoms
Diabetes mellitus
Eicosapentaenoic acid
Major depressive disorder
Randomized controlled trial

1. Introduction

Depression is a common co-morbid disorder in both type
1 and type 2 diabetes mellitus, and is associated with
impaired quality of life (Schram et al., 2009), poor glycemic
control (Lustman et al., 2000), increased health care costs
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ABSTRACT
Aim: Measure efficacy of eicosapentaenoic acid (EPA) in children with attention

deficit hyperactivity disorder (ADHD).
Methods: Randomized controlled trial (RCT) of 0.5 g EPA or placebo (15 weeks) in

92 children (7–12 years) with ADHD. Efficacy measure was Conners’ Parent ⁄ Teacher Rat-
ing Scales (CPRS ⁄CTRS). Fatty acids were analysed in serum phospholipids and red blood

cell membranes (RBC) at baseline and endpoint with gas chromatography.
Results: EPA improved CTRS inattention ⁄ cognitive subscale (p = 0.04), but not

Conners’ total score. In oppositional children (n = 48), CTRS total score improved ‡25%
in 48% of the children receiving EPA vs. 9% for placebo [effect size (ES) 0.63, p = 0.01].

In less hyperactive ⁄ impulsive children (n = 44), ‡25% improvement was seen in 36% vs.

18% (ES 0.41, n.s.), and with both these types of symptoms 8 ⁄13 with EPA vs. 1 ⁄9 for pla-

cebo improved ‡25% (p = 0.03). Children responding to treatment had lower EPA con-

centrations (p = 0.02), higher AA ⁄ EPA (p = 0.005) and higher AA ⁄DHA ratios (p = 0.03)

in serum at baseline. Similarly, AA ⁄EPA (p = 0.01), AA ⁄DHA (p = 0.038) and total

omega-6 ⁄ omega-3 ratios (p = 0.028) were higher in RBC, probably because of higher

AA (p = 0.011).

Conclusion: Two ADHD subgroups (oppositional and less hyperactive ⁄ impulsive children)
improved after 15-week EPA treatment. Increasing EPA and decreasing omega-6 fatty acid con-
centrations in phospholipids were related to clinical improvement.

INTRODUCTION
Attention deficit hyperactivity disorder (ADHD) is accord-
ing to DSM-IV characterized by problems with attention,
hyperactivity and impulsivity (1). These problems often
severely affect families, relationships and school perfor-
mance and give rise to cognitive deficits (2). Effective and
safe treatments are therefore of great importance. While
stimulants and atomoxetine are efficacious in many chil-
dren, these medications can have side effects such as insom-
nia, decreased appetite, irritability and impaired growth (3).

The aetiology of ADHD is generally acknowledged to be
complex and multifactorial; still little progress has been
made in elucidating predisposing biological factors. Sug-
gested contributory factors have been diet, nutrition and in
particular abnormalities in the metabolism of the long-chain
polyunsaturated fatty acids (LCPUFA) (4–6).

Maturation of psychomotor and cognitive skills is the
main goals of the development of the central nervous sys-
tem during development. Both omega-3 and omega-6
LCPUFA are of critical importance for normal brain devel-
opment and function (7,8). During foetal life, large amounts
of both omega-6 and omega-3 LCPUFA, preferentially
docosahexaenoic acid (22:6w3, DHA) and arachidonic acid
(20:4w6, AA), are deposited in the central nervous system
(9). During infancy, dietary intake of both omega-3 and
omega-6 LCPUFA continues to be essential for neuronal
development. LCPUFAs and their derivates have a broad
range of influences: as facilitators of dopamine, serotonin
and norepinephrine release, as regulators of gene transcrip-
tion, as modulators of Na+ -K+ ATPase channel function
and as the precursors of pro-inflammatory and anti-inflam-
matory molecular families (10). Membrane structure and
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a b s t r a c t

Background and aims: Whether EPA and DHA exert similar anti-inflammatory effects through modula-
tion of gene expression in immune cells remains unclear. The aim of the study was to compare the
impact of EPA and DHA supplementation on inflammatory gene expression in subjects at risk for car-
diometabolic diseases.
Methods: In this randomized double-blind crossover trial, 154 men and women with abdominal obesity
and low-grade inflammation were subjected to three 10-wk supplementation phases: 1) EPA (2.7 g/d); 2)
DHA (2.7 g/d); 3) corn oil (3 g/d), separated by a 9-wk washout. Pro- and anti-inflammatory gene
expression was assessed in whole blood cells by RT-qPCR after each treatment in a representative sample
of 44 participants.
Results: No significant difference was observed between EPA and DHA in the expression of any of the
genes investigated. Compared with control, EPA enhanced TRAF3 and PPARA expression and lowered
CD14 expression (p < 0.01) whereas DHA increased expression of PPARA and TNFA and decreased CD14
expression (p < 0.05). Variations in gene expression after EPA and after DHA were strongly correlated for
PPARA (r ¼ 0.73, p < 0.0001) and TRAF3 (r ¼ 0.66, p < 0.0001) and less for TNFA (r ¼ 0.46, p < 0.005) and
CD14 (r ¼ 0.16, p ¼ 0.30).
Conclusions: High-dose supplementation with either EPA or DHA has similar effects on the expression of
many inflammation-related genes in immune cells of men and women at risk for cardiometabolic dis-
eases. The effects of EPA and of DHA on anti-inflammatory gene expression may be more consistent than
their effects on expression of pro-inflammatory genes in whole blood cells.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Low-grade systemic inflammation is an etiological feature of
many chronic conditions, including metabolic syndrome (MetS),
type 2 diabetes mellitus (T2DM) and cardiovascular diseases (CVD)
[1]. There is a substantial amount of evidence to suggest that many
foods and nutrients, and in particular marine omega-3 fatty acids,
modulate the chronic inflammatory state observed in car-
diometabolic diseases [2,3]. Consumption of eicosapentaenoic acid
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), both

long-chain omega-3 fatty acids (LCn-3PUFA) present in significant
amounts in oily fish, may attenuate the low-grade inflammation
profile associated with obesity and MetS [4]. Studies suggest that
EPA and DHA may exert anti-inflammatory effects in part by
altering properties and cellular function of immune cells through
changes in gene expression [5]. Indeed, EPA and DHA are strong
natural ligands for specific nuclear receptors called the peroxisome
proliferator activated receptors (PPAR) involved in the down-
regulation of inflammatory gene expression and of the pro-
inflammatory nuclear factor kB (NFKB) [6,7]. A whole-genome
analysis demonstrated that supplementation with a combination
of EPA and DHA (1.8 g/d) for 26 weeks regulated 1040 genes
involved in inflammatory- and atherogenic-related pathways in
peripheral blood mononuclear cells (PBMC) [8]. However, almost
all of the available evidence on the putative anti-inflammatory
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Hochelaga Boulevard, Quebec City, G1V 0A6, Canada.
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This is a non-randomized open assessment of eicosapentaenoic acid (EPA) supplementation in ten people
(five males) with refractory focal seizures. Each received 1000 mg of EPA daily for 3 months. Six people
had fewer seizures during the supplementation period compared with baseline (range 12 to 59% reduction)
and one other person had markedly reduced seizure severity. The mean reduction in seizure frequency was
16% (95% CI — 10% to 35%, p=0.26). With the small number of participants and open nature of the study,
interpretation of the results is difficult, but a possible weak effect of EPA on seizures cannot be discounted.
Further examination of EPA supplementation should be undertaken with larger numbers of people in con-
trolled trials. Higher doses and longer duration of treatment should be considered.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

A range of in-vitro studies as well as animal models of epilepsy
suggests that the omega-3 fatty acids alpha-linolenic acid (ALA), eico-
sapentaenoic acid (EPA) and docosahexaenoic acid (DHA) can reduce
seizure thresholds [1]. A double-blind trial in people with severe
epilepsy showed puzzling results [2]; a reduction in seizures in the
first six weeks of starting the supplement was seen but the effect
was subsequently lost. The preparation used in this study (1 g EPA
and 0.7 g DHA daily), led to an expected significant rise in EPA and
DHA in red blood cells (RBC) and plasma. There was, however, a sig-
nificant reduction of arachidonic acid (AA) in RBC (13%) and plasma
(11%), which may be relevant. Changes in serum AA concentrations
may be important and linked to treatment effects. Efficacy associated
with higher AA concentrations has been suggested by two reports.
The analysis of a study of ketogenic diet in nine children showed a
rise in EPA, DHA and AA, but a significant positive correlation was
observed only between the increase in serum AA and reduction in
seizures [3]. In a schizophrenia trial, supplementation with EPA
increased RBC AA which was better correlated with efficacy than

the changes in RBC EPA [4]. There are, however, studies that do not
support the potential role of AA in seizure control. In a study of keto-
genic diet in 25 children, AA in plasma phospholipids decreased
following the ketogenic diet and there was no correlation between
AA levels and seizure response [5]. In another study 27 children
were treated with a ketogenic diet or a modified Atkins diet. The
responders to the diet had significantly decreased serum AA concen-
trations [6].

Omega-3 fatty acid supplementation studies in neuropsychiatric
conditions have generally shown efficacy when pure EPA was given.
In depression 1 g EPA appears effective [7], in schizophrenia 2 g EPA
appears optimal [8] and in Huntington's disease 2 g appears effective
[9]. Studies that have used DHA have not shown efficacy [10,11].
Hence, if the response in epilepsy is similar to other neuropsychiatric
conditions, then a pure EPA preparation may be more likely to be
efficacious. Pure EPA is also likely to raise RBC AA levels, as has been
reported in schizophrenia studies [4,12].

An open exploratory study was undertaken to determine the
effect of EPA supplementation on total seizure frequencies.

2. Methods

This was a non-randomized open trial, where eligible people with
epilepsy were given EPA supplementation for 12 weeks and total

Epilepsy & Behavior 23 (2012) 370–372
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A B S T R A C T

Background: Recent studies suggest that eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids have distinct
effects on cardiometabolic risk factors. The Omega-3 Index (O3I), which is calculated as the proportion of EPA
and DHA in red blood cell (RBC) membranes, has been inversely associated with the risk of coronary heart
diseases and coronary mortality. The objective of this study was to compare the effects of EPA and DHA
supplementation on the O3I in men and women with abdominal obesity and subclinical inflammation.
Methods: In a double-blind controlled crossover study, 48 men and 106 women with abdominal obesity and
subclinical inflammation were randomized to a sequence of three treatment phases: 1–2.7 g/d of EPA, 2–2.7 g/d
of DHA, and 3–3 g/d of corn oil (0 g of EPA+DHA). All supplements were provided as 3×1 g capsules for a total
of 3 g/d. The 10-week treatment phases were separated by nine-week washouts. RBC membrane fatty acid
composition and O3I were assessed at baseline and the end of each phase. Differences in O3I between treatments
were assessed using mixed models for repeated measures.
Results: The increase in the O3I after supplementation with DHA (+5.6% compared with control, P<0.0001)
was significantly greater than after EPA (+3.3% compared with control, P<0.0001; DHA vs. EPA, P< 0.0001).
Compared to control, DHA supplementation decreased (−0.8%, P< 0.0001) while EPA increased (+2.5%,
P<0.0001) proportion of docosapentaenoic acid (DPA) in RBCs (DHA vs. EPA, P< 0.0001). The baseline O3I
was higher in women than in men (6.3% vs. 5.8%, P=0.011). The difference between DHA and EPA in
increasing the O3I tended to be higher in men than in women (+2.6% vs. +2.2% respectively, P for the
treatment by sex interaction=0.0537).
Conclusions: The increase in the O3I is greater with high dose DHA supplementation than with high dose EPA,
which is consistent with the greater potency of DHA to modulate cardiometabolic risk factors. The extent to
which such differences between EPA and DHA in increasing the O3I relates to long-term cardiovascular risk
needs to be investigated in the future.

1. Introduction

Considerable research has been conducted to determine the associa-
tion between long-chain polyunsaturated omega-3 fatty acids (LCn3-
PUFAs) consumption and cardiovascular risk. LCn3-PUFAs modulate a

variety of cardiometabolic risk factors such as blood lipids, blood
pressure, thrombosis and inflammation [1]. Fatty fish and supplements,
often combining eicosapentaenoic and docosahexaenoic acids (EPA and
DHA), are the main dietary sources of LCn3-PUFAs. There is emerging
evidence suggesting that EPA and DHA exert different effects on blood

http://dx.doi.org/10.1016/j.plefa.2017.03.008
Received 18 January 2017; Received in revised form 22 March 2017; Accepted 29 March 2017
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lipids and inflammation markers [2,3]. However, such evidence is
limited, most studies to date having assessed these effects using a
mixture of EPA and DHA in different forms and proportions. Little is
known with regard to the specific effects of EPA and DHA on metabolic
pathways and biological processes underlying cardiometabolic health
in humans.

The fatty acid composition of cell membranes influences their
physico-chemical properties and, ultimately, organ functions [1,4].
The Omega-3 Index (O3I), which is calculated as the relative content
of red blood cell (RBC) membranes as EPA plus DHA, reflects the
phospholipid LCn3-PUFA composition of major organs [4], including
cardiac tissue [4,5]. A high O3I (8–12%) has been associated with a
lower risk of coronary heart disease (CHD) and coronary mortality in
epidemiological studies [6,7]. Supplementation with EPA+DHA is
recommended by various health agencies including the American Heart
Association for secondary CHD prevention or management of plasma
triglycerides (TG) [8]. Yet, whether EPA and DHA have distinct effect
on the O3I is currently unknown. Considering that the O3I is modifiable
by diet [5], studies are required to compare the effects of different
LCn3-PUFAs on this promising clinical tool for the management of diet-
related CHD risk.

The objective of this study was to compare the effects of high doses
of re-esterified EPA and DHA on the O3I using a randomized double-
blind controlled crossover study design, in men and women with
abdominal obesity and subclinical inflammation. We hypothesized that
the O3I increases more with DHA than with EPA. Based on previous
studies of fatty acid metabolism in men and women [9], we also
hypothesized that the increase in the O3I with both EPA and DHA is
greater among women than among men.

2. Patients and methods

2.1. Study design

This analysis is based on data from a double-blind randomized,
controlled crossover study with three treatment phases (1- EPA, 2- DHA
and 3- corn oil as control), for which the primary outcome was the
change in C-reactive concentrations (CRP) concentrations. Details of
the study design and results of primary analyses have been published
previously [10]. Briefly, each treatment phase had a median duration of
10 weeks and were separated by a nine-week washout. Randomization
of participants to one of six treatment sequences was performed using
an in-house computer program and was stratified by sex. Participants
were supplemented with three identical 1 g capsules of> 90% purified
LCn3-PUFA per day providing either 2.7 g/d EPA or 2.7 g/d DHA. Corn
oil was used as a control (0 g/d EPA+DHA). LCn3-PUFA supplements
were formulated as re-esterified TG and provided by Douglas Labora-
tories. Participants were instructed to maintain a constant body weight
during the course of the study. They were also counseled on how to
exclude fatty fish (including salmon, tuna, mackerel, and herring),
other LCn3-PUFA supplements, flax products, walnuts, and LCn3-PUFA-
enriched products during the three study phases.

2.2. Study population

Primary eligibility criteria were to have abdominal obesity based on
the International Diabetes Federation sex specific cut-offs (≥80 cm for
women, ≥94 cm for men) [11] in combination with a screening plasma
CRP concentration> 1 mg/L but< 10 mg/L. Subjects had to be other-
wise healthy. Adult subjects (18 and 70 years of age) were recruited at
the Institute of Nutrition and Functional Foods (INAF). Body weight had
to be stable for at least three months prior to randomization. Exclusion
criteria were plasma CRP>10 mg/L at screening, extreme dyslipide-
mias such as familial hypercholesterolemia, having a personal history of
cardiovascular diseases (CVD) (CHD, cerebrovascular disease or per-
ipheral arterial disease), taking medications or substances known to

affect inflammation (e.g. steroids, binging alcohol), and use of LCn3-
PUFA supplements within two months of study onset. All participants
signed an informed consent document approved by local Ethics
Committees at the beginning of the study and the study protocol was
registered March 4, 2013 at ClinicalTrials.gov (NCT01810003).

2.3. Anthropometry

Anthropometric measures including waist and hip circumferences
were obtained according to standardized procedures [12]. Body
composition was measured by Dual-energy X-ray absorptiometry (GE
Healthcare, Madison, WI).

2.4. Dietary habits

Food intakes during each phase was monitored using a validated
quantitative web-based, self-administered food frequency questionnaire
at the end of each treatment phase [13].

2.5. Risk factor assessment

Serum total cholesterol (C), TG and high-density lipoprotein (HDL)-
C were assessed on a Roche/Hitachi Modular (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer's specifications
and using proprietary reagents. Plasma low-density lipoprotein (LDL)-C
concentrations were calculated using the Friedewald Equation. Total C,
LDL-C, HDL-C and TG were measured twice on consecutive days at the
end of each treatment. The mean of the two measurements were used in
the analyses. Treatment-specific baseline values were measured once.
All personnel involved in the measurements of the study outcomes were
blinded to treatments. Metabolic syndrome (MetS) was defined using
the International Diabetes Federation criteria [11].

2.6. RBC membrane fatty acids measurements

RBC membrane fatty acid composition was measured at baseline
and at the end of each treatment phase. RBC membrane was analyzed
by OmegaQuant Analytics, LLC, (Sioux Falls, South Dakota, United
States) according to the Omega-3 Index®methodology as modified from
Harris et al. [14]. Fatty acid methyl esters were generated from
erythrocytes by transesterification with boron trifluoride and analyzed
by gas chromatography. Fatty acids were identified by comparison with
a standard mixture of fatty acids characteristics of RBCs. Each fatty acid
is expressed as a weight percent of total identified fatty acids after a
response factor correction (based on calibration curves) was applied to
each fatty acid. The O3I represents the sum of EPA and DHA expressed
as a percent of total RBC fatty acids [14]. The RBC composition at
baseline and after each phase is presented in Supplemental Table 1.
Baseline RBC composition for men and women is presented in
Supplemental Table 2.

2.7. Gene expression of polyunsaturated fatty acid metabolism

Fasting fresh blood was collected in PAXgene Blood RNA tubes
(Becton Dickinson, Canada) after each treatment in a subsample of 44
randomly selected participants for gene expression analyses. RNA was
isolated using a PAXgene RNA-kit according to manufacturer's instruc-
tions (Qiagen, Canada). Quantity of total RNA was measured using a
NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA) and total RNA quality was assayed on an
Agilent BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA,
USA). Reverse transcription was performed on 1.5–2 µg total RNA.
cDNA corresponding to 20 ng of total RNA was used to perform
fluorescent-based Realtime PCR quantification using the LightCycler
480 (Roche Diagnostics, Mannheim, DE). The genes targeted were
ELOVL fatty acid elongase 2 and 5 (ELOVL2 and ELOVL5) and fatty
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acids desaturase 2, delta-5 and delta-6 (FADS1 and FADS2). Sequence
primers and gene description are available in the Supplemental Table 3.
Values were normalized to expression of the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.8. Statistical analyses

Differences in RBC membrane fatty acid composition between
treatments were assessed using the MIXED procedure for repeated
measures in SAS (v9.3, Cary, NC), with treatment as fixed effect and a
compound symmetry or autoregressive covariance matrix to account for
within-subject correlations. The change vs. the control treatment (post
treatment EPA minus control and post treatment DHA minus control)
was used as the dependent variable in all analyses [15]. To be included
in the analyses, subjects had to have completed the control phase plus
at least one of the two treatment phases. Using this approach, the main
treatment effect in the models reflected the direct comparison of EPA
and DHA. Adjustment for multiple comparisons was not necessary as
the main treatment effect had only two levels. In the same model, the
change vs. control for each treatment was tested against the null
hypothesis by the LSMEANS statement in the MIXED procedure.
Potential confounders of the outcome measure response to treatment,
mainly body mass index, age, sex, energy intake were added to models
and results from analyses based on the most parsimonious models (i.e.
retaining only the variables that contributed significantly to variations
in any given study outcome) are shown. We considered sex, sequence of
treatments and baseline values interaction by adding interaction terms
with the main treatment effect into the model statement in the MIXED
procedure. The skewness in the distribution of model residuals was
considered and data were log-transformed when required. Correlations
were tested using Pearson's correlations coefficients.

3. Results

3.1. Subjects' characteristics

Of the 173 eligible men and women, 154 were randomized to
treatment sequences. Characteristics of the 154 randomized partici-
pants at screening are shown by sex in Table 1. A total of 123
participants have completed both the DHA and the control phases,
and 121 participants have completed both the EPA and the control
phases.

3.2. Fatty acid composition of RBC membranes

Fig. 1 shows the individual O3I response to EPA and DHA
supplementation. The O3I increased with EPA and DHA in all but one
participant. Self-reported compliance for this participant was high
(93%). Both EPA (+3.3%, P< 0.0001) and DHA supplementation

(+5.6%, P<0.0001) significantly increased the O3I in RBC mem-
branes compared with control (Table 2). DHA led to a greater increase
in the O3I than EPA in all participants (Fig. 1). Thus, the increase in the
O3I with DHA was significantly greater than with EPA (P<0.0001).
The correlation between the change in O3I with EPA and with DHA (vs.
control) was r=0.65 (P< 0.0001). DPA levels in RBC increased after
EPA (+2.5%, P<0.0001) but decreased after DHA (−0.8%,
P< 0.0001) compared with control (EPA vs. DHA, P< 0.0001,
Table 2).

The increase in O3I was not statistically different between men and
women after EPA (+3.1% and +3.4% respectively) and after DHA
(+5.7% and +5.6% respectively) (Fig. 2). However, the difference
between DHA and EPA in increasing the O3I tended to be higher in men
than in women (+2.6% vs. +2.2% respectively, P for the treatment-by-
sex interaction=0.054). This apparent difference between men and
women was independent of baseline EPA (P=0.11) and DHA (P=0.19)
levels as well as of the baseline O3I (P=0.12, not shown).

The change in the O3I was inversely correlated with the correspond-
ing change in TG after both EPA and DHA (r=−0.21, P=0.017 and
r=−0.24, P=0.0076 respectively) and correlated positively with the
change in LDL-C after DHA only (r=0.19, P=0.039 for DHA and
r=−0.02, P=0.86 for EPA). Changes in the O3I with EPA and DHA did
not correlate significantly with changes in other biomarkers, including
inflammation markers. Finally, there was no carryover effect of any
treatment on the O3I (not shown).

3.3. Gene expression of polyunsaturated fatty acid metabolism

There was no significant difference in the expression of ELOVL2 and
ELOVL5 and FADS1 and FADS2 in whole blood cells between EPA and
DHA (Table 3). EPA supplementation increased the expression of
ELOVL2 by 24% compared with control (P=0.0084).

4. Discussion

A high O3I, which reflects a relatively high content of EPA and DHA
in the membranes of RBCs, has been associated with a lower risk of
CHD and mortality in observational studies [6,7]. While there is
emerging evidence suggesting that DHA may be more potent than
EPA in modifying cardiometabolic risk [2,3], their respective impacts
on the O3I have not been thoroughly examined. To the best of our
knowledge, this is the first randomized double-blind controlled cross-
over trial to show that the increase in O3I is significantly greater after
supplementation with high dose DHA (2.7 g/d) than with a comparable
dose of EPA.

Grimsgaard et al. [16] found in a parallel study that the increase in

Table 1
Characteristics at screening of subjects randomized into the study (n=154).

Men (n=48) Women (n=106)

Age, years 57± 12 50±16
BMI, kg/m2 30±4 29±4
Waist circumference, cm 107±10 98±9
Total C, mmol/L 4.9± 0.7 5.5± 0.9
LDL-C, mmol/La 3.0± 0.7 3.2± 0.8
HDL-C, mmol/L 1.3± 0.3 1.7± 0.4
C/HDL-C ratio 4.0± 0.9 3.5± 1.0
TG, mmol/L 1.5± 0.8 1.4± 0.7
n with MetS (%) 25 (12) 17 (19)

Data are presented as means± SD unless stated otherwise.
BMI: body mass index; C: cholesterol; CRP: C-reactive protein; HDL: high-density
lipoprotein; LDL: low-density lipoprotein; MetS: metabolic syndrome; TG: triglycerides.

a n=47 in men due to a missing value.

Fig. 1. Individual variation in changes of the Omega-3 Index (O3I) after EPA and DHA
supplementation, vs. control. Each bar represents the change (%) in the O3I after EPA or
DHA supplementation for one study participant. Data are sorted to show the range of
variation and both EPA (grey) and DHA (black) are presented in the same column for one
subject. The O3I increased more with DHA than with EPA in all individuals. Data of two
participants were not presented here because having both completed the DHA phase only.
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serum phospholipid EPA (+4.7%) was greater after supplementation
with 3.8 g/d of ethyl ester EPA for 7 weeks than the corresponding
increase of serum phospholipid DHA (+3.2%) after a supplementation
of with 3.6 g/d of ethyl ester DHA. More recently, Tsunoda et al. [17]
have shown than the increase in EPA (+1.9%) in peripheral blood
mononuclear cells after supplementation with 1.8 g/d of EPA compared
to an olive oil control was similar to the corresponding increase in DHA
(+2.0%) after 1.8 g/d of DHA supplementation. Authors of these two
studies did not report the changes in O3I with EPA and DHA
supplementation. Our data further indicated that the relative content
of DPA in RBC was increased after EPA and reduced after DHA
compared with control. This is consistent with results from Tsunoda
et al. [17] This increase in DPA levels after supplementation with EPA
was also consistent with the observed increase in the expression of
ELOVL2, which catalyzes the elongation of EPA to DPA. Since DPA is
not accounted for in the calculation of the O3I, “disappearance” of EPA

in RBC through in vivo elongation to DPA does in large part explain the
smaller increase in O3I with EPA compared with DHA in our study. In
fact, an index based on the sum of EPA, DPA and DHA in RBCs would
have increased more after high dose supplementation with EPA than
after supplementation with a corresponding dose of DHA (+5.8% vs.
+4.8% respectively, P< 0.0001, not shown).

Levels of DPA in RBCs have been inversely associated with TG and
CRP concentrations in healthy adults following supplementation with
LCn3-PUFAs (EPA+DPA+DHA) [18], suggesting that DPA may also be
partly responsible for some of the biological and cardioprotective
effects attributed to LCn3-PUFA [19]. Lower levels of DPA in serum
or plasma have been associated with greater risk of acute myocardial
infarction [20], total mortality [21], cardiovascular mortality [21] and
nonfatal myocardial infarction [22]. DPA concentrations in different
tissues (total plasma lipids, plasma or RBC phospholipids and adipose
tissue) have also been inversely associated with fatal coronary heart
disease in a recent meta-analysis of 19 epidemiological studies (total
N=45,637) [23]. On the other hand, data from the present study
indicate that the correlation between the O3I based on EPA and DHA
and the sum of EPA+DPA+DHA in RBC is 0.97 after DHA supple-
mentation, 0.93 after EPA supplementation and 0.92 after the control
(not shown, P<0.0001 for all). Such strong correlations suggest little
added contribution of DPA to the predictive value of the O3I. Consistent
with this, addition of DPA did not significantly improve the mortality
risk prediction of the O3I in the Women's Health Initiative Memory
Study [24]. Although a growing body of evidence suggests that DPA
may be a highly bioactive compound, studies are needed to dissect out
its contribution to CHD risk from that of EPA and DHA, which are also
strongly correlated with CHD risk [25].

ELOVL and FADS are the enzymes responsible of the elongation of
EPA to DPA and DPA to DHA. Grimsgaard et al. [16] estimated the
change in the activities of the FADS1 and FADS2 after seven weeks of
DHA (3.6 g/d), EPA (3.8 g/d) or corn oil (4 g/d) supplementation,
using ratios of phospholipid fatty acids proportions in serum. Estimated
FADS2 activity was increased while estimated FADS1 activity was
decreased after DHA supplementation compared with baseline. Supple-
mentation with EPA increased estimated FADS1 activity but had no

Table 2
Changes in proportions of fatty acids in red blood cell after EPA and DHA supplementation, vs. control.

Control Change with EPA vs. control1 Change with DHA vs. control1 P-value EPA vs. DHA2

% of total FA

Total SFA 40.13±0.07 +0.16±0.04** +0.12± 0.06* 0.56
Myristic acid, 14:0 0.28± 0.01 +0.01±0.01 −0.02± 0.01** <0.001
Palmitic acid, 16:0 21.77±0.10 +0.10±0.05* +0.22± 0.05*** 0.038
Stearic acid, 18:0 17.04±0.08 +0.04±0.05 −0.09± 0.05* 0.020

Total cis-MUFA 16.27±0.09 −0.20±0.05*** −0.35± 0.06*** <0.01
Oleic acid, 18:1, n9 14.92±0.08 −0.11±0.05* −0.26± 0.05*** <0.01

Total trans-MUFA 0.69± 0.01 +0.00±0.01 −0.02± 0.01* 0.016

Total PUFA n6 33.56±0.13 −5.75±0.14*** −4.54± 0.11*** <0.0001
Linoleic acid, 18:2 n6 11.79±0.13 −1.55±0.08*** −0.71± 0.08*** <0.0001
Arachidonic acid, 20:4 n6 15.53±0.11 −2.56±0.08*** −2.39± 0.08* 0.016

Total PUFA n3 9.36± 0.11 +5.79±0.14*** +4.78± 0.11*** <0.0001
Alpha-linoleic acid, 18:3 n3 0.18± 0.00 −0.01±0.00** −0.01± 0.00 0.48
EPA, 20:5 n3 0.89± 0.02 +3.93±0.09*** +0.61± 0.03*** <0.0001
DPA, 22:5 n3 2.94± 0.04 +2.50±0.05*** −0.81± 0.04*** <0.0001
DHA, 22:6 n3 5.35± 0.09 −0.63±0.09*** +4.99± 0.11*** <0.0001

Omega-3 Index 6.23± 0.10 +3.30±0.12*** +5.60± 0.12*** <0.0001

Data are presented as means± SEM. Total % does not add up to 100% because not all individual fatty acids are shown in this table.
Covariates (sex, age, self-reported energy intake and baseline fatty acid proportions in red blood cells) was included in the mixed models only when they were found to be significant at
P<0.05 in the mixed models.
DHA: docosahexaenoic acid; DPA: docosapentaenoic acid; EPA: eicosapentaenoic acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; SFA: saturated fatty acid.

1 P values for the EPA and DHA change vs. the control treatment, as determined by the LSMEANS statement and tested against the null hypothesis in the mixed models. * P<0.05, **
P<0.01, *** P< 0.001. N=123 for DHA, 121 for EPA, 125 for control.

2 Main treatment P values for the comparison between EPA and DHA change vs. control, as determined by the main treatment effect in the mixed models. The mixed model for the
main effect comparing ΔEPA and ΔDHA is based on n=123 observations, with ΔEPA data excluded for 2 participants, due to low compliance.

Fig. 2. Difference in change of Omega-3 Index (O3I) after EPA and DHA supplementation,
vs. control in men and women (%). Values are means± SEM. * P<0.0001 for the
treatment-specific effect vs. control for ΔEPA and ΔDHA. The increase in O3I was higher
after DHA than after EPA supplementation for both men and women. We found no
difference between men and women response to EPA and DHA supplementation.
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impact on FADS2 activity compared with baseline [16]. In our study,
supplementation with high dose EPA or DHA had no significant impact
on either FADS1 or FADS2 gene expression in whole blood cells
compared with the control corn oil treatment. It is not entirely
surprising that estimated FADS1/2 activities based on fatty acids ratios
and analysis of gene expression of these enzymes in whole blood cells
yielded inconsistent results among existing studies, considering the
complex relationship with actual activities of the corresponding
enzymes.

EPA levels in RBC increased significantly after high dose supple-
mentation with DHA. This is consistent with data having demonstrated
a dose-dependent relationship between EPA levels in blood and the
dose of supplemented DHA, which most likely attributable to retro-
conversion of DHA into EPA [26]. The fatty acid content of RBC are
expressed as a relative weight of all identified fatty acids. It is therefore
difficult to assess if the reduction in the proportion of DPA after DHA
supplementation is due to further retro-conversion to EPA, or to an
increase in the proportion of other fatty acids.

In vivo conversion rate of ALA to EPA and to DHA is estimated at
8–20% and 0.5–9% respectively [27], with higher rates among women
of reproductive age than among men [9]. The regulatory effect of
estrogens combined with a lower muscle mass may result in a smaller
proportion of ALA being channelled towards beta-oxidation in women,
and thus a greater proportion of ALA being converted into EPA and
DHA [9]. This suggests potential sex-dependent difference in the
response to dietary LCn3-PUFA. While the effects EPA and DHA
supplementation on DPA and DHA levels were similar among men
and women in the present study (not shown), women compared with
men accumulated more EPA in their RBC after supplementation with
EPA (+4.0% vs. +3.5%, respectively, P=0.0002, not shown). Our
study further showed that the increase in the O3I with EPA and DHA
tended to be higher in men than in women. Self-reported fish
consumption and compliance were similar between men and women
(not shown) and thus differences in the O3I response to EPA and DHA
are unlikely to be explained by these factors. This apparent sex-
dependent difference in the response to EPA and DHA supplementation
and consequences in terms of cardiovascular risk in men and women
needs further investigation.

Albert et al. [7] have shown that men in the top quartile of the
whole blood EPA+DPA+DHA distribution in the Physicians’ Health
Study (corresponding to an average O3I of 6.9%) [6] had a 90% lower
risk of sudden cardiac death than men in the lowest quartile (corre-
sponding to an average O3I of 3.8%) [6]. In the present study, the O3I
after DHA was 2.3% greater than after EPA supplementation. Data from
epidemiological studies would therefore suggest a greater benefit of
DHA compared with EPA on risk of CVD [10,28,29]. However, the
greater increase in LDL-C concentrations with high dose DHA compared

to EPA also needs to be factored in when assessing the impact of LCn3-
PUFA on CVD risk. We have shown that the reduction in serum TG,
interleukin-18 and the total cholesterol/HDL-C ratio, as well as the
increase in serum HDL-C, adiponectin and LDL-C were significantly
more important after high dose supplementation with DHA than after
EPA supplementation [10]. The extent to which the greater improve-
ments in inflammation markers and in HDL-C with DHA compared with
EPA counterbalances the potential risk associated with higher LDL-C is
uncertain [10]. While changes in the O3I predicted concurrent changes
in TG after both DHA and EPA, this was not the case for the change in
LDL-C, which correlated with changes in the O3I only after DHA.
Correlation analyses also revealed that the change in the O3I was a poor
predictor of the response of other cardiometabolic risk factors to EPA
and DHA. Very few studies thus far have assessed and compared the
individual contributions of EPA and DHA to the association between the
O3I and CVD risk, as well as to its overall predictive value. Additional
intervention studies are therefore needed to determine potential
benefits of a long term DHA vs. EPA supplementation on the O3I as it
relates to cardiovascular outcomes.

Our use of a crossover study design had many advantages including
attenuation of residual confounding and increase in statistical power.
The large sample size of this carefully controlled randomized trial also
provided power to detect small changes in RBC composition. The
composition of RBCs tracked well with each supplementation phase,
reflecting high compliance to treatments and high quality data. One risk
of crossover design studies pertains to potential carryover effects of
treatments. However, we found no evidence of carryover effects on
changes in the O3I after EPA and DHA supplementation, indicating that
washout plus intervention periods were of sufficient duration to
eliminate the effect of preceding treatments (data not shown). The
effects of EPA and DHA on the O3I were compared to 3 g of corn oil as
control, which slightly decreased EPA and DPA relative content in RBC
(−0.07% and −0.11% respectively, P< 0.05, not shown), but had no
effect on DHA content (+0.15%, P=0.16, not shown) and on the O3I
(+0.01%, P=0.66, not shown) compared with baseline. Most previous
controlled studies on LCn3-PUFA have also used low doses of vegetable
oils as a control and to that extent, our study design is similar to
previous ones on this topic [3].

5. Conclusions

Data from this randomized double-blind crossover study shows that
the increase in the O3I is numerically greater after supplementation for
10 weeks with 2.7 g/d of DHA than after 2.7 g/d of EPA. This difference
may simply reflect the fact that a proportion of EPA is elongated into
DPA, which is not included in the O3I calculation. Data also suggested
that the O3I may increase slightly more in men than in women after

Table 3
Gene expression after EPA and DHA supplementation, vs. control (N=44).

Gene expression

Gene Control △EPA vs. control P-value EPA vs. control1 △DHA vs. control P-value EPA vs. control1 P-value EPA vs. DHA2

FADS1 445.8± 17.0 −15.3±14.7 0.33 −16.6± 15.8 0.29 0.92
FADS23 1026.5± 114.5 −21.4± 46.9 0.36 −5.0±40.5 0.52 0.76
ELOVL23 13.3±1.3 +3.1± 1.7 0.0084 +2.4±1.8 0.21 0.23
ELOVL5 9701.5± 281.3 +491.4± 357.4 0.11 +423.6± 297.4 0.17 0.85

For each gene, expression is presented as no. of copies of mRNA normalized for the expression of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase. Values are expressed
as means± SEM. Bold indicates P< 0.01.
Adjustment for potential covariates (sex, age, energy intake and baseline fatty acid proportions) was considered only when these covariates were found to be significant at P< 0.05 in the
mixed models.
ELOVL2: ELOVL fatty acid elongase 2; ELOVL5: ELOVL fatty acid elongase 5; FADS1: fatty acids desaturase 2 or delta-5 fatty acids desaturase; FADS2: fatty acids desaturase 2 or delta-6
fatty acids desaturase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

1 P values for the EPA and DHA change vs. the control in the outcome, as determined by the LSMEANS statement and tested against the null hypothesis in the mixed models.
2 Main treatment P values for the comparison between EPA and DHA change vs. the control in the outcome, as determined by the main treatment effect in the mixed models.
3 Log-transformed data were used in these analyses due to skewness of the distributions of post-treatment values.
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DHA supplementation. Additional studies are needed to better under-
stand how such differences in the net change in O3I after supplementa-
tion with high dose DHA compared with EPA relate to the risk of
cardiovascular outcomes.

Clinical trial registry number and website

Clinical Trial Registry number and website: http://www.
clinicaltrials.gov (NCT01810003).
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A double blind, placebo controlled, randomised pilot trial examining the
effects of probiotic administration on mood and cognitive function

L. Owen1, M. Reinders2, R. Narramore3, A.M. R Marsh3, F. Gar Lui3, R. Baron3,
Sue Plummer4 and B.M. Corfe3

1School of Psychology, Keele University, UK, 2Utrecht University, Netherlands, 3Molecular Gastroenterology Research
Group, Academic Unit of Surgical Oncology, Department of Oncology, University of Sheffield, Royal Hallamshire

Hospital, Sheffield, UK and 4Cultech Limited, Christchurch Rd Port Talbot, Neath Port Talbot

There is a growing body of evidence indicating that the gut microbiota communicates with the CNS influencing mood and
behaviour(1–7) and a role for the microbiota in the development of brain plasticity and the subsequent physiological response has
been suggested(2). Furthermore treatment with probiotics has been shown to alter functional task-related brain activity and changes
in midbrain connectivity9. To date no study has demonstrated cognitive modification in response to probiotic treatment. The aims of
the study were i) To examine the mood effects of probiotic supplementation at rest and in response to psychological stressors ii) To
examine the effects of probiotic administration on cognitive functioning.

In this pilot study, healthy participants (n=50) were recruited to take part in a double blind, randomised, controlled trial.
Participants were randomized to receive either a probiotic preparation comprising two strains of Lactobacillus acidophilus CUL60
(NCIMB 30157) and CUL21 (NCIMB 30156), Bifidobacterium lactis CUL34 (NCIMB 30172) and Bifidobacterium bifidum
CUL20 (NCIMB 30153) at a total of 2.5×1010 cfu/capsule or a placebo for 6 weeks. The sample population comprised 18 males
and 32 females, mean age 23.22 years (range 19–38, SD 3.846), with a BMI <30. Participants underwent morphometric measurements
(height, weight, % total body fat, hip and waist measurement) and completed mood, stress and depression questionnaires (Bond Lader
Mood Scales, Stait Trait Anxiety Inventory and NASA Task Load Index). Participants also were required to perform a battery of
computerised cognitive test (COMPASS) measuring attention, executive function, working memory and episodic memory.

In terms of mood measures, a significant interaction showed that ‘trait’ anxiety levels decreased in the active probiotic condition
whilst increasing in the placebo condition over the course of the 6 week intervention (p=0.042). A significant interaction was also
observed for tasks of attention; ‘continuity of attention increased in response to the probiotic treatment and decreased with the pla-
cebo group (p=0.035). No morphometric changes between the two treatment conditions were recorded during the intervention per-
iod. The findings of this pilot trial provide a justification for further studies to characterise the potential cognitive and mood enhancing
benefits of probiotics in healthy populations.

This work was supported by Bioceticals, NSW Australia and Cultech Limited, S. Wales, UK.

1. Cryan JF & Dinan TG (2012) Nat. Rev. Neurosci. 13, 701–712.
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Abstract: Gastrointestinal (GI) ischemia during exercise is associated with luminal permeability
and increased systemic lipopolysaccharides (LPS). This study aimed to assess the impact of a
multistrain pro/prebiotic/antioxidant intervention on endotoxin unit levels and GI permeability in
recreational athletes. Thirty healthy participants (25 males, 5 females) were randomly assigned
either a multistrain pro/prebiotic/antioxidant (LAB4

ANTI; 30 billion CFU·day−1 containing
10 billion CFU·day−1 Lactobacillus acidophilus CUL-60 (NCIMB 30157), 10 billion CFU·day−1

Lactobacillus acidophillus CUL-21 (NCIMB 30156), 9.5 billion CFU·day−1 Bifidobacterium bifidum
CUL-20 (NCIMB 30172) and 0.5 billion CFU·day−1 Bifidobacterium animalis subspecies lactis CUL-34
(NCIMB 30153)/55.8 mg·day−1 fructooligosaccharides/ 400 mg·day−1 α-lipoic acid, 600 mg·day−1

N-acetyl-carnitine); matched pro/prebiotic (LAB4) or placebo (PL) for 12 weeks preceding a
long-distance triathlon. Plasma endotoxin units (via Limulus amebocyte lysate chromogenic
quantification) and GI permeability (via 5 h urinary lactulose (L): mannitol (M) recovery) were
assessed at baseline, pre-race and six days post-race. Endotoxin unit levels were not significantly
different between groups at baseline (LAB4

ANTI: 8.20 ± 1.60 pg·mL−1; LAB4: 8.92 ± 1.20 pg·mL−1;
PL: 9.72 ± 2.42 pg·mL−1). The use of a 12-week LAB4

ANTI intervention significantly reduced
endotoxin units both pre-race (4.37 ± 0.51 pg·mL−1) and six days post-race (5.18 ± 0.57 pg·mL−1;
p = 0.03, ηp2 = 0.35), but only six days post-race with LAB4 (5.01 ± 0.28 pg·mL−1; p = 0.01,
ηp2 = 0.43). In contrast, endotoxin units remained unchanged with PL. L:M significantly increased
from 0.01 ± 0.01 at baseline to 0.06 ± 0.01 with PL only (p = 0.004, ηp2 = 0.51). Mean race times
(h:min:s) were not statistically different between groups despite faster times with both pro/prebiotoic
groups (LAB4

ANTI: 13:17:07 ± 0:34:48; LAB4: 12:47:13 ± 0:25:06; PL: 14:12:51 ± 0:29:54; p > 0.05).
Combined multistrain pro/prebiotic use may reduce endotoxin unit levels, with LAB4

ANTI potentially
conferring an additive effect via combined GI modulation and antioxidant protection.

Keywords: endotoxemia; probiotics; prebiotics; antioxidants; triathlon

1. Introduction

Participation trends, including “recreational athletes”, in multi-sport and ultra-endurance
events have increased in recent years [1,2]. Symptoms associated with gastrointestinal (GI) distress

Nutrients 2016, 8, 733; doi:10.3390/nu8110733 www.mdpi.com/journal/nutrients
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(e.g., cramping, diarrhoea, nausea, and abdominal pain) are estimated to occur in 25%–90% of
endurance athletes, and are often cited as reasons for non-completion [3–5]. In preparation for such
events, exercise-related GI symptoms may go unreported, which could impact on training efficiency
and race completion. It has been shown that exercise induced GI hypoperfusion may provoke transient
damage to the gut epithelium [6], with one study demonstrating that 30 min of running at 80% of peak
oxygen uptake (VO2peak) significantly increased luminal permeability in healthy volunteers [7].

Mechanistically, prolonged or strenuous exercise may increase key phosphorylation enzymes [8],
disrupting the tight junction proteins claudin (influenced by protein kinase A) and occludin (influenced
by both protein kinase C and tyrosine kinase). Acute changes in tight junction permeability and
paracellular transport may lead to a greater prevalence of systemic lipopolysaccharides (LPS). LPS from
gram-negative intestinal bacteria may provoke immune responses and endotoxin-associated symptoms
characteristic of GI complaints often experienced in runners [8]. Despite this, research is relatively
sparse on whether prolonged training or ultra-endurance events actually result in elevated LPS,
particularly in more “recreationally active” athletes; or whether targeted nutrition strategies offer
beneficial support.

In one study, 68% of highly trained athletes taking part in a long-distance triathlon reported with
endotoxin levels of 5–15 pg·mL−1 in the first 16 h post-event, corresponding with elevated cytokine
responses in the same period [9]. In contrast, 81% of runners requiring medical attention at the end
of an ultra-marathon were found to have LPS concentrations >100 pg·mL−1 [10], with 80.6% of these
athletes reporting GI symptoms (nausea, diarrhoea, and vomiting). LPS concentrations at or above
these levels have been more commonly associated in patients with Crohn’s disease [11] and sepsis [12].

The term “mild endotoxemia” has been used to depict an acute elevation in LPS from endurance
exercise by several authors [9,13,14], but may well reflect normal or transient levels of circulatory LPS.
It has also been shown that LPS responses to exertional heat stress may be significantly higher in less
trained individuals [13], but still within normal limits. Conversely, one study reported an average
increase in resting LPS levels of 60 pg·mL−1 across a five-stage ultra-run, with daily (pre–post stage)
average LPS changes of 30 pg·mL−1 [15]. Despite such diversity, the potential for exercise related
endotoxin-mediated cytokinemia may explain individual susceptibility to GI symptoms and recovery
from endurance exercise. If prevalent, the presence of, and repeated exposure to, “low grade” LPS
(ranging from ~10 to 50 pg·mL−1 or higher [16]) may promote a mild inflammatory state which could
be detrimental to the longer term health of recreational athletes who regularly engage in exercise.

Probiotic bacteria, particularly the gram-positive genera Lactobacillus and Bifidobacterium species,
are known to modify GI microbiota [17–19], and have been shown to reduce GI episode severity [20]
and respiratory tract infections commonly associated with training [21]. However, therapeutic benefits
of probiotics are highly strain specific. As example, the use of Lactobacillus casei strain Shirota in
one study, significantly increased natural killer cell cytolytic activity in healthy volunteers [22],
whereas combined Streptococcus thermophilus FP4/Bifidobacterium breve BR03 was recently shown
to reduce circulating IL-6 in response to muscle damaging exercise [23] elsewhere. In clinical
trials, a multistrain high dose probiotic (LAB4—containing Lactobacillus acidophilus CUL60 and
CUL21, Bifidobacterium lactis CUL34 and Bifidobacterium bifidum CUL20), resulted in significant
improvements in irritable bowel syndrome responses [24] and prevented an increase in antibiotic
resistant enterococci [25]. Chronic multistrain interventions have also been shown to reduce faecal
zonulin levels by ~25% in endurance trained athletes, demonstrating improved GI barrier integrity [26].
The inclusion of Bifidobacterium species and prebiotics (e.g., fructo-oligosaccharides, inulin, pectin) in
such formulas may also play an important role in short-chain fatty acid production, which may also
support epithelial integrity [27].

Antioxidants nutrients such as α-lipoic acid, N-acetyl-carnitine, vitamin C, quercetin, resveratrol,
and curcumin may also provide important roles in minimizing epithelial disruption [28–31],
associated with elevated oxidative stress from GI hypoperfusion. Alpha lipoic acid in particular
is proposed to act as a multi-functional antioxidant, regenerating endogenous glutathione,
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and minimising GI mucosal injury [31–33]. The aims of this exploratory study were therefore:
(i) to assess endotoxin levels and GI permeability in recreational athletes training for and taking
part in their first long distance triathlon; and (ii) to assess the potential benefits of a 12-week multistrain
pro/prebiotic/antioxidant strategy on GI symptoms, endotoxin levels and race time compared to a
control group.

2. Materials and Methods

2.1. Participants

Following study approval from the University of Hertfordshire Life and Medical Sciences Ethics
Committee (LMS/SF/UH/00011), and power calculation assessment for sample size (G*power3,
Dusseldorf [34]; using α = 0.05; 1 − β = 0.80; based on observed data [9,14]), thirty recreationally active
participants (25 males, 5 females; M ± SE: age 35 ± 1 years; weight: 76.52 ± 2.20 kg; initial VO2max:
48.93 ± 0.99 mL·kg−1·min−1) were randomly invited to take part in an intervention study which took
place in the final 12 weeks of a nine month progressive training programme. All participants provided
written, informed consent, and satisfactorily completed a general health screen prior to study inclusion.
Participant characteristics are displayed in Table 1, with no observed differences between intervention
groups for age, height, weight, bodyfat or VO2max.

Table 1. Pre-screening (Month 0) and baseline (Month 6) characteristics for intervention groups.

Variable LAB4
ANTI LAB4 PL

Distribution (n = 10; 7 male, 3 female) (n = 10; 9 male, 1 female) (n = 10; 9 male, 1 female)
Age (years) 33 ± 2 35 ± 2 35 ± 3
Height (m) 1.74 ± 0.34 1.79 ± 0.27 1.76 ± 0.16

Pre-screening Baseline Pre-screening Baseline Pre-screening Baseline
Weight (kg) 75.21 ± 4.12 73.61 ± 3.96 * 83.77 ± 4.71 81.94 ± 4.44 * 77.42 ± 3.03 74.56 ± 2.76
Body fat (%) 22.56 ± 1.67 19.36 ± 2.23 * 21.88 ± 1.68 20.93 ± 1.52 21.28 ± 2.38 18.64 ± 1.93 *

VO2max (L·min−1) 3.26 ± 0.20 3.57 ± 0.19 * 3.78 ± 0.28 3.94 ± 0.27 3.30 ± 0.14 3.70 ± 0.10 *

VO2max (mL·kg−1·min−1) 42.90 ± 1.59 48.60 ± 1.80 * 43.89 ± 1.75 47.56 ± 1.69 * 43.40 ± 2.53 50.50 ± 1.71 *

Data presented as mean ± SE No significant differences reported between groups. * denotes significant
difference (p < 0.05) to pre-screening only within group.

Pre-screening: At the start of the nine month training programme, all participants underwent full
screening including suitability assessment from their General Practitioner, a 12-lead electrocardiogram
to assess for potential underlying cardiac abnormalities, and completion of a standard incremental
maximal stress test (using a Computrainer erogometer system, RaceMate Inc., Seattle, WC, USA)
for the assessment of maximal oxygen consumption (using a Metalyser 3B automated gas-analyser;
Cortex Biophysik, Leipzig, Germany). In addition, routine assessment of height (Seca 200 stadiometer,
Hamburg, Germany), body mass (Seca 780, Hamburg, Germany) and body composition (Tanita Body
Segmental Analyser 418-BC, Tokyo, Japan) was undertaken. Participants were required to have no
previous experience of long distance triathlons, be recreationally active (defined as general exercise
activity 1–3 times per week) and have basic proficiency in swimming, cycling and running disciplines.
As a means to further quantify “recreationally active”, participants were required to have a relative
maximum oxygen uptake of 30–50 mL·kg−1·min−1 for women, and 35–55 mL·kg−1·min−1 for men
during pre-screening testing. Participants were excluded if there was any history (including familial)
of cardiovascular abnormalities (including coronary heart disease) and diabetes; or any known blood
related disorders.

2.2. Experimental Design and Procedures

In a randomized, repeated-measures, double-blind, placebo controlled study design, participants
attended the Human Physiology Laboratory, University of Hertfordshire 12 weeks prior to undertaking
a long distance triathlon (Barcelona Challenge Triathlon) comprising a 3.8 km sea swim, 180.0 km
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road cycle course and a 42.2 km marathon run. Although participants had no prior experience to this
triathlon distance, they had all adhered to a standardized training programme for the previous six
months as part of a larger training cohort. General training progression (“recreationally trained”) from
the previous six months was assessed prior to the intervention study using the same incremental test
procedure and equipment (including anthropometrical measures) as for pre-screening (see Table 1).
Thereafter, participants attended the laboratory on three occasions: baseline (Week 0), pre-race
(Week 12) and post-race (six days post) for blood and urine sampling as described below. Due to
constraints with field based sampling, and varying participant travel arrangements, the post-race
timepoint (six days) was selected for consistency and to assess whether any previous patterns were
still evident during the longer term recovery period.

Blood sampling: Participants were requested to rest the day before all test sessions. Upon arrival,
a fasted, venous wholeblood sample was collected from participants by a qualified phlebotomist into
duplicate 4 mL K3EDTA vacutainers (Greiner Bio-One GmbH, Kremsmunster, Austria). Samples were
centrifuged for 10 min at 3000 rpm, with aliquotted plasma pipetted into sterile, nonpyrogenic,
polypropylene cyrovials (Fisherbrand, Fisher Scientific, Loughborough, UK) and immediately frozen
at −80 ◦C for later assessment of resting endotoxin units and IgG endotoxin-core antibodies.

Urine sampling: Assessment of GI permeability was assessed via 5 h recovery of urinary lactulose
and mannitol via a standard sugar absorption test [35]. Briefly, upon arrival, participants provided
a urine sample with total volume assessed, and then (following blood sampling) consumed a
standardized 100 mL test drink containing 5 g lactulose solution (Sandoz Ltd., Camberley, Surrey,
UK), 2 g mannitol (Mannitol powder: 99.86% pure certified, Blackburn Distributions Ltd., Nelson,
Lancashire, UK) and 40 g of sucrose (Tate and Lyle, London, UK). For the first two hours post
consumption, participants were not allowed to eat or drink, and thereafter could eat/ drink as normal
(with the exception of refined/sugary products or drinks). Over a five hour period, participants
collected total urine output into 3 L polyethylene opaque beakers (Sarstedt, Numbrecht, Germany).
With total sample volume assessed, duplicate urine samples were aliquotted into sterile cryovials and
immediately frozen at −80 ◦C for later assessment of saccharide recovery.

2.3. Biochemical Assays

Endotoxin unit assessment: Quantification of endotoxin units was derived from plasma samples
using an established endpoint chromogenic assay method (Pierce® LAL Chromogenic Endotoxin
Quantitation Kit, Thermo Fisher Scientific, Waltham, MA, US). After thawing to room temperature and
sample preparation, 50 µL aliquots were added to an endotoxin-free microtitre plate and incubated
at 37 ◦C for 5 min. Following this, 50 µL aliquots of Limulus amoebocyte lysate (LAL) were added to
each well, the plate gently shaken for 10 s, and re-incubated at 37 ◦C for 10 min. At exactly 10 min,
100 µL aliquots of chromogenic substrate solution was added to each well, the plate gently shaken
for 10 s, and then further re-incubated at 37 ◦C for 6 min. At this point, 50 µL aliquots of stop reagent
(25% acetic acid) was added to each well, and the plate gently shaken for 10 s. Samples were read on
a spectrophotometer at an absorbance of 405 nm (Victor 3 multilabel plate reader, PerkinElmer Inc.,
Llantrisant, UK) and referenced against a calibration curve based on dilutions of an Escherichia coli
(E. coli) endotoxin standard (011:B4; vial concentration 26 EU·mL−1) with non-incubated mock reaction
controls taken into consideration. Values of quantified endotoxin units (EU·mL−1) were then converted
to pg·mL−1.

IgG Endotoxin-core Antibody Assessment: IgG endotoxin-core antibodies (IgG anti-EU) were
measured from plasma samples via solid-phase ELISA (EndoCab® IgG, Hycult Biotech, Uden,
The Netherlands). Reagents were prepared in accordance with the manufacturer’s instructions at
room temperature. Plasma samples were thawed to room temperature and diluted 200-fold using the
supplied dilution buffer. Following this, 100 µL aliquots of the standard or prepared sample were
carefully pipetted into microtitre wells coated with endotoxin rough-lipopolysaccharides, the microtitre
plate then covered and incubated at 37 ◦C for 60 min. The plate was then washed four times
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manually, with 200 µL of supplied washer buffer added to each microtitre well during each wash
cycle. Following this, 100 µL of diluted conjugate (streptavidin-peroxidase) was added to each well to
bind the captured endotoxin core-antibodies. The plate was then covered and incubated at 37 ◦C for
60 min, before being manually washed a further four times with washer buffer. Then, 100 µL aliquots
of tetramethylbenzidine (TMB) were added to each microtitre well, the plate covered and incubated
at room temperature for 30 min avoiding exposure to sunlight. The reaction was then stopped by
addition of 100 µL aliquots of oxalic acid to each well. Samples were read on a spectrophotometer
at an absorbance of 450 nm (Victor 3 multilabel plate reader, PerkinElmer Inc., Llantrisant, UK) and
referenced against a calibration curve (logarithmic scale) based on dilutions of a reconstituted human
EndoCab IgG standard. Values are presented in standard median units (MU·mL−1).

GI Permeability Assessment: Following sample thawing and preparation, assessment of saccharide
recovery was performed via enzymatic method assays for lactulose and mannitol using a Randox RX
Monza semi-automated, flow cell based clinical chemistry analyser (Randox Ltd., Country Antrim,
UK). Briefly, for lactulose, reagents were prepared in accordance with the manufacturer’s instructions
at room temperature (INstruchemie BV, Delfzil, Netherlands). Sample preparation involved 50 µL
urine aliquots being mixed with 50 µL dissociation buffer and 5 µL galactosidase reagent, incubated at
37 ◦C overnight, and centrifuged at 2000 rpm for 5 min. Additionally, a non-incubated control was also
prepared to account for NADPH already present in the sample. Thereafter, 200 µL of lactulose buffer
reagent was carefully pipetted into centrifuge tubes and mixed with 5 µL sample, incubated at 37 ◦C
for 5 min, and read at an absorbance of 340 nm (reading A1). Following this, 50 µL start reagent was
added to the sample, mixed and incubated at 37 ◦C for 10 min and read at an absorbance of 340 nm
(reading A2). Recovered lactulose (mmol·L−1) was calculated taking into consideration pre-incubated
and non-incubated samples against standard, blank and quality control samples.

For mannitol assessment, reagents were prepared in accordance with the manufacturer’s
instructions at room temperature (INstruchemie BV, Delfzil, The Netherlands); and a reference curve
generated from dilutions of a 20 mmol·L−1 mannitol standard. Samples were prepared by mixing 3 µL
urine aliquots with 200 µL NAD buffer reagent and incubating at 37 ◦C for 5 min. From this 60 µL
diluted start reagent was added to the sample, mixed and incubated for a further 37 ◦C for 10 min.
Samples were read at an absorbance of 340 nm, and recovered mannitol (mmol·L−1) calculated against
a standard reference taking into consideration blank and quality control samples.

2.4. Nutritional Interventions and Diaries

Nutritional interventions: Following baseline assessment, participants were allocated, in a
double-blinded manner, to one of three intervention groups using a random number generator
approach. Participants were provided with a 90-day supply of either: capsulated (hydroxypropyl
methylcellulose) multistrain probiotic/prebiotic/antioxidant (LAB4

ANTI), matched pro/prebiotic
(LAB4) or placebo (PL) in opaque, sealed pots with instructions for daily ingestion timing.
This allocation covered the 12-week pre-race period and the six-day post-race period. Intervention
supplementation was provided by Biocare Ltd. (Birmingham, UK) for commercial use, with products
pre-capsulated by the manufacturer. Placebo supplements were prepared within our laboratory using
the same size hydroxypropyl methylcellulose capsules.

For both LAB4 and LAB4
ANTI, participants were instructed to consume one multistrain

pro/prebiotic capsule daily in the evening with food. Each multistrain capsule contained 150 mg·day−1

Lactobacillus acidophilus (10 billion CFU·day−1, Lactobacillus acidophilus CUL-60 [NCIMB 30157]
and 10 billion CFU·day−1 Lactobacillus acidophillus CUL-21 [NCIMB 30156]), 16.8 mg·day−1

Bifidobacterium bifidum and lactis (9.5 billion CFU·day−1, Bifidobacterium bifidum CUL-20 [NCIMB
30172] and 0.5 billion CFU·day−1 Bifidobacterium animalis subspecies lactis CUL-34 [NCIMB 30153]),
and 55.8 mg·day−1 fructooligosaccharides (Bio-Acidophilus Forte, Biocare Ltd., Birmingham, UK).
For those assigned to PL, participants were instructed to consume one placebo capsule daily in the
evening with food, containing 200 mg cornflour.
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For LAB4
ANTI, participants additionally consumed two capsules in the morning with breakfast

(each capsule contained 200 mg α-lipoic-acid and 300 mg of N-acetyl-carnitine hydrochloride;
Acetyl Carnitine and Alpha Lipoic Acid formulation, Biocare Ltd., Birmingham, UK). For control
consistency between groups, those assigned to LAB4 and PL were instructed to additionally consume
matched cornflour placebo capsules with breakfast. Throughout the study, participants were required
to not be consuming any other nutritional supplements other than glucose drinks/gels as part
of endurance training. Adherence was checked via nutrition diaries and monthly briefings with
all participants.

Nutrition diaries: Participants were requested to maintain habitual dietary intake throughout the
intervention and record via weekly food diaries at the beginning and end of each month. Participants
were provided with example diaries and individually instructed in diary completion, with emphasis on
meal breakdown, portion size and weight, fluid intake and consumption of prescribed supplementation.
Dietary analyses were undertaken using Dietplan 6.50 (Forestfield Software Ltd., West Sussex, UK)
based on a seven-day representation from each month.

2.5. Training Monitoring, GI Questionnaires and Assessment of Race Times

Training programme: Over the course of the 12-week intervention, participants continued with a
triathlon training programme, prescribed by an accredited Sport and Exercise Physiologist, focusing on
swimming, cycling and running disciplines, as well as functional training. Training was designed to
be flexible around daily activities with a requirement to achieve a minimum of 80% of the total
training volume set. Training was monitored via weekly training diaries in which participants
recorded exercise duration and overall session rating of perceived exertion (sRPE). Training load,
training monotony and training strain were determined from a modified training method previously
described (duration × sRPE [36,37]).

GI response questionnaire: Participants completed an overall monthly training GI response
questionnaire, adapted from symptoms previously reported [4,9,38]. Participants were asked to
subjectively rate their responses across four subsections (general training, endurance training (>3 h),
acute (<24 h) and longer term (<72 h) recovery periods). For the training subsections the following
symptoms were evaluated: urge to urinate, urge to defecate, bloating, belching, flatulence, nausea,
stomach/intestinal pain or discomfort, stomach/intestinal cramping, headaches, and dizziness.
For the recovery subsections, the following symptoms were evaluated: constipation and/or diarrhoea,
stomach/intestinal pain or discomfort, bloating, flatulence, nausea, stomach/intestinal cramping,
headaches, dizziness, mental fatigue, excessive and sweating. Collectively, this resulted in a maximum
symptom count of 40. Symptoms were graded for severity according to a category scale (0 = none;
1 = low severity; 2 = moderate severity; 3 = high severity). From this, mean symptom count and
symptom severity scores were assessed to evaluate the subjective impact of each intervention.

Race times: All participants, as entrants of the Barcelona Challenge Triathlon, were required to
wear official timing chips throughout the race. Overall race times, including triathlon specific stage
times (swim, bike, and run) were provided by the race director following confirmation of official
final times.

2.6. Statistical Analyses

Statistical analyses were performed using SPSS (v22, IBM, Armonk, NY, USA). Following
assessment of normality via a Shapiro–Wilk test, a 3 × 3 factorial design analysis of variance (Anova)
was employed to assess treatment and time interactions, using least significant difference (LSD) post
hoc evaluation. Where pertinent, within group assessment was undertaken using a general linear
repeated measures Anova, with LSD post hoc evaluation. For assessment of race times between groups
only, a between-group Anova was performed, with LSD post hoc analysis. GI questionnaires were
assessed via chi-squared analysis. An alpha level of ≤0.05 was employed for statistical significance.
Data are reported as means ± SE.
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3. Results

3.1. Nutrition and Training Data

Dietary analysis comparisons for each month are shown in Table 2. No significant differences were
reported between or within groups across the 12-week intervention period for energy, carbohydrate,
fat or protein intake (p > 0.05). On average across the 12-week intervention, daily energy intake
for LAB4

ANTI was 35.10 ± 1.31 kcal·kg−1·day−1 compared with 33.97 ± 1.73 kcal·kg−1·day−1 for
LAB4 and 35.53 ± 1.66 kcal·kg−1·day−1 for PL. Macronutrient intake was also comparable, with an
average fat intake of 1.45 ± 0.08 g·kg−1·day−1 for LAB4

ANTI compared 1.27 ± 0.08 g·kg−1·day−1

for LAB4 and 1.30 ± 0.07 g·kg−1·day−1 for PL. Likewise, average carbohydrate intake was
4.06 ± 0.22 g·kg−1·day−1 for LAB4

ANTI compared with 4.02 ± 0.24 g·kg−1·day−1 for LAB4 and
4.37 ± 0.31 g·kg−1·day−1 for PL. Similarly, average protein intake was comparable between
pro/prebiotic groups at 1.55 ± 0.07 g·kg−1·day−1 for LAB4

ANTI, 1.50 ± 0.11 g·kg−1·day−1 for LAB4,
and non-significantly higher for PL at 1.72 ± 0.10 g·kg−1·day−1.

Table 2. Dietary analysis comparisons between groups.

Variable LAB4
ANTI LAB4 PL

Energy intake (kcal·kg−1·day−1)

T1 35.96 ± 2.16 33.13 ± 1.16 35.57 ± 2.88
T2 33.88 ± 2.06 33.03 ± 4.66 34.57 ± 2.98
T3 35.42 ± 2.57 35.76 ± 2.43 36.60 ± 2.85

Fat (g·kg−1·day−1)

T1 1.45 ± 0.13 1.28 ± 0.10 1.24 ± 0.14
T2 1.37 ± 0.12 1.27 ± 0.21 1.19 ± 0.08
T3 1.52 ± 0.18 1.26 ± 0.12 1.47 ± 0.11

Carbohydrate (g·kg−1·day−1)

T1 4.29 ± 0.33 3.80 ± 0.30 4.46 ± 0.47
T2 3.95 ± 0.43 3.90 ± 0.59 4.32 ± 0.58
T3 3.93 ± 0.39 4.36 ± 0.36 4.34 ± 0.57

Protein (g·kg−1·day−1)

T1 1.51 ± 0.12 1.43 ± 0.14 1.81 ± 0.18
T2 1.56 ± 0.07 1.39 ± 0.17 1.70 ± 0.14
T3 1.57 ± 0.15 1.68 ± 0.28 1.67 ± 0.19

Data represent average daily intake (mean ± SE). T1–3 represent Months 1–3 respectively. No significant
differences reported between or within groups (p > 0.05).

Training load comparisons are shown in Table 3. No significant differences were reported between
groups across the intervention for training load, monotony or strain (p > 0.05). There was, however,
a significant time interaction effect for training load (F = 16.30, p < 0.0001, ηp2 = 0.38) and training strain
(F = 4.88, p = 0.011, ηp2 = 0.16). The training programme was designed to progressively build over the
12 weeks, with a peak training load in Month 2, and an increased training strain in Month 3 leading
to a final taper period prior to the race. The target range (particular for training load) represents the
generic range set for all participants i.e., to meet a minimum of 80% training load.

Across the intervention, all groups satisfactorily met the minimum training load. Average training
loads at Month 2 were all significantly higher than Months 1 and 3, as expected (p < 0.0001).
Interestingly, however, peak training loads at Month 2 were all greater than the high end target set at
3278 AU (arbitrary units). For LAB4 in particular, training load was noted at 4311 ± 348 AU (F = 8.21,
p = 0.006, ηp2 = 0.58 compared to Month 1), further reflecting the increased strain (4065 ± 381 AU) in
this month (F = 6.79, p = 0.011, ηp2 = 0.53). Training strain in Month 3 was noted as being lower in all
groups (p = 0.003) compared to Month 2 and in direct comparison to the target range.
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Table 3. Training load comparisons.

Variable Target Range LAB4
ANTI LAB4 PL

Weekly training load (AU)
T1 2173–2716 2410 ± 242 2851 ± 279 2807 ± 368
T2 2622–3278 3885 ± 558 # 4311 ± 348 *# 3915 ± 516 #
T3 2231–2789 2232 ± 148 2768 ± 498 2263 ± 180

Training monotony (AU)
T1 1.07–1.33 0.94 ± 0.11 0.98 ± 0.08 1.11 ± 0.08
T2 0.97–1.21 0.88 ± 0.07 0.96 ± 0.08 0.88 ± 0.08
T3 1.27–1.58 0.90 ± 0.12 0.87 ± 0.09 0.72 ± 0.05

Training strain (AU)
T1 2951–3688 2755 ± 562 2945 ± 450 3224 ± 566
T2 3350–4187 3430 ± 620 4065 ± 381 *# 3293 ± 552
T3 3352–4440 2281 ± 370 2681 ± 650 1946 ± 186

Data represent arbitrary units (AU) and presented as mean ± SE Target range indicates 80%–100% of training
programme. No significant differences reported between groups (p > 0.05). * denotes significant difference from
T1 within group (p ≤ 0.006). # denotes significant difference from T3 within group (p ≤ 0.04).

3.2. Endotoxin Unit (EU) Assessment

Data for endotoxin units (EU) and IgG endotoxin-core antibody assessment are shown in
Figure 1a–c for LAB4

ANTI, LAB4 and PL respectively. A significant interaction effect was reported for
endotoxin units over time (F = 4.21, p = 0.019, ηp2 = 0.11) and group (F = 3.50, p = 0.036, ηp2 = 0.09)
only. At baseline, whilst EU levels were highest with PL (9.72 ± 2.42 pg·mL−1), no significance
was found in comparison to either LAB4

ANTI (8.20 ± 1.60 pg·mL−1) or LAB4 (8.92 ± 1.20 pg·mL−1,
p > 0.05). EU concentrations ranged from 3.03 to 27.75 pg·mL−1. Within group, LAB4

ANTI resulted in a
significant reduction in endotoxin units both pre-race (4.37 ± 0.51 pg·mL−1) and six days post-race
(5.18 ± 0.57 pg·mL−1; F = 4.27, p = 0.033, ηp2 = 0.35). For LAB4, there was a significant reduction
in endotoxin units over time (F = 6.04, p = 0.011, ηp2 = 0.43), with post-hoc analysis indicating EU
levels of 5.01 ± 0.28 pg·mL−1 six days post-race being significantly lower than baseline (p = 0.047)
only. Endotoxin unit levels for PL did not significantly differ across the intervention period or six days
post-race (p > 0.05).

3.3. IgG Endotoxin-Core Antibody (Anti-EU) Assessment

Overall, a significant group interaction effect was reported for IgG anti-EU, with LAB4
ANTI

demonstrating lower concentrations of IgG endotoxin core-antibodies in comparison to both LAB4

and PL (F = 10.82, p < 0.0001, ηp2 = 0.25) at baseline. Whilst IgG anti-EU levels remained significantly
lower pre-race with LAB4

ANTI compared to LAB4 (p = 0.003), there was no statistical difference in
comparison to PL. By post-race, no significant differences were reported between groups (p > 0.05).
Within group, IgG anti-EU levels for LAB4

ANTI increased from 40.42 ± 12.39 MU·mL−1 at baseline,
to 58.83 ± 22.94 MU·mL−1 pre-race in contrast to the decrease in endotoxin unit levels observed.
However, the overall increase in IgG anti-EU to 77.93 ± 26.03 MU·mL−1 post-race was not deemed
significant (F = 1.01, p = 0.387, ηp2 = 0.11) overall.

For LAB4, IgG anti-EU also increased from 209.23 ± 59.73 MU·mL−1 at baseline to
251.73 ± 60.72 MU·mL−1 pre-race in relative contrast to the decrease in endotoxin unit levels observed
for this group. Post-race IgG anti-EU concentrations decreased to 161.61 ± 50.16 MU·mL−1, but overall
changes were not deemed statistically significant (F = 1.95, p = 0.174, ηp2 = 0.20) for LAB4. In a converse
manner, average plasma IgG anti-EU concentrations decreased from 223.98 ± 51.46 MU·mL−1 at
baseline to 181.56 ± 58.19 MU·mL−1 pre-race with PL, returning to 207.94 ± 31.96 MU·mL−1 six days
post-race; however, overall changes in IgG anti-EU for PL were not statistically significant (F = 0.30,
p = 0.746, ηp2 = 0.04).
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Figure 1. (a) Plasma endotoxin unit (EU) concentrations (pg∙mL−1) and IgG endotoxin antibodies (anti‐
EU; MU∙mL−1) for LAB4ANTI group (Mean ± SE). * denotes lower IgG anti‐EU values overall than both 
LAB4 and PL conditions (p < 0.001). # denotes significant reduction in endotoxin units over time within 
group  (p  =  0.03);  (b)  Plasma  endotoxin  unit  (EU)  concentrations  (pg∙mL−1)  and  IgG  endotoxin 
antibodies  (anti‐EU; MU∙mL−1)  for LAB4 group  (Mean ± SE).  * denotes  significant difference  from 
baseline for endotoxin units within group (p = 0.047); (c) Plasma endotoxin unit (EU) concentrations 
(pg∙mL−1) and IgG endotoxin antibodies (anti‐LPS; MU∙mL−1) for PL group (Mean ± SE). No significant 
differences reported (p > 0.05). 

Figure 1. (a) Plasma endotoxin unit (EU) concentrations (pg·mL−1) and IgG endotoxin antibodies
(anti-EU; MU·mL−1) for LAB4

ANTI group (Mean ± SE). * denotes lower IgG anti-EU values overall
than both LAB4 and PL conditions (p < 0.001); # denotes significant reduction in endotoxin units
over time within group (p = 0.03); (b) Plasma endotoxin unit (EU) concentrations (pg·mL−1) and
IgG endotoxin antibodies (anti-EU; MU·mL−1) for LAB4 group (Mean ± SE). * denotes significant
difference from baseline for endotoxin units within group (p = 0.047); (c) Plasma endotoxin unit
(EU) concentrations (pg·mL−1) and IgG endotoxin antibodies (anti-LPS; MU·mL−1) for PL group
(Mean ± SE). No significant differences reported (p > 0.05).
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3.4. Intestinal Permeability

Assessment of intestinal permeability from urinary lactulose:mannitol (L:M) ratio measurement is
shown in Figure 2. GI permeability generally increased in all groups from baseline to six days post-race
(F = 9.66, p < 0.0001, ηp2 = 0.21). No significant differences were reported between groups (p > 0.05).
Within group, L:M increased marginally from 0.032 ± 0.006 at baseline, to 0.037 ± 0.010 pre-race and
0.054 ± 0.007 six days post-race with LAB4

ANTI (p > 0.05) Similarly, there was a non-significant increase
in L:M with LAB4 from 0.028 ± 0.005 at baseline, to 0.039 ± 0.007 and 0.044 ± 0.012 both pre- and six
days post-race respectively (p > 0.05).
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Figure 2. Assessment of intestinal permeability via urinary lactulose:mannitol ratio (Mean ± SE).
Values measured in mmol·L−1. # denotes significant increase from baseline for PL only (p = 0.05);
* denotes significant increase from baseline for PL only (p = 0.002).

However, for PL, L:M significantly increased over the intervention (F = 8.16, p = 0.004, ηp2 = 0.51)
from 0.012 ± 0.008 at baseline to 0.041 ± 0.010 pre-race (p ≤ 0.05). L:M further increased in
PL to 0.061 ± 0.011 six days post-race (p = 0.002). A similar interaction effect for time was also
observed with the per cent recovery of lactulose (F = 5.66, p = 0.005, ηp2 = 0.14), as shown in Table 4.
Within group, for PL only, the per cent recovery of lactulose increased from 0.35% ± 0.18% at baseline
to 0.94% ± 0.12% six days post-race (p = 0.01). No significant differences were found for per cent
recovery of mannitol either between or within groups (p > 0.05).

Table 4. Recovery of urinary lactulose and mannitol (%).

Variable LAB4
ANTI LAB4 PL

% recovery of lactulose

Baseline 0.71 ± 0.13 0.52 ± 0.07 0.35 ± 0.18
Pre-race 0.55 ± 0.14 0.74 ± 0.10 0.72 ± 0.17

6 days Post-race 0.83 ± 0.11 0.90 ± 0.24 0.94 ± 0.12 *

% recovery of mannitol

Baseline 29.99 ± 2.87 25.57 ± 2.22 30.61 ± 3.96
Pre-race 23.31 ± 3.60 27.42 ± 3.33 23.51 ± 2.18

6 days Post-race 22.42 ± 3.27 25.01 ± 1.89 23.48 ± 2.64

Data presented as mean ± SE. * denotes significant difference to baseline within group only (p = 0.01).

3.5. GI Questionnaire

Overall symptom counts for training related GI issues were significantly lower in both LAB4

groups at the end of Month 1 (7.80 ± 2.20 for LAB4
ANTI and 6.78 ± 1.31 for LAB4) compared with PL
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(11.90 ± 2.02; p ≤ 0.013). However, by Month 2, only symptom counts for LAB4 were significantly
lower (8.11 ± 2.18) than PL (13.20 ± 2.72; p < 0.001). At Month 2, there was a significant increase in
symptom counts for LAB4

ANTI (10.70 ± 2.88, p = 0.015 within group), which was also greater than
LAB4 (p = 0.036). By the end of the intervention, there was a similar pattern to Month 1, with both
LAB4 groups reporting lower symptom counts to training GI issues (8.80 ± 2.70 for LAB4

ANTI and
7.00 ± 2.16 for LAB4) compared with PL (13.90 ± 2.42; p < 0.001).

Average symptom severity was significantly lower with both LAB4 groups at Month 1 (9.80 ± 3.05
for LAB4

ANTI and 7.56 ± 1.56 for LAB4) compared to PL (15.50 ± 2.97; p < 0.001). This pattern
continued throughout the intervention, with severity scores for LAB4 groups remaining lower than PL
(16.70 ± 3.64) at Month 3 (10.10 ± 3.27 for LAB4

ANTI and 8.00 ± 2.50 for LAB4; p < 0.001). No differences
were reported for average symptom severity within group across the intervention (p > 0.05) or between
LAB4 groups (p > 0.05).

3.6. Race Times

Mean race finishing times are shown in Figure 3. Overall, no significant differences were found
between groups for overall finishing times (F = 2.12, p = 0.149), despite faster completion times for
both LAB4

ANTI (13 h 17 min 07 s ± 34 min 48 s) and LAB4 (12 h 47 min 13 s ± 25 min 06 s) compared
with PL (14 h 12 min 51 s ± 29 min 54 s). Faster swim and cycle stage times were also recorded on
average for LAB4 (93.7 ± 4.4 min and 370.7 ± 10.4 min respectively) compared with both LAB4

ANTI

(99.8 ± 6.5 min and 392.5 ± 16.9 min) and PL (103.6 ± 9.9 min and 405.1 ± 14.3 min). However,
average stage times were not significantly different between groups for either swim (F = 0.45, p = 0.642)
or cycle (F = 2.30, p = 0.129) stages.

This was further reflected in the marathon stage, despite both LAB4 groups completing the
marathon course in similar times (285.8 ± 13.1 min for LAB4

ANTI vs. 287.41 ± 16.04 min for LAB4) in
contrast to PL (320.8 ± 21.1 min; F = 1.06, p = 0.368). It was however noted that despite a non-significant
interaction effect, post-hoc comparisons indicated a significant difference for the bike stage between
LAB4 and PL groups only (p = 0.046), and a strong trend for a significant differences in overall finishing
times between these two groups (p = 0.058).
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4. Discussion

The concept of exercise-mediated endotoxemia remains contentious, with varying terminology
reported in the literature, including methodologies used to assess endotoxin units. Whereas some
authors have referred to the term “mild” endotoxemia to reflect relatively small changes in endotoxin
levels (5–15 pg·mL−1) along with acute cytokinemia following sustained endurance exercise [9],
others have suggested that values ranging from 10 to 50 pg·mL−1 are indicative of normal, yet sustained
“low grade” endotoxin levels which may modulate a systemic inflammatory response [13,16].
Clinical states of endotoxemia reflect much higher endotoxin concentrations (>80–300 pg·mL−1 [11,12]),
with only a handful of studies demonstrating that strenuous ultra-endurance exercise actually elicits
these levels at the point of exhaustion or during acute recovery [10,15]. Less is known whether
repetitive GI provocation from repeated training elevates resting endotoxin levels, and what impact
this may have on individuals preparing for, or recovering from, long distance events.

Average resting endotoxin units in the current study remained within normal limits
(<10 pg·mL−1), and were comparable to values observed (~11.0 ± 5.0 pg·mL−1) for healthy volunteers
with similar fitness levels [14,39,40]. This is in contrast to our hypothesis that plasma endotoxin units
would be raised following repetitive endurance exercise as evidenced elsewhere [13,15]. However,
the range for endotoxin units was 3.03–27.75 pg·mL−1, indicating that if “low grade endotoxemia”
does occur at values >10–50 pg·mL−1, then some individuals may be susceptible to repeated exposure.

LPS translocation across the GI tract is known to provoke systemic immune reactions with varied
consequences [41]. Specifically, LPS attachment to LPS-binding protein and its transference to an
MD-2/toll-like receptor (TLR) 4/CD14 complex activates NF-kappa-B and various inflammatory
modulators (TNF-α, IL-1β, IL-6 and CRP). This is considered a protective mechanism acting to
minimise bacterial entry across the GI tract. Under normal physiological conditions, endotoxins from
gram negative bacteria are usually contained locally, with only relatively small quantities entering
the systemic circulation. However, when GI defences are either disrupted (i.e., luminal damage from
exercise) or LPS “sensing” is “overloaded” a heightened inflammatory response may result which
could, in part, relate to GI symptoms associated with exercise [42]. This could have implications
to daily recovery mechanisms throughout prolonged training periods, and in the days following
ultra-endurance events.

The use of a 12-week LAB4 strategy reduced average endotoxin units by 26.0%, but was not
statistically significant. In contrast, the LAB4

ANTI intervention resulted in a significant 46.6% reduction
in endotoxin units, with pre-race levels in this group reducing to 4.37± 0.51 pg·mL−1. These levels
are comparable to resting values observed in trained athletes elsewhere at ~3.8 ± 2.0 pg·mL−1 [13],
and could have important implications for those individuals with previously raised endotoxin levels
(e.g., >20 pg·mL−1) or who are more susceptible to training related GI symptoms. Whilst the general
trend in IgG anti-EU supported these findings, the inter-individual variability observed resulted in
non-significant findings. It was noted that average IgG anti-EU levels for LAB4

ANTI were, however,
significantly lower than both LAB4 and PL. Although this possibly indicates an adaptive response in
this group, IgG anti-EU ranges observed were comparable to those reported elsewhere [43] and most
likely reflect variance in relation to individual gut microbiota profiles.

Altered GI permeability was only observed in the PL condition, which whilst not reaching clinical
significance (i.e., L:M ≥ 0.09; [44,45]), represented a 4.2 fold increase over the intervention and recovery
periods (compared to a 0.7 fold increase in the L:M ratio for LAB4

ANTI and 0.6 fold increase for
LAB4). Additionally, both GI symptom count and severity were significantly lower in both LAB4

interventions compared with PL by the end of the training period, observations similar to those
reported elsewhere employing probiotic strategies [21,46,47]. Collectively, these results support the
contention that a multistrain pro/prebiotic intervention maintains tight junction stability, potentially
through interference with phosphorylation processes. Although this supports previous findings [26,48],
such strategies may only apply to chronic interventions, as recent research has demonstrated no impact
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of acute (7 days) probiotic use on endotoxin levels following endurance exercise at 60%VO2max under
ambient or heat-stressed conditions [49].

Studies have demonstrated that regular use of probiotics can improve epithelial resistance
by establishing competitive “biofilm” activity. Indeed, as LPS types vary across gram-negative
bacteria species, some LPS are poorly sensed by TLR4 and may have more direct impact on NF-κ-B
activation [50]. Therefore, direct exclusion of LPS translocation through maintained epithelial integrity
and/or increased preponderance of gram-positive genera may offer potential therapeutic benefit [51].
Specifically, the provision of Lactobacillus genus may work by activating TLR2 and hence more
favourable innate immune responses [52–54]. Additionally the use of a 14 week multistrain probiotic
strategy significantly decreased faecal zonulin levels elsewhere, supporting improved tight junction
stability [26].

However, effects of probiotics are strain specific. The product used in the current study does not
appear to have been used in a training context previously. Clinical trials, however, have demonstrated
that the inclusion of the Lactobacillus strains CUL-60 and CUL-21 modulated the facultative anaerobes
(Enterobacteriaceae, Enteroccus/Streptococcus and Staphylococcus species) during antibiotic therapy [24,55].
Two other papers utilizing similar dosages to the current study also indicate that the CUL-60 and
CUL-21 strains prevented an increase in antibiotic resistant Enterococci and reduced the incidence
of Clostridium difficle toxins [25,56]. Future research should address strain specific colonization and
impact on gut microbiota, which may explain inter-individual differences particularly in athletes.

The inclusion of Bifidobacterium and prebiotics (e.g., inulin, galacto- or fructo-oligosaccharides
[FOS]) in such formulas may also provide additional benefits. Studies have demonstrated a significant
increase in short-chain fatty acids (SCFA), with prebiotic use additionally supporting increased
Bifidobacteria growth, and decreased levels of bacteriodes and Fermicutes phyla [57–61]. Additionally,
prebiotic use has been shown to improve mucosal dendritic cell function associated with TLR2
activity [62], and increase the expression of glucagon-like peptide 2, associated with GI barrier
regulation [59]. Although low dose FOS was employed in the current study, the “synbiotic” effect with
a multistrain probiotic formula has been shown to confer improvements in gastrointestinal well-being
elsewhere [63].

In the current study, a combined antioxidant in conjunction with a multistrain pro/prebiotic
strategy appeared to confer an additive effect through reduced endotoxin unit levels at the end
of the 12-week training period, as well as six days post-race. Specifically, alpha lipoic acid acts
as a multi-functional antioxidant through rapid regeneration of glutathione [64,65]. GI epithelial
damage may be directly associated with oxidative stress from GI ischemia (particularly hydrogen
peroxide), and in extreme cases may lead to ischemic colitis or infarct tissue [66]. Endogenous
glutathione peroxidase may be a crucial enzyme in the protection of the intestinal lumen from repetitive
damage [67]. Alpha lipoic acid, along with N-acetyl-carnitine, may therefore act in a local antioxidant
manner, and via phosphoinositide 3-kinase/Akt signalling may down-regulate LPS stimulation of
NF-κ-B [68–70]. Other dietary antioxidants such as ascorbic acid have been shown to blunt the
endotoxin response to exercise, but with secondary effects on ascorbate radical production [28].
Various flavonoids (e.g., quercetin found in onions) and isoflavones (e.g., genistein found in soybeans)
have been shown to inhibit protein kinase C and protein tyrosine kinases respectively, although the
use of 2 g·day−1 quercetin for seven days was also shown to block the rise in heat shock protein 70,
potentially restricting thermotolerant adaptation [71].

To date, only two studies appear to have assessed endotoxin levels in the hours/days following
ultra-endurance events. Subclinical symptoms associated with exercise-mediated endotoxemia may
vary in both severity and duration (possibly lasting several days). One study demonstrated raised (but
effectively normal) endotoxin levels at 16 h following an ironman triathlon, but did not assess return
to baseline levels [9]. A further study demonstrated that endotoxin levels had returned to baseline
1–3 weeks post event, reflecting the exhaustive nature of the event [10]. A limitation of the current
study was the logistical difficulty of collecting samples immediately or 24 h post event. With varying
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individual travel plans, participants were instructed to rest in the 5 days post-race. At six days post-race,
endotoxin units remained unchanged with PL (8.02 ± 1.14 pg·mL−1), but were significantly lower
for both intervention groups (5.18 ± 0.57 pg·mL−1 for LAB4

ANTI, and 5.01 ± 0.28 pg·mL−1 for LAB4).
This represented an overall reduction in endotoxin units from baseline of 36.8% for LAB4

ANTI and
43.9% for LAB4 strategies. Although cytokine profiles were not assessed in the current study, a general
reduction in endotoxin levels via pro/prebiotic/antioxidant combinations may have important benefits
in minimizing low grade cytokinemia from endurance exercise [72,73].

The use of LAB4
ANTI or LAB4 did not significantly improve times within-race only in direct

comparison to PL. This is despite a 6.5% (~56 min) faster overall time for LAB4
ANTI compared to PL,

and 10.0% (~86 min) faster for LAB4 compared to PL. This did not reflect our original hypothesis,
and likely reflects the wider variance in capabilities observed with “recreationally trained” individuals.
However, it was noted that faster times were reported for LAB4 during both swim and cycle stages,
with a trend towards an overall difference compared to PL (p = 0.058). It is acknowledged that
exercise performance was not assessed in the current study as baseline measures could not be
ascertained. As participants were entering their first long distance triathlon, comparison between
groups only provided an insight into whether either intervention strategy offered potential race
benefits. Future research should focus on whether combined pro/prebiotic/antioxidant strategies
offer direct performance benefits in controlled settings, particularly in individuals more susceptible to
GI related issues.

5. Conclusions

Chronic multistrain pro/prebiotic supplementation during periods of endurance training may
provide individual support to minimise GI symptoms through maintenance of intestinal permeability.
The inclusion of an antioxidant strategy (e.g., α-lipoic acid/N-acetyl carnitine) may confer additive
benefits via reductions in training-related endotoxin unit levels. In a recreationally trained cohort,
LAB4

ANTI or LAB4 strategies did not influence race times in direct comparison to a control group also
undertaking their first long distance triathlon. Combined pro/prebiotic/antioxidant strategies may
have important implications for individuals undertaking endurance training, particularly those more
susceptible to GI symptoms.
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SUMMARY

Background
The efficacy of probiotics in alleviating the symptoms of irritable bowel
syndrome (IBS) appears to be both strain- and dose-related.

Aim

To investigate the effect of LAB4, a multistrain probiotic preparation on
symptoms of IBS. This probiotic preparation has not previously been
assessed in IBS.

Methods
Fifty-two participants with IBS, as defined by the Rome II criteria, par-
ticipated in this double blind, randomized, placebo-controlled study.
Participants were randomized to receive either a probiotic preparation
comprising two strains of Lactobacillus acidophilus CUL60 (NCIMB
30157) and CUL21 (NCIMB 30156), Bifidobacterium lactis CUL34
(NCIMB 30172) and Bifidobacterium bifidum CUL20 (NCIMB 30153) at a
total of 2.5 · 1010 cfu ⁄capsule or a placebo for 8 weeks. Participants
reported their IBS symptoms using a questionnaire fortnightly during
the intervention and at 2 weeks post-intervention.

Results
A significantly greater improvement in the Symptom Severity Score of
IBS and in scores for quality of life, days with pain and satisfaction
with bowel habit was observed over the 8-week intervention period in
the volunteers receiving the probiotic preparation than in the placebo
group.

Conclusion
LAB4 multistrain probiotic supplement may benefit subjects with IBS.

Aliment Pharmacol Ther 29, 97–103

Alimentary Pharmacology & Therapeutics

ª 2008 The Authors 97
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INTRODUCTION

Irritable bowel syndrome (IBS) is a chronic relapsing

gastrointestinal condition characterized by abdominal

discomfort, bloating and changes in bowel habit. It has

a significant negative impact on quality of life and

social functioning, but does not lead to the development

of serious disease and associated mortality. Neverthe-

less, IBS does generate significant direct and indirect

healthcare costs.1 IBS symptom pathogenesis is far from

clearly defined and most hypotheses focus on one or

more of the following: altered intraluminal milieu,

immune activation, enteric neuromuscular dysfunction

and ⁄or brain–gut axis dysregulation. It has been pro-

posed that IBS may result from a dysfunctional interac-

tion between the indigenous flora and the intestinal

mucosa leading to immune activation in the colonic

mucosa.2 Changes in the colonic microbiota could result

in the proliferation of gas-producing organisms or in

organisms that facilitate deconjugation of bile acids

thereby impacting upon water and electrolyte transport

within the colon. Alleviation of the symptoms of the

bacterial overgrowth (small intestinal bacterial over-

growth) observed in some IBS sufferers by the use of

antibiotics also provides evidence for the contribution

of microbial abnormalities to IBS symptoms.3

Dysregulation of the microbiota is also linked to the

growing evidence for the onset of IBS following an

attack of acute gastroenteritis, which is associated with

on-going inflammation induced by the infecting

organisms.4

Pharmacological therapy for IBS has primarily tar-

geted individual symptoms by means of antidiarrhoe-

als, laxatives and antispasmodics with some successes

using antidepressants and serotonergic agents, but the

latter are associated with some safety issues.5, 6 Suc-

cess with these drugs has been limited and although

potential therapeutic targets have been identified, new

drugs are not available, which has led many IBS suf-

ferers to seek alternative remedies.

Data are accumulating to suggest that the use of

probiotic-based products may be beneficial for the

control of IBS symptoms. Probiotics are live micro-

organisms which, when administered in adequate

amounts, confer health benefits on the host.6

Quigley and Flourie7 reviewed the use and efficacy

of probiotics in IBS and suggested a clear rationale for

probiotic usage in response to a dysfunctional rela-

tionship between the indigenous microbiota and the

host. The authors further suggested the feasibility of

probiotics for bacterial displacement and alteration of

luminal content. However, clarification is required

regarding the need for clear definition of strains, dos-

age and viability of the probiotic organisms in use.

The probiotic product used in this study comprises a

consortium of lactobacillus and bifidobacterial organ-

isms. Kassinen et al.8 have shown that both the lacto-

bacillus and the bifidobacterial components of the

microbiota of IBS sufferers were present in lower num-

bers than in the controls suggesting a value for inter-

vention strategies comprising both organisms. The

consortium and dose used in this study had previously

proved effective in both prevention of Clostridium dif-

ficile in vivo8, 9 and the modulation of the composition

of the intestinal re-growth population following anti-

biotic therapy.10, 11

The aim of this randomized, double-blind placebo-

controlled trial was to assess the potential of the LAB4

multistrain probiotic (comprising two strains of Lacto-

bacillus acidophilus CUL60 and CUL21 together with

Bifidobacterium lactis CUL34 and Bifidobacterium

bifidum CUL20) to attenuate the symptoms of IBS.

MATERIALS AND METHODS

Participants

Ethical approval for this study was granted by The

University of Sheffield Research Ethics Committee (Ref.:

SMBRER 13). Volunteers reporting active IBS symptoms

were recruited to the study through advertisements in a

local newspaper and posters placed around The Univer-

sity of Sheffield. Volunteers were informed at recruit-

ment that the study was to investigate the effect of a

probiotic on the symptoms of IBS in accordance with

ethical requirements. Subjects were excluded if they had

a history of abdominal surgery, were pregnant or lactat-

ing, had other gastrointestinal disorders, were already

taking prebiotic or probiotic products or were receiving

medication for symptoms of IBS. All volunteers reported

a previous diagnosis of IBS by their general practitioner

(GP), but GP records were not checked. Self-reported

symptoms of IBS were used to confirm the presence of

IBS according to the Rome II criteria.12 Volunteers

provided written, informed consent.

Study design

This was a double-blind placebo-controlled study to

evaluate the efficacy of a multistrain probiotic
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preparation in the treatment of IBS. The study was

conducted over a 10-week period. Subjects were asked

to complete a validated questionnaire to assess IBS

symptoms13 at baseline (0) and fortnightly throughout

an 8-week intervention (2, 4, 6 and 8). IBS symptoms

were again assessed at week 10 to investigate if there

was an effect beyond the period of supplementation.

The questionnaire assesses severity and duration of

abdominal pain (abdominal pain, days with pain),

abdominal distension (bloating), satisfaction with

bowel habits (bowel habit) and quality of life. Volun-

teers were asked to record the number of days they

had experienced abdominal pain over the previous

2 weeks and then this was calculated as a percentage.

All other components were assessed using a visual

analogue scale and scored out of 100. Individual

scores were combined to give the total Symptom

Severity Score with a maximum score of 500. This

score classifies subjects as having no symptoms (<75),

mild (75–175), moderate (175–300) or severe IBS

(>300). The questionnaire has been shown to be repro-

ducible, sensitive to change and is easy to complete.13

The primary endpoint was the IBS Symptom Severity

Score during the intervention and follow up and its

components were the secondary endpoints.

Sample size and randomization

Fifty-six subjects were recruited to the study and ran-

domized (stratified by age and gender) to receive pro-

biotic treatment (n = 28) and placebo treatment

(n = 28). The sample size was calculated based on a

15% reduction in severity of symptoms. It was calcu-

lated that 50 subjects (25 in each group of the study)

were needed to detect a difference between the two

groups with a power of 80% at the 5% level of statisti-

cal significance. The sample size was increased to 56

subjects to allow for just over 10% drop out rate.

Probiotic intervention

The probiotic and the placebo preparations were pre-

pared as identically packaged, cellulose capsules by

Cultech Ltd, Port Talbot, UK. The probiotic preparation

contained two strains of L. acidophilus, CUL-60

(NCIMB 30157), CUL-21(NCIMB 30156), B. bifidum

CUL-20 (NCIMB 30153) and B. lactis CUL-34 (NCIMB

30172) at a total of 2.5 · 1010 colony forming units

(cfu) per capsule. The placebo contained 300 mg mal-

todextrin. Volunteers were instructed to ingest one

capsule per day with water for 8 weeks. Compliance

was assessed by counting the number of capsules

remaining at the end of the intervention and checked

against self-reported capsule diaries.

Compliance

Of the fifty-six volunteers recruited, four subjects in

the placebo arm withdrew from the study (one due to

ill health, two for deviation from protocol and one for

unknown reasons) (Figure 1). Fifty-two subjects partic-

ipated in the intervention comprising 28 subjects in

the treatment group and 24 subjects in the control

group (Table 1). Four subjects (two in each treatment

arm) failed to return all the questionnaires.

Side effects

One subject in the treatment group reported an

increase in flatulence throughout the duration of the

study. No other side-effects were reported.

Statistical analysis

The primary and secondary endpoints were analysed

by an ANOVA model with repeated measurements. In this

model, the baseline measurement of an endpoint, treat-

ment, time and interaction between time and treatment

were treated as fixed effects whereas the subject was

treated as a random effect. During the trial, four sub-

jects failed to complete all questionnaires, resulting

in some incomplete observations. These incomplete

Table 1. Baseline characteristics of the study population.

Probiotic Placebo

No. of subjects 28 24
Female % (n) 89 (25) 83 (20)
Mean age in years � s.d. 40 (12) 38 (11)
Predominant bowel habit % (n)

Alternating 61 (17) 62.5 (15)
Constipation 29 (8) 25 (6)
Diarrhoea 11 (3) 12.5 (3)

Mean IBS severity score � s.d. 283 � 61 252 � 60
IBS classification % (n)

Mild 7 (2) 12.5 (3)
Moderate 57 (16) 75 (18)
Severe 36 (10) 12.5 (3)

IBS, irritable bowel syndrome.
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observations are not imputed but are assumed to be

missing at random in the ANOVA model analysis. The

estimated treatment differences from the ANOVA model

are therefore reported together with their 95% confi-

dence intervals. Reported P-values are two-sided and a

P-value of <0.05 was considered statistically signifi-

cant and all statistical analyses were carried out by

using the Statistical Analysis System (SAS) version 9.1

(SAS Institute, Inc., Cary, NC, USA).

RESULTS

The demographic and baseline characteristics of the

subjects are shown in Table 1. The two groups of sub-

jects were similar in terms of age, gender, type of bowel

habit and symptoms. Subjects receiving the probiotic

preparation had a higher IBS severity score at baseline

than the subjects receiving placebo (mean � s.d.

283 � 61 vs. 252 � 60 respectively).

Significant improvements from baseline for Symp-

tom Severity Score were seen throughout the interven-

tion period in both active and placebo groups from

weeks 2 to 10 (Table 2). The overall P-value for the

ANOVA analysis evaluating all time points was 0.0008.

More detailed analysis of these symptoms showed that

significant improvements from the baseline were

reported in quality of life and satisfaction with bowel

habit in both groups throughout the study. Abdominal

pain ⁄bloating symptoms did not show significant

improvements from the baseline in the probiotic group

until week 4 (P = 0.0002; LS mean )16.10; 95% CI:

)24.64 to )7.56) of intervention and that in the pla-

cebo group, significant improvements in these symp-

toms were only recorded at week 6 (P = 0.0218; LS

mean )11.04; 95% CI: )20.46 to )1.62) and week 8

(P = 0.0028; LS mean )14.74; 95% CI: )24.38 to

)5.11). The number of days with pain improved sig-

nificantly by week 2 in the probiotic group

(P = 0.0176; LS mean )8.46; 95% CI: )15.44 to

)1.49), but did not reduce significantly for the placebo

group until 4 weeks into the study (P = 0.0058; LS

mean )10.64; 95% CI: )18.17 to )3.11). The severity

of abdominal pain reduced significantly in both

groups from week 4 onwards (probiotic: P < 0.0001,

LS mean )19.05, 95% CI: )27.41 to )10.70; placebo:
P = 0.0185, LS mean )10.88, 95% CI: )19.93 to

)1.84). The overall placebo effect for the Symptom

Severity Score in this study was 33% ranging from

23% to 45% for the individual symptoms.

Comparison of the effectiveness of the probiotic in

the presence of significant placebo effect in this study

showed a significant difference in the Symptom Sever-

ity Score in favour of the probiotic at 6 weeks

(P = 0.0347; difference between groups: )47.82; 95%

CI: )92.18 to )3.4) and 8 weeks (P = 0.0217; differ-

ence between groups: )52.73; 95% CI: )97.67 to

)7.78) but by 2 weeks postintervention, no significant

differences could be detected between the probiotic

and placebo groups (Figure 2).

Figure 3 shows that greater improvements were

recorded for all symptoms for the probiotic group than

for the placebo group throughout the study.

Table 2. Symptom severity at baseline and change in symptom severity in treatment and placebo group at weeks 8 and 10
(2 weeks postintervention)

Baseline
(mean � s.d.)

Week 8
(mean � s.d.)

Change at
week 8 P-value

Week 10
(mean � s.d.)

Change at
week 10 P-value

Placebo group
Symptom Severity Score 252.08 � 59.92 172.00 � 99.51 )80.66 <0.0001 193.41 � 75.49 )59.25 0.0005
Abdominal distension ⁄bloating 46.71 � 21.83 32.05 � 29.64 )14.74 0.0028 39.27 � 25.00 )7.52 0.1259
Satisfaction with bowel habit 68.04 � 20.08 44.36 � 21.60 )24.41 <0.0001 48.68 � 17.15 )20.09 <0.0001
Number of days with pain 42.67 � 23.74 27.68 � 23.31 )14.27 0.0004 32.14 � 22.52 )9.82 0.0148
Quality of life 61.88 � 11.64 47.41 � 17.58 )16.07 <0.0001 48.59 � 14.40 )14.89 0.0001
Abdominal pain 32.79 � 15.04 20.50 � 26.05 )16.16 0.0009 24.73 � 23.59 )11.94 0.0134

Active group
Symptom Severity Score 282.68 � 60.59 150.23 � 101.96 )133.39 <0.0001 189.19 � 84.28 )94.43 <0.0001
Abdominal distension ⁄bloating 48.54 � 25.77 25.88 � 25.05 )22.80 <0.0001 36.65 � 23.51 )12.04 0.0080
Satisfaction with bowel habit 73.39 � 17.73 39.65 � 23.83 )32.34 <0.0001 48.38 � 20.01 )23.61 <0.0001
Number of days with pain 48.64 � 21.81 26.12 � 24.29 )22.94 <0.0001 28.27 � 21.09 )20.79 <0.0001
Quality of life 67.61 � 15.70 37.50 � 22.40 )29.65 <0.0001 48.58 � 19.81 )18.57 <0.0001
Abdominal pain 44.50 � 18.03 21.08 � 24.06 )21.20 <0.0001 27.31 � 21.09 )14.97 0.0008
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Significant improvements in quality of life (Fig-

ure 3a) were recorded for those receiving the probiotic

at the end of the intervention period (P = 0.0068; dif-

ference between groups: )13.58; 95% CI: )23.38 to

)3.78 at week 8) and this was associated with signifi-

cantly improved satisfaction with bowel habit (Fig-

ure 3c) for the probiotic subjects over the placebo

group at 6 weeks (P = 0.0422; difference between

groups: )11.05; 95% CI: )21.70 to )0.39).
The number of days with pain (Figure 3d) recorded

was significantly lower in the probiotic group at week

10 than in the placebo group (P = 0.0448; difference

between groups: )10.97; 95% CI: )21.69 to )0.26).

DISCUSSION

Significant differences in the Symptom Severity Score

were recorded between the probiotic and placebo

groups correlating with improved quality of life and

bowel habit together with fewer numbers of days with

pain for the probiotic group. No differences in abdom-

inal pain or bloating were discernible between the two

groups. The use of the probiotic was well tolerated and

free from significant adverse effects. The effect of the

probiotic on the different groups of bowel habit could

not be ascertained in this study because of lack of

numbers in each group.

The overall placebo response rate observed in this

study (33%) is comparable with that seen in many

other IBS studies. Patel et al.14 concluded that placebo

effects in IBS clinical trials measuring global outcome

were highly variable ranging from 16 to 71%, whereas

Dorn et al.15 found a placebo response rate of 42.6% in

complementary and alternative medicine IBS trials.

Several factors are thought to contribute towards the

placebo effect including Pavlovian conditioning and

the expectation of a positive outcome.16 In this trial

all, volunteers had been informed that the purpose of

the study was to investigate the possible benefits of a

probiotic preparation, although they knew that they

may be receiving a placebo. Owing to the nature of the

intervention the volunteers may have been anticipating

an improvement in their IBS symptoms which is likely

to have contributed towards the placebo effect.

Several randomized controlled trials (RCTs) have

been set up with IBS sufferers to assess the efficacy of

multistrain probiotic preparations containing a variety

of organisms at different doses and for different study

periods and the responses have been variable. Most of

the products provided daily doses in the range of

5–9 · 109 cfu and, in most cases, reductions in symp-

tom severity score were observed17–21 and some, but

not all, of the products significantly reduced abdomi-

nal pain symptoms. Guyonnet et al.22 demonstrated

improvements in symptoms among a constipation-pre-

dominant group of IBS sufferers receiving a daily

dose of 2.5 · 1010 cfu of Bifidobacterium animalisRecruited & randomized to
treatment

n = 56

Allocated to
probiotic intervention

n = 28

Allocated to
placebo intervention

n = 28

Included in analysis
n = 28

Included in analysis
n = 24

Withdrew
from study

n = 4

Figure 1. Flow chart of subject progression through the
study.
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Figure 2. Effects of LAB4 multistrain probiotic on Symp-
tom Severity Score in subjects with irritable bowel syn-
drome. There was a reduction in total symptom severity
(mean) after the probiotic intervention (h) and in control
(n) groups from baseline. Repeat measures analysis
showed that there was a significant difference between
the treatment groups (*P < 0.05).
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DN-173010, Streptococcus thermophilus and Lactoba-

cillus bulgaricus for a period of 6 weeks.

O’Mahoney et al.23 demonstrated greater IBS symp-

tom relief with the administration of Bifidobacterium

infantis rather than Lactobacillus salivarius as single

strain products and the results of Whorwell et al.24

indicated that there may be a dose responsiveness to

the administration of B. infantis (but formulation

issues with the higher dosage in this study necessitate

further clarification). Reduction in abdominal pain was

demonstrated during an RCT with L. acidophilus-SDC

2012, 2013 at a daily dosage of 2 · 109 cfu by Sinn

et al.25, whereas in the current study with the LAB4

consortium, there was a significant reduction observed

in the number of days with pain for the probiotic group.

Rousseaux et al.26 demonstrated that L. acidophilus

NCFM induced MOR1 and CB2 expression through the

NF-jB pathway when in contact with epithelial cells,
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Figure 3. Change (mean) in scores for (a) quality of life, (b) bloating, (c) satisfaction with bowel habit, (d) days with pain
and (e) abdominal pain during the 10-week study (*P < 0.05).
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which contributes to the modulation of visceral pain.

This potential of L. acidophilus to alleviate pain

supports the reduction in days of pain observed for the

IBS sufferers receiving the LAB4 product.

In conclusion, this study shows the potential benefit

of the LAB4 multistrain probiotic supplement at a

daily dosage of 2.5 · 1010 cfu in the management of

IBS. Future studies will aim to identify the mechanism

of the probiotics’ potential beneficial effect.
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Summary. Colonic infection with Clostridium difficile, leading to pseudomem-
branous colitis, is a common complication of antibiotic therapy, especially in eld-
erly patients. It has been suggested that non-pathogenic probiotic bacteria might
prevent the development and recurrence of C. difficile infection. This double-blind,
placebo-controlled study examines the role of probiotic administration in the pre-
vention of C. difficile-associated diarrhoea (CDAD) in elderly patients receiving
antibiotic therapy. Consecutive patients (150) receiving antibiotic therapy were
randomised to receive either a probiotic containing both Lactobacillus and
Bifidobacterium or placebo for 20 days. Upon admission to hospital, bowel habit
was recorded and a faecal sample taken. Trial probiotic or placebo was taken
within 72 h of prescription of antibiotics, and a second stool sample was taken in
the event of development of diarrhoea during hospitalisation or after discharge. Of
the randomised patients, 138 completed the study, 69 with probiotics in conjunc-
tion with antibiotics and 69 with antibiotics alone. On the basis of development of
diarrhoea, the incidence of samples positive for C. difficile-associated toxins was
2.9% in the probiotic group compared with 7.25% in the placebo-control group.
When samples from all patients were tested (rather than just those developing diar-
rhoea) 46% of probiotic patients were toxin-positive compared with 78% of the
placebo group. [Int Microbiol 2004; 7(1):59–62]

Key words: Clostridium difficile · probiotic · antibiotic-therapy · diarrhoea

Clostridium difficile pilot
study: effects of probiotic 
supplementation on 
the incidence of C. difficile 
diarrhoea

Introduction

Clostridium difficile is a gram-positive, anaerobic bacillus
that colonises the human large intestine, and produces at least
two exotoxins: toxin A, which is primarily an enterotoxin,
and toxin B, a cytotoxin. Colonisation by this organism and
subsequent infection occur in response to disruption of the
stability of the indigenous microflora. The altered colonisa-
tion resistance frequently occurs following antibiotic therapy
in hospitalised patients [12]. Finegold [4] claimed that all
antimicrobial agents (with the exception of vancomycin and
parenterally administered aminoglycosides) have been docu-
mented as pre-disposing patients to susceptibility to C. diffi-

cile infection. Responses to colonisation of the large intestine
by C. difficile vary from asymptomatic, to mild diarrhoea,
through to pseudomembranous colitis.

C. difficile is one of the most common causes of infec-
tious diarrhoea in hospitals and nursing homes [10] and is the
leading cause of nosocomially acquired intestinal infections
in the USA [16]. Within hospitals, the extensive use of antibi-
otics, together with the inherent environmental contamina-
tion provides sources of cross-infection. Prevalence of C. dif-
ficile in the general environment is far lower than in health-
care facilities. A single case of C. difficile-associated diar-
rhoea per 15,000 out-patients has been recorded, but up to
20% of in-patients may be colonised by C. difficile.

The financial burden associated with C. difficile infections
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is substantial for hospitals. Recurrence of symptoms follow-
ing treatment of the infection is a particular problem with 5 to
66% of patients suffering from recurrences [16,18]. Jones and
MacGowan [7] stated that, despite the issue of guidelines
[DoH/PHLS, 1994 (Department of Health/Public Health
Laboratory Service)] regarding the management and preven-
tion of C. difficile infections, the problems continue and the
authors suggested that the prophylactic use of biotherapies
might be necessary to increase colonisation resistance.

Biotherapy (therapy involving probiotics) is emerging as
a potential means of controlling C. difficile diarrhoeal recur-
rences, and promising results have been found when a stool
sample was directly donated by colonoscopy [14] and when
a non-pathogenic yeast (Saccharomyces boulardii) was used
to treat C. difficile-infected rats and rabbits [2]. The role of
the probiotic organisms is to restore the colonisation resist-
ance of the normal flora, disrupted by the effects of antibiotic
therapy, in order to prevent re-infection by C. difficile [9]. In
this study, the emphasis is on the use of the probiotic product
to prevent the initial infection and, thereby, minimise cross
contamination and contain the spread of infection.

Materials and methods

Trial design. The trial was a double blind, placebo-controlled study in the
departments of medicine and medicine for the elderly at Addenbrooke’s
Hospital, Cambridge. Patients with acute emergencies requiring treatment
with antibiotics participated in the study. Ethical approval was obtained from
the Cambridge Local Research Ethics Committee. Between March 1999 and
July 2000, 150 patients were recruited and 138 patients fulfilled the inclu-
sion criteria. For these patients, bowel habit on admission and prescribed
medication were recorded.

Randomisation. Trial participants were randomised on arrival at hospi-
tal (probiotic group 69, placebo group 69) and each patient received one cap-
sule/day for 20 days. The probiotic product (provided by Cultech, Swansea)
comprised 2×1010 cfu Lactobacillus acidophilus and Bifidobacterium
bifidum/capsule; the placebo comprised the inactive carrier. Trial treatments
started within 36 h of antibiotic prescription (1.12 days for patients taking
probiotics and 1.10 days for patients receiving placebo). Patients on a
course of antibiotics lasting longer than 20 days were withdrawn from the
trial, having had a final stool specimen collected.

Enumeration of Clostridium difficile. Faecal samples were enumer-
ated following alcohol shock treatment. Faecal material was mixed with
absolute alcohol (1:1, w/v), homogenised, and stored at 20°C for 60 min.
Dilution series set up anoxically in pre-reduced Maximum Recovery Diluent
(MRD, Oxoid, Basingstoke, UK) and appropriate dilutions plated onto
Clostridium difficile Agar (Oxoid) using a modified version (10×10 µl) of the
Miles and Misra plate count method [11]. Growth was recorded after 48 and
72 h incubation at 37°C. All presumptive C. difficile colonies were subcultured
onto anoxic blood agar for Gram staining, and all obligate anaerobic gram-pos-
itive rods were tested to confirm that they were catalase-negative. Colonies
were also tested using the Microscreen C. difficile Latex Slide Agglutination
test (Microgen Bioproducts, Camberley, Surrey, UK) and/or API ID32A
(Biomérieux, France). Samples positive for C. difficile were tested for the pres-
ence of C. difficile toxins A and B using an enzyme immunoassay kit
(Ridascreen C. difficile toxin A/B, R-Biopharm, Darmstadt, Germany).

Statistical analysis. The trial was set up on the basis of a power calcu-
lation which estimated that, for an expected incidence rate of C. difficile
infection of 10%, 400 patients would need to be recruited to show a 50% dif-
ference between the probiotic and the placebo in the prevention of C. diffi-
cile infection. The recruitment did not reach the required levels, which has
made statistical analysis of the data limited. The data have been analysed
using the methods of Newcombe [13] to determine confidence intervals for
differences between proportions..

Results and Discussion

On arrival in hospital, patients were randomly allocated to
receive probiotic or placebo in conjunction with their antibi-
otic therapy. Whilst on the ward, all episodes of diarrhoea
were recorded, as is normal practice, and samples were sent
to the hospital labs for typing. Unfortunately, it was not pos-
sible to achieve the required recruitment level during the
course of this study so the final numbers were lower than had
been indicated by the power calculation.

In addition to the standard hospital procedure of testing fol-
lowing the occurrence of diarrhoea, all participants in the trial
provided faecal samples for testing at the start of the trial and
following antibiotic therapy. On arrival at hospital, eight of the
138 participants (6%) were found to be carrying C. difficile
asymptomatically (Table 1) with only one developing diar-
rhoea whilst in hospital (patient 16, who arrived with high
numbers of C. difficile present). None of the patients tested
positive for C. difficile toxin on arrival. This more detailed
examination of the faecal samples from all patients (rather than
exclusively for the diarrhoea patients) indicated that the num-
bers of patients carrying C. difficile was comparable in both
groups, and such data (detailing presence of organisms) would
not be detected using standard procedures in the hospital.

Finegold [4] suggested that up to 3% of healthy adults
carry C. difficile, but many of the patients in this study may
have received antibiotic therapy prior to hospitalisation or
been hospitalised previously, which could have contributed to
the elevated carrier status. Linevsky and Kelly [10] suggested
that the asymptomatic carrier state may be due to toxin neutral-
isation rather than to the prevention of colonisation, as has
been found in animals [8]. During this study, it appeared that
there was an increase in C. difficile-associated problems fol-
lowing the admission of these asymptomatic carriers to hospi-
tal. In addition, the increase in the isolation rate of C. difficile
from patients following antibiotic therapy clearly indicated the
spread of this microorganism within the hospital environment.

Using the hospital-derived results to assess the 138
patients participating in the trial, 30 patients developed
symptoms of diarrhoea (22% incidence rate), 15 patients in
each treatment group. Analysis of the samples from these
patients showed that five patients in the placebo group and

PLUMMER ET AL.
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two of the patients in the probiotic group tested positive for
the presence of C. difficile toxin. Statistical analysis of these
results indicated that the proportion developing diarrhoea
positive for C. difficile-associated toxins was 4.35% lower in
the probiotic group (95% CI of –0.132 to 0.038).

There was a much greater proportion of patients positive
for the toxins in the placebo group than in the probiotic group
(which corresponds to the results obtained for diarrhoea
patients from the hospital labs). In the placebo group, there
appears to be a close relationship between the incidence of
diarrhoea and the presence of toxin but this was less apparent
among patients receiving probiotic. Thus, it would appear that
many of the patients receiving the probiotic product were in
the asymptomatic carrier state [10]. This may indicate the
potential mode of action of the probiotic, i.e. by achieving
some form of toxin neutralisation. Gorbach [6] found that
administration of Lactobacillus GG resulted in an increase in
the numbers of IgA- and other immunoglobulin-secreting cells
in the intestinal mucosa, producing an enhanced immune
response to the presence of C. difficile and/or its toxin. Such
a response could account for the greater incidence of asymp-
tomatic carriers observed among the probiotic group.

When the second faecal samples were analysed, C. diffi-
cile was detected in 20 of the 138 patients, four of whom had
tested C. difficile-positive on arrival. Nine of the patients
receiving placebo and 11 of the patients receiving probiotics
were carrying this organism (Table 2). Toxin testing of the
C. difficile-positive patients indicated that five of the 11 pro-
biotic patients (46%) were toxin-positive with two of the five
toxin-positive patients showing signs of diarrhoea. Seven of
the nine placebo patients carrying C. difficile (78%) were
toxin-positive, and six of these seven had diarrhoeal symp-
toms. Statistical analysis of the data obtained when all of the
samples were analysed indicated a 32% difference between
the detection of toxin among the C. difficile-positive placebo
group patients and the probiotic group patients (95% CI of
–0.096 to 0.61). There appeared to be an increased incidence

of C. difficile detection corresponding to the arrival of the
asymptomatic carriers at the hospital.

The fact that, more C. difficile-positive patients were
detected in the probiotic group than in the placebo group
again may support toxin neutralisation rather than prevention
of colonisation as the role of the probiotic organisms.

The participants in the trial were contacted following dis-
charge, and 14 of the patients reported incidences of diarrhoea
at home (9 placebo, 5 probiotic). Of these patients, however,
only one had tested positive for the presence of C. difficile
when the second faecal samples were analysed. In a trial with
Lactobacillus GG, Pochapin et al. [15] found that, for a group
of patients receiving either placebo or probiotic in conjunction
with their antibiotic therapy, 30% (3/10) of the patients in the
placebo group developed recurrent C. difficile-associated diar-
rhoea (CDAD) while none of the patients (0/6) in the probiot-
ic group suffered recurrent CDAD. However, for patients who
had previously suffered an episode of CDAD, the probiotic
product did not appear to exert any beneficial effect.

When the medical and financial implications of C. diffi-
cile diarrhoea were considered, Eriksson and Aronsson [3]
found that the median time for hospitalisation of the C. diffi-
cile patients was 50 days, compared with 14 days for unin-
fected controls. The mortality rates were 21% for the infect-
ed group and 7% for the control group (morbidity 14% and
4% respectively).

From the financial aspect, Spencer [17] suggested that the
major cost implications associated with C. difficile infec-
tion/outbreaks related to increased hospital stay, antibiotic
treatment, possible ward closure and loss of bed days to-
gether with infection control requirements. Wilcox et al. [18]
estimated that the average additional length of stay in hospi-
tal was 21.3 days longer for C. difficile patients, correspon-
ding to additional treatment costs per patient of £4,000. On
the basis of the hospital-derived results in this study, the five
placebo-group positive patients would have incurred an addi-
tional £20,000 expenditure whereas the probiotic group costs
would have been £8,000. If it is assumed that administration
of probiotic to all the patients in the trial incurred an addi-
tional cost of £2,000, the overall savings achieved from the
probiotic supplementation could have been £10,000, a 50%
reduction in costs.

PROBIOTIC SUPPLEMENTATION

Table 1. Patients presenting with Clostridium difficile on arrival at hospital

Patient Date of C. difficile viable
number admission number (cfu/g)

16 05/99 5.8×105

89 11/99 6.0×103

100 12/99 2.0×102

105 12/99 2.0×102

110 12/99 2.0×102

l13 01/00 6.0×103

119 01/00 4.0×102

136 03/00 2.0×103

Table 2. Results from second faecal samples collected following antibiotic
therapy

Placebo group Probiotic group

C. difficile positive 9 11
Toxin-positive 7 5
Diarrhoeal symptoms 6 2



200 ATRIUM INNOVATIONS RESEARCH COMPENDIUM | 2018

Pr
o

b
io

tic
s

62 INT. MICROBIOL. Vol. 7, 2004

In 1999, more than 15,000 cases of C. difficile were
reported in the National Health Service (NHS), which would
have cost more than £60 million to treat. If the findings of
this pilot study can be confirmed by a more extensive study,
treatment costs could be reduced by £30 million, and more
than 300,000 hospital-bed days could be made available. If,
with a larger study, the trends from this study are confirmed,
the justification for the use of probiotic therapy for all
patients receiving antibiotic therapy on admission to hospital
would be clearly evident.
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PLUMMER ET AL.

Estudio piloto de Clostridium difficile: efecto del aporte
suplementario de probióticos sobre la incidencia de
diarrea causada por C. difficile
Resumen. La infección de colon por Clostridium difficile, que produce
colitis pseudomembranosa, es una complicación frecuente en las terapias
con antibióticos, especialmente en pacientes de la tercera edad. Se ha sugeri-
do que las bacterias probióticas no patógenas podrían prevenir el desarrollo
de la infección por C. difficile. Este estudio de doble ciego con control me-
diante placebos examina la influencia de la administración de probióticos en
la prevención de diarrea asociada a C. difficile (CDAD) en pacientes de la
tercera edad sometidos a terapia con antibióticos. Se escogieron al azar 150
pacientes consecutivos sometidos a terapia con antibióticos y se les admi-
nistró aleatoriamente durante 20 días un probiótico que contenía
Lactobacillus y Bifidobacterium o un placebo. Tras su ingreso hospitalario,
se anotó su régimen intestinal y se tomó una muestra fecal. El probiótico o
el placebo se administró durante las 72 h primeras del tratamiento con
antibióticos, y se tomó una segunda muestra de heces en el caso de aparecer
diarrea durante la hospitalización o tras el alta médica. De los pacientes
escogidos, 138 completaron el estudio, 69 tratados con antibióticos y pro-
bióticos y 69 solamente con antibióticos. Entre los pacientes que tuvieron
diarrea, se encontró un 2,9% de muestras positivas para la toxina asociada a
C. difficile en el grupo tratado con probióticos, en comparación con el 7,25%
detectado en el grupo control tratado con placebo. Cuando se analizaron
muestras de todos los pacientes (no solamente los que tuvieron diarrea), un
46% de los pacientes tratados con probióticos dieron positivo para la toxina,
en comparación con el 78% del grupo tratado con placebo. [Int Microbiol
2004; 7(1):59–62]

Palabras clave: Clostridium difficile · probiótico · terapia antibiótica ·
diarrea 

Estudo piloto de Clostridium dificile: efeito da 
suplementação com probióticos sobre a incidência 
de diarréia causada por C. difficile
Resumo. A infecção do cólon por Clostridium difficile, derivando em col-
ite pseudomembranosa, é uma complicação comum nas terapias com
antibióticos, especialmente em pacientes na terceira idade. Tem sido sugeri-
do que as bactérias probióticas não patógenas poderiam ter um efeito preven-
tivo sobre o desenvolvimento da infecção por C.difficile. Este estudo, dupla-
mente cego, com controle mediante placebos, examina a influência da admin-
istração de probióticos sobre a prevenção de diarréia associada a C. difficile
(CDAD) em pacientes da terceira idade submetidos à terapia com antibióti-
cos. Foram escolhidos 150 pacientes submetidos à terapia com antibióticos e
se administrou, aleatoriamente, durante 20 dias um probiótico que continha
Lactobacillus e Bifidobacterium ou um placebo. Na admissão hospitalar
foram anotados o regime intestinal do paciente e foram colhidas amostra
fecal. Durante as primeiras 72 horas do tratamento com antibióticos foram
administrados conjuntamente probiótico ou placebo e foi tomada uma segun-
da amostra de fezes, caso o paciente desenvolvesse diarréia durante ou após
a alta médica. Dos pacientes escolhidos, 138 completaram o estudo, 69 trata-
dos com antibióticos e probióticos e 69 somente com antibióticos. Dentre os
pacientes que desenvolveram diarréia, foram encontradas 2,9% de amostras
positivas para a toxina associada a C. difficile no grupo tratado com probióti-
cos, em comparação com 7,25% detectado no grupo controle tratado com
placebo. Quando foram analisadas as amostras de todos os pacientes (não
somente os que desenvolveram diarréia), 46% dos pacientes tratados com
probióticos apresentaram positividade para a toxina em comparação com
78% do grupo tratado com placebo. [Int Microbiol 2004; 7(1):59–62]

Palavras chave: Clostridium difficile · probiótico · terapia antibiótica ·
diarréia
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Effect of probiotics on preventing disruption of the intestinal
microflora following antibiotic therapy: A double-blind,

placebo-controlled pilot study

Jennifer A.J. Maddena,b, Susan F. Plummera,T, James Tanga, Iveta Garaiovaa,
Nigel T. Plummera, Mary Herbisonb, John O. Hunterb, Takashi Shimadac,d,

Lei Chengd, Taro Shirakawad

aResearch and Development Division, Cultech Limited, York Chambers, York Street, Swansea, SA1 3NJ, UK
bDepartment of Gastroenterology, Addenbrooke’s Hospital, Cambridge, CB2 2QQ, UK

cCentral Research Laboratories, Nichinichi Pharmaceutical Co. Ltd., Mie 518-1417, Japan
dDepartment of Health Promotion and Human Behaviour, Kyoto University Graduate School of Public Health, Kyoto 606-8501, Japan
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Abstract

In this pilot-scale, double-blind, placebo-controlled trial, 30 patients with Helicobacter pylori infection were randomised
into three groups prior to their 7 days eradication therapy, to study the effects of probiotic supplement comprising Lactobacillus

acidophilus and Bifidobacterium bifidum on the intestinal microflora in response to antibiotic therapy. Group I received the
placebo product from day 1 to day 15, Group II received placebo from day 1 to day 7 and probiotics from day 8 to day 15 and
Group III received probiotics from day 1 to day 15. Patients provided stool samples for analysis on days 1, 7, 12, 17 and 27. For
patients in Groups I and II, significant increases in the facultative anaerobe component of the microflora occurred between days
1 and 7. In Group I, the numbers remained elevated to day 27 but in Group II, the numbers decreased significantly between days
7 and 27 back to the starting levels. In Group III, the facultative anaerobe population remained stable throughout. The total
anaerobe numbers increased significantly at day 27 than at day 1 for Group I, were unchanged throughout for Group II and
decreased significantly for the patients in Group III between days 1 and 7 before reverting to the starting levels by day 27. From
these results, it can be seen that probiotic supplementation modulates the response of the intestinal microflora to the effects of
antibiotic therapy.
D 2005 Elsevier B.V. All rights reserved.

Keywords: Probiotics; Antibiotics; Intestinal microflora; Lactic acid bacteria; Helicobacter pylori; Clinical trials
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Effects of probiotics on the composition of the intestinal microbiota
following antibiotic therapy
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Abstract

The effects of probiotic supplementation on the intestinal re-growth microbiota following antibiotic therapy were studied in a double-blind
placebo-controlled study. In the placebo group, numbers of facultative anaerobes and enterobacteria increased significantly, and at day 35 the
numbers were significantly higher in the placebo group than in the active group; in the active group, the numbers of bacteroides increased
significantly. Although the numbers of enterococci in both groups did not change, in the placebo group the number of patients harbouring
antibiotic-resistant enterococci post therapy increased significantly. There was no change in the incidence rate of antibiotic resistance among
the patients in the probiotic group.
© 2005 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

Keywords: Intestinal microbiota; Antibiotics; Probiotics; Antibiotic resistance

1. Introduction

The bacterial flora of the gastrointestinal tract play a
major role in human physiology, modulating metabolic and
immunological processes and providing colonisation resis-
tance, which is the prevention of overgrowth of opportunistic
microorganisms. Administration of antimicrobial agents,
whether therapeutically or prophylactically, disturbs the eco-
logical balance between the host and the normal microbiota
[1]. The extent of the disturbance depends on the nature of the
antimicrobial agent, the absorption, the route of elimination
and any potential enzymatic degradation and/or binding to
faecal material. However, predicting the effects of an antibi-
otic on the microbiota can be difficult due to the complex
relationships among the components of the microbiota [2].

∗ Corresponding author. Tel.: +44 1639 825100; fax: +44 1792 472466.
E-mail address: nsjl.plummers@virgin.net (S.F. Plummer).

Disturbance of the microbiota is frequently associated
with diarrhoea, gastritis, glossitis and pruritus [3] as well as
fungal infections. In addition, altered sensitivity to secondary
infection can occur. A single oral dose of streptomycin can
enhance susceptibility of laboratory animals to challenge
by Salmonella spp. by at least 100 000-fold [4]. Another
important and growing area of concern is the effect of
antibiotics on the colonisation resistance properties of the
indigenous microbiota resulting in the emergence and spread
of resistant strains between patients and the dissemination
of resistance determinants between microorganisms [1].
Reid and Friendship [5] state that in 1998 the World Health
Organization cited diarrhoeal diseases as the second most
common cause of disability-adjusted life-years lost and of
death (2.2 million). However, in many instances there is an
essential requirement for the administration of antibiotics,
and hence it is necessary to identify means of minimising the
adverse effects of antibiotics whilst maximising their poten-
tial benefits. One method is to select for antimicrobial agents

0924-8579/$ – see front matter © 2005 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
doi:10.1016/j.ijantimicag.2005.04.004
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a b s t r a c t

Ageing is associated with changes in the gut microbiome that may contribute to age-related changes in
cognition. Previous work has shown that dietary supplements with multi-species live microorganisms
can influence brain function, including induction of hippocampal synaptic plasticity and production of
brain derived neurotrophic factor, in both young and aged rodents. However, the effect of such dietary
supplements on memory processes has been less well documented, particularly in the context of aging.
The main aim of the present study was to examine the impact of a long-term dietary supplement with a
multi-species live Lactobacillus and Bifidobacteria mixture (Lactobacillus acidophilus CUL60, L. acidophilus
CUL21, Bifidobacterium bifidum CUL20 and B. lactis CUL34) on tests of memory and behavioural flexibility
in 15–17-month-old male rats. Following behavioural testing, the hippocampus and prefrontal cortex
was extracted and analysed ex vivo using 1H nuclear magnetic resonance (1H NMR) spectroscopy to
examine brain metabolites. The results showed a small beneficial effect of the dietary supplement on
watermaze spatial navigation and robust improvements in long-term object recognition memory and
short-term memory for object-in-place associations. Short–term object novelty and object temporal
order memory was not influenced by the dietary supplement in aging rats. 1H NMR analysis revealed
diet-related regional-specific changes in brain metabolites; which indicated changes in several pathways
contributing to modulation of neural signaling. These data suggest that chronic dietary supplement with
multi-species live microorganisms can alter brain metabolites in aging rats and have beneficial effects on
memory.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

An increasing body of evidence indicates that the bacterial con-
stituents of the gut microbiota can influence cognition and mood
behaviours, although the exact nature and mechanisms of action
remains to be determined (Burokas, Moloney, Dinan, & Cryan,
2015; Slyepchenko, Carvalho, Cha, Kasper, & McIntyre, 2014;
Tillisch et al., 2013). Communication between the gut and the brain
appears to be bidirectional and includes neural, endocrine,
immune and microbial metabolite pathways (Carabotti, Scirocco,
Maselli, & Severi, 2015). The gut microbiome is established in early
life and can be influenced by diet, infection, stress, medication and

aging (Distrutti et al., 2014; Hopkins, Sharp, & Macfarlane, 2001;
Scott et al., 2017; Yatsunenko et al., 2012). Indeed, dysregulation
of the composition of the gut microbiome has been linked with
psychiatric disorders, for example, major depressive disorder
(e.g., Kelly et al., 2016; Logan & Katzman, 2005; Zheng et al.,
2016). These findings have led to the hypothesis that manipulation
of the gut flora, for example by ‘‘probiotic” supplements (i.e., con-
sumption of gut bacteria that may convey health benefits), can
influence brain function in psychiatric conditions and aging indi-
viduals (Benton, Williams, & Brown, 2007; Distrutti et al., 2014;
Mello, Paroni, Daragjati, & Pilotto, 2016; Messaoudi et al., 2011;
Tillisch et al., 2013).

The gut microbiome changes with maturation, especially in the
elderly (Arboleya, Watkins, Stanton, & Ross, 2016; Claesson et al.,
2011; Leung & Thuret, 2015; Zapata & Quagliarello, 2015) and this
change may influence aspects of brain function and behaviour, for

http://dx.doi.org/10.1016/j.nlm.2017.05.015
1074-7427/� 2017 Elsevier Inc. All rights reserved.
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ORIGINAL ARTICLE

Probiotics and vitamin C for the prevention of respiratory
tract infections in children attending preschool: a randomised
controlled pilot study
I Garaiova1,7, J Muchová2,7, Z Nagyová3, D Wang4, JV Li5,6, Z Országhová2, DR Michael1, SF Plummer1 and Z Ďuračková2

BACKGROUND: This pilot study investigates the efficacy of a probiotic consortium (Lab4) in combination with vitamin C on the
prevention of respiratory tract infections in children attending preschool facilities.
SUBJECTS/METHODS: In a double-blind, randomised, placebo-controlled pilot study with children aged 3–6 years, 57 received
1.25 × 1010 colony-forming units of Lactobacillus acidophilus CUL21 (NCIMB 30156), Lactobacillus acidophilus CUL60 (NCIMB 30157),
Bifidobacterium bifidum CUL20 (NCIMB 30153) and Bifidobacterium animalis subsp. lactis CUL34 (NCIMB 30172) plus 50mg vitamin C
or a placebo daily for 6 months.
RESULTS: Significant reductions in the incidence rate of upper respiratory tract infection (URTI; 33%, P= 0.002), the number of days
with URTI symptoms (mean difference: − 21.0, 95% confidence interval (CI):− 35.9, − 6.0, P= 0.006) and the incidence rate of
absence from preschool (30%, P= 0.007) were observed in the active group compared with the placebo. The number of days of use
of antibiotics, painkillers, cough medicine or nasal sprays was lower in the active group and reached significance for use of cough
medicine (mean difference: − 6.6, 95% CI: − 12.9, − 0.3, P= 0.040). No significant differences were observed in the incidence rate
ratio or duration of lower respiratory tract infection or in the levels of plasma cytokines, salivary immunoglobulin A or urinary
metabolites.
CONCLUSIONS: Supplementation with a probiotic/vitamin C combination may be beneficial in the prevention and management
of URTIs.

European Journal of Clinical Nutrition advance online publication, 10 September 2014; doi:10.1038/ejcn.2014.174

INTRODUCTION
Respiratory tract infection (RTI) in children presents a considerable
health-care burden involving not only the cost of direct medical
care but also that incurred due to parental absence from work.1

Children attending preschool are three times more likely to suffer
an infection than those staying at home due to high transmission
rates within such facilities.2 RTIs can occur in the upper or lower
respiratory tract affecting the sinuses, throat, airways or lungs.
Antibiotics are administered for bacterial infections, but their
inadvertent use for viral infections is ineffective and can
contribute to antibiotic overuse and antibiotic resistance.3

Alternative strategies for the prevention of RTI in children
attending preschool are needed.4

Evidence suggests that supplementation with probiotics may
prevent upper respiratory tract infections (URTIs).5 Probiotics are
defined as ‘live microorganisms that when administered in
adequate amounts confer a health benefit on the host’.6 Some
studies using probiotics alone for children attending preschool
facilities have shown significant reductions in incidence and/or
duration of URTIs7–11 while others observed little or no effect.12,13

Meta-analysis of the results from supplementation with vitamin C
also suggests a beneficial effect on the duration of common cold
symptoms in children.14

Administration of Lactobacillus plantarum NCIMB 8826 or
Lactobacillus reuteri F275 prevented severe RTI in healthy mice
by reducing pro-inflammatory cytokine expression at the respira-
tory mucosa,15 and an ‘anti-inflammatory priming’ of immunity
has been observed in peripheral blood mononuclear cells
extracted from healthy humans supplemented with the Lab4
probiotic consortium.16 Vitamin C has also been shown to hinder
the pro-inflammatory cytokine response in monocytes and
lymphocytes extracted from healthy adults,17 but to date, no
studies have examined the effect of a probiotic and vitamin C
combination on RTI in preschool children. The objective of this
study was to investigate the impact of a probiotic consortium in
combination with vitamin C on both the incidence and duration of
RTIs and assess any associated immunological and metabolic
changes in children.

MATERIALS AND METHODS
Participants
Sixty-nine healthy children (3–6 years) attending preschool in Slovakia
were recruited into the study. Written informed consent was obtained
from parents or legal guardians prior to participation in the study. Children
were excluded if they were taking medication or immunostimulatory
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products or any form of probiotic prior to or at the time of enrolment or if
sensitive to xylitol/sorbitol. None of the children received the flu vaccine
during the study period.

Study design and intervention
A double-blinded, randomised, placebo-controlled study was conducted.
The protocol was approved by the Ethical Committee of the Department of
Health Care and Human Pharmacy, Trnava, Slovakia (16/09/2010) and
registered with Current Controlled Trials (ISRCTN28722693). During the
6-month intervention study period, children received daily either one
chewable tablet containing the Lab4 probiotic consortium comprising two
strains of Lactobacillus acidophilus CUL21 (NCIMB 30156) and CUL60 (NCIMB
30157), Bifidobacterium bifidum CUL20 (NCIMB 30153) and Bifidobacterium
animalis subsp. lactis CUL34 (NCIMB 30172) at a total of 1.25 × 1010 colony-
forming units (Lactobacillus sp. 1 × 1010 and Bifidobacterium sp. 0.25× 1010)
and 50mg vitamin C on a base of xylitol or an identical looking placebo
tablet containing xylitol (Cultech Ltd, Port Talbot, UK). Compliance was
assessed by monitoring the amount of tablets returned.

Data collection
The children were examined by a paediatric physician and background
information, including the history of allergy, was recorded. Body weight
and height were measured using a digital weighing and measuring station
with automatic body mass index calculation (kg/m2, SECA 764, SECA
Deutschland, Hamburg, Germany). Twelve-hour overnight fasting venous
blood samples were collected into EDTA-vacutainer tubes, and the plasma
was extracted by centrifugation (1200 g, 10 min) before storage at − 80 °C.
Urine samples were collected from the first morning urination and stored
at − 80 °C prior to 1H nuclear magnetic resonance (NMR) analysis. Before
saliva collection, children rinsed out their mouths with cold water, and
saliva was collected in plastic tubes and stored at − 20 °C. Parents/
guardians completed weekly symptom diaries monitoring temperature,
runny nose, sore throat, cough, chest wheezes, earache, diarrhoea,
vomiting, stomach aches, absence from preschool, prescriptions of
antibiotics, physician visits, hospitalisation and any medication taken
during the intervention period. At the start and end of the study, they
completed a dietician-designed diet habit and physical activity pattern
questionnaire consisting of 3 questions on meal and drink patterns, 12
questions on intake of various foods and 3 questions relating to physical

activities. The questionnaires were assessed using a scoring system, and
summary scores at baseline and upon completion of the study were
compared.
During the intervention period, children were examined by a paediatric

physician at prescheduled 2-, 4- and 6-month appointments or during
unscheduled visits resulting from URTI, LRTI or any other illness. At
6 months, blood, urine and saliva were collected. Not all children provided
a saliva or blood sample on the collection days thereby reducing the active
and placebo group size.

Measurement of plasma cytokine levels
Quantification of interferon-γ (IFN-γ), interleukin (IL)-10, IL-12p70, IL-13,
IL-1β, IL-2, IL-4, IL-5, IL-8 and tumour necrosis factor-α (TNF-α) was
conducted using a MULTI-SPOT electrochemiluminescence array (MSD
technology) in accordance with the manufacturer’s protocol (CBS, Cardiff
University, Cardiff, UK).

Measurement of total salivary immunoglobulin A (IgA)
Saliva samples were centrifuged at 800 g for 15 min, and IgA levels were
assayed by enzyme-linked immunosorbant assay (E80-102, Bethyl Labora-
tories, Montgomery, AL, USA).

1H NMR spectroscopic analysis of urinary samples
Urine samples were thawed at room temperature, vortexed for 10 s and
centrifuged at 10 000 g for 10 min, and the supernatant was transferred
into a 96-well plate and using a robotic system (Bruker, Rheinstetten,
Germany). In all, 540 μl of urinary sample was mixed with 60 μl
of 1.5 M potassium phosphate buffer in D2O, pH=7.4, 0.1%
3-(trimethylsilyl)-[2,2,3,3-2H4] propionic acid sodium salt (TSP) and 2mM

sodium azide and transferred into an NMR tube. 1H NMR spectra were
acquired using a Bruker 600MHz spectrometer (BrukerGermany) at the
operating 1H frequency of 600.13 MHz at a temperature of 300 K.
A standard NMR pulse sequence (recycle delay-90°-t1-90°-tm-90°-acquisition)
provided a standard one-dimensional 1H NMR spectral data (t1 was 3ms
and tm (mixing time) was 10ms). The water peak suppression was achieved
using selective irradiation during a recycle delay of 4 s and tm. A 90-degree
pulse was adjusted to 10 μs. A total of 32 scans were collected into 64 k
data points with a spectral width of 20 p.p.m.

PLACEBO GROUP
(n=35)

ACTIVE GROUP
(n=34)

Withdrawn from study
Adverse events (n=1)

Unknown reason (n=1)

INTENTION TO TREAT ANALYSIS
(n=33)

INTENTION TO TREAT ANALYSIS
(n=33)

Drop-outs
Adverse events (n=1)
Excluded
Non-authorised treatment (n=3)

PER PROTOCOL ANALYSIS
(n=29)

PER PROTOCOL ANALYSIS
(n=28)

Withdrawn from study
Unknown reason (n=1)

69 CHILDREN RANDOMISED

Drop-Outs
Unrelated disease (n=1)
Unknown reason (n=1)

Excluded
Non-authorised treatment (n=3)

Figure 1. Participant’s flow chart.
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Randomisation
Eligible subjects were allocated in a 1:1 ratio to the two arms of the study
according to a computer-generated random sequence using block
randomisation with a block-size of four. The randomisation was performed
by the study statistician, who had no contact with the participants.
Participants were enrolled and assigned sequentially to interventions by the
paediatric physician. The allocation sequence was not available to any
member of the research team until databases had been completed and
locked.

End point measures
The primary end point measures were the incidence and duration of URTI
and lower respiratory tract infection (LRTI), absence from preschool and
number of visits to the paediatric centre due to RTI. URTI symptoms
included sneezing, sore throat, cough, runny and blocked nose. Each
distinct episode was the time period (in days) covering the continuous
display of symptoms, separated from another episode by a minimum of
24 h. LRTI was confirmed by a paediatric physician, and LRTI duration was
the number of days between the physician confirmed onset and absence
of symptoms. Secondary end points were changes in plasma cytokines,
salivary IgA and urine metabolites. Parent-reported measures included
diarrhoea (⩾3 loose stools in a 24-h period), vomiting and stomach aches.

Data management and analysis
As a pilot study there was no a formal sample size calculation. For the
primary end point analysis, incidence rate ratio (number of episodes
divided by the number of days in the study) and mean difference in the
duration of URTIs and LRTIs, absence from preschool and number of visits
to paediatric centre for RTIs during the intervention period with 95%
confidence intervals (CIs) were calculated using a generalised linear model
(GLM) that included treatment as a single predictor. The secondary
immunological end points were analysed similarly. For the GLM analysis of
a continuous end point such as duration of URTI and LRTI, normal
distribution and identity link functions were used. For the GLM analysis of
recurrence of events (such as the number of episodes of URTI symptoms),
Poisson distribution and log link functions were used. Post-hoc covariate-
adjusted analyses within the GLM framework were performed on the
primary end points with treatment as study variable and centre, age,
gender and body mass index as covariates. Subgroup analysis was
performed by gender. Continuous variables were summarised using the
number of observations, mean (s.d.), whereas categorical variables were
summarised by the number and percentage of events.
Analysis of study end points was performed in per protocol analysis (PP)

and a modified intention-to-treat (ITT) population excluding the partici-
pants who withdrew shortly after randomisation. Dietary habit and
physical exercise questionnaire data analysis was performed using the
GLM model, with treatment as study variable and baseline measurement
as covariate. Data analyses were performed using SAS version 9.2 (SAS
Institute Inc., Cary, NC, USA).

1H NMR data analysis
Automatic phasing, baseline correction and reference to TSP signal at δ1H
0.00 were performed on the 1H NMR urinary spectra. The processed NMR
spectral data (δ1H 0.25–10) were imported to MATLAB (R2012a, 7.14.0.739,
MathWorks) and digitised into 20 k data points with a resolution of
0.0005 p.p.m. using a MATLAB script developed within the Section of
Computational and Systems Medicine. The water peak region (δ1H 4.7–4.9)
was removed owing to its disordered peak shape caused by water
suppression. In addition, variations of the intensity of urea signal (δ1H
5.4–6.1) can be caused by chemical exchange with the solvent; hence the
region was also removed. Probabilistic quotient normalisation was
performed on the remaining spectral data in order to account for dilution
of complex biological mixtures. Principal component analysis and
orthogonal partial least squares discriminant analysis were carried out on
the unit variance-scaled data in THE SIMCA (P+13.0) and MATLAB software.
Orthogonal partial least squares regression analyses were performed to
correlate metabolic data with cytokine measurement.

RESULTS
Enrolment and baseline characteristics
Sixty-nine children were enrolled between October 2010 and
March 2011; 35 into the placebo group and 34 into active. Three
children did not provide any records and withdrew from the
study. Nine children were excluded from the PP analysis; six due to
non-authorised treatment usage and three due to non-completion
of the follow-up period (Figure 1). As can be seen in Table 1, the
baseline data for both groups appears comparable. The cohort
consists of 16 girls and 17 boys per group with the mean age of 5
years. In all, 12% of children in the placebo group and 6% in active
group had atopic diseases.

Primary end points
There was a significant reduction in the duration of total URTI
symptoms (days) in the active group compared with the placebo
(PP analysis; mean difference: − 21.0, 95% CI:− 35.9, − 6.0,
P= 0.006, ITT analysis; mean difference: − 17.9, 95% CI:− 31.6,
− 4.2, P= 0.011; Table 2). The incidence rate of URTI symptoms in
the active group was 0.0196 compared with 0.0293 in the placebo
group (33% reduction, 95% CI in reduction: 14%, − 48%, P= 0.002,
PP analysis; Table 3). A similar result was seen when an ITT analysis
was performed.
In all, 35.7% of children in the active group experienced ⩾ 3

different URTI symptoms per URTI episode compared with 51.7%
of children in the placebo group (risk difference: 16%, 95% CI:
− 9.4%, 41.4%, P= 0.217, PP analysis). There were no significant
differences in the duration or incidence rate ratio of LRTIs
(Table 4).
The incidence rate of absence from preschool in the active

group was 0.0198; 30% lower than in the placebo group (0.0282,
P= 0.007, PP analysis), and there was a trend towards significance
for the number of days absent from preschool and the number of
paediatric physician visits due to URTI symptoms (P= 0.070 and
P= 0.082, respectively, Table 2, PP analysis) in the active group
compared with placebo group. No significant differences in the
number of days absent from preschool or physician visits due to
LRTI were observed, and there was no hospitalisation due to RTIs

Table 1. Baseline demographics

Placebo
(N= 33)

Active
(N= 33)

All
(N= 66)

Gender (n)
Girls 16 16 32
Boys 17 17 34

Age (years)a 5.0 (0.7) 4.9 (0.8) 5.0 (0.9)
Girls 4.9 (0.8) 4.8 (0.9) 4.8 (0.8)
Boys 5.2 (0.6) 5.0 (0.8) 5.1 (0.7)

BMI (kg/m2)a 15.6 (2.5) 15.5 (2.2) 15.5 (2.3)
Girls 15.3 (2.0) 15.8 (2.4) 15.5 (2.2)
Boys 15.9 (2.9) 15.2 (2.0) 15.5 (2.5)

Centre, n (%)
Centre 1 21 (63.6) 21 (63.6) 42 (63.6)
Centre 2 6 (18.2) 6 (18.2) 12 (18.2)
Centre 3 6 (18.2) 6 (18.2) 12 (18.2)

Eczema, n (%) 5 (15.2) 2 (6.1) 7 (10.6)
Atopic disease,b n (%) 4 (12.1) 2 (6.1) 6 (9.1)
Food allergy, n (%) 3 (9.1) 0 (0) 3 (4.5)
Coeliac disease, n (%) 0 (0) 1 (3.0) 1 (1.5)

Abbreviation: BMI, Body Mass Index. aData are presented as mean (s.d.),
intention to treat analysis. bAllergic rhinitis, atopic eczema or asthma.
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during the course of the study. The results from post-hoc
covariate-adjusted analysis are similar to those from unadjusted
analysis (Supplementary Tables S3–S5).

Secondary end points
There were no significant differences in plasma cytokine levels
between groups, but there were significant reductions in IL-12p70,
IL-13, IL-1β, IL-2, IL-4, IL-5, IL-8, IL-10 and TNF-α between baseline
and 6 months (data not shown). IFN-γ levels and IL-2/IL-5 were
significantly reduced in the active group after 6 months (IFN-γ;
P= 0.035, mean difference: − 3.1; 95% CI: − 6.0, − 0.2 and IL-2/IL-5;
P= 0.023; mean difference: − 0.2; 95% CI: − 0.5, − 0.04, PP analysis)
but not for the placebo group. There were no significant
differences in the IgA levels between the groups (P= 0.438; mean
difference: 31.2; 95% CI: − 50.3, 112.8, PP analysis).
The principal component analysis score plots of the urine

metabolic profiles, including outliers, are presented in Figure 2,
but no significant changes were observed with or without outliers.
Orthogonal partial least squares regression analyses were used to
statistically correlate metabolic profiles with measured cytokine

levels, but no significant correlation was obtained. A set of
representative 1H NMR spectra are shown in Supplementary
Figure S1.

Additional parameters, use of antibiotics and other medications
There were no significant differences in either the incidence rate or
the number of days with earache, chest wheeze, temperature
437 °C, stomach ache, vomiting or diarrhoea between the groups.
The observed number of days of antibiotic, painkiller, cough
medicine, nasal spray/drop or antihistamine usage was lower in the
active group compared with the placebo and was significant for
cough medicine usage (mean difference: − 6.6, 95% CI: − 12.9, − 0.3,
P=0.040, PP analysis). Seven of the 29 children (24.1%) received
oral antibiotics in the placebo group compared with 4 of the 28
children (14.3%) in the active group (P=0.356, PP analysis). There
was no hospitalisation due to RTIs during the course of the study.

Subgroup analysis on the basis of gender
A significant reduction in number of days with URTI symptoms
was observed in boys (P= 0.024; mean difference: − 25.6; 95%

Table 2. Duration of URTI symptoms, absence and paediatric physician visits

PP analysis ITT analysis

Placebo (N= 29) Active (N= 28) Placebo (N= 33) Active (N= 33)

URTI symptoms
Mean (s.d.), days 43.1 (35.4) 22.1 (21.0) 41.5 (34.5) 23.5 (21.8)
Mean difference (95% CI) − 21.0 (−35.9,− 6.0) − 17.9 (−31.6,− 4.2)
P-value 0.006 0.011

Individual URTI symptoms
Sneezing
Mean (s.d.), days 9.6 (14.8) 2.3 (4.0) 9.0 (14.1) 3.8 (8.6)
Mean difference (95% CI) − 7.4 (−12.9, − 1.8) − 5.1 (−10.7, 0.4)
P-value 0.010 0.069

Cough
Mean (s.d.), days 23.5 (20.3) 11.9 (10.1) 22.3 (19.8) 14.3 (14.4)
Mean difference (95% CI) − 11.6 (−19.8, − 3.4) − 7.9 (−16.2, 0.3)
P-value 0.006 0.058

Runny nose
Mean (s.d.), days 21.4 (25.5) 11.5 (15.6) 19.8 (24.6) 12.3 (15.8)
Mean difference (95% CI) − 10.0 (−20.8, 0.9) − 7.4 (−17.2, 2.4)
P-value 0.072 0.138

Blocked nose
Mean (s.d.), days 9.8 (23.8) 4.9 (7.8) 10.4 (23.0) 5.4 (8.4)
Mean difference (95% CI) − 5.0 (−14.1, 4.1) − 5.0 (−13.2, 3.2)
P-value 0.285 0.230

Sore throat
Mean (s.d.), days 2.8 (4.2) 1.9 (2.7) 3.2 (4.3) 1.8 (2.6)
Mean difference (95% CI) − 0.9 (−2.7, 0.9) − 1.4 (−3.1, 0.3)
P-value 0.332 0.010

Absence, physician visits
Absence from preschool due to URTI
Mean (s.d.), days 14.2 (18.4) 7.5 (8.0) 13.9 (17.7) 7.7 (8.6)
Mean difference (95% CI) − 6.7 (−14.0, 0.5) − 6.1 (−12.8, 0.5)
P-value 0.070 0.069

Number of physician visit due to URTI
Mean (s.d.) 2.9 (3.1) 1.6 (2.2) 2.8 (3.0) 1.8 (2.4)
Mean difference (95% CI) − 1.2 (−2.6, 0.2) − 0.9 (−2.2, 0.4)
P-value 0.082 0.164

Abbreviations: CI, confidence interval; ITT, intention to treat; PP, per protocol; URTI, upper respiratory tract infection.
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CI: − 47.7, − 3.4, PP analysis) compared with the girl groups
(P= 0.084; mean difference: − 17.6; 95% CI: − 37.5, 2.4, PP analysis)
(Supplementary Table S1). No significant differences in the
duration or incidence of LRTI symptoms were observed between
genders (Supplementary Table S2).
Significant decreases or trends toward significance were observed

in IL-12p70 (P=0.060, 95% CI: −0.6, 0.0), IL-12p70/IL-10 (P=0.025,
95% CI: −0.3, −0.02), IL-12p70/IL-5 (P=0.032, 95% CI: −2.0, −0.1) and
IL-2/IL-10 (P=0.025, 95% CI: −0.3, −0.02) for boys in the active group
compared with the placebo (PP analysis). No significant changes in
the immune parameters were observed in the girls group.

Compliance, dietary assessment, adverse events
Mean compliance to the product for the whole group was 90.8%.
No significant differences in dietary habits and physical activity
patterns were observed over the study period (P= 0.625). Two
children receiving placebo reported abdominal pain or vomiting
and withdrew from the study.

DISCUSSION
Children supplemented with a combination of the Lab4 probiotic
consortium and vitamin C for 6 months attending preschool facilities
showed a reduced incidence and duration of URTI symptoms.
Studies with probiotics alone have shown variable results for URTIs,
with some reporting significant reductions in incidence and
duration7–11 while others observed little or no effect.12,13 Positive

effects on URTI have been reported in response to Lactobacillus casei
DN-114 001, Lactobacillus rhamnosus GG and for Lactobacillus
acidophilus NCFM alone or in combination with Bifidobacterium
animalis sp lactis Bi-07 at doses ranging from 109 to 1010 colony-
forming units per day7–11 while limited evidence exists suggesting
that supplementation with low dose vitamin C (o0.2 g per day)
may reduce common cold duration (discussed by Hemila et al.14).
A probiotic consortium combined with multi-vitamins and minerals
in adults showed a 13.6% reduction in the incidence of combined
URTI and LRTI symptoms.18 There was no impact on LRTI or
gastrointestinal symptoms in this study although benefits have been
reported elsewhere.7,8,19,20

Children receiving the Lab4/vitamin C combination had fewer
days of absence from preschool and unscheduled visits to the
paediatric physician, suggesting that combined supplementation
may reduce the severity of infections. Reductions in preschool
absence have been reported with probiotics8–10 and with a vitamin
C (150mg per day), echinacea and propolis combination.20 Fewer
children receiving the supplement were treated with oral antibiotics
similar to that seen in other probiotic studies,8,10 and there was a
significant reduction in the number of days that cough medicine
was used which highlights the potential socio-economic benefits
associated with the combination supplement.
Metabonomics is a new approach providing a systematic

analysis of the chemical products or metabolites in biological
samples, such as urine, blood and faeces, and is considered as a
very sensitive measure of an organism’s phenotype.21 In this
study, no changes in the urinary metabolite profiles of healthy
preschool children were observed between the placebo and
active groups. The major metabolites identified in 1H NMR spectral
data agreed with those observed in healthy children.22

Both probiotics and vitamin C are known to modulate the
immune system,23,24 and the combination probably mediates a
response through immune-modulation although the absence of
any significant changes in cytokines levels between the active and
placebo groups in our study may suggest the existence of an
alternate mechanism. Although there were no significant differ-
ences in salivary IgA levels between the active group and placebo,
Cáceres et al.13 observed increased faecal IgA levels in Lacto-
bacillus rhamnosus HN001-supplemented children but was unable
to associate this with any improvements in URTI symptoms. The
trend towards a reduction in IL-2/IL-5 and IFN-γ levels may
suggest a shift towards an anti-inflammatory state in the
supplemented group, and this is consistent with the abilities of
both the Lab4 consortium and vitamin C to induce an anti-
inflammatory response in immune cells extracted from the blood
of healthy subjects.16,17

Table 3. Incidence rate of URTI symptoms and absence

PP analysis ITT analysis

Incidence rate ratio (95% CI) P-value Incidence rate ratio (95% CI) P-value

URTI symptoms 0.67 (0.52, 0.86) 0.002 0.68 (0.54, 0.86) 0.002

Individual URTI symptoms
Sneezing 0.29 (0.19, 0.47) o0.001 0.35 (0.23, 0.53) o0.001
Cough 0.55 (0.40, 0.76) o0.001 0.60 (0.45, 0.81) 0.001
Runny nose 0.64 (0.47, 0.87) 0.005 0.66 (0.50, 0.89) 0.005
Blocked nose 1.15 (0.69, 1.91) 0.600 1.01 (0.64, 1.59) 0.966
Sore throat 0.70 (0.39, 1.26) 0.235 0.63 (0.37, 1.08) 0.095

Absence
Absence from preschool 0.70 (0.55, 0.91) 0.007 0.68 (0.54, 0.87) 0.002

Abbreviations: CI, confidence interval; ITT, intention to treat; PP, per protocol; URTI, upper respiratory tract infection.

Table 4. Duration and incidence of LRTI confirmed by paediatric
physician

PP analysis ITT analysis

Placebo
(N=29)

Active
(N=28)

Placebo
(N=33)

Active
(N= 33)

Number of days
Mean (s.d.), days 1.0 (3.4) 0.5 (1.8) 0.9 (3.2) 0.9 (3.5)
Mean difference (95% CI) −0.6 (−2.0, 0.8) 0.03 (−1.6, 1.6)
P-value 0.425 0.970

Incidence rate ratio (95% CI) 0.5 (0.1, 2.8) 1.0 (0.2, 4.0)
P-value 0.447 0.989

Abbreviations: CI, confidence interval; ITT, intention to treat; LRTI, lower
respiratory tract infection; PP, per protocol.
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Subgroup analysis of our population on the basis of gender
revealed reduced URTI symptoms in boys that corresponded with
reduced plasma levels of IL-12p70, IL-12p70/IL-10, IL-2/IL-10 and
IL-12/IL-5, indicating a more anti-inflammatory basal immune status.
Positive effects of both probiotics and vitamin C on RTIs have been
seen in adolescent and adult male subjects,25–27 and it is known that
X-chromosome-specific immune-modulatory genes mediate male-
specific immunological responses during prepubescence.28

As this was a pilot study with a small number of participants, it
was not powered to detect all statistically significant differences,
and an unwillingness to provide blood or saliva reduced the
samples size for the secondary end point analysis. Also, the impact
of the intervention at the time of an infection was not evaluated in
this study.

CONCLUSIONS
Supplementation with a probiotic consortium comprising
L. acidophilus CUL21 and CUL60, Bifidobacterium bifidum CUL20,
Bifidobacterium animalis subsp. lactis CUL34 and vitamin C may
provide a strategy to reduce the incidence of URTIs in 3–6 year old
children attending preschool facilities. These results are encoura-
ging and need to be confirmed in a larger study population.
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Figure 2. The upper plots illustrated PCA scores plots derived from 1H NMR spectra of urinary samples collected from children at baseline
(black) and after 6 months intervention (grey) in per protocol (PP) analyses and intention to treat (ITT), respectively. Open triangles for girls
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ABSTRACT
Objective To evaluate a multistrain, high-dose
probiotic in the prevention of eczema.
Design A randomised, double-blind, placebo-
controlled, parallel group trial.
Settings Antenatal clinics, research clinic, children at
home.
Patients Pregnant women and their infants.
Interventions Women from 36 weeks gestation and
their infants to age 6 months received daily either the
probiotic (Lactobacillus salivarius CUL61, Lactobacillus
paracasei CUL08, Bifidobacterium animalis subspecies
lactis CUL34 and Bifidobacterium bifidum CUL20; total
of 1010 organisms/day) or matching placebo.
Main outcome measure Diagnosed eczema at age
2 years. Infants were followed up by questionnaire.
Clinical examination and skin prick tests to common
allergens were done at 6 months and 2 years.
Results The cumulative frequency of diagnosed eczema
at 2 years was similar in the probiotic (73/214, 34.1%)
and placebo arms (72/222, 32.4%; OR 1.07, 95% CI
0.72 to 1.6). Among the secondary outcomes, the
cumulative frequency of skin prick sensitivity at 2 years
was reduced in the probiotic (18/171; 10.5%) compared
with the placebo arm (32/173; 18.5%; OR 0.52, 95%
CI 0.28 to 0.98). The statistically significant differences
between the arms were mainly in sensitisation to cow’s
milk and hen’s egg proteins at 6 months. Atopic eczema
occurred in 9/171 (5.3%) children in the probiotic arm
and 21/173 (12.1%) in the placebo arm (OR 0.40, 95%
CI 0.18 to 0.91).
Conclusions The study did not provide evidence that
the probiotic either prevented eczema during the study
or reduced its severity. However, the probiotic seemed to
prevent atopic sensitisation to common food allergens
and so reduce the incidence of atopic eczema in early
childhood.
Trial registration Number ISRCTN26287422.

INTRODUCTION
The major atopic disorders, eczema, allergic rhinitis
and asthma, cause significant disease burdens
worldwide. Symptoms of atopy were reported to
occur in 15–40% of children aged 13–14 years
living in the UK in the mid-1990s1 and prevalence
has increased in many countries in recent years.2–4

Despite the high atopic disease burden, patho-
genic mechanisms remain poorly understood.
Atopic disorders are heterogeneous resulting from
complex interactions between environmental
factors, including exposure to microbes, and host
genes modulating innate and acquired immune

responses, and mucosal and skin integrity.5 A crit-
ical issue is the role of atopy defined as a genetic
propensity to develop immunoglobulin E anti-
bodies following exposure to allergens6 and
assessed by skin prick tests (SPTs) or measurement
of specific IgE in serum. For eczema7 and asthma,8

atopic sensitisation early in life has been associated
with persistent disease.
The hygiene hypothesis, based on the observation

of increased atopy in smaller families,9 postulates
that reduced exposure to infections in early child-
hood results in aberrant immunological responses to
allergens.10 Intestinal microbiota provide a critical
source of early immune stimulation and variations
in early gut colonisation have been associated with
the development of atopic disease.11 Probiotics are
defined as live microorganisms which, when admi-
nistered in adequate amounts, confer health benefits
on the host.12 However, the term ‘probiotic’ is com-
monly used for microorganisms that are undergoing
evaluation for possible health benefits and it is this
sense that is used here. Clinical trials suggest a role
for probiotics in the primary prevention of atopic
eczema.13 The mechanisms whereby probiotics may
prevent atopy are unclear but might involve reduced
exposure to allergens through improved epithelial
barrier function and modulation of the developing
immune system to prevent IgE sensitisation.14

We evaluated the effect of a probiotic comprising
two strains of lactobacilli and two strains of bifido-
bacteria, or an inert placebo, administered to

Open Access
Scan to access more

free content

What is already known on this topic?

▸ Altered exposure to microbial organisms in
early life might influence the development of
atopy.

▸ Meta-analysis suggests that probiotics may be
effective in the primary prevention of atopy.

What this study adds?

▸ Our data do not support use of the study
probiotic for the prevention of eczema in early
childhood.

▸ Skin prick sensitivity to common food allergens
and atopic eczema were reduced among
children receiving the probiotic.
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mother-infant dyads in the perinatal period on clinical and
laboratory manifestations of atopy. Here, we report the clinical
manifestations of atopy at age 0–2 years.

METHODS
The safety profile of the probiotic15 and factors determining
compliance with the trial procedures16 have been published.

Participants
Women aged 16 years or more, with a normal singleton preg-
nancy and intending to give birth at Singleton Hospital,
Swansea were invited to join the study. Details of the recruit-
ment process are described elsewhere.16 Women with known
adverse conditions likely to affect them, the fetus, or the
outcome of the pregnancy, were excluded. Women were
informed of the trial, by letter, at booking, and provided with
further information when attending for antenatal care. Those
returning an expression of interest were contacted by research-
ers. Signed, informed consent was obtained by a researcher at
35–36 weeks gestation.

We had intended to recruit infants at ‘high-risk’ of developing
atopy defined as those with a first degree relative with either
asthma or eczema diagnosed by a health professional or allergic
rhinitis treated by a doctor.17 However, sufficient details of
atopy in first degree relatives were often difficult to obtain at
recruitment. Therefore, in practice, infants with and without an
increased risk of atopy were recruited. To preserve the integrity
of the random allocation sequence, all infants are included in
this report. Key findings relating to those at increased risk of
atopy are presented in Webtable 1.

Randomisation
Pregnant women were allocated on a 1:1 basis at 36 weeks ges-
tation to either the active or placebo arm of the study according
to a computer-generated, random sequence without blocks. The
random sequence was generated by the commercial partners and
held independently of the research team. Women were allocated
consecutively to the next number in the randomisation sequence
and provided with the corresponding, preprepared intervention
pack.

Intervention
We selected a multispecies probiotic preparation on the basis of
greater efficacy than either single species or single organism pre-
parations in the prevention or treatment of diseases in animal
models and clinical trials.18 Species that had been evaluated in
previous clinical trials, including the prevention of eczema were
selected.17 Organisms were selected on the basis of activity in
promoting responses in vitro consistent with protection against
allergy (personal communication; Dr S. Plummer 2003).

The active intervention comprised a vegetarian capsule con-
taining Lactobacillus salivarius CUL61 (National Collection of
Industrial, Food and Marine Bacteria (NCIMB) 30211)
6.25×109 colony forming units (CFUs), Lactobacillus paracasei
CUL08 (NCIMB 30154) 1.25×109 CFUs, Bifidobacterium
animalis subspecies lactis CUL34 (NCIMB 30172) 1.25×109

CFUs and Bifidobacterium bifidum CUL20 (NCIMB 30153)
1.25×109 CFUs as a freeze-dried powder. Organism identity
was confirmed at the species and strain levels by 16S rRNA
gene sequencing, rep PCR fingerprinting and cluster analysis,
and Random Amplified Polymorphic DNA typing. Women in
the placebo arm received capsules of identical appearance con-
taining maltodextrin powder. The dose in both arms was one
capsule daily from 36 weeks gestation until delivery. Infants

received the same capsules as their mother once daily from birth
to age 6 months. Women were asked to store the capsules in the
fridge and either took the capsule by mouth or sprinkled the
contents onto food. The contents of the capsule were sprinkled
directly into the infant’s open mouth or mixed with expressed
breast milk or formula feed. Mothers were asked not to
consume any commercially available probiotics or live yoghurts
or administer these to their infants.

Unused capsules returned by participants from intervention
and placebo groups for compliance monitoring were tested by
an independent laboratory on an opportunistic basis. No live
bacteria were identified in the placebo capsules, conforming
with the random allocation sequence. Viability of the bacteria in
the active preparation was consistent with the storage conditions
confirming no significant deterioration in the product.

Data collection and allergen testing
Demographic information and possible risk factors for atopy
were recorded at recruitment. Follow-up questionnaires were
scheduled every 6 weeks to age 6 months and at 1 year and
2 years. A research assistant completed questionnaires with the
parent/carer during a home visit at age 6 weeks, during research
clinics at 6 months and 2 years and by telephone interview at
other times. Where a follow-up was missed, parents/carers were
asked to provide information for the period since the last ques-
tionnaire was completed. Questionnaires recorded any atopic
disorders diagnosed by health professionals, treatments received
and the occurrence and duration of common skin, respiratory
and gastrointestinal symptoms.

At research clinics, infants were examined by either a clinician
or a trained researcher. If present, the severity of eczema was
evaluated by the scoring atopic dermatitis index.19 SPTs using
common food allergens (cow’s milk, hen’s egg), aeroallergens
(house dust mite, cat dander, grass pollen) and positive (hista-
mine) and negative controls were performed. The response to
an allergen was considered positive if there was a wheal diam-
eter ≥3 mm.20

Outcome measures
The primary outcome was the cumulative frequency of diag-
nosed eczema at 2 year follow-up (reported by parents/carers to
have been diagnosed by a health professional or diagnosed
during a research clinic). Eczema was defined as an itchy rash
affecting the face, scalp or extensor surfaces of the limbs in
infants and flexures in older children and of duration ≥4 weeks
and with ≥1 exacerbation by age 24 months21 based on the
information from questionnaires. Secondary outcomes were
responses to SPTs, atopic eczema defined as eczema with one or
more positive SPTs, eczema of any duration and whether or not
diagnosed by a health professional, the severity of eczema, treat-
ment with topical steroid preparations, respiratory symptoms
with asthma and allergic rhinitis and reported food allergy. We
had intended to report outcomes up to age 2 years. However,
scheduled follow-up assessments were often delayed particularly
when mothers had returned to work. Therefore, we have
included all information for children aged up to, but not includ-
ing, 3 years.

Data management and analysis
Strict blinding of the clinical research teams regarding partici-
pant allocation was maintained until after databases were locked
following completion of data collection. The period of
follow-up, defined as the time from birth to the age of the last
follow-up questionnaire, was calculated for each infant.
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Demographic variables, possible risk factors for atopy, and
primary and secondary outcomes were analysed by treatment
allocated. Findings for binary outcomes were expressed in ORs
with 95% CIs. A χ2 test or Fisher’s exact test was used to
compare proportions. Continuous outcome variables had
skewed distributions and were summarised using median values
and IQR and compared by the Mann-Whitney U test.

We performed adjusted analyses to investigate whether the
trends in atopic sensitivity or atopic eczema were modified by
baseline demographic variables (table 1), possible risk factors
for atopy (table 2) and mother and infant compliance. For com-
pliance, participants were classified as no compliance and com-
pliance levels 1–4 representing the quartiles of the total number
of days that trial interventions were taken. We used a set of
logistic regression models, including the study treatment in each
case and adding the other variables in a stepwise manner, retain-
ing them in the model if they resulted in a significant improve-
ment in model fit (at the 5% level). Analysis was performed
using R/SPSS V.16.0 (IBM, USA)/SAS V.9·2 (SAS Institute, USA).

Sample size
We aimed to recruit sufficient mother/infant dyads to observe a
50% reduction in the frequency of asthma by age 5 years from

20% to 10%.22 For the purposes of this paper, we expected
that 40% of infants at increased risk of atopy (defined as having
a first degree relative with an atopic condition) in the placebo
arm would have developed eczema by age 2 years.17 23 A total
of 308 infants (154 in each arm) would be sufficient to detect a
50% reduction in eczema frequency from 40% in the control
arm to 20% in the probiotic arm with 90% power at the 1%
significance level.

Role of the funding source
Cultech UK advised on study design, provided the trial interven-
tions and generated the random allocation sequence but was not
involved in data collection, analysis or interpretation of the
findings.

Ethics approval
The study was approved by the local research ethics committee
in February 2004 and registered with Current Controlled Trials
(ISRCTN26287422).

RESULTS
Participants
Recruitment began in May 2005 and the last scheduled 2 year
contact was in November 2009. Of 1419 women attending
antenatal clinics who had expressed an interest in the study, 454
were recruited and randomised (figure 1; Trial profile).

Demographic variables and possible risk factors for atopy
were similar in the 220 women randomised to the probiotic

Table 2 Potential modulating factors for atopy during follow-up

Variable Probiotic arm Placebo arm

Breast fed (full or partial)—any duration 49/191 (25.7%) 47/205 (22.9%)
Age last breast fed in months (N;
median, (IQR))

185; 1 [0–7] 190; 1 [0–5]

Attended child-minder in first 12 months 10/163 (6.1%) 16/172 (9.3%)
Attended nursery in first 12 months 65/162 (40.1%) 61/170 (35.9%)

Any oral/systemic antibiotics 155/214 (72.4%) 154/225 (68.4%)

This table gives the number of participants (%) unless otherwise stated.

Figure 1 Trial profile *Reasons for exclusion: pregnancy complication
(n=110); presented after 36 weeks gestation or at the end of the
recruitment period and before 36 weeks gestation (83); multiple
pregnancy (14); contacted again after recruitment terminated (9);
previous infant participated in trial (6); unwilling to stop current
probiotic (1). †Reasons for failure to participate: lost contact with
research team (288); not sufficiently interested or disliked tests (184);
concern that trial was “too much to take on” (129); unwillingness to
take the investigation products (85); not prepared to be allocated to
the placebo arm (21); developed a medical condition (16); language
difficulties (10); not willing for this child to be treated differently from
previous child (7); bereavement (2). ‡Follow-up was often delayed;
includes children seen up to, but not including, age 3 years.

Table 1 Demographic characteristics and possible risk factors for
atopy at baseline

Variable Probiotic arm* Placebo arm*

Socioeconomic status (Townsend
rank; N; median, IQR)

220; 949 (333–1514) 234; 864 (330–1558)

Mother smoked during
pregnancy

41/205 (20.0%) 47/218 (21.6%)

Vaginal delivery 152/216 (70.4%) 157/232 (67.7%)
House
Cat, dog, rodent or bird kept
indoors

112/220 (50.9%) 120/234 (51.3%)

Damp and/or mould as
reported by participants

59/217 (27.2%) 56/232 (24.1%)

No. households with
1 adult 10/220 (4.6%) 9/234 (3.9%)
≥3 adults 20/220 (9.1%) 25/234 (10.7%)
no other children 81/220 (36.8%) 93/234 (39.7%)
≥3 other children 16/220 (7.3%) 18/234 (7.7%)

No. infants at increased risk of
atopy†

197/220 (89.6%) 205/234 (87.6%)

This table gives the number of participants (%) unless otherwise stated.
*Denominator varies according to information provided by parents/carers and
compliance with follow-up.
†Defined as first degree relative with either asthma or eczema diagnosed by a health
professional or allergic rhinitis treated by a doctor.
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arm and 234 to the placebo arm (table 1). Maternal smoking
during pregnancy, keeping pets and houses affected by damp or
mould were common in both arms. Three hundred and seventy-
four women were carrying an infant at high risk of developing
atopy with a similar proportion in each study arm (table 1).
Potential modifying factors for atopy during follow-up, such as
feeding practice, exposure to other people and to antibiotics,
were also similar in the two arms (table 2).

Completion of questionnaires and attendance at research
clinics was similar in the two arms (figure 1). Median (IQR) age
at follow-up was 2.11 years (2.01–2.28 years) in the probiotic
arm and 2.09 years (2.01–2.24 years) in the placebo arm
(p=0.28). We have reported previously that follow-up was
more complete among less deprived families and mothers who
were non-smokers.

The trial arm was not associated with retention or clinic
attendance at 24 weeks and 2 years.16

Primary outcome measure
The cumulative frequency of diagnosed eczema (a composite of
carers’ reports and research clinic findings) at 2 years was
similar in the probiotic (73/214; 34.1%) and placebo arms
(72/222, 32.4%; OR 1.07, 95% CI 0.72 to 1.6; p=0.71).

Secondary outcome measures
Positive SPTs to one or more common allergens at either age
6 months or 2 years were significantly less frequent in the pro-
biotic arm (OR 0.52, 0.28–0.98; p=0.036, table 3). The
number needed to treat to prevent one infant becoming sensi-
tised was 13 (95% CI 7 to 173). The reduced skin prick
responses in the probiotic arm were mainly to food allergens
(cow’s milk and egg proteins) and statistically significant differ-
ences were already apparent at age 6 months. In contrast, sensi-
tisation to aeroallergens (house dust mite, cat dander and grass
pollen) occurred mainly after 6 months and was similar in the
two arms (table 3).

Atopic eczema at 2 years was significantly less frequent in the
probiotic arm (OR 0.40, 0.18–0.91; p=0.024) and was appar-
ent by age 6 months (table 3). Differences between the two
groups in non-SPT positive eczema were not statistically signifi-
cant. At age 6 months, non-SPT positive eczema occurred in 37/
147 (25.2%) children in the probiotic and 24/143 (16.8%) in
the placebo arm (χ2=3.06; p=0.08). At age 2 years, non-SPT
positive eczema occurred in 57/171 (33.3%) children in the pro-
biotic and 46/173 (26.6%) in the placebo arm (χ2=1.86;
p=0.17). The cumulative frequency of all eczema to age 2 years
reported by parents and carers, whether or not diagnosed by a

Table 3 Secondary outcomes according to intervention group

Variable Probiotic arm Placebo arm OR (95% CI) p Value*

SPT† positive at 6 m 6/151 (3.97%) 16/147 (10.88%) 0.34 (0.13 to 0.89) 0.023
▸ cow’s milk 0/148 (0.0%) 5/147 (3.40%) – 0.030*
▸ egg 5/148 (3.4%) 14/147 (9.5%) 0.33 (0.11 to 0.95) 0.032
▸ house dust mite 1/151 (0.66%) 0/147 (0.0%) – 0.51*
▸ cat 0/151 (0.0%) 2/145 (1.4%) – 0.24*
▸ grass 1/150 (0.67%) 0/147 (0.0%) – 0.49*
SPT† positive at either 6 m or 2 yrs 18/171 (10.5%) 32/173 (18.5%) 0.52 (0.28 to 0.98) 0.036
▸ cow’s milk 1/171 (0.6%) 6/173 (3.5%) 0.16 (0.02 to 1.4) 0.12*
▸ egg 9/171 (5.3%) 19/173 (11.0%) 0.45 (0.2 to 1.0) 0.052
▸ house dust mite 9/171 (5.3%) 11/173 (6.4%) 0.82 (0.3 to 2.0) 0.66
▸ cat 3/171 (1.8%) 7/173 (4.0%) 0.42 (0.1 to 1.7) 0.20
▸ grass 2/171 (1.2%) 2/173 (1.2%) 1.0 (0.14 to 7.2) 0.99*
Skin
▸ Atopic eczema at 6 m 4/151 (2.7%) 13/147 (8.8%) 0.28 (0.089 to 0.88) 0.021
▸ Severity of eczema at 6 m clinic‡; median, (IQR) 14.3 (7.5–17.9) 14.4 (10.6–24.9) – 0.46
▸ Atopic eczema at 2 yrs 9/171 (5.3%) 21/173 (12.1%) 0.40 (0.18 to 0.91) 0.024
▸ Severity of eczema at 2 yr clinic‡; median (IQR) 11.1 (7.2–20.1) 14.2 (7.2–14.2) – 0.85
▸ All reported eczema§,¶ 119/214 (55.6%) 132/226 (58.4%) 0.90 (0.61 to 1.3) 0.55
▸ Received topical steroid preparation 30/214 (14.0%) 40/226 (17.7%) 0.76 (0.45 to 1.2) 0.29
Respiratory
▸ All reported asthma¶ 23/171 (11.9%) 20/179 (10.0%) 1.2 (0.63 to 2.3) 0.57

▸ Night-time cough 156/214 (72.9%) 164/226 (72.6%) 1.0 (0.67 to 1.5) 0.93
▸ Night-time or daytime cough 178/214 (83.2%) 188/226 (83.2%) 1.0 (0.6 to 1.6) 0.99
▸ Wheezing without symptoms of a virus infection 50/214 (23.4%) 55/171 (24.3%) 0.95 (0.61 to 1.47) 0.81
▸ Inhaled bronchodilator or steroid 26/214 (12.1%) 27/226 (11.9%) 1.0 (0.57 to 1.8) 0.94
▸ Allergic rhinitis¶ 10/190 (5.3%) 10/201 (5.0%) 1.1 (0.43 to 2.6) 0.90
▸ Sneezing and/or snuffling 207/214 (96.7%) 212/226 (93.8%) 1.95 (0.77 to 4.93) 0.15
Any reported food allergy 22/200 (11.0%) 31/204 (15.2%) 0.69 (0.38 to 1.2) 0.21

This table gives the number of participants (%) unless otherwise stated.
*χ2 test for contingency tables or Fisher’s exact test* where expected values in cells were <5.
†SPT valid if diameter of wheal for the positive control was ≥1 mm than diameter for the negative control; SPT positive if diameter of wheal for antigen was ≥3 mm than diameter for
negative control.
‡SCORAD index19.
§Of any duration.
¶Whether or not diagnosed by a health professional.
SCORAD, scoring atopic dermatitis; SPT, skin prick test.
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shealth professional, its severity, the duration of rash and the use
of topical steroids were similar in the two arms. The cumulative
frequency of asthma and allergic rhinitis and symptoms and
treatments consistent with these conditions and of reported
food allergy were also similar in both arms (table 3).

The differences between the two arms in the risk of atopic
eczema and SPT positivity among infants with one or more rela-
tives with atopy were very similar to those in the whole cohort
(webtable 1). However, with the exception of reduced sensitivity
to cow’s milk protein at 6 months, differences in the smaller
cohort did not reach statistical significance. Median (IQR) com-
pliance with the trial interventions in pregnant women was 20
(12–28) days in the probiotic arm and 20 (12–28) days in the
placebo arm (p=0.98, Mann-Whitney U test). In infants, the
corresponding values were 106 (30–141) days and 103 (11–
151) days (p=0.97, Mann-Whitney U test). In logistic regression
analyses, in almost all cases, additional variables (table 1) were
not significantly related to clinical outcomes and did not change
the estimated OR for the effect of the probiotic. The exception
was the presence of a smoker in the household; this was a sig-
nificant risk factor for atopic eczema and atopic sensitivity (OR
at 2 years: 2.48, 95% CI 1.08 to 5.70; p=0.033 and OR 2.25,
95% CI 1.16 to 4.37; p=0.017 respectively). This effect was
independent of the treatment and did not significantly modify
the univariate OR for the treatment effect. There was no evi-
dence for an interaction effect between smoking and treatment
allocation.

We have reported previously that probiotic administration
was not associated with adverse effects in either mothers or
their infants.15

DISCUSSION
Our findings do not support the administration of a multistrain,
high-dose probiotic to mothers during late pregnancy and their
infants from birth to age 6 months for the prevention of eczema
in early childhood. However, probiotic administration was asso-
ciated with a reduced frequency in sensitivity to food antigens
and atopic eczema.

The strengths of our study are the relatively large number of
mother-infant dyads recruited, the pragmatic nature of the trial,
and confirmation of identity and viability of the probiotic
organisms.

The study had several weaknesses. We had intended to evalu-
ate clinical outcomes in infants at increased risk of atopy identi-
fied by having one or more first degree relatives with atopy. In
practice, this was difficult to determine accurately at recruit-
ment. However, the frequency of atopy and effects of the pro-
biotic were similar in infants with and without a first degree
relative with atopy. We expected that administering a novel
intervention to healthy young infants would be difficult and,
although compliance with the trial interventions in mothers was
good, compliance was lower in infants. Finally, many mothers
returned to work and this resulted in missed or delayed
follow-up questionnaires and study clinic attendances. Although
we compensated for missed follow-ups by subsequently asking
parents and carers for information since the last assessment was
done, this may have resulted in some loss of accuracy of
information.

Our finding that the study probiotic did not affect the fre-
quency of eczema is inconsistent with a meta-analysis of 13 ran-
domised, placebo-controlled trials (3092 infants/children),
where probiotic administration was associated with modest
reductions in the frequency of eczema (fixed effects analysis;
RR 0.79; 95% CI 0.71 to 0.88).24 Despite agreement between

studies in the meta-analysis (I2=24.0%),24 variability in out-
comes between studies are likely to result from differences in
the probiotics used,25 the contribution of atopic and other
pathogenic factors including variations in host mucosal and skin
integrity,5 26 the diagnostic criteria, and outcome measures used
for eczema.27

Our observations of reduced frequency of skin prick sensitiv-
ity to food allergens and eczema in children with demonstrated
allergic sensitivity in the probiotic arm are consistent with those
of a meta-analysis (20 cohorts; 4031 participants, including our
findings) where probiotic administration during infancy and
childhood was associated with reduced serum IgE and atopic
sensitisation to food or inhalant allergens in random effects ana-
lysis with limited heterogeneity between studies and without
evidence of publication bias.28

In our study, in contrast to food allergens, sensitivity to aeroal-
lergens was similar in the two arms. This tends to develop after
infancy29 and, with the exception of two studies,30 31 most
researchers have also reported that probiotic administration during
early infancy did not reduce aeroallergen sensitivity.25 32–39 Our
observation that probiotic administration did not reduce the fre-
quency of asthma or wheeze in young children is consistent with
other studies.28

CONCLUSION
Administration of probiotics in early life may have a role in the
prevention of atopic sensitisation. However, a better under-
standing of strain-specific probiotic effects25 40 and how these
address underlying atopic mechanisms is needed to guide the
selection of strains for evaluation in clinical trials. Long-term
follow-up to determine the effect of probiotic administration on
the allergic march is also a priority.41
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The anti-cholesterolaemic effect 
of a consortium of probiotics: An 
acute study in C57BL/6J mice
D. R. Michael1, t. s. Davies1, J. W. E. Moss2, D. Lama Calvente1, D. p. Ramji2,  
J. R. Marchesi  2,3, A. pechlivanis5, s. F. plummer1 & t. R. Hughes4

Hypercholesterolaemia is a major risk factor for cardiovascular disease and it has been found that 
some probiotic bacteria possess cholesterol-lowering capabilities. In this study, the ability of the Lab4 
probiotic consortium to hydrolyse bile salts, assimilate cholesterol and regulate cholesterol transport 
by polarised Caco-2 enterocytes was demonstrated. Furthermore, in wild-type C57BL/6J mice fed a high 
fat diet, 2-weeks supplementation with Lab4 probiotic consortium plus Lactobacillus plantarum CUL66 
resulted in significant reductions in plasma total cholesterol levels and suppression of diet-induced 
weight gain. No changes in plasma levels of very low-density lipoprotein/low-density lipoprotein, 
high-density lipoprotein, triglycerides, cytokines or bile acids were observed. Increased amounts of 
total and unconjugated bile acids in the faeces of the probiotic-fed mice, together with modulation of 
hepatic small heterodimer partner and cholesterol-7α-hydroxylase mRNA expression, implicates bile 
salt hydrolase activity as a potential mechanism of action. In summary, this study demonstrates the 
cholesterol-lowering efficacy of short-term feeding of the Lab4 probiotic consortium plus L. plantarum 
CUL66 in wild-type mice and supports further assessment in human trials.

Cardiovascular disease (CVD) is the cause of death in one in three people in the United Kingdom1 and is the 
leading cause of global mortality2. Hypercholesterolaemia is a major risk factor for the disease and statins are 
widely used to normalise elevated circulating cholesterol levels and can reduce CVD-related events by approx-
imately 25%3–7 and are often associated with adverse side effects8. Primary and secondary care of CVD imparts 
a heavy economic burden on society1. Management of modifiable lifestyle risk factors, such as diet, body weight 
and physical activity, represent preventative measures and are advocated by healthcare providers7, 9. However, the 
high mortality rates associated with CVD suggest these measures are not sufficiently effective and further options 
are required10–12.

Probiotics are defined as “live microorganisms that, when administered in adequate amounts, confer a health 
benefit on the host”13, 14 and there is growing evidence that some probiotic organisms possess a cholesterol lower-
ing capability and could be considered as a potential supplemental tool in combatting CVD and associated con-
ditions15. The cholesterol-lowering efficacy of a diversity of microbial species and strains has been observed16–21. 
There are multiple mechanisms by which these effects are thought to occur including the assimilation of cho-
lesterol22 and/or the deconjugation of bile salts by bile salt hydrolase (BSH) positive probiotic bacteria that put 
increased demand on de novo bile synthesis (from circulating cholesterol) to replace that which is lost in faeces23, 24.  
Probiotic bacteria have also been shown to modulate key intestinal cholesterol transport pathways by regulating 
gene expression patterns of Niemann-Pick C1-like 1 (NPC1L1), ATP-binding cassette sub-family G member 
(ABCG)-5, ABCG-8 or ATP-binding cassette transporter-1 (ABCA-1) in intestinal epithelial cells25–29.

L. plantarum CUL66 (NCIMB 30280) has been found to have a cholesterol-lowering capability29 and the 
effects of the Lab4 consortium of probiotics (Lab4, composed of Lactobacillus acidophilus CUL21 (NCIMB 
30156) and CUL60 (NCIMB 30157), Bifidobacterium bifidum CUL20 (NCIMB 30153) and Bifidobacterium 
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animalis subsp. lactis CUL34 (NCIMB 30172) during other conditions are documented30–33. In the present study, 
assessment of the cholesterol lowering capabilities of Lab4 was made in vitro prior to its inclusion, in combination 
with L. plantarum CUL66, in a short-term feeding study with C57BL/6J mice on a high fat diet.

Results
Evidence for cholesterol lowering ability by Lab4 in vitro. BSH activity in Lab4 was indicated by the 
formation of a white precipitate and agar-clouding in the presence of 0.5% TDCA (Fig. 1a; right-sided panels) 
that was absent on control agar (Fig. 1a; left-sided panels). Growing cultures of Lab4 removed 26.54% (p = 0.076) 
of cholesterol from MRS broth (Fig. 1b) equating to 4.84 ± 5.27 mg of cholesterol per gram of dry weight bacteria.

As seen in Fig. 2a, when incubated with 21-day polarised Caco-2 cells and cholesterol (70 µg/ml), live cultures 
of Lab4 reduced NPC1L1 and ABCA-1 gene expression by 33% (p = 0.00002) and 37% (p = 0.001) respectively 
and increased 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) gene expression by 35% (p = 0.012) when 
compared to cells treated with cholesterol alone (Control). No significant changes in ABCG-5 or ABCG-8 gene 
expression were observed. The viability of both Caco-2 cells and Lab4 was maintained throughout the experiment 
(Supplementary Figure S1).

No substantial changes in the uptake of extracellular radiolabelled cholesterol were observed in response 
to Lab4 (Fig. 2b) despite reduced expression of NPC1L1 (Fig. 2a) and the ability of Lab4 to assimilate 
cholesterol (Fig. 1b). Reduced gene expression of ABCA-1 (Fig. 2a) was also observed in response to Lab4 

Figure 1. BSH activity and cholesterol assimilation by Lab4. (a) De Man, Rogosa and Sharpe (MRS) agar plates 
(control, top and bottom left-sided panels) or MRS agar plates containing 0.05% taurodeoxycholic acid (TDCA, 
top and bottom right-sided panels) that were inoculated with Lab4 on filter discs (top panels) or as bacterial 
streaks (bottom panels, n = 1) for 48 hours under anaerobic conditions. (b) Cholesterol concentration in MRS 
broth containing 0.3% (w/v) ox-bile and 200 µg/ml cholesterol (control) or in MRS broth containing 0.3% (w/v) 
ox-bile and 200 µg/ml cholesterol that were inoculated with Lab4 for 18 hours under anaerobic conditions. 
The data are presented as a representative image from 3 identical experiments (unless stated, Fig. 1a) or the 
mean ± SD from three independent experiments (Fig. 1b). Statistical analysis was performed using Student’s t-
test and values of p are stated where appropriate.
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suggesting a possible impact on cholesterol transport. As seen in Fig. 2c, the apical application of viable 
Lab4 cultures to Caco-2 cells housed in a dual compartment trans-well system significantly reduced the 
basolateral efflux of intracellular radiolabelled cholesterol compared to the control (35%, p = 0.004). The 
magnitude of this reduction is in line with the 37% reduction in ABCA-1 gene expression (Fig. 2a). No 
changes in the efflux of intracellular radiolabelled cholesterol into the extracellular apical compartment 
were observed (Fig. 2d).

Short-term feeding of mice with Lab4 and L. plantarum CUL66 reduces plasma total choles-
terol (TC) and diet-induced weight gain but has no effect on plasma very low-density lipo-
protein (VLDL)/low-density lipoprotein (LDL), high-density lipoprotein (HDL), triglycerides 
(tG) or cytokines. As expected, mice in the high fat diet (HFD) group presented elevated plasma levels 
of TC (2.89 mM vs 3.64 mM, p = 0.001), VLDL/LDL (0.41 mM vs 0.79 mM, p = 0.000003) and HDL (1.73 mM 
vs 2.04 mM, p = 0.054) compared to baseline (BL) values although TG levels remained unchanged (Table 1). 
Between group comparison showed that plasma TC was significantly reduced by 14% (3.64 mM vs 3.15 mM, 
p = 0.029) in the high fat diet plus probiotic (HFD + P) group compared to the HFD group to a level similar to BL 
levels. Plasma cytokines were not changed in response to the high fat diet (BL vs HFD) or probiotic feeding (HFD 

Figure 2. The effect of Lab4 on cholesterol homeostasis in Caco-2 enterocytes. (a) Gene transcript levels of 
NPC1L1, ABCG-5, ABCG-8, ABCA-1 and HMGCR in Caco-2 cells that were treated with 70 µg/ml cholesterol 
(Control) or cholesterol (70 µg/ml) and Lab4 (1 × 108 cfu/ml) for 6 hours. Gene transcript levels were calculated 
using the comparative cycle threshold (Ct) method and normalised to β-actin levels with the control given 
an arbitrary value of 1.0. (b) Cholesterol uptake by untreated (control) Caco-2 cells or those incubated with 
Lab4 (1 × 108 cfu/ml) for 5 hours prior to the addition of radiolabelled cholesterol for an additional hour. 
Intracellular radioactivity (disintegrations per minute) was normalised to total protein content and presented 
as a percentage of the control that has been arbitrarily assigned as 100%. Efflux of intracellular radiolabelled 
cholesterol to apolipoprotein-AI (Apo-AI, 10 μg/ml) in the basolateral compartment (c) or TDCA micelles 
(1 nM) in the apical compartment (d) by untreated (control) Caco-2 cells or those treated with Lab4 (1 × 108 
cfu/ml) for 6 hours. The percentage of intracellular cholesterol effluxed from the cells was determined by 
dividing the radioactivity of the apical media or basolateral media by the combined radioactivity in the 
apical media, basolateral media and cell fraction. The data are presented as the mean ± SD from at least three 
independent experiments. Statistical analysis was performed using Student’s t-test where *p < 0.05, **p < 0.01 
and ***p < 0.001.
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vs HFD + P) although significantly elevated levels of keratinocyte chemoattractant/growth-regulated oncogene 
were observed in the HFD + P group compared to BL levels (63.19 pg/ml vs 89.62 pg/ml, 42%, p = 0.045). Mice 
in the HFD + P group showed significantly less weight gain after 14 days feeding compared to the HFD group 
(10.92% vs 15.33% respectively, p = 0.025, Fig. 3). No residual food was found during daily cage checks.

Short-term feeding with Lab4 plus L. plantarum CUL66 has no effect on plasma bile acids, 
but increases faecal bile acid excretion. Analysis of bile acids did not identify any differences between 
groups in the levels present in the plasma (Fig. 4a and b). In contrast, mice fed HFD and HFD + P have differ-
ent faecal bile acid profiles to the BL group (Fig. 4c and d) and the faecal bile acid profile of HFD + P fed mice 
is more variable than those fed HFD alone (Fig. 4c). Plasma and faecal bile acid profiles (as relative intensities 
from UPLC-MS) are shown in Supplementary Table S1 and Supplementary Figure S2. Unlike plasma levels that 
remained unchanged, total and unconjugated bile acid levels were significantly increased in the faeces of both 
groups during the study compared to BL and significantly higher levels of total (34% increase, p = 0.047) and 
unconjugated bile acids (33% increase, p = 0.047) were present in the faeces of HFD + P mice compared to the 
HFD group (Table 2). Increased relative levels of ursodeoxycholic acid (46% increase, p = 0.003), hyodeoxycholic 
acid (96% increase, p = 0.028), taurochenodeoxycholic acid (180% increase, p = 0.026) and a trend towards an 
increase in deoxycholic/chenodeoxycholic acid (30%, p = 0.052) were observed in the faeces of HFD + P mice 
compared to the HFD group (Table 2).

BL HFD HFD + P

Plasma Lipids (mM)

Total cholesterol 2.89 ± 0.09 3.64 ± 0.33** 3.15 ± 0.38#

Very low-density lipoprotein/low-
density lipoprotein 0.41 ± 0.10 0.79 ± 0.07*** 0.69 ± 0.09***

High-density lipoprotein 1.73 ± 0.14 2.04 ± 0.23p=0.054 1.79 ± 0.26

Triglycerides 0.76 ± 0.14 0.80 ± 0.15 0.71 ± 0.12

Plasma Cytokines (pg/ml)

Interferon-γ 0.59 ± 0.26 0.61 ± 0.39 0.97 ± 0.41

Interleukin-10 14.23 ± 4.26 12.83 ± 2.56 15.18 ± 3.83

Interleukin-12p70 51.11 ± 54.01 30.05 ± 32.06 19.80 ± 12.17

Interleukin-1β 0.84 ± 0.59 0.74 ± 0.49 0.60 ± 0.24

Interleukin-2 3.24 ± 1.46 2.84 ± 1.41 2.14 ± 0.60

Interleukin-4 0.72 ± 0.57 0.43 ± 0.37 0.37 ± 0.13

Interleukin-5 2.95 ± 0.64 3.14 ± 1.20 3.18 ± 0.34

Interleukin-6 6.37 ± 2.13 10.22 ± 8.47 10.39 ± 3.80

Keratinocyte chemoattractant/growth-
regulated oncogene 63.19 ± 15.62 75.36 ± 14.15 89.62 ± 21.26*

Tumor Necrosis Factor-α 10.7 1 ± 1.27 11.47 ± 2.59 15.34 ± 5.16

Table 1. Plasma lipid and cytokine concentrations. Data represent the means ± standard deviation of 6 mice 
per group. Values of p were determined using one-way ANOVA with Tukey’s (equal variance) or Dunnett’s T3 
(unequal variance) post-hoc analysis where ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 versus the BL group; #p < 0.05 
versus the HFD group. Values of p compared to the BL group are stated where appropriate.

Figure 3. Effect of probiotics on body weight. Body weights of mice in the HFD and HFD + P groups were 
recorded throughout the intervention period at the indicated time points and the percentage change in body 
weight since day 0 was calculated for each mouse. Data is presented as the mean ± SD for 6 mice in each group. 
Statistical analysis was performed using Student’s t-test where *p < 0.05.
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Short-term feeding with Lab4 plus L. plantarum CUL66 modulates the expression of genes 
associated with hepatic bile metabolism, but has no effect on those associated with cholesterol 
metabolism/transport in the duodenum, colon or liver. Significantly reduced mRNA levels of small 
heterodimer partner (SHP, 42%, p = 0.010) and significantly elevated mRNA levels of cholesterol-7α-hydroxylase 
(CYP7A1, 84%, p = 0.047) were observed in the livers of the HFD + P mice when compared to those fed HFD 
alone (Table 3). A trend towards an increase in hepatic ABCG-8 mRNA (23%, p = 0.067) was observed in 
HFD + P when compared to those fed HFD alone (Table 3). No significant differences between groups in the 
expression of farnesoid X receptor (FXR), NPC1L1, ABCG-5, ABCG-8, ABCA-1 and HMGCR were observed in 
duodenal, colonic or liver tissues (Table 3). Fibroblast growth factor 15 (FGF15) mRNA could not be detected in 
the duodenum or colon (Table 3).

Discussion
In this short-term feeding study, daily probiotic supplementation resulted in lower plasma cholesterol levels and 
suppression of diet-induced weight gain in mice fed a high fat diet. High circulating levels of TC and obesity are 
associated with increased risk of CVD and reductions in cholesterol levels and body weight can have a beneficial 
impact on this disease2. The cholesterol-lowering and anti-obesity effects observed for Lab4 plus L. plantarum 
CUL66 support the findings of longer term feeding studies in C57BL/6J mice with other probiotics34–40 and fur-
ther implicate probiotic supplementation as a potential strategy for the prevention of metabolic disease.

The deconjugation of bile acids by bacterial BSH activity is considered a key probiotic cholesterol-lowering 
mechanism22, 26, 41–44 and can increase faecal bile acid excretion in C57BL/6J mice35, 45 by repressing the entero-
hepatic FXR-FGF15 axis45 and increasing hepatic bile acid synthesis35, 45. In this study, we propose that reduced 
plasma cholesterol levels (Table 1) are the consequence of increased bile synthesis de novo by the host in response 
to probiotic-mediated bile acid deconjugation in the intestines. This view is supported by numerous obseva-
tions: firstly, the ability of Lab4 (Fig. 1a) and L. plantarum CUL6629 to deconjugate bile acids in vitro. Secondly, 
increased levels of total and unconjugated bile acids in the faeces of probiotic fed mice (Table 2). Thirdly, a 
reduction in hepatic gene expression of SHP; a transcriptional repressor of CYP7A1; the rate limiting enzyme 
in the synthesis of bile salts from cholesterol46. Finally, the concomitant increase in hepatic mRNA CYP7A1 
levels (Table 3) that has consistently shown direct correlation with increased hepatic CYP7A1 protein levels in 

Figure 4. Principle component analysis (PCA) and heatmap analysis of plasma and faecal bile acid profiles. 
PCA score plots of bile acid signatures from the (a) plasma or (c) faeces of BL, HFD and HFD + P mice. 
Heatmaps of the bile acid relative intensity from (b) plasma or (d) faeces of each mouse.
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Discussion
In this short-term feeding study, daily probiotic supplementation resulted in lower plasma cholesterol levels and 
suppression of diet-induced weight gain in mice fed a high fat diet. High circulating levels of TC and obesity are 
associated with increased risk of CVD and reductions in cholesterol levels and body weight can have a beneficial 
impact on this disease2. The cholesterol-lowering and anti-obesity effects observed for Lab4 plus L. plantarum 
CUL66 support the findings of longer term feeding studies in C57BL/6J mice with other probiotics34–40 and fur-
ther implicate probiotic supplementation as a potential strategy for the prevention of metabolic disease.

The deconjugation of bile acids by bacterial BSH activity is considered a key probiotic cholesterol-lowering 
mechanism22, 26, 41–44 and can increase faecal bile acid excretion in C57BL/6J mice35, 45 by repressing the entero-
hepatic FXR-FGF15 axis45 and increasing hepatic bile acid synthesis35, 45. In this study, we propose that reduced 
plasma cholesterol levels (Table 1) are the consequence of increased bile synthesis de novo by the host in response 
to probiotic-mediated bile acid deconjugation in the intestines. This view is supported by numerous obseva-
tions: firstly, the ability of Lab4 (Fig. 1a) and L. plantarum CUL6629 to deconjugate bile acids in vitro. Secondly, 
increased levels of total and unconjugated bile acids in the faeces of probiotic fed mice (Table 2). Thirdly, a 
reduction in hepatic gene expression of SHP; a transcriptional repressor of CYP7A1; the rate limiting enzyme 
in the synthesis of bile salts from cholesterol46. Finally, the concomitant increase in hepatic mRNA CYP7A1 
levels (Table 3) that has consistently shown direct correlation with increased hepatic CYP7A1 protein levels in 

Figure 4. Principle component analysis (PCA) and heatmap analysis of plasma and faecal bile acid profiles. 
PCA score plots of bile acid signatures from the (a) plasma or (c) faeces of BL, HFD and HFD + P mice. 
Heatmaps of the bile acid relative intensity from (b) plasma or (d) faeces of each mouse.
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numerous other studies47–49. It should also be noted that these changes were not accompanied with changes in 
plasma bile acids (Table 2) or intestinal FXR mRNA expression (Table 3) in accordance with observations made 
elsewhere45, although gene expression levels in the ileum; the key site of FXR-FGF15 activation50, 51, were not 
assessed in our study due to non-availability of tissue.

Probiotics have also been shown to lower cholesterol levels by regulating cholesterol transport and metabo-
lism25–27, 29 and both Lab4 (Fig. 2a) and L. plantarum CUL6629 have been shown to inhibit the expression of the 
cholesterol uptake transporter NPC1L1 in human intestinal epithelial cells. For L. plantarum CUL66, decreased 

PLASMA FAECES

HFD HFD + P HFD HFD + P

Total bile acids 1.39 ± 0.56 1.07 ± 1.20 1.72 ± 0.34* 2.30 ± 0.49***#

Conjugated bile acids 1.56 ± 1.13 0.90 ± 0.57 2.07 ± 1.21 3.62 ± 2.96*

Unconjugated bile acids 1.35 ± 0.48 1.11 ± 1.46 1.71 ± 0.33* 2.27 ± 0.46***#

Individual bile acids

Ursocholanic Acid ND ND 1.16 ± 0.44 1.32 ± 0.47

3-Ketocholanic Acid ND ND 1.12 ± 0.51 1.39 ± 0.70

Lithocholic acid ND ND 1.11 ± 0.33 1.25 ± 0.46

Allolithocholic Acid ND ND 1.38 ± 0.65 1.98 ± 1.08

Isolithocholic Acid ND ND 1.11 ± 0.55 1.22 ± 0.55

3,6/12-Diketocholanic Acid ND ND 0.94 ± 0.80 1.58 ± 1.04

3α-Hydroxy-12 Ketolithocholic Acid ND ND 1.74 ± 0.61 2.47 ± 0.87*

Deoxycholic Acid/Chenodeoxycholic ND ND 1.29 ± 0.17 1.68 ± 0.28*p=0.052

5β-Cholanic Acid-3β, 12α-diol ND ND 0.94 ± 0.23 1.17 ± 0.37

Murocholic Acid ND ND 3.07 ± 1.77** 4.83 ± 2.54***

Ursodeoxycholic acid ND ND 1.58 ± 0.11* 2.31 ± 0.36**##

Hyodeoxycholic acid ND ND 2.26 ± 0.91** 4.42 ± 1.91***#

12-Dehydrocholic Acid 0.59 ± 0.27 0.59 ± 0.78 2.41 ± 1.09* 2.58 ± 1.29*

ω-Muricholic Acid 0.93 ± 0.32 0.59 ± 0.77 1.87 ± 0.39** 2.22 ± 0.46**

α/β-Muricholic acid 2.41 ± 0.99 1.94 ± 2.49 2.98 ± 1.19*** 4.28 ± 1.29***

Hyocholic acid ND ND 1.20 ± 0.38 1.67 ± 0.43

Cholic acid 1.49 ± 0.63 1.35 ± 1.82 17.00 ± 16.70 18.82 ± 15.33***

Taurochenodeoxycholic Acid 9.18 ± 9.09* 4.36 ± 3.04 2.99 ± 1.32* 8.40 ± 5.75***#

Taurodeoxycholic Acid 1.08 ± 0.88 0.86 ± 0.53 6.12 ± 4.21** 13.75 ± 13.81***

Tauro-ursodeoxycholic Acid 1.50 ± 0.26 1.16 ± 0.66 3.88 ± 2.51* 6.25 ± 4.50**

Taurohyodeoxycholic Acid ND ND 2.73 ± 1.50* 7.25 ± 5.46**

Taurocholic Acid 0.88 ± 0.82 0.50 ± 0.43 0.60 ± 0.22 1.29 ± 1.08

Tauro-ω,α,β Muricholic Acid 1.99 ± 1.27 1.04 ± 0.62 2.70 ± 1.76 3.64 ± 2.64**

Table 2. Ratio of plasma and faecal bile acid content in relation to BL group. Data represent the means ± SD 
of 4 (plasma) or 6 (faeces) mice per group. Values of p were determined using one-way ANOVA with Tukey’s 
(equal variance) or Dunnett’s T3 (unequal variance) post-hoc analysis where ∗p < 0.05, ∗∗p < 0.01, and 
∗∗∗p < 0.001 versus the BL group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HFD group. Values of p 
compared to the HFD group are stated where appropriate. ND, not detected.

DUODENUM COLON LIVER

FXR 1.26 ± 1.20 1.78 ± 1.09 1.27 ± 0.25

FGF15 ND ND NT

SHP NT NT 0.58 ± 0.18*

CYP7A1 NT NT 1.84 ± 0.69*

HMGCR 0.87 ± 0.72 2.16 ± 1.56 0.95 ± 0.19

NPC1L1 0.91 ± 0.56 0.89 ± 0.61 1.37 ± 0.35

ABCG5 1.14 ± 0.31 0.92 ± 0.68 1.03 ± 0.17

ABCG8 1.00 ± 1.20 0.78 ± 0.47 1.23 ± 0.20p=0.067

ABCA1 0.60 ± 0.66 0.75 ± 0.55 0.96 ± 0.31

Table 3. Ratio of expression of key genes involved in bile acid and cholesterol metabolism in the HFD+P group 
in relation to the HFD group. Data represent the means ± SD of 6 mice per group values of p were determined 
using Student’s t-test where ∗p < 0.05. Values of p compared to the HFD group are stated where appropriate. NT, 
not tested; ND, not detected.
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α/β-Muricholic acid 2.41 ± 0.99 1.94 ± 2.49 2.98 ± 1.19*** 4.28 ± 1.29***

Hyocholic acid ND ND 1.20 ± 0.38 1.67 ± 0.43

Cholic acid 1.49 ± 0.63 1.35 ± 1.82 17.00 ± 16.70 18.82 ± 15.33***

Taurochenodeoxycholic Acid 9.18 ± 9.09* 4.36 ± 3.04 2.99 ± 1.32* 8.40 ± 5.75***#

Taurodeoxycholic Acid 1.08 ± 0.88 0.86 ± 0.53 6.12 ± 4.21** 13.75 ± 13.81***

Tauro-ursodeoxycholic Acid 1.50 ± 0.26 1.16 ± 0.66 3.88 ± 2.51* 6.25 ± 4.50**

Taurohyodeoxycholic Acid ND ND 2.73 ± 1.50* 7.25 ± 5.46**

Taurocholic Acid 0.88 ± 0.82 0.50 ± 0.43 0.60 ± 0.22 1.29 ± 1.08

Tauro-ω,α,β Muricholic Acid 1.99 ± 1.27 1.04 ± 0.62 2.70 ± 1.76 3.64 ± 2.64**

Table 2. Ratio of plasma and faecal bile acid content in relation to BL group. Data represent the means ± SD 
of 4 (plasma) or 6 (faeces) mice per group. Values of p were determined using one-way ANOVA with Tukey’s 
(equal variance) or Dunnett’s T3 (unequal variance) post-hoc analysis where ∗p < 0.05, ∗∗p < 0.01, and 
∗∗∗p < 0.001 versus the BL group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HFD group. Values of p 
compared to the HFD group are stated where appropriate. ND, not detected.
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FGF15 ND ND NT
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CYP7A1 NT NT 1.84 ± 0.69*

HMGCR 0.87 ± 0.72 2.16 ± 1.56 0.95 ± 0.19

NPC1L1 0.91 ± 0.56 0.89 ± 0.61 1.37 ± 0.35

ABCG5 1.14 ± 0.31 0.92 ± 0.68 1.03 ± 0.17

ABCG8 1.00 ± 1.20 0.78 ± 0.47 1.23 ± 0.20p=0.067

ABCA1 0.60 ± 0.66 0.75 ± 0.55 0.96 ± 0.31

Table 3. Ratio of expression of key genes involved in bile acid and cholesterol metabolism in the HFD+P group 
in relation to the HFD group. Data represent the means ± SD of 6 mice per group values of p were determined 
using Student’s t-test where ∗p < 0.05. Values of p compared to the HFD group are stated where appropriate. NT, 
not tested; ND, not detected.
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expression was associated with decreased extracellular cholesterol uptake together with increased expression of 
apical cholesterol efflux proteins ABCG-5 and ABCG-829, but was not associated with any changes in cholesterol 
export into the apical compartment29. Lab4 and L. plantarum CUL66 have been shown to reduce the expression 
of the cholesterol efflux transporter ABCA-1 which may be linked to the observed reductions of ApoAI-mediated 
basolateral cholesterol efflux (Fig. 2c)29. Interestingly, transcript levels of the de novo cholesterol synthesis enzyme 
HMGCR were increased and this change could represent a compensatory mechanism used to maintain cellu-
lar cholesterol levels29, 52–54. The changes in gene expression that had been observed in cultured human Caco-2 
enterocytes in vitro may represent a species-specific effect as similar changes were not detected in the duodenal or 
colonic tissue analysed on completion of the murine feeding study (Table 3).

Assimilation of cholesterol is thought to be another mechanism by which probiotic bacteria can influence 
plasma cholesterol levels55 although the impact of cholesterol assimilation by Lab4 (Fig. 1b) and L. plantarum29 
seen in vitro could not be assessed in vivo due a limited availability of faecal sample. Likewise, it was not possible 
to assess the impact of other potential probiotic cholesterol-lowering mechanisms such as the conversion of cho-
lesterol to coprostanol, short chain fatty acid production55 and the assimilation of bile acids56, 57. Probiotics have 
also been shown to reduce blood TG levels37, 38 or impart anti-inflammatory effects34, 40 in HFD fed C57BL/6J 
mice but these responses were not seen in our study (Table 1) possibly as a result of the short intervention period.

In summary, this preliminary 2 week study in mice on a high fat diet demonstrated the cholesterol-lowering 
capability of a combination of Lab4 and L. plantarum CUL66 probiotic bacteria. The probiotic group presented 
lower plasma TC levels and reduced weight gain together with changes in faecal bile acid content which impli-
cates the deconjugation of bile salts as a potential mechanism of action. These findings provide a meaningful basis 
for the design of follow-up studies to assess cholesterol lowering efficacy of these probiotic bacteria in humans.

Methods
Reagents. All chemicals were purchased from Sigma-Aldrich (Poole, UK) unless otherwise stated.

studies in vitro. Lab4 was assessed for its ability to deconjugate bile salts, assimilate cholesterol and reg-
ulate Caco-2 cell cholesterol transport as previously described29. Overnight cultures of Lab4 grown in MRS 
broth (Oxoid, Hampshire, UK) were centrifuged (1,000 × g, 10 min), washed with phosphate buffered saline and 
re-suspended to 1 × 108 cfu/ml in antibiotic free Dulbecco’s Modified Eagle’s medium supplemented with 4.5 g/l 
glucose, 1% (v/v) non-essential amino acids and 10 mM HEPES.

studies in vivo. Maintenance of animals and feeding of probiotics. Eighteen 8-week-old male C57BL/6 J 
mice were obtained from Harlan Laboratories (Oxfordshire, UK) and housed in pathogen-free scantainer venti-
lated cages (3 mice per cage) in a light- and temperature-controlled facility (lights on 7 a.m. −7 p.m., 22 °C). After 
one week acclimatisation on standard chow diet, 6 mice were sacrificed for baseline analysis and the remaining 12 
mice were randomly assigned into 2 groups; one group on high fat diet containing 21% (w/w) pork lard supple-
mented with 0.15% (w/w) cholesterol (Special Diets Services, Witham, U.K; product code: 821424) and the other 
on high fat diet supplemented with 5 × 108 cfu/mouse/day of Lab4 plus L. plantarum CUL66. The mice were fed 
10 g/cage/day (44.50 kcal/cage/day) for 14 days and cages were checked daily for surplus food. Body weights were 
recorded throughout the feeding period and faecal samples collected at the beginning and end of the study and 
were stored under anaerobic conditions at −80 °C for further analysis. At the end of the feeding period, all mice 
were terminally exsanguinated under anaesthesia by cardiac puncture and death confirmed by cervical disloca-
tion. All studies and protocols were approved by the Cardiff University institutional ethics review committee and 
the United Kingdom Home Office and experiments were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals (NIH Publication No. 85–23, revised 1996).

Blood and tissue sampling. Blood obtained from cardiac puncture was collected into EDTA (10 mM final con-
centration) and the plasma separated by centrifugation (12,000 × g, 5 mins). Liver and intestinal tissue was snap 
frozen in liquid nitrogen. All samples were stored at −80 °C.

Plasma lipid and cytokine analysis. TC, HDL and TG concentrations were measured at the Clinical Biochemistry 
Service, Cardiff University, on an Aeroset automated analyzer (Abbott Diagnostics, Berkshire, UK). Plasma 
VLDL/LDL concentrations were measured using the VLDL/LDL cholesterol assay kit (ABCAM, Cambridge, 
UK) in accordance with the manufacturer’s instructions. Plasma cytokine concentrations were measured by the 
Central Biotechnology Service (Cardiff University, UK) using the VPLEX pro-inflammatory panel 1 mouse kit 
(Meso Scale Discovery, Maryland, USA).

UPLC-MS profiling of plasma and faecal bile acids. Plasma samples were prepared for analysis using a previ-
ously described method58. Faecal pellets were lyophilised for 48 hours using a VirTis Benchtop BTP 8ZL freeze 
dryer (BPS FUK). The dried pellets were weighed and then homogenised in a mixture of water, acetonitrile and 
2-propanol (2:1:1 vol.) using a Biospec bead beater with 1.0 mm Zirconia beads to extract bile acids. After centrifu-
gation (16,000 × g, 20 mins) the supernatant was passed through 0.45 μm microcentrifuge filters (Costar, Corning). 
Equal parts of the plasma and faecal filtrates were used for the preparation of quality control (QC) samples that are 
required to monitor the stability of the assay. QC samples were also spiked with mixtures of bile acid standards (55 
bile acid standards including 36 non-conjugated, 12 conjugated with taurine, 7 conjugated with glycine (Steraloids, 
Newport, RI)) to determine the chromatographic retention times of bile acids. The filtrate was transferred in LCMS 
vials and used for the subsequent analysis. Plasma and faecal bile acid analysis was performed by ACQUITY UPLC 
(Waters Ltd, Elstree, UK) coupled to a Xevo G2 Q-ToF mass spectrometer equipped with an electrospray ioni-
zation source operating in negative ion mode (ESI-), using the method described by Sarafian et al.58. Waters raw 
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export into the apical compartment29. Lab4 and L. plantarum CUL66 have been shown to reduce the expression 
of the cholesterol efflux transporter ABCA-1 which may be linked to the observed reductions of ApoAI-mediated 
basolateral cholesterol efflux (Fig. 2c)29. Interestingly, transcript levels of the de novo cholesterol synthesis enzyme 
HMGCR were increased and this change could represent a compensatory mechanism used to maintain cellu-
lar cholesterol levels29, 52–54. The changes in gene expression that had been observed in cultured human Caco-2 
enterocytes in vitro may represent a species-specific effect as similar changes were not detected in the duodenal or 
colonic tissue analysed on completion of the murine feeding study (Table 3).

Assimilation of cholesterol is thought to be another mechanism by which probiotic bacteria can influence 
plasma cholesterol levels55 although the impact of cholesterol assimilation by Lab4 (Fig. 1b) and L. plantarum29 
seen in vitro could not be assessed in vivo due a limited availability of faecal sample. Likewise, it was not possible 
to assess the impact of other potential probiotic cholesterol-lowering mechanisms such as the conversion of cho-
lesterol to coprostanol, short chain fatty acid production55 and the assimilation of bile acids56, 57. Probiotics have 
also been shown to reduce blood TG levels37, 38 or impart anti-inflammatory effects34, 40 in HFD fed C57BL/6J 
mice but these responses were not seen in our study (Table 1) possibly as a result of the short intervention period.

In summary, this preliminary 2 week study in mice on a high fat diet demonstrated the cholesterol-lowering 
capability of a combination of Lab4 and L. plantarum CUL66 probiotic bacteria. The probiotic group presented 
lower plasma TC levels and reduced weight gain together with changes in faecal bile acid content which impli-
cates the deconjugation of bile salts as a potential mechanism of action. These findings provide a meaningful basis 
for the design of follow-up studies to assess cholesterol lowering efficacy of these probiotic bacteria in humans.
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Reagents. All chemicals were purchased from Sigma-Aldrich (Poole, UK) unless otherwise stated.

studies in vitro. Lab4 was assessed for its ability to deconjugate bile salts, assimilate cholesterol and reg-
ulate Caco-2 cell cholesterol transport as previously described29. Overnight cultures of Lab4 grown in MRS 
broth (Oxoid, Hampshire, UK) were centrifuged (1,000 × g, 10 min), washed with phosphate buffered saline and 
re-suspended to 1 × 108 cfu/ml in antibiotic free Dulbecco’s Modified Eagle’s medium supplemented with 4.5 g/l 
glucose, 1% (v/v) non-essential amino acids and 10 mM HEPES.

studies in vivo. Maintenance of animals and feeding of probiotics. Eighteen 8-week-old male C57BL/6 J 
mice were obtained from Harlan Laboratories (Oxfordshire, UK) and housed in pathogen-free scantainer venti-
lated cages (3 mice per cage) in a light- and temperature-controlled facility (lights on 7 a.m. −7 p.m., 22 °C). After 
one week acclimatisation on standard chow diet, 6 mice were sacrificed for baseline analysis and the remaining 12 
mice were randomly assigned into 2 groups; one group on high fat diet containing 21% (w/w) pork lard supple-
mented with 0.15% (w/w) cholesterol (Special Diets Services, Witham, U.K; product code: 821424) and the other 
on high fat diet supplemented with 5 × 108 cfu/mouse/day of Lab4 plus L. plantarum CUL66. The mice were fed 
10 g/cage/day (44.50 kcal/cage/day) for 14 days and cages were checked daily for surplus food. Body weights were 
recorded throughout the feeding period and faecal samples collected at the beginning and end of the study and 
were stored under anaerobic conditions at −80 °C for further analysis. At the end of the feeding period, all mice 
were terminally exsanguinated under anaesthesia by cardiac puncture and death confirmed by cervical disloca-
tion. All studies and protocols were approved by the Cardiff University institutional ethics review committee and 
the United Kingdom Home Office and experiments were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals (NIH Publication No. 85–23, revised 1996).

Blood and tissue sampling. Blood obtained from cardiac puncture was collected into EDTA (10 mM final con-
centration) and the plasma separated by centrifugation (12,000 × g, 5 mins). Liver and intestinal tissue was snap 
frozen in liquid nitrogen. All samples were stored at −80 °C.

Plasma lipid and cytokine analysis. TC, HDL and TG concentrations were measured at the Clinical Biochemistry 
Service, Cardiff University, on an Aeroset automated analyzer (Abbott Diagnostics, Berkshire, UK). Plasma 
VLDL/LDL concentrations were measured using the VLDL/LDL cholesterol assay kit (ABCAM, Cambridge, 
UK) in accordance with the manufacturer’s instructions. Plasma cytokine concentrations were measured by the 
Central Biotechnology Service (Cardiff University, UK) using the VPLEX pro-inflammatory panel 1 mouse kit 
(Meso Scale Discovery, Maryland, USA).

UPLC-MS profiling of plasma and faecal bile acids. Plasma samples were prepared for analysis using a previ-
ously described method58. Faecal pellets were lyophilised for 48 hours using a VirTis Benchtop BTP 8ZL freeze 
dryer (BPS FUK). The dried pellets were weighed and then homogenised in a mixture of water, acetonitrile and 
2-propanol (2:1:1 vol.) using a Biospec bead beater with 1.0 mm Zirconia beads to extract bile acids. After centrifu-
gation (16,000 × g, 20 mins) the supernatant was passed through 0.45 μm microcentrifuge filters (Costar, Corning). 
Equal parts of the plasma and faecal filtrates were used for the preparation of quality control (QC) samples that are 
required to monitor the stability of the assay. QC samples were also spiked with mixtures of bile acid standards (55 
bile acid standards including 36 non-conjugated, 12 conjugated with taurine, 7 conjugated with glycine (Steraloids, 
Newport, RI)) to determine the chromatographic retention times of bile acids. The filtrate was transferred in LCMS 
vials and used for the subsequent analysis. Plasma and faecal bile acid analysis was performed by ACQUITY UPLC 
(Waters Ltd, Elstree, UK) coupled to a Xevo G2 Q-ToF mass spectrometer equipped with an electrospray ioni-
zation source operating in negative ion mode (ESI-), using the method described by Sarafian et al.58. Waters raw 
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data files were converted to NetCDF format and data were extracted via XCMS (v1.50) package with R (v3.1.1) 
software. MassLynx software 4.1 was used respectively for data acquisition and validation for this high throughput 
semi-targeted method for relative quantification of bile acids. Relative faecal bile acid intensities were corrected to 
the faecal pellet dry weight. PCA was carried out on the integrated mass spectrometric data using pareto scaling 
and logarithmic transformation using SIMCA v14.1.0.2047 (MKS Umetrics, Umeå, Sweden). The heatmaps were 
generated in R using package NMF using the scale command for the columns to create Z-scores.

Gene expression analysis. Approximately 50 mg of liver or intestinal scrapings were transferred into prefilled 
Lysis Matrix D micro-centrifuge tubes (MP Biomedicals, UK) containing 500 µl of Ribozol (Amresco LLC, Ohio, 
USA). The tissue was homogenized for 60 seconds at 6.0 m/s on a Fastprep-24TM homogenizer (MP Biomedicals, 
UK) and total RNA was isolated in accordance with the manufacturer’s instructions (Ribozol, Amresco LLC, 
Ohio, USA). Total RNA (1 µg) was reverse transcribed into cDNA using the High Capacity cDNA reverse tran-
scription Kit (Life Technologies, Paisley, UK) in accordance with the manufacturer’s instructions and real-time 
quantitative polymerase chain reaction (RT-qPCR) was performed on 10 ng cDNA using the iTag Universal 
SYBR Green SuperMix (Bio-Rad, Hertfordshire, UK) and 50 nM of each gene-specific oligonucleotide primer 
(See Supplementary Table S2): Initial melting (95 °C for 5 minutes) followed by 40 cycles of melting (94 °C for 
15 seconds), annealing (60 °C for 15 seconds) and extension (72 °C for 30 seconds) was performed using a CFX 
ConnectTM Real-Time Instrument (Bio-Rad). Transcript levels in the HFD + P group were determined using  
2−(ΔCt1–ΔCt2), where ΔCt represents the difference between the Ct for each target gene and β-Actin mRNA tran-
script levels and are expressed as a ratio of expression relative to the HFD group.

statistical analysis. All data are presented as the mean ± standard deviation (SD) of the assigned number of 
independent experiments or number of mice. Prior to significance testing, the normality of the data and the equality of 
group variance were confirmed using the Shapiro-Wilk and Levene’s tests respectively. Where necessary, normality was 
achieved using logarithmic transformation. For single comparisons, values of p were determined using Student’s t-test. 
For multiple comparisons, values of p were determined using one-way analysis of variance (ANOVA) with Tukey’s 
(equal variance) or Dunnett’s T3 (unequal variance) post-hoc analysis. Statistical analysis was performed using SPSS 
statistical software package version 22 (IBM, New York, USA). Significance was defined when p < 0.05.

Data availability statement. The datasets generated during and/or analysed during the current study are 
available from the corresponding author on reasonable request.
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data files were converted to NetCDF format and data were extracted via XCMS (v1.50) package with R (v3.1.1) 
software. MassLynx software 4.1 was used respectively for data acquisition and validation for this high throughput 
semi-targeted method for relative quantification of bile acids. Relative faecal bile acid intensities were corrected to 
the faecal pellet dry weight. PCA was carried out on the integrated mass spectrometric data using pareto scaling 
and logarithmic transformation using SIMCA v14.1.0.2047 (MKS Umetrics, Umeå, Sweden). The heatmaps were 
generated in R using package NMF using the scale command for the columns to create Z-scores.

Gene expression analysis. Approximately 50 mg of liver or intestinal scrapings were transferred into prefilled 
Lysis Matrix D micro-centrifuge tubes (MP Biomedicals, UK) containing 500 µl of Ribozol (Amresco LLC, Ohio, 
USA). The tissue was homogenized for 60 seconds at 6.0 m/s on a Fastprep-24TM homogenizer (MP Biomedicals, 
UK) and total RNA was isolated in accordance with the manufacturer’s instructions (Ribozol, Amresco LLC, 
Ohio, USA). Total RNA (1 µg) was reverse transcribed into cDNA using the High Capacity cDNA reverse tran-
scription Kit (Life Technologies, Paisley, UK) in accordance with the manufacturer’s instructions and real-time 
quantitative polymerase chain reaction (RT-qPCR) was performed on 10 ng cDNA using the iTag Universal 
SYBR Green SuperMix (Bio-Rad, Hertfordshire, UK) and 50 nM of each gene-specific oligonucleotide primer 
(See Supplementary Table S2): Initial melting (95 °C for 5 minutes) followed by 40 cycles of melting (94 °C for 
15 seconds), annealing (60 °C for 15 seconds) and extension (72 °C for 30 seconds) was performed using a CFX 
ConnectTM Real-Time Instrument (Bio-Rad). Transcript levels in the HFD + P group were determined using  
2−(ΔCt1–ΔCt2), where ΔCt represents the difference between the Ct for each target gene and β-Actin mRNA tran-
script levels and are expressed as a ratio of expression relative to the HFD group.

statistical analysis. All data are presented as the mean ± standard deviation (SD) of the assigned number of 
independent experiments or number of mice. Prior to significance testing, the normality of the data and the equality of 
group variance were confirmed using the Shapiro-Wilk and Levene’s tests respectively. Where necessary, normality was 
achieved using logarithmic transformation. For single comparisons, values of p were determined using Student’s t-test. 
For multiple comparisons, values of p were determined using one-way analysis of variance (ANOVA) with Tukey’s 
(equal variance) or Dunnett’s T3 (unequal variance) post-hoc analysis. Statistical analysis was performed using SPSS 
statistical software package version 22 (IBM, New York, USA). Significance was defined when p < 0.05.

Data availability statement. The datasets generated during and/or analysed during the current study are 
available from the corresponding author on reasonable request.
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The human intestinal microbiota is the ecological community of micro-organisms that share our gastrointestinal tract(1). Increasing
evidence suggests a mediating relationship exists between gut microbiota activity and the brain(2). Recent research has shown that
probiotic administration is capable of affecting brain activity in regions controlling central processing of emotion and sensation(3).
Developing on these findings, the aim of the present study was to assess the effect of probiotic administration on emotional memory
(EM), anxiety and acute peripheral pain response (PR).

A randomised double-blind controlled trial, involving sixty participants aged 18–40 years, was conducted. Participants completed a
six-week intervention, consuming either probiotic (Lactobacillus acidophilus CUL60 and CUL21, Bifidobacterium lactis CUL34,
Bifidobacterium bifidum CUL20) or placebo (maltodextrin) capsules. Participants attended pre- and post-intervention sessions.
Anxiety was assessed using the State-Trait Anxiety Inventory questionnaire at three time-points during each session (baseline,
post-EM task, post-PR task), and again at weeks two and four during intervention. EM was assessed once in each session using a
Remember, Know, Guess task; involving the presentation and recall of neutral and negative emotionally arousing images. A cold
pressor test was used to assess PR; pain threshold, removal of hand and pain tolerance times were measured. A visual analogue
scale was used to assess subjective pain. Finally, immune function was measured via salivary IgA, collected at three time-points in
each session (baseline, post-EM task, post-PR task).

When comparing treatment groups in terms of EM, the probiotic group recalled significantly more negative images compared to
placebo (P = 0·022, Figure 1.a). This effect was more pronounced in female participants (P = 0·009, Figure 1.b). For male participants
only, pain threshold was significantly reduced at the second assessment under the placebo condition (−3·687 seconds, P = 0·027,
Figure 1.c) but not following probiotic administration, potentially indicating a protective effect of probiotic treatment on pain thresh-
old. No further significant results were observed.

In conclusion, probiotic administration may have a moderating effect on EM processing. Specifically, augmented recall of highly
negative valiant stimuli in the probiotic treatment group may indicate altered activity of brain regions that control central processing
of emotion. Furthermore, probiotic treatment may have some potential to stabilise pain threshold in male participants. These initial
data warrant further investigation to substantiate these findings.

This research was supported by Cultech LTD.
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ABSTRACT
Background: Systemic enzyme therapy may improve
symptoms of exhaustive eccentric exercise due to anti-
inflammatory properties.
Methods: In a randomised, placebo-controlled, two-
stage clinical trial, systemic enzyme therapy
(Wobenzym) was administered for 72 hours before and
72 hours following a day on which subjects performed
an exhaustive eccentric exercise (isokinetic loading of
the quadriceps). Efficacy criteria (maximal strength and
pain) and time points were selected to account for the
multidimensional nature of exercise-induced muscle
damage symptoms. Subjects were randomised in a
crossover (stage I, n=28) and parallel group design
(stage II, n=44).
Results: Analysis of stage I data demonstrated a
significant superiority (Mann-Whitney=0.6153;
p=0.0332; one sided) for systemic enzyme therapy
compared with placebo. Stage II was designed as a
randomised controlled parallel group comparison.
Heterogeneity (I2>0.5) between stages led to separate
analyses of stage I (endurance-trained subjects) and
stage II (strength-trained subjects). Combined
analysis resulted in no evidence for corresponding
treatment effects. Analysis of pooled biomarker data,
however, demonstrated significant favourable effects
for systemic enzyme therapy in both
stages.
Conclusion: Systemic enzyme therapy before and
after exhaustive eccentric exercise resulted in higher
maximal concentric strength in the less strength-
trained subjects (stage I) and in significant favourable
effects on biomarkers (inflammatory, metabolic and
immune) in all subjects. The application of these
findings needs further evaluation.

INTRODUCTION

Exercise-induced muscle damage (EIMD)
and its most common symptom, delayed
onset of muscle soreness (DOMS), impact
an athlete’s training frequency and perfor-
mance. Strenuous exercise, acute or

postsurgical trauma and certain diseases
can all be sources of skeletal muscle injury.
Regardless of the type of injury, the
general injury and repair mechanism are
similar1 2 and have been well characterised
in EIMD.3–11

Inflammation contributes to fibrosis12

and causes pain that may impair skeletal
muscle function.11 Therefore, it has been
common practice to reduce inflammation
with drugs, such as COX-2 inhibitors. The
problem with this approach is that while
inflammation causes further injury to
muscles,1 2 13 14 preventing inflammation
may hinder recovery.1 15–17 As a result,
current treatment options for inflamma-
tion are not necessarily effective and, in
some cases, they may be unsafe.

What are the new findings?

" This study confirms a substantial and significant
effect of systemic enzyme therapy (SET) on
fatigue, muscle soreness and damage, as well as
immunological and metabolic biomarkers, in
male sportsmen with medium performance level
(mostly runners and general athletes). Muscle
soreness and maximal strength were not
improved in those subjects with a higher level of
strength training at baseline.

" Use of SET showed a significant reduction in
inflammatory biomarkers in sportsmen across all
training levels, indicating an application for SET
in supporting normal inflammatory processes for
muscle recovery.

" Clinicians may recommend the use of SET for
mediating muscle fatigue, reducing soreness and
attenuating potential muscle damage in endur-
ance athletes.

Marzin T, et al. BMJ Open Sport Exerc Med 2017;2:e000191. doi:10.1136/bmjsem-2016-000191 1
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Systemic enzyme therapy (SET)i allows inflamma-
tory processes to progress naturally and this
overcomes the problem of preventing inflammation
in a manner that may hinder recovery. The antioxi-
dant rutin reduces oxidative stress during
inflammation.18 19 Orally administered proteolytic
enzymes, also called proteinases, are mainly absorbed
in the small intestine and are active in body fluids
and tissues as free and bound proteinases, despite
their low concentrations (pmol–nmol).20 Trypsin and
bromelain share two main biological activities with
other proteinases: (i) they degrade proteins by their
proteolytic activity which cleaves peptide bonds at
specific sites, both in digestion and as markers of
cell destruction and inflammation, and (ii) they bind
to specific (eg, a2-antitrypsin) or unspecific (eg, a2-
macroglobulin) antiproteinases to prevent uncon-
trolled protein degradation.

Accumulating evidence points to a role of protease-
activated receptor 2, expressed on T cells, eosino-
phils, neutrophils and mast cells, in the regulation of
inflammation and immune function.20–23 Further,
both trypsin and bromelain form complexes with a2-
macroglobulin leading to a conformational change
that exposes receptor recognition sites in each of its
four subunits.20 24 These complexes are recognised
by low-density lipoprotein receptor-related protein
and cell surface glucose-regulated protein (GRP78)
receptors24 on blood and immune cell surfaces
resulting in modification of cellular activities25 and
rapid elimination by hepatocytes.20 26 During inflam-
mation the complex of protease and antiprotease is
subject to further modifications.20 Oxidation of the
proteinase antiproteinase complex may serve as a
switch mechanism that downregulates the progression
of acute inflammation by sequestering TNF-a, inter-
leukin (IL) 2 and IL-6, while upregulating the
development of tissue repair processes by releasing
bFGF, b-NGF, PDGF and TGF-b.20 Thus, SET may
affect EIMD and DOMS by balancing the inflamma-
tory response to injury.

The influence of oral proteinases on EIMD was
investigated in several clinical trials focusing on pain
and/or muscle function and strength.27–29 Bromelain
and other proteinases may reduce muscle inflamma-
tion after EIMD,1 but controversy persists.27 28 The
aim of the current trial was to investigate the effects
of SET before and after exhaustive eccentric exercise
on functional and biochemical parameters of EIMD
and DOMS in male sportsmen who had a medium
level of performance.

METHODS
Trial design
This was designed as a prospective, randomised,
double-blinded, placebo-controlled, two-stage trial.
Stage I was a crossover with a washout phase of 21 days
between phases; stage II was continued as parallel
group comparison. Subjects were randomised to either
SET or placebo (stage I: n=2�14, crossover; stage II:
n=2�22, parallel group) and involved parties were
blinded, except for the person responsible for interim
(stage I) and final confirmatory analyses. Administra-
tion of medication began 72hours before an
exhaustive eccentric exercise day and continued for
72hours following the muscle damaging exercise. Each
subject completed an activity diary and a food
frequency questionnaire. The clinical trial complied
with the Declaration of Helsinki and was approved by
the local health authority and ethical committee. It was
registered at ClinicalTrials.gov (NCT01845558).

Subjects
Subjects were aged 20–50 years, had a body mass
index between �20 kg/m2 and �32 kg/m2 and had a
moderate performance level and moderate strength
ability defined by a medium concentric strength ability
of 150–300 Nm (newton metre) peak torque maximum
(PTM). Nutritional status was assessed via question-
naire at screening; subjects were asked not to change
nutritional habits; and standardised meals were offered
during the exercise day. Subjects were not to practise
any physical activity (including driving to work by
bicycle) during the study. All physical activities were
documented. Subjects were also instructed to avoid
activities after the exercise such as massages or hot
bathing or showering. Relevant exclusion criteria were
history or presence of any medical disorder, intake of
anti-inflammatory medication, food supplements or
use of other procedures directly affecting muscle func-
tion or performance within 4 weeks prior to or during
trial. Intake of analgesic medication or consumption of
alcohol was not allowed 24hours prior and until
72 hours after exercise.

Sample size
Non-parametric sample size calculation within the
framework of a multiple outcome approach30–33 was
performed applying the validated software Nnpar
V.1.0 (IDV, Gauting, Germany). With the sample size
of 30 subjects, the power calculation for stage I indi-
cated a 64% chance (power of 90%) to detect a
‘medium-sized’ group difference with respect to the
multidimensional test. If neither success nor futility was
formally determined after stage I, a subsequent stage II
could be planned based on the results of stage I
(sample size reassessment with adaptive design
features).34 35 Recalculated total sample size for stage
II was 2�22 subjects (one phase, no crossover design).

iWobenzym plus contains 67, 5–76, 5 mg bromelain (standardised to
450 FlP units); 32–48 mg trypsin (standardised to 24 �kat) and 100 mg
rutoside 3 H2O, and is manufactured by Mucos Pharma GmbH &
Co. KG, Berlin.

2 Marzin T, et al. BMJ Open Sport Exerc Med 2017;2:e000191. doi:10.1136/bmjsem-2016-000191
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Interventions
Subjects were recruited through a telephone question-
naire and invited to the screening visit 2–4 weeks
before exercise to give informed consent and confirm
eligibility. Demographic data, medical history, physical
activity (Freiburger Activity Questionnaire), nutritional
performance status, vital signs and blood samples for
routine parameters were collected.
After a 5min warm-up period on an ergometer,

the maximal concentric strength of the quadriceps
femoris muscle of the stronger leg, determined at
screening, was measured on a desmodrom (Fa.
Schnell). Three repetitions of 20 maximal concentric
contractions were performed (60 s at 20 oscillations
per minute) with 1 min passive recovery between
sets. The highest value was used for analysis. For
each measurement, peak torque and angle of peak
torque were documented. On day 4 of the trial (visit
1), EIMD was induced by exhaustive eccentric

exercise according to McLeay.36 Maximal eccentric,
isokinetic loading of the right and left quadriceps
femoris was determined by using a desmodrom (Fa.
Schnell) as before, but with the difference of eccen-
tric, not concentric, exercise. The same observer
motivated all subjects following a standardised
protocol to avoid interobserver bias.

Trial medication
All subjects received four tablets of SET or placebo of
identical shape and colour three times a day starting
72hours before exhaustive eccentric exercise day and
for 72 hours post exercise. Trial medication was taken
on an empty stomach 30min before meals with 250mL
water. Date and time of intake and time of subsequent
meals were documented in a diary. Residual tablets
were counted to control for compliance.

Figure 1 Disposition of subjects to stages I and II and different analysis populations. AE, adverse event; ITT, intent-to-treat

population; n, number; PP, per protocol population; SAF, safety population; SET, systemic enzyme therapy (Wobenzym).

Marzin T, et al. BMJ Open Sport Exerc Med 2017;2:e000191. doi:10.1136/bmjsem-2016-000191 3
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Outcome measures
The maximal concentric strength of the M. Quadriceps

femoris of both legs was assessed at screening (2–4 weeks
before visit 1), pre visit 1 (day 0, before start of trial
medication), at visit 1 (day 4 of administration of trial
medication), immediately before (pre) and immediately
after exhaustive eccentric exercise (0 hour), as well as
after 3 hours and 6 hours, and at day 5 (24 hours),
day 6 (48 hours) and day 7 (72 hours). PTM and angle
of peak torque were measured as parameters of
maximal concentric strength.
Pressure-induced pain (PIP) was assessed by the same

observer for all subjects using a 1 cm2 metal disk

against the middle of the muscle belly. Pressure was
constantly increased until it became unpleasant. PIP
was assessed at the indicated time points and the mean
of three tests was used for analysis.

Biomarkers
Biomarkers of muscle metabolism and damage,
inflammatory and immune response, and
redox status were determined. Samples were taken at
individual time points, stored frozen below �80�C,
except for lactate and natural killer (NK) cell activity,
and analysed batchwise for each subject after trial
completion according to manufacturer’s instructions,

Figure 2 Stage I results for peak torque maximum and pressure-induced pain in response to exhaustive eccentric exercise in

all subjects. Mean values of peak torque maximum (Nm) (A) and pressure-induced pain (kg/cm2) (B) and 95% CIs for all

subjects of the total blinded review population of stage I (red circles and lines) compared with the mean baseline peak torque

maximum of all subjects (blue line).

4 Marzin T, et al. BMJ Open Sport Exerc Med 2017;2:e000191. doi:10.1136/bmjsem-2016-000191
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if not otherwise indicated. Creatine kinase and lactate
dehydrogenase as markers of muscle damage were
determined at Medizinisches Versorgungszentrum
Leinfelden for samples taken pre-exercise, and at 0,
3, 6, 24, 48 and 72hours after exercise. Lactate was
determined pre-exercise, and 10 and 30min after
exercise taken by capillary blood samples by trial site.
Inflammatory response was investigated as IL-6 (pre-
exercise, and 0, 3 and 24hours after exercise) (Quan-
tikine High Sensitivity ELISA; R&D Systems) and
prostaglandin E derived from cyclooxygenase 2 (pre-
exercise, and 3, 6 and 24hours) (Prostaglandin E
Metabolite EIA kit; Cayman Chemical) at BioTeSys,
Esslingen. Immune function was investigated by IL-2
inducible NK cell activity (pre, 3 hours, 24 hours) at
the Institut f€ur Medizinische Diagnostik, Berlin.37 38

Total antioxidative status (TAS) and total oxidative
status (TOS) (pre, 3 hours, 6 hours, 24 hours) were
assessed using a photometric test assay (ImAnOx
[TAS/TAC] Kit; perOS [TOS/TOC] Kit; Immundiag-
nostik AG, Bensheim, Germany).

Safety assessments
Blood samples for routine laboratory tests, including
haemogram, liver enzymes, lipids, glucose, uric acid
and creatinine, were taken at screening, before, and 24
and 72hours after exercise and analysed by Synlab
Medizinisches Versorgungszentrum Leinfelden. Vital

signs were determined at all visits. Concomitant medi-
cation and adverse events were documented.

Statistical analysis
As no single measure captures the multidimensional
nature of recovery from EIMD, the combination of
single efficacy endpoints reduction of maximal strength
(PTM) and PIP was chosen to be evaluated by a multi-
variate, directional test approach in stage I of the
trial.39

The multiple level alpha of the trial (multiple level of
significance) was defined as a=0.025 (one sided). The
confirmatory analyses were performed with the inten-
tion-to-treat population. Missing values were replaced
by last observation carried forward technique. Results
are given as p values and effect size measures with
their CIs (Mann-Whitney (MW) statistic as corre-
sponding effect size measure of the Wilcoxon-Mann-
Whitney test). The traditional benchmarks for the MW
effect size measure are as follows: 0.29 = large inferi-
ority, 0.36 = medium inferiority, 0.44 = small
inferiority, 0.50 = equality, 0.56 = small superiority,
0.64 = medium superiority and 0.71 = large
superiority.
Multiple a priori ordered hypothesis testing was

performed as a two-stage procedure30 40 41 including
the possibility to stop the trial after stage I due to
success (proof of efficacy) (p1�a1=0.0102) and futility

Figure 3 Peak torque maximum in response to exhaustive eccentric exercise in subjects administered SET or placebo. Mean

changes from baseline of peak torque maximum [Nm] and 95% CIs for the intent-to-treat population are shown for SET (red

circles and lines) and for placebo (blue circles and lines). ITT, intent-to-treat population; SET, systemic enzyme therapy.
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(p1�a0=0.5) or to plan stage II of the trial based on
results of stage I, including reassessment of sample size
and finalisation of the trial design. This procedure
based on Fisher’s combination test shows only negli-
gible loss in test power compared with fixed sample
size trials42 and uses the adjusted value a1=0.0102 as a
critical value for the test of stage I.34 Recalculated total
sample size for stage II was 2�22 subjects with no
crossover design.

RESULTS
Trial population
In stage I, 30 subjects were enrolled between 20 April
20 and 1 August 2013, and 28 subjects (safety popula-
tion) were treated in a crossover design. Per protocol
(PP) analysis consisted of 26 subjects (figure 1).
In stage II, a total of 44 subjects were enrolled

between 15 May and 27 July 2014. The safety popula-
tion was comprised of all enrolled and treated subjects
(n=44). The PP population (41 subjects; SET: 20;
placebo: 21) resulted from exclusion of two subjects
due to protocol violation (timing of PTM >20%and
severe violation of screening PTM) (figure 1).

Stage I
The PTM and PIP results for both treatment groups
(all subjects pooled) compared with mean baseline
values are provided in figure 2.
As expected, PTM is reduced in the ‘acute’ phase at

3 hours (3.4%; 201Nm) and 6 hours (4.8%; 198Nm)
after exhaustive eccentric exercise compared with base-
line (100%; 208Nm) (figure 2A). However,
during’recovery’ phase (24–48hours), the average
PTM returns to 205Nm at 24 hours and to 209Nm at
48 hours, the level before exercise. Thus, the potential

to discover differences between two treatments is
substantially reduced beyond 24hours. PIP measured
by algometry (both treatment groups combined)
resulted in a reduction of pain threshold after exhaus-
tive eccentric exercise in both phases (figure 2B).
The PTM results in stage I (phase 1) with SET or

placebo are shown in figure 3. Exhaustive eccentric
exercise led to a reduction in PTM in the SET group
of 2.8% at 3 hours and 1.5% at 6 hours compared with
placebo of 6.2%, 10% and 5.7% at 3, 6 and 24hours,
respectively. Physical performance returned to baseline
at 24 hours with SET but not until 48 hours with
placebo. The associated MW effect size indicated more
than ‘small’ superiority of the SET group
(MW=0.6153, p=0.0332) compared with placebo.

Stage II
In contrast to stage I, confirmatory analysis of both
hypotheses of stage II resulted in no evidence for
corresponding treatment effects (hypothesis 1:
p=0.8596, hypothesis 2: p=0.8783, both one sided).
As shown in figure 4, there is ‘severe’ heterogeneity
between both stages for both hypotheses (hypothesis 1:
MW=0.6153 vs MW=0.4379; I2=0.7692, p=0.0374;
hypothesis 2: MW=0.5917 vs MW=0.4267; I2=0.6778,
p=0.0781). As both I2 values are above 0.5, indicating
‘large’ heterogeneity, results are to be interpreted
separately for each stage.

Biomarkers
Pooled biomarker analysis at 3 hours after exercise
demonstrated significant advantages for SET compared
with placebo (stage I: p=0.0011; stage II: p=0.0114)
(figure 5) and no heterogeneity (I2=0.0) between
stages I and II. Stage I and II combined biomarker

Figure 4 Statistical analysis of multidimensional ensemble of peak torque maximum and pressure-induced pain at 3 hours

and 6 hours (hypothesis 1) and at 24 hours and 48 hours (hypothesis 2).
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effect size shows significant and ‘more than small’ supe-
riority of the SET group (MW=0.5847, p=0.0001)
compared with the placebo group (figure 5).

Safety
In stage I, out of 16 single adverse events, only one was
characterised as ‘possibly’ related (diarrhoea, SET). In
stage II, two single adverse events, one possibly related
to SET (acne-like rush at chin and mild pruritus), were
reported. No adverse event was ‘serious.’ Both events
related to SET were characterised as mild and resolved.
In both stages, there were no clinically relevant find-
ings in any of the treatment groups. SET is well
tolerated at the dosage of 3�4 tablets per day.

DISCUSSION
We demonstrated the superiority of SET compared
with placebo in maintaining strength and reducing
pain in response to exhaustive eccentric exercise (acute
phase, stage I). Stage II data were evaluated separately
due to significant heterogeneity (I2>0.5) and, in
contrast to stage I, did not result in differences of SET
or placebo on EIMD. Biomarkers responded to SET
across both study stages.

Strengths and limitations
The trial was carefully planned using a multidimen-
sional approach for outcome assessment and
classification, taking into account the multidimensional
aspect of recovery from EIMD. Additionally, a two-
stage approach with interim analysis and continuation
with refined hypotheses and readjusted sample size
offered all opportunities to finalise the trial
successfully.

Surprisingly, the preplanned test for carryover effects
was statistically significant on the defined level a1

(p=0.0092, one sided, Wei-Lachin procedure, Bauer-
K€ohne a1=0.0102) in stage I. Thus, according to statis-
tical plan, only phase 1 data from stage I could be used
for non-parametric confirmatory analysis, and the
crossover approach had to be abandoned in stage II in
favour of a parallel group comparison. One possible
explanation for carryover effects is that impairment of
muscle function could have been influenced by recent,
that is, within some months,43 high-force eccentric
work using the same muscle(s). This effect is commonly
referred to as the ‘repeated-bout effect.’44 However, as
EIMD during the current trial was only mild, the
washout phase during the eccentric exercise sessions
should have been sufficient to avoid a repeated bout
effect. A carryover effect from SET to placebo cannot
be excluded as irreversible changes of cell surface
receptors of blood and immune cells have been
reported.20 21 23

Stages I and II revealed ‘severe’ heterogeneity even
though inclusion criteria were unchanged at screening
for both stages at PTM 150–300Nm and a variability
of below 20%. Large interindividual variation in
response to eccentric exercise is commonly reported.45

EIMD should even be higher in this age range as the
magnitude of muscle damage is increased from pread-
olescent, adolescent to postadolescent men.46

Flexibility,47 48 eccentric peak and end-range torque49

as well as angle of peak torque (cf. the joint angle–
torque relationship) are further factors contributing
generally to a variety of EIMD responses.50 Addition-
ally, extended training of the same muscle(s)
comparable to exhaustive eccentric exercise may

Figure 5 Superiority of SET compared with placebo in improving inflammatory, immune and metabolic biomarkers in

response to exhaustive eccentric exercise. Effect sizes (changes from baseline) at 3 hours after exhaustive eccentric exercise

were pooled for stage I, stage II and both stages combined. Pooled biomarkers include creatine kinase, lactate

dehydrogenase, lactate, interleukin 6, prostaglandin E2, total oxidative status, total antioxidative status and natural killer cells,

and were analysed for the direction of superiority. df, degrees of freedom; MW, Mann-Whitney; N, number; n. def., not defined;

p, probability; SET, systemic enzyme therapy.
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influence regeneration mechanisms and individual
autonomous pain threshold.45 Large variations in indi-
vidual responses to eccentric exercise are also evident
from the literature, and gross muscle damage does not
occur in all individuals.45 51–54

Study model may be limited in ability to observe a
functional response in more strength-trained athletes
A closer look at single subject data at baseline revealed

differences between stages in the number of main disci-
plines and training duration per week (table 1).
Participants in stage I were primarily runners/joggers

(endurance training) whereas participants in stage II
primarily focused on strength (resistance) training.
The duration of weekly strength training was reported
at nearly three times for stage II compared with stage I
(179 vs 61min). Further, overall training duration
across all disciplines was higher in stage II than stage I
(482 vs 369min). Therefore, stage II participants were
more well trained than stage I participants, particularly
related to strength (resistance) exercises. This may
increase PTM by higher physical performance and by
increase in pain threshold or the ability to increase
PTM despite pain. Insensitivity of the study model to
detect advantages of SET might have been caused by
these differences in baseline resistance training. It has
been suggested to report individual data and to classify
subjects, for example, low, medium/moderate or high
responders, to allow for a better presentation and
interpretation of the data.49 51

Biomarker data confirm anti-inflammatory effects of SET
In contrast to functional parameters PTM and PIP,
biomarker analysis resulted in a significant and ‘more
than small’ superiority of the SET group compared
with placebo group in single stages and both stages
combined. Cytokines may play a relatively minor role
in regulating the health benefits of low-intensity exer-
cise, such as brisk walking.55 In contrast, marathon
running induces high physiological stress and a large
cytokine response56 as a more generalised response to

internal and/or external stress. Factors such as oxida-
tive or nitrosative stress, damaged or unfolded
proteins, hyperthermia or energy imbalance likely
induce cytokine production during exercise through
catecholamines, endotoxin, alarmins, ATP and proin-
flammatory cytokines themselves.57 58 SET is likely to
contribute to a reduction of large cytokine response in
EIMD and DOMS independent of physical perfor-
mance/training status.

CONCLUSION
SET administered orally 72 hours before and
72hours post exhaustive eccentric exercise resulted
in higher maximal concentric strength and lower PIP
in subjects who were less experienced in resistance
training and in significant favourable effects on anti-
inflammatory and other biomarkers in all subjects.
The potential role of SET in managing EIMD and
DOMS across different training groups needs further
investigation.
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Table 1 Summary of anthropometric data and baseline characteristics

Parameter

Stage I Stage II

Total (n=27) SET (n=15) Placebo (n=12) Total (n=42) SET (n=21) Placebo (n=21)

Age (years)�SD 31.6�9.3 29.2�8.8 34.6�9.3 29.7�8.7 30.7�7.6 28.7�9.8

Height (m)�SD 1.81�0.06 1.79�0.06 1.83�0.07 1.83�0.05 1.84�0.06 1.82�0.04

Weight (kg)�SD 80.0�10,0 76.5�10.2 84.3�8.0 81.2�7.4 81.0�8.6 81.3�61

BMI (kg/m2)�SD 24.4�2.1 23.8�2.0 25.2�1.9 24.3�1.8 24.0�1.8 24.6�1.8

Sport activity (min/week)�SD 369�206 415�197 312�211 482�433 483�502 481�363

CK (U/L)�SD 214�157 227�148 199�122 244�165 225�160 264�172

PTM/BW (Nm/kg)�SD 2.76�0.44 2.76�0.51 2.75�0.34 2.82�0.51 2.75�0,53 2.89�0.48

Anthropometric data, sporting activity and creatine kinase were assessed at screening; peak torque maximum/body weight was measured

the day before start of supplementation.

BMI, body mass index; CK, creatine kinase; Nm, newton metre; PTM/BW, peak torque maximum/body weight; SET, systemic enzyme

therapy.
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Efficacy and tolerance of systemic enzyme therapy in the treatment of 
acute thrombophlebitis–a randomised double-blind controlled trial

Marcel Baumueller1 and Stefanie Rau2*

Acute thrombophlebitis or superficial thrombophlebitis is the 
inflammation of superficial veins caused by a thrombus, most frequently 

in the legs. While acute thrombophlebitis is often considered to be relatively 
benign, it may be associated with more severe conditions such as deep vein 
thrombosis and life-threatening pulmonary embolism. The main symptoms 
of acute thrombophlebitis include pain at rest and upon pressure, local 
hyperthermia and redness of the skin as well as formation of tender and hard 
veins (phlebitic cords).

The precise aetiology of acute thrombophlebitis remains unknown. 
Thrombophlebitis often occurs under conditions of reduced blood flow. 
Relevant risk factors are immobility, varicosis and conditions of increased 
coagulation, as well as trauma of the affected vein, for instance due to 
catheters or surgery. Acute thrombophlebitis may also be associated with 
bacterial infection. The incidence of acute thrombophlebitis is estimated to 
be about one per 1,000 [1].

There are various therapeutic options to treat acute thrombophlebitis [1,2]. 
Many of these options primarily aim at reducing the burden of pain and 
symptoms of inflammation, for example by local cooling and the use of 
analgesic non-steroidal anti-inflammatory drugs (NSAID), typically in an 
over-the-counter (OTC) setting. Compression stockings are often employed 
since they help improve venous blood flow. Dissolution of the thrombus 
and thus relief of acute thrombophlebitis can be achieved by anticoagulant 
therapy with heparin or fondaparinux.

Systemic enzyme therapy (SET) may serve as another treatment option for 
acute thrombophlebitis. SET is the oral application of proteolytic enzymes 
such as trypsin and bromelain in combination with antioxidants like 
rutoside. Enzymes are absorbed in the small intestine and taken up into 
the bloodstream, at least to some extent [3]. There, they act in an anti-
inflammatory manner, as was first described for the serine protease trypsin 
[4]. Similarly, the cysteine protease bromelain, extracted from the stems of 
pineapples, is an effective phytotherapeutical drug with anti-inflammatory 
properties [5]. The immunomodulatory function of proteolytic enzymes is 
thought to be mediated by direct proteolytic and thrombolytic activity as well 
as a variety of immunomodulatory mechanisms. These mechanisms include 

interaction with protease-activated receptors (PAR, for trypsin: PAR2) on certain 
immune cells, e.g. macrophages [6,7], and binding to alpha-2-macroglobulin 
followed by clearance of associated cytokines [8-10]. Proteases have also been 
indicated to show a certain improvement of the fluidity of the blood [11]. An 
additional component of SET can be rutoside, or rutin, a flavonoid known to 
have cytoprotective and anti-inflammatory properties [12].

SET has become increasingly popular with patients as an OTC option 
to treat pain and inflammation. Still, there is only limited evidence for 
efficacy and safety of SET from randomized clinical trials and previous 
evidence hints at additional effects to compression stockings, but do not 
show singular effects of enzyme combinations. Here we report the results of 
a randomized, double-blind, placebo-controlled clinical trial in 100 patients 
with acute thrombophlebitis in the leg, comparing treatment with the SET 
trypsin:bromelain:rutoside trihydrate (Wobenzym®, Mucos Pharma, Berlin, 
Germany) to placebo without compression stockings.

MATERIALS AND METHODS

Patients, inclusion and exclusion criteria, randomisation

One hundred adult patients (age ≥ 18 years) of either gender were recruited. To 
be included in the study, patients had to suffer from acute thrombophlebitis 
in the lower leg, with moderate to severe pain as monitored on a visual 
analog scale (VAS, value ≥ 3 cm), pain under pressure, and presence of 
at least three of the following symptoms: skin redness, hyperthermia, 
phlebitic cords, feeling of heaviness and tenseness. Exclusion criteria 
included known deep phlebothrombosis, flourishing ulcus cruris, arterial 
occlusive disease, peripheral neuropathy, malignant disease, concomitant 
anticoagulant treatment, pregnancy, lactation, known alcohol or drug abuse 
and participation in another clinical study. The study was approved by an 
independent ethics committee (Freiburg Ethics Commission International, 
Freiburg, Germany) in accordance with the declaration of Helsinki. Informed 
written consent was obtained from each patient.

Randomization

Patients were randomly allocated to one of the study groups, either treatment 

Baumueller M, Rau S. Efficacy and tolerance of systemic enzyme therapy in the 
treatment of acute thrombophlebitis–a randomised double-blind controlled 
trial. J Phlebol Lymphol. 2018;11(1):7-12.

Objective: Investigation of efficacy and safety of systemic enzyme treatment 
(SET)-the oral administration of proteolytic enzymes (trypsin, bromelain) 
plus antioxidants (rutoside)-in acute thrombophlebitis.

Subjects and Methods: In this double-blind study, 100 patients with acute 
thrombophlebitis were randomised 1:1, and treated with either SET or 
placebo for 14 days. Analgesic drugs were allowed; compression treatment 
was not allowed. Primary endpoint was reduction in resting pain within 
7 days. Further endpoints were reduction in pain and thrombophlebitis 
symptoms on days 4, 7 and 14 as well as safety.

Results: Within 7 days of treatment, resting pain was reduced significantly 
better with SET than placebo (64% vs. 29%, p <0.0001), meeting the primary 

endpoint. In the course of treatment, most symptoms improved in both the 
SET and the placebo group. However, reduction in resting pain and pain 
under pressure occurred faster and was significantly greater in the SET group 
compared to placebo on days 4, 7 and 14. The leading symptoms of acute 
thrombophlebitis (redness of the skin, hyperthermia, phlebitis cords, feeling 
of heaviness and tenseness) were all relieved significantly better with SET. 
The risk profile of SET was favourable, with only mild to moderate adverse 
events (AEs) and fewer AEs detected in the SET than the placebo group, 
where the majority of AEs were attributed to analgesic drugs. Use of SET may 
thus avoid analgesic-associated AEs.

Conclusion: SET is shown to be a safe and effective option to treat acute 
thrombophlebitis in the absence of compression treatment.

KeyWords: Systemic enzyme therapy, Oral enzyme combination, 
Thrombophlebitis, Pain.
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with SET or placebo, in a 1:1 ratio, based on a randomisation list generated 
using Rancode (IDV, Gauting, Germany). Only managers for study material, 
production and quality assurance had access to the randomisation list. Both 
investigators and patients were blinded to the treatment.

Intervention and investigation

The study was conducted in one centre in Italy. Study medication was either 
SET or placebo. SET tablets (Wobenzym®, Mucos Pharma, Berlin, Germany) 
contained bromelain standardised to 450 Fédération Internationale de 
Pharmacie [FIP] units, trypsin standardised to 24 µkat, and 100 mg rutoside 
trihydrate per tablet. Placebo tablets were of identical appearance but lacked 
any active substance. The patients received 2 tablets t.i.d. (i.e., 6 tablets 
per day) for a planned treatment duration of 14 days. Self-medication with 
analgesics was allowed and was monitored. Compression treatment was not 
allowed.

At baseline (day 0), patient characteristics, history as well as concomitant 
diseases and medications were recorded. Patients were investigated on day 0 
(baseline) as well as on days 4, 7 and 14 in order to closely monitor symptoms 
and development of thrombophlebitis. Patients were asked to evaluate pain 
at rest on a 10 cm VAS, with the left end (0 cm) indicating “no pain” and the 
right end (10 cm) “unbearable pain” [13]. The distance from the left end was 
recorded. Patients with a value ≤ 1 were defined as “responders”. Pain under 
pressure was assessed using Meyer’s pressure points at the lateral side of the 
tibia and Krieger’s pressure point in the popliteal space (see also schematic 
depiction in Figure 1). For each of these pressure points, pain was judged by 
the physician on a scale ranging from 0 (no pain) to 3 (severe pain). Assessment 
of symptom severity was done by the physician (skin redness, hyperthermia, 
palpable/visible phlebitic cords) or the patient (heaviness, tenseness), 
respectively, by assigning a score of 0 (not present), 1 (mild), 2 (moderate) or 
3 (severe). A sum score was calculated by summarising the respective values 
for the five symptoms. Efficacy of the therapy was independently assessed 
by the physician and the patient (1=very good, 5=poor) on day 14. Primary 
efficacy endpoints were the mean difference of rest pain between day 0 and 
7 and the number of responders on day 7.

Any adverse event (AE) had to be documented with symptoms, day of onset, 
duration, frequency and severity (mild, moderate or severe). The causality 
of AE with the study medication, measures taken and patient’s outcome 
(sequelae) were documented. Tolerance of the therapy was determined 
independently by the physician and the patient on day 14, using a scale from 
1 (very good) to 5 (poor).

Patients were instructed to return their drug medication after completion of 
the study in order to measure compliance via drug accountability.

Concomitant use of analgesics was allowed if needed, and documented with 
name, dose, number of intakes.

STATISTICAL METHODS

The following statistical evaluations were performed as pre-defined in 
the study protocol: Two-tailed Wilcoxon-Mann-Whitney U test to test 
comparability of groups at baseline and to assess differences between groups, 
and two-tailed Fisher’s exact test to evaluate AE frequency and the number 
of responders. The level of significance was set to 5% (α-error=0.05). Fifty 
patients were required per group, taking into consideration a statistical 
power of 80% (α-error=0.20) and a dropout rate of 10%. Missing data were 
substituted by carrying forward the last value. Data are reported as mean ± 
standard deviation (SD).

RESULTS

Patient characteristics

One hundred patients were randomized in a 1:1 ratio to either SET or 
placebo group. All patients except for 1 patient in the SET and 3 in the 
placebo group finished the therapy according to protocol (Figure 1). 
Patients had a mean age of 60 years and were predominantly female. Patient 
characteristics are given in Table 1. There were no statistically significant 
differences between groups regarding age, sex, body height, body weight and 
duration of thrombophlebitis before start of therapy. Baseline values for pain 
and symptoms were comparable between groups, with the exception of the 
resting pain value, which was significantly higher in the SET group (Figure 2, 
p=0.0027). All subjects who completed the therapy were deemed compliant 
based on returned tablet count.

Pain at rest

Pain at rest was moderate to severe at baseline in both groups, with a mean 
VAS value of 7.66 cm (SET) and 7.04 cm (placebo), respectively. Pain at rest 
was reduced in both SET and placebo group in the course of treatment 
(Figure 2). This pain reduction was significantly better (p<0.0001) in the 
SET group at all-time points investigated: On day 4, pain reduction was 32% 
in SET, as opposed to 3% in the placebo group. On day 7, average pain 
was 64% less than at baseline, as compared to a reduction by 29% in the 
placebo group. Thus, the primary endpoint of the study was met, showing 
significantly better rest pain reduction by SET compared to placebo within 
7 days of treatment.

At the end of the study (day 14), average rest pain was reduced by 94% from 
baseline in the SET group and by 71% in the placebo group. No patients in 
the SET group still had pain exceeding 2 cm on the VAS on day 14, compared 

Figure 1) Patient flow

Figure 2) Resting pain. Top panels, heatmap displaying the percentage 
of patients with the indicated resting pain value on the VAS on days 0, 
4, 7 and 14 for SET and placebo. Bottom panel, development of mean ± 
SD of rest pain over time for SET (red) and placebo (grey). The asterisk 
(*) indicates a statistically significantly lower value for SET vs. Placebo 
(Wilcoxon-Mann-Whitney U test, p < 0.0001). The hash (#) denotes a 
significantly higher value for SET vs. Placebo (p = 0.0027).
VAS = Visual Analogue Scale; SET= Systemic Enzyme Therapy; SD = 
Standard Deviation
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within the 14 days of the study. In the placebo group, the mean scores for 
phlebitis cord severity exceeded baseline values at all times investigated, while 
these scores were reduced by 38.5% in comparison to baseline in the SET 
group by day 14. In the patients receiving SET, each of the symptoms was less 
severe on day 4 compared to baseline, while all symptoms intensified in the 
placebo group within the first 4 days. At no time after the start of treatment 
were any of the symptoms more severe in the SET group than the placebo 
group. Overall, symptom relief was significantly effective in the SET group 
compared to placebo in the course of treatment, as is also demonstrated in 
the “sum score” of all five symptoms under study (Figure 4, bottom right).

Evaluation of efficacy

Efficacy of the study drug was independently assessed by the physician and 
the patient. Efficacy was assessed as “very good” by 78% of physicians and 
76% of patients in the SET group, as opposed to 0% and 2%, respectively, 
in the placebo group. On a scale from 1 to 5, SET was assessed with a mean 
value of 1.3 (very good) by both patients and physicians, while the mean 
value was 2.7 and 3.3 in the placebo group. There were no major deviations 
between judgements made by physicians and patients.

Safety and rescue medication

Adverse events (AE) are listed in Table 2. AEs occurred in 12% of the patients 
in the SET group and in 26% of the placebo group (Table 2). All AEs were 
mild to moderate; no severe AE was detected in any group. In the SET group, 
AEs were mostly diarrhea and loose stool, while the most frequent AE in the 
placebo group was stomach pain. In 69% of the cases, AE occurrence in the 
placebo group was attributed to concomitant medication. While 80% of the 

SET= Systemic Enzyme Therapy; AE = Adverse Event

SET Placebo
Adverse events, total 6 (12 % of patients) 13 (26 % of patients)

- Mild 5 11
- Moderate 1 2
- Severe 0 0

Treatment change due to AE 0 0
Type of AE:

- Pain in the stomach - 7
- Vertigo - 1
- Loose stool 2 -
- Diarrhoea 3 -
- Sensation of repletion - 1
- Pressure over the stomach - 4
- Bursitis 1 -

Frequency of AE
- Single episode 4 2
- Intermittent 1 10
- Continuous 1 1

Sequelae 0 0

Table 2
Safety

to one-third of patients in the placebo group. Most (84%) of the patients 
in the SET group but just 20% in the placebo group were “responders” to 
treatment, with pain of no more than 1 cm on the VAS. By day 7, 10% in 
the SET group were already responders, as opposed to a single patient in the 
placebo group.

Pain upon pressure

Pain upon pressure was equivalent at baseline and was reduced in both 
groups in the course of treatment (Figure 3). Pain reduction with respect 
to baseline was significantly more pronounced in the SET group than the 
placebo group for each of the four pressure points and at all-time points 
investigated. Within the first 4 days, pain under pressure was considerably 
reduced in the SET group (by between 19 and 36%, depending on the 
pressure point) but not in the placebo group (slight increase). By day 14, pain 
was almost completely relieved in the SET group (up to 96% reduction from 
baseline) but significantly less so in the placebo group.

Symptoms

Five key symptoms were further analyzed in the course of treatment (Figure 4). 
Redness of the skin, hyperthermia, feeling of heaviness and tenseness were 
all reduced within 14 days in both the SET and the placebo groups, with 
scores that were significantly lower in the SET group at most time points. 
The reduction in intensity of these symptoms within 14 days was between 
81 and 100% compared to baseline in the SET group, indicating that these 
symptoms were almost completely alleviated in the SET group. Symptoms 
of redness and hyperthermia were also almost completely resolved in the 
placebo group by 14 days. Phlebitic cords did not resolve in either group 

SET Placebo
Mean age (range; SD) 60.3 years (24.0–85.0; 14.49) 59.3 years (28.0–84.0; 15.20)
Female gender 70 % 76 %
Mean body height (range; SD) 165.6 cm (150.0–198.0; 9.51) 164.2 cm (154.0–180.0; 6.90)
Mean body weight (range; SD) 72.75 kg (49.0–113.0; 13.658) 70.12 kg (50.0–95.0; 11.299)
Mean duration of thrombophlebitis before treatment (range; 
SD) 7.4 days (0–56; 9.44) 4.5 days (2–7; 1.99)

Pre-treatment of thrombophlebitis 24 % 16 %
- Analgesics 10 % 6 %
- Preparations for varicose veins 12 % 4 %
- Topical preparations 4 % 2 %
- Other/unknown - 4 %
Concomitant disease with medication 36 % 30 %
- Diabetes mellitus 8 % 4 %
- Hypertension 18 % 12 %
- Other 10 % 14 %

Table 1
Patient characteristics

SET= Systemic Enzyme Therapy; SD = Standard Deviation
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Figure 3) Pain under pressure. Means ± SD of the scores for pain under pressure for SET (red) and placebo (grey), utilising the respective pressure point 
as displayed in the sketch on the right-hand side. The asterisk (*) indicates a statistically significantly lower value for SET vs. placebo (Wilcoxon-Mann-
Whitney U test, p < 0.0001 except for Meyer’s pressure point 3 on day 14 [p = 0.0002]).

SD = Standard Deviation; SET= Systemic Enzyme Therapy

Figure 4) Symptoms. Means ± SD of the scores for severity of the indicated symptoms for SET (red) and placebo (grey). The sum score describes the sum of all 
five symptoms. The asterisk (*) indicates a statistically significantly lower value for SET vs. placebo (Wilcoxon-Mann-Whitney U test, p < 0.0001 for all values except 
redness of the skin on day 7 [p = 0.0013], hyperthermia on day 14 [p = 0.0246] and phlebitic cords on day 7 [p = 0.0038]).
SD = Standard Deviation; SET= Systemic Enzyme Therapy
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patients in the placebo group elected to use analgesics during the course of 
study (diclofenac in all patients but one), significantly fewer patients (8%) in 
the SET group did so.

Tolerance of SET was assessed significantly better than that of placebo by 
both physicians and patients: On a scale from 1 to 5, tolerance of SET was 
on average rated with 1.1, while the mean tolerance value of placebo was 
2.1 (physician’s judgement) and 2.2 (patient’s judgement), respectively. 
The value “very good” was given in 4% of cases in the placebo group but a 
respective 84 and 82% of cases with SET.

DISCUSSION

The results of this randomized, double-blind, placebo-controlled clinical trial 
in 100 patients demonstrates the efficacy and safety of SET in comparison 
to placebo in the treatment of acute thrombophlebitis. Reduction of pain 
and symptoms was observed in both groups over the course of the two-week 
treatment period, but was significantly better with SET than placebo, with a 
favourable risk profile and fewer AEs in the SET group.

The results of this study largely confirm earlier investigations on SET in 
acute thrombophlebitis, where superiority of SET was demonstrated [14,15], 
also with compression stockings. Of note, this study is the first where 
compression was not employed in the management of acute uncomplicated 
thrombophlebitis. Hence, the results of this study indicate that SET is also 
efficacious without compression. Thus, in order to achieve pain and symptom 
relief, patients do not require supportive compression when taking SET. This 
makes SET an attractive OTC treatment option for patients who cannot or 
do not want to wear compression stockings, difficulties that may occur in 
hotter climates for example in Italy, where this study was undertaken.

Strikingly, amelioration of pain and symptoms like feeling of heaviness was 
already evident in the SET group on day 4, the first time point of investigation. 
In the placebo group, most symptom scores were even slightly increased 
compared to baseline on day 4, while improvement of the condition did 
not start before day 7 and only for some of the factors under study. Thus, in 
general, recovery from acute thrombophlebitis was much quicker and more 
pronounced with SET than placebo. It can be expected that this is perceived 
as a benefit in terms of quality of life by the patients.

Gradual pain and symptom relief, albeit less pronounced, was also observed 
in the placebo group. One likely reason for this is the use of concomitant 
analgesic medication, in most cases diclofenac, which was employed by most 
patients in the placebo group (80%) but only very few in the SET group 
(8%). This suggests that SET can reduce reliance on other analgesic drugs 
to alleviate the pain that is associated with acute thrombophlebitis. In 
consequence, the patients employing SET also avoid the toxicity that is linked 
to other analgesics like NSAID. In accordance with this, more AEs were 
observed in the placebo group than the SET group. More than two thirds 
of the AEs in the placebo group were attributed to the use of analgesics/
diclofenac, in the majority gastrointestinal AEs, a well-known risk of NSAID 
administration [16]. In the SET group, the only AEs that were observed were 
mild to moderate diarrhoea and loose stool, in line with expectations [17]. 
This confirms the beneficial safety profile of SET.

There are limitations in this study. One limitation is that imaging of thrombus 
expansion e.g. by ultrasound was not performed. This study focused on the 
assessment of symptoms and pain, features that are of direct relevance for 
patients in the self-medication setting, where imaging techniques would 
typically not be available. Patients with deep vein thrombosis or arterial 
occlusive diseases were excluded from participation beforehand and 
inclusion criteria defined patients with acute superficial thrombophlebitis 
in the lower extremities, therefore concentrating on uncomplicated cases.

Another limitation of this study is that no extended follow-up was performed 
beyond the 14 days of the study, and it was not systematically assessed in 
this study whether SET reduces the risk of severe long-term complications. 
However, pain and symptoms were essentially relieved within 14 days of SET 
and also reduced in the placebo group. A large-scale non-interventional study 
may provide insights into long-term effects of SET. Another limitation is 
that this study does not comprise a head-to-head comparison with another 
treatment option for acute thrombophlebitis. Such analyses should be 
performed in larger-scale follow-up studies.

In conclusion, this randomized, double-blind, placebo-controlled study shows 
efficacy and tolerance of SET in the treatment of acute thrombophlebitis. 
SET has also been shown to be similarly effective in the treatment of pain 
and inflammation associated with injury [18], urinary tract infection [19] 
or osteoarthritis [20-22]. Thus, SET is a good and safe treatment option to 

alleviate pain and symptoms in a wide range of conditions including acute 
thrombophlebitis.
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Degenerative Joint Diseases 

Enzyme therapy as effective as an NSAID  
 

Treating activated arthrosis or a traumatized joint without non-steroidal analgesics— is that possible? 
Yes, as a recent meta-analysis shows. In patients with knee arthrosis, an enzyme combination 
preparation had similar efficacy but was superior in terms of tolerability and safety. 
 

rthrosis is the most common 
joint disease worldwide. In 
Germany every third woman 

and every fourth man in the age 
group between 46 to 64 years is 
affected, and beyond the age of 65 
years every second woman and 
every the third man. With the 
increase in the average age of the 
population in Germany, the number 
of people suffering from arthrosis 
therefore also increases. 
Overload, misalignment or injuries 
are the triggers that accelerate the 
wear of the joint cartilage. In 
principle, any joint can become 
diseased with arthrosis. It is most 
commonly observed in the high 
weight bearing knee and hip joints. 
These joints are subjected to a load 
of 3.5 times the body weight during 
walking. The small vertebral joints 
and the finger joints are further 
predisposed regions. 
The onset of osteoarthritis is gradual. 
The predominant symptom, joint pain, 
is initially only felt under exertion, or 
in the morning as start-up pain. In the 
further course, it becomes permanent 
and is increasingly accompanied by 
loss of function. In phases of activated 

arthrosis, the lining membrane of the 
joints become inflamed; the joint 
capsule and therefore the joint become 
overall swollen. Inflammation and 
swelling irritate the nerve endings of 
the joint capsule, which explains the 
strong pain during an acute arthrosis 
episode. The pain reaches a higher and 
higher level during the active phases. 
 
Inhibiting inflammation is a central 
goal of therapy 
Cartilage damage does not heal. 
Reduction of the pain-triggering 
inflammation and a slowdown of the 
degenerative process are important 
therapy objectives for arthrosis. An 
optimal therapy should combine 
physiotherapy and medication 
approaches. Medicines such as 
paracetamol, non-steroidal anti- 
inflammatory analgesics/ anti- 
rheumatic drugs (NSAID), opioids, 
glucocorticoids and Externa are drugs 
used to treat the symptoms of arthrosis. 
The side effects of NSAID and 
glucocorticoids are especially 
problematic in the target group of 
elderly patients, particularly in the case 
of prolonged use and at higher doses. 
In the foreground are gastrointestinal 

complications and disturbances of renal 
function. Ulcers or a history of 
gastrointestinal bleeding prohibit the 
use of NSAIDs. To limit damage, the 
recommendation is made to use 
NSAIDs only in the short term and to 
prescribe them at the lowest effective 
dose with concomitant use of proton 
pump inhibitors. 
 
Enzyme therapy as an alternative 
Cytokines, which control the course 
of an inflammatory reaction, include 
pro- and anti-inflammatory 
cytokines. In contrast to the 
suppression of the pro-inflammatory 
prostaglandin formation by NSAIDs, 
certain proteolytic enzymes and 
flavonoids can help re-establish the 
balance between pro- and anti- 
inflammatory messenger molecules. 
This allows for the actually healing 
inflammatory process to occur faster 
and more effectively. 
 A corresponding active substance 
combination can be found in the oral 
medicine Wobenzym® plus, which is 
approved for the supportive treatment 
of swelling, inflammation and pain as 
a result of injuries, for activated 
arthrosis and soft tissue rheumatism, 
amongst others. Bromelain, trypsin 
and rutoside are included in tablets 
with a gastric-resistant coating, which 
release the enzymes for resorption 
only once they are in the intestine. 
Bromelain contains cysteine proteases 
from the pineapple plant, adjusted to 
an enzyme activity of 450 F.I.P units, 
and has an anti-inflammatory and 
swelling reducing effect. Trypsin is a 
proteolytic pancreatic enzyme that 
has minor anti-coagulation and also 
anti-inflammatory effects. The 
antioxidant rutoside from the 
Japanese pagoda shrub helps 
normalize the abnormal permeability 
of vascular walls in inflamed regions. 
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Profile Wobenzym® plus 
 
• Proteolytic enzymes plus rutoside: 
regulate inflammation, reduce 
swelling, thereby alleviate pain 
• Approved for swelling, 
inflammation or pain as a 
consequence of trauma, activated 
arthrosis and soft tissue rheumatism 
• Long-term therapy possible, also 
in combination with other 
medicines 
• Frequently, the dose can be 
increased when used as acute 
medication 

  
 
• Intake recommended 30 to 60 
minutes before or 90 minutes after 
a meal 
• Contraindications: for example, 
hypersensitivity to pineapple 
• Side effects: only occasionally 
gastrointestinal disorders 
• Interactions: enhancement of 
anticoagulant effects, platelet 
aggregation inhibitor; increased 
plasma and urine levels of 
tetracyclines 
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17:66. 
7. Bolten W.W. et al. The safety and efficacy of an 
enzyme combination in managing knee osteoarthritis 
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placebo-controlled trial Arthritis. 2015; 2015 251521. 

 

 
 
The overall effect of inhibiting 
inflammation and reducing swelling 
also leads to pain alleviation. The 
advantages of the special enzyme 
combination of Wobenzym® plus are 
good tolerability and safety, in 
particular in comparison to the 
gastrointestinal and cardiovascular 
effects of NSAIDs. 
 
Gonarthrosis: enzymes as effective 
as the NSAID Gold Standard 
The fact that Wobenzym® plus allows 
effective and tolerable treatment of 
inflammatory joint disorders is apparent 
from previous studies. Currently, the 
efficacy, tolerability and safety of the 
preparation in comparison to diclofenac 
in patients with knee arthrosis was 
investigated in a meta-analysis. This is 
an analysis of patient reports with data 
from six prospective randomized, 
double-blind parallel group studies in 
adults with moderate to severe  

 
 
gonarthrosis. The average age of the 
study participants was 61 years and 70% 
were women. They received either two 
tablets of Wobenzym® plus three times 
a day or 100 to 150 mg diclofenac daily. 
The treatment was carried out for a 
period of three to twelve weeks. The 
change in the Lequesne index was used 
as the primary endpoint, a validated and 
reliable self-assessment questionnaire to 
register pain, walking performance and 
coping with everyday life with knee or 
hip arthrosis. Secondary endpoints 
related to responder rates, pain relief, 
side effects and laboratory parameters. 
Of the 697 patients randomized for 
treatment (ITT-population), 524 
were available for the efficacy 
analysis (per protocol). 
The Lequesne index as a measure 
for joint function and pain dropped 
significantly and comparably strong 
in both treatment arms; with 
 
 

 

baseline values of 12.6 (enzyme 
preparation) or 12.7 (diclofenac) 
both groups reached a value of 9.1 
at the study end. 
• Movement-related pain on a 
numeric 11-point scale improved 
from 6.4 to 3.8 in the 
enzyme-treated group, or from 6.6 
to 3.9 in the NSAID arm, 
respectively. 
• Side effects over the course of 
treatment occurred in 14.7 percent 
of the Wobenzym® plus-treated 
patients, compared to 21.1 percent 
in those under diclofenac. This 
was reflected in an almost twice as 
high study discontinuation rate 
under the NSAID (5.9% versus 
10.2%). 
Laboratory values were analyzed 
in 500 patients. 
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Change of safety-relevant laboratory parameters under therapy with Wobenzym® plus 
(blue bar, n=247) vs. diclofenac (red, n=253) vs. placebo (gray, n=86), Source: Dr. 
Michael Überall, Road Show Italy, Turin/Milan/Bologna 2016. 
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The Lequesne lndex 

• is recommended by the WHO, the 
FDA and the EMA 
• registers pain, walking performance 
and coping with everyday life with 
knee (or, in a slightly modified for, 
also for hip) arthrosis, and also after 
knee or hip operations 
• contains eleven questions about 
pain in the recumbent position, 
sitting, walking, general mobility, 
when getting dressed, climbing stairs, 
getting in and out of the car etc. 
• shows high reliability, validity and 
sensitivity to change  
• correlates well with the WOMAC- 
(Western Ontario and McMaster 
Universities) arthrosis Index  
 

 

 

 
 
• Decrease in hemoglobin, 
hematocrit or erythrocyte count was 
recorded in around 19 percent of the 
enzyme-treated participants, but in 
more than 86 percent of the patients 
under diclofenac. A similarly large 
discrepancy was seen in the change 
of the liver values (AST, ALT, GGT) 
with 28.2 percent versus 72.6 
percent.  
 
Conclusion by the Authors 
The efficacy of the enzyme 
preparation Wobenzym® plus in the 
treatment of gonarthrosis is 
comparable to that of diclofenac.

 
 
However, the product has a superior 
safety and tolerability profile with 
fewer side effects, less study 
discontinuations and barely changed 
laboratory parameters. 
 
Not a question of age 
Even if the “wear and tear” disease 
arthrosis occurs more frequently 
with increasing age, it is no longer 
considered only a pure old-age 
disease today: the increasing 
prevalence of obesity in all age 
groups causes a shift of degenerative 
diseases into the phase 

 
 
of working life. Heightened strain 
during recreational and also 
professional sports, especially in 
sports with rapid changes of direction 
(squash, handball), as well as wearing 
unfavorable footwear (high heels) 
cause the appearance of painful wear 
and tear even in people of very young 
age. The use of enzyme preparations 
has also been beneficial for sports 
injuries, such as strains, contusions or 
compressions: under the inflammation 
regulating and also swelling reducing 
effects, the pain decreases quickly and 
the injury heals faster. 

 

Expert statement 

Effective treatment alternative to 
anti-rheumatic drugs 
PD Dr. Michael Überall is the director of the Regional Pain Center DGS in Nuremberg and Chairman of 
the German Pain League e.V. 

 
Pain-afflicted osteoarthritis 
patients' only choices are the 
current pain killers  does it have 
to be that way? Are there more 
tolerable alternatives? 
A recent meta-analysis showed that 
under the oral enzyme combination 
product Wobenzym®, plus a significant 
improvement of pain, walking 
performance and management of 
everyday living was achievable to the 
same extent as with the “gold standard” 
diclofenac, although the maximum 
dose of 12 tablets/day had not been 
used. In particular, patients with more 
pain and an initially more severe 
impairment of their everyday life 
profited very well from the treatment. 
Wobenzym® plus provides a safe 
and effective treatment alternative 
to antirheumatics for joint pain, 
which is, moreover, better tolerated 
by the patients. 
 Many doctors are of the opinion 
that concomitant administration of 
proton pump inhibitors eliminates 
the side effects of analgesic therapy 
in arthrosis patients; however, the 
problem is merely shifted to the 
small intestine. 

The study situation on the enzyme 
preparation 
Numerous studies, the latest from 
2015, are available on the efficacy of 
Wobenzym® plus in comparison to 
diclofenac, which is still considered 
the standard treatment for arthrosis. 
However, these studies comprise only 
a few case numbers and use different 
analysis methods, so that the chairman 
of the German Society for Pain 
Medicine and the German Pain 
League commissioned a meta-analysis 
in the interest of patients. 
 The meta-analysis for comparison of 
Wobenzym® plus with diclofenac 
could be performed on the individual 
patient data level, thanks to the raw 
data made available by the company 
Mucos, and is therefore statistically 
more significant than analyses based 
purely on publications. 
 
Conclusion 
In the majority of patients the 
meta-analysis within 3 to 12 weeks 
under standard therapy with 
diclofenac, a worsening of the blood 
and liver values was already 
demonstrable by laboratory

chemistry. Even if not clinically 
relevant in each case, this must 
nevertheless be objectively 
evaluated as an alarm sign of the 
serious undesirable effects of 
NSAIDs. These complications can 
be avoided, because there is an 
equally effective, but significantly 
less risky, alternative: Wobenzym® 
plus.   
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hematocrit or erythrocyte count was 
recorded in around 19 percent of the 
enzyme-treated participants, but in 
more than 86 percent of the patients 
under diclofenac. A similarly large 
discrepancy was seen in the change 
of the liver values (AST, ALT, GGT) 
with 28.2 percent versus 72.6 
percent.  
 
Conclusion by the Authors 
The efficacy of the enzyme 
preparation Wobenzym® plus in the 
treatment of gonarthrosis is 
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considered only a pure old-age 
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prevalence of obesity in all age 
groups causes a shift of degenerative 
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of working life. Heightened strain 
during recreational and also 
professional sports, especially in 
sports with rapid changes of direction 
(squash, handball), as well as wearing 
unfavorable footwear (high heels) 
cause the appearance of painful wear 
and tear even in people of very young 
age. The use of enzyme preparations 
has also been beneficial for sports 
injuries, such as strains, contusions or 
compressions: under the inflammation 
regulating and also swelling reducing 
effects, the pain decreases quickly and 
the injury heals faster. 
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PD Dr. Michael Überall is the director of the Regional Pain Center DGS in Nuremberg and Chairman of 
the German Pain League e.V. 
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under the oral enzyme combination 
product Wobenzym®, plus a significant 
improvement of pain, walking 
performance and management of 
everyday living was achievable to the 
same extent as with the “gold standard” 
diclofenac, although the maximum 
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used. In particular, patients with more 
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impairment of their everyday life 
profited very well from the treatment. 
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which is, moreover, better tolerated 
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 Many doctors are of the opinion 
that concomitant administration of 
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the side effects of analgesic therapy 
in arthrosis patients; however, the 
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in the interest of patients. 
 The meta-analysis for comparison of 
Wobenzym® plus with diclofenac 
could be performed on the individual 
patient data level, thanks to the raw 
data made available by the company 
Mucos, and is therefore statistically 
more significant than analyses based 
purely on publications. 
 
Conclusion 
In the majority of patients the 
meta-analysis within 3 to 12 weeks 
under standard therapy with 
diclofenac, a worsening of the blood 
and liver values was already 
demonstrable by laboratory

chemistry. Even if not clinically 
relevant in each case, this must 
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serious undesirable effects of 
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of the liver values (AST, ALT, GGT) 
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A preventive approach to arsenic toxicity: 
testing folic acid in Bangladesh.

Potera C.

Environmental Health Perspective

2015 Dec; 123(12): A306.
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A 306 volume 123 | number 12 | December 2015 • Environmental Health Perspectives

News | Science Selections

A Preventive Approach to 
Arsenic Toxicity
Testing Folic Acid in Bangladesh
Chronic arsenic exposure affects 35 million people in Bangladesh, 
where arsenic in drinking water runs up to 100 times the World 
Health Organization’s limit of 10 µg/L.1 Among folate-deficient 
Bangladeshi residents who drank well water contaminated with 
arsenic, researchers previously reported that folic acid (FA) supple-
mentation at the recommended daily allowance of 400 µg for 

12 weeks was associated with an average 14% reduction in blood 
arsenic levels.2 In this issue of EHP, members of that team report 
further evidence that FA supplementation may be an effective 
intervention for arsenic-exposed populations.3

The study was conducted as part of the Health Effects 
of Arsenic Longitudinal Study, a prospective cohort study in 
Araihazar, Bangladesh. In a 24-week randomized trial, 622 partici-
pants received one of five treatments: 400 µg FA, 800 µg FA, 3 g 
creatine, 3 g creatine with 400 µg FA, or placebo. Halfway through 
the trial, some of the participants who received FA treatments were 
switched to placebo to test whether blood arsenic would revert to 
pre-intervention levels as arsenic was released from tissue stores. All 
the participants, who came from households where the water con-
tained at least 50 µg/L arsenic, received water filters at enrollment.3

Folate facilitates the addition of methyl groups to inorganic arse-
nic, and these methylated forms can be excreted in urine.4 Methyl 
groups are also used within the body to produce creatine, a source 
of energy for muscle cells. If people get creatine from food or dietary 
supplements, methyl groups that would have been used to produce 
endogenous creatine are freed up for other chemical reactions, such 
as arsenic methylation5—hence, the creatine supplementation in this 
study.

At 24 weeks, people taking 800 µg FA, including those who 
switched to placebo halfway through, showed an average decline 
in blood arsenic levels of 12%, compared with 2% for those 
taking placebo for 24 weeks.3 Based on a previous study of blood 
arsenic and incidence of arsenic-related skin lesions,6 the researchers 
estimated that a 12% lower average blood arsenic level would result 
in a roughly 8.2% lower incidence of skin lesions.3 

The people taking 400 µg FA alone or combined with creatine 
had blood arsenic levels similar to those of the placebo group,3 

perhaps because few of the study participants were folate defi-
cient, compared with all the participants in the earlier work.2 The 
researchers also are still analyzing arsenic metabolites, says study 

leader Mary Gamble, an 
associate professor of envi-
ronmental health sciences 
at Columbia University’s 
Mailman School of Public 
Health. “It’s possible that 
arsenic methylation pat-
terns changed in these 
groups,” she says, resulting 
in more easily excreted 
forms of arsenic.

The researchers found 
that the higher dose of FA 
lowered blood arsenic even 
in people who already had 
adequate blood levels of 
folate.3 This suggests that 
widespread fortification of 
food with folic acid may 
be beneficial, Gamble says, 
but formally testing this 
would require a large ran-
domized trial. Dozens of 
countries currently fortify 
foods with FA; however, 
Bangladesh and many 
other  arsenic-endemic 
countries do not.7

Chronic arsenic expo-
sure increases the risk for 

heart disease and cancers of the skin, liver, prostate, lung, and 
bladder.8 Reducing exposure to arsenic via drinking water is needed 
to prevent arsenic-induced illnesses. But in addition to that goal, 
says Bernhard Hennig, a professor of nutrition and toxicology at 
the University of Kentucky who was not involved with the study, 
“nutritional interventions may offer a sensible way to prevent 
diseases associated with environmental insults.” 
Carol Potera, based in Montana, also writes for Microbe, Genetic Engineering News, and the 
American Journal of Nursing.
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Skin lesions are a common result of chronic high exposures to arsenic in drinking water. In addition to the 
severe lesion on his left hand, this Bangladeshi man lost two fingers on his right hand to arsenic damage. 
© Rafiquar Rahman/Reuters
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Abstract 

Recent studies suggest that a substantial proportion of athletes with SCI (spinal cord injury) have 

insufficient 25(OH)D status which may be associated with decreased muscle strength. This study 

consisted of two parts: 1) to examine the effects of a 12 -16 week vitamin D3 supplementation 

protocol on 25(OH)D concentration and 2) to determine whether subsequent 25(OH)D status 

impacts muscle performance in elite athletes with SCI. Thirty-four members (age: 33 + 15 years, 

weight: 69.6 + 28.2kg, height: 170.2 + 25.4cm) of the US and Canadian Paralympic program 

participated in the study. 25(OH)D concentrations and performance measures (handgrip strength, 

and 20M wheelchair sprint) were assessed pre and post supplementation (winter and spring). 

Participants were assigned a sliding scale vitamin D3 supplementation protocol (from winter to 

spring) based on initial 25(OH)D concentrations. Participants with deficient 25(OH)D (<50 

nmol/L) status received 50,000 IU/wk for 8 wks, and participants with insufficient status (50-75 

nmol/L) received 35,000 IU/wk for 4 wks, after which both received a maintenance dose of 15,000 

IU/wk. Participants with sufficient status (>75nmol/L) received the maintenance dose of 15,000 

IU/wk. 25(OH)D concentrations increased significantly after supplementation (p <0.001; 66.3 + 

24.3 nmol/L; 111.3 + 30.8 nmol/L) for winter and spring, respectively.  26% of athletes had 

sufficient 25(OH)D concentrations before supplementation, and 91% had sufficient concentrations 

post supplementation. 62% of participants improved handgrip strength post supplementation with 

no change in 20-meter wheelchair sprint performance time. The sliding scale supplementation 

protocol was effective for achieving sufficient vitamin D concentrations in elite athletes with SCI. 

Keywords: Elite Athletes, Spinal Cord Injuries, Vitamin D 
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is available at http://dx.doi.org/10.1289/ehp.1409396. 

Introduction
Chronic arsenic (As) exposure currently 
affects well over 140 million people in at 
least 70 countries worldwide. In Asia, at 
least 60 million people are at risk of chronic 
As exposure, of whom 35 million reside in 
Bangladesh (Kinniburgh and Smedley 2001). 
In a survey of 4,997 tube wells conducted 
in 2000 in our study region of Araihazar, 
Bangladesh, 72% of wells exceeded the World 
Health Organization maximum contaminant 
level for As of 10 µg/L (van Geen et al. 2002). 
A subsequent survey of the area 12 years 
later revealed that the number of wells had 
roughly doubled, with a similar proportion 
of contaminated wells (van Geen et al. 2014). 
Exposure to inorganic As (InAs) is associated 
with increased risk for cancers of the skin, 
lung, and bladder, as well as cardiovascular 
disease, respiratory illness, and neurologic 
deficits (National Research Council 2013).

Arsenic is metabolized through a series 
of reactions in which arsenite (AsIII) is first 
methylated to form monomethylarsonic 

acid (MMAV). MMAV can be reduced to 
monomethylarsonous acid (MMAIII), which 
subsequently undergoes a second methyla-
tion, generating dimethylarsinic acid (DMAV) 
(Challenger 1945). The methylation reac-
tions are catalyzed by As methyltransferase 
(AS3MT), with S-adenosylmethionine (SAM) 
as the methyl donor (Lin et al. 2002). Arsenic 
methylation plays a critical role in the elimina-
tion of As from tissue stores; AS3MT knockout 
mice treated with arsenate retain a significantly 
greater body burden of As, and excrete less As 
in urine, than wild-type mice (Hughes et al. 
2010). Individuals with a higher percentage of 
MMAIII+V in urine (%uMMA) and a lower 
percentage of DMA in urine (%uDMA) have 
increased odds of bladder cancer, lung cancer, 
skin cancer, and skin lesions (Steinmaus et al. 
2010). These findings suggest that complete 
methylation of As to DMA may reduce risk for 
As-related disease outcomes.

SAM biosynthesis is regulated by one-
carbon metabolism (Figure 1). This pathway 
is largely dependent on folate for recruitment 

of methyl groups; consequently, folate status 
is associated with individual variation in 
the ability to methylate As (Gamble et al. 
2005b). Our previous survey of 1,650 adults 
in Bangladesh revealed a high prevalence of 
folate deficiency and hyperhomocysteinemia 
(Gamble et al. 2005a). In a 12-week random-
ized control trial (RCT), we demonstrated 
that supplementation of 400 µg/day folic 
acid (FA) to folate-deficient Bangladeshi 
adults significantly increased %uDMA, and 
lowered %uMMA and %uInAs as compared 
to placebo (Gamble et al. 2006). Moreover, 
FA supplementation resulted in a 14% reduc-
tion in blood As (bAs) and a 22% reduc-
tion in blood MMA (Gamble et al. 2007). 
In addition, in a nested case–control study 
we found folate deficiency to be associated 
with a 1.8 times higher odds [95% confi-
dence interval (CI): 1.1, 2.9) of As-induced 
skin lesions (Pilsner et al. 2009). Collectively, 
these findings indicate that folate deficiency is 
a modifiable risk factor for As toxicity.

Our group (Ahsan et al. 2007; Gamble 
and Liu 2005; Gamble et al. 2005b, 2006; 
Hall et al. 2009) and others (Basu et al. 2011; 
Kile et al. 2009; Nermell et al. 2008) have 
previously reported that urinary creatinine 
(uCrn) is a strong predictor of As methyla-
tion capacity; it is positively associated with 
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Folic Acid and Creatine as Therapeutic Approaches to Lower Blood Arsenic: 
A Randomized Controlled Trial
Brandilyn A. Peters,1* Megan N. Hall,2* Xinhua Liu,3 Faruque Parvez,1 Tiffany R. Sanchez,1 Alexander van Geen,4 
Jacob L. Mey,4 Abu B. Siddique,5 Hasan Shahriar,5 Mohammad Nasir Uddin,5 Tariqul Islam,5 Olgica Balac,1 
Vesna Ilievski,1 Pam Factor-Litvak,2 Joseph H. Graziano,1 and Mary V. Gamble1

1Department of Environmental Health Sciences, 2Department of Epidemiology, and 3Department of Biostatistics, Mailman School of 
Public Health, Columbia University, New York, New York, USA; 4Lamont-Doherty Earth Observatory, Columbia University, Palisades, 
New York, USA; 5Columbia University Arsenic Project in Bangladesh, Dhaka, Bangladesh

BACKGROUND: The World Health Organization estimates that > 140 million people worldwide are 
exposed to arsenic (As)–contaminated drinking water. As undergoes biologic methylation, which 
facilitates renal As elimination. In folate-deficient individuals, this process is augmented by folic 
acid (FA) supplementation, thereby lowering blood As (bAs). Creatinine concentrations in urine 
are a robust predictor of As methylation patterns. Although the reasons for this are unclear, creatine 
synthesis is a major consumer of methyl donors, and this synthesis is down-regulated by dietary/
supplemental creatine.
OBJECTIVES: Our aim was to determine whether 400 or 800 µg FA and/or creatine supplementation 
lowers bAs in an As-exposed Bangladeshi population.

METHODS: We conducted a clinical trial in which 622 participants were randomized to receive 
400 µg FA, 800 µg FA, 3 g creatine, 3 g creatine+400 µg FA, or placebo daily. All participants 
received an As-removal filter on enrollment, and were followed for 24 weeks. After the 12th week, 
half of the two FA groups were switched to placebo to evaluate post-treatment bAs patterns.

RESULTS: Linear models with repeated measures indicated that the decline in ln(bAs) from baseline 
in the 800-µg FA group exceeded that of the placebo group (weeks 1–12: β= –0.09, 95% CI: 
–0.18, –0.01; weeks 13–24: FA continued: β= –0.12, 95% CI: –0.24, –0.00; FA switched to 
placebo: β= –0.14, 95% CI: –0.26, –0.02). There was no rebound in bAs related to cessation of FA 
supplementation. Declines in bAs observed in the remaining treatment arms were not significantly 
different from those of the placebo group.

CONCLUSIONS: In this mixed folate-deficient/replete study population, 12- and 24-week treatment 
with 800 µg (but not 400 µg) FA lowered bAs to a greater extent than placebo; this was sustained 
12 weeks after FA cessation. In future studies, we will evaluate whether FA and/or creatine altered 
As methylation profiles.

CITATION: Peters BA, Hall MN, Liu X, Parvez F, Sanchez TR, van Geen A, Mey JL, Siddique AB, 
Shahriar H, Uddin MN, Islam T, Balac O, Ilievski V, Factor-Litvak P, Graziano JH, Gamble MV. 
2015. Folic acid and creatine as therapeutic approaches to lower blood arsenic: a randomized 
controlled trial. Environ Health Perspect 123:1294–1301; http://dx.doi.org/10.1289/ehp.1409396
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%uDMA, and negatively associated with 
%uInAs. The synthesis of creatine, the 
precursor of creatinine, consumes approxi-
mately 50% of all SAM-derived methyl 
groups (Stead et al. 2006). In omnivores, 
roughly half of creatine requirements are met 
through dietary intake of creatine, primarily 
from meat (Brosnan et al. 2011). UCrn is 
therefore a reflection of both dietary creatine 
intake and endogenous creatine synthesis 
(Levey et al. 1988). It is also commonly used 
in urinalyses to adjust for hydration status. 
Dietary creatine intake lowers creatine 
biosynthesis in rodents by inhibiting synthesis 
of guanidinoacetate (GAA), the precursor 
of creatine, thereby sparing methyl groups 
and lowering total homocysteine (tHcys) 
(Guthmiller et al. 1994; Stead et al. 2001). 
We hypothesized that dietary creatine intake 
may also facilitate the methylation of As, 
and may underlie the observed associations 
between the %uAs metabolites and uCrn.

In a new RCT, we sought to determine 
whether FA and/or creatine supplementa-
tion lowers bAs concentrations. Our primary 
objectives for this study were to determine 
whether a) 400-µg/day FA supplementation 
lowers bAs in the general population (both 
folate-deficient and -sufficient individuals), 
and whether a higher dose of FA (800 µg/day) 
provides an incremental benefit in lowering 
bAs; b) a rebound in bAs occurs after FA 
supplementation is ceased due to potential 
release of As from tissue stores; and c) bAs 
may also be lowered by reducing methyla tion 
demand (for endogenous creatine synthesis) 
via creatine supplementation.

Methods
The region and participants. The Health 
Effects of Arsenic Longitudinal Study 
(HEALS) is a prospective cohort study that 
originally recruited 11,746 adults in 2000 
living within a 25-km2 region in Araihazar, 
Bangladesh (Ahsan et al. 2006). The partici-
pants for the current study were recruited 
from the HEALS cohort. Eligible participants 
for the HEALS cohort were married adults 
20–65 years of age who had been drinking 
from their current well for at least 3 years. 
For inclusion in the present study, the Folic 
Acid and Creatine Trial (FACT), participants 
were randomly selected from cohort partici-
pants who had been drinking from a house-
hold well having well water As > 50 µg/L for 
at least 1 year. Pregnant women, individuals 
taking nutritional supplements, individuals 
with protein in their urine, and individuals 
with known renal disease, diabetes, or gastro-
intestinal or other health problems were 
excluded from the study. Informed consent 
was obtained by our Bangladeshi field staff 
physicians. Ethical approval was obtained 
from the Institutional Review Board of 

Columbia University Medical Center and the 
Bangladesh Medical Research Council.

Study des ign and f ie ldwork .  We 
recruited 622 participants who were 
randomized to one of five treatment 
groups: placebo (n = 104), 400 µg FA/day 
(FA400; n = 156), 800 µg FA/day (FA800; 
n = 154), 3 g creatine/day (n = 104), and 3 g 
creatine/day+FA400/day (n = 104) (FA and 
creatine supplements supplied by Douglas 
Laboratories, Pittsburgh, PA). The FA400 
dose is based on the U.S. recommended 
dietary allowance (RDA) for adults, whereas 
the FA800 dose is twice the RDA (Institute of 
Medicine 1998). We based our creatine dose 
on the estimation of Brosnan et al. (2011) that 
the average creatine loss for a 20- to 39-year-old 
70-kg male is 14.6 mmol/day (~ 1.9 g/day), 
with the average creatine losses for women 80% 
of that of men (Brosnan et al. 2011); we there-
fore concluded that 3 g creatine/day should 
be sufficient to downregulate endogenous 
creatine synthesis.

Randomization was performed separately 
for men and women and was conducted 
in blocks to ensure balance in the treat-
ment groups at any specific time. A total of 
12 participants were dropped over the course 

of the study for various reasons, including 
adverse events [n = 6; 1 in the placebo 
group (abdominal cramps), 1 in the FA400 
group (hypertension), 3 in the FA800 group 
(abdominal cramps; severe vertigo; bilateral 
hydronephrosis), 1 in the creatine group 
(severe vertigo)], pregnancy (n = 3; FA400, 
creatine group, and creatine+FA400 group), 
missing baseline blood sample (n = 1; creatine 
group), and dropout (n = 2; placebo group and 
FA400 group). The final sample size (n = 610) 
by treatment group was as follows: placebo 
(n = 102), FA400 (n = 153), FA800 (n = 151), 
creatine (n = 101), and creatine+FA400 
(n = 103). After week 12, the FA400 and 
FA800 groups were randomly divided so that 
half continued their assigned supplements 
[n = 77 in the FA400 group (FA400/FA), 
n = 77 in the FA800 group (FA800/FA)], 
and the other half received placebo [n = 76 
in the FA400 group (FA400/placebo), n = 74 
in the FA800 group (FA800/placebo)], for 
the remainder of the study until week 24 
(Figure 2). Also, after week 12, participants 
in the creatine and creatine+FA400 groups 
were switched to placebo to maintain the study 
blind while terminating the intervention for 
these participants.

Figure 1. Overview of one-carbon metabolism. Folic acid (used in fortified foods and supplements) is 
reduced to dihydrofolate (DHF) and tetrahydrofolate (THF) by dihydrofolate reductase (DHFR). A methyl 
group is then transferred from serine to THF by serine hydroxymethyltransferase (SHMT), forming 
5,10-methylene-THF and glycine. 5,10-methylene-THF can be reduced by 5,10-methylene tetrahydrofolate 
reductase (MTHFR) to 5-methyl-THF. The methyl group of 5-methyl-THF, the predominant naturally occur-
ring form in dietary sources, is transferred to homocysteine by methionine synthase (MS), generating 
methionine and regenerating THF. Vitamin B12 is a cofactor for MS. Methionine can also be generated 
independently of folate and B12, by the action of betaine-homocysteine methyltransferase (BHMT), which 
transfers a methyl group from betaine to homocysteine. Methionine is then activated by methionine 
adenosyltransferase (MAT) to form S-adenosylmethionine (SAM), which serves as a universal methyl 
donor for numerous reactions, including the conversion of inorganic arsenic to methylated arsenicals (by 
arsenic methyltransferase; AS3MT), guanidinoacetate (GAA) to creatine (by guanidinoacetate methyl-
transferase; GAMT), and many others. The products of these methylation reactions are the methylated 
substrate and S-adenosylhomocysteine (SAH). SAH is subsequently hydrolyzed by SAH hydrolase (SAHH) 
to generate homocysteine. Homocysteine is then used either to regenerate methionine, or it is directed to 
the transsulfuration pathway.
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We refer to the first 12 weeks of the study 
as the “first phase” of the trial; the objective 
of the first phase was to determine treatment 
effects on bAs compared to placebo. We will 
refer to the period from week 12 to week 24 
as the “second phase” of the trial; the objective 
of the second phase was to determine whether 
a rebound in bAs occurs after cessation of FA 
supplementation, compared with participants 
who continue taking FA supplements.

The primary outcome of the trial was 
bAs. Venous blood samples were collected 
at baseline, week 12, and week 24 for the 
measurement of bAs and other covariates 
[p l a sma  fo l a t e ,  B 12,  homocys t e ine , 
creatine + creatinine (Cr+Crn), and GAA]. 
Additionally, finger-stick blood samples 
were collected at weeks 1, 6, 13, and 18 for 
measurement of bAs.

Five experienced teams, each having one 
interviewer and one physician (all specifically 
trained for this study) worked simultane-
ously to recruit and follow study participants 
through house-to-house visits. These teams 
were responsible for all visits in which 
blood and urine samples were collected. All 
participants received a household-level arsenic 
removal water filter (READ-F filter; Brota 
Services International, Bangladesh), one of 
six types approved by the Bangladesh govern-
ment (Government of Bangladesh and United 
Nations 2010), at baseline for the provision of 
low-As water (< 10 µg/L), and were instructed 
to exclusively use filtered water for all drinking 
and cooking purposes.

Participants received and retained two 
bottles of pills at enrollment for the first 
phase: One bottle contained folate pills or 
folate-matched placebo pills, and the second 
bottle contained creatine or creatine-matched 
placebo pills. At week 12, participants 
received a third bottle of pills containing 
folate or folate-matched placebo pills for the 
second phase. Village health workers either 
witnessed or inquired about compliance on a 
daily basis. All bottles were retained and pill 
counts were conducted at the end of each 
phase of the study. Study investigators, field-
work teams, village health workers, labora-
tory technicians, and study participants were 
blinded to study treatment for the entire 
duration of the study.

Sample collection and handling. Venous 
blood was collected into EDTA vacutainer 
tubes. We collected fingerstick blood at weeks 
1, 6, 13, and 18. Participants’ fingers were 
punctured with sterile lancets, and the first 
droplet of blood was wiped away; approxi-
mately 500 µL of blood was then collected 
using BD Microtainer™ Plastic Capillary 
Blood Collectors. All samples were placed in 
IsoRack cool packs (Brinkmann Instruments) 
designed to maintain a sample temperature 
of 0°C for 6 hr; within 4 hr, samples were 

transported to our field clinic in Araihazar. 
Venous blood samples were centrifuged at 
3,000 × g for 10 min at 4°C, and plasma was 
separated from cells. Aliquots of whole blood 
and plasma, and fingerstick whole blood 
samples were stored at –80°C and shipped on 
dry ice to Columbia University for analysis. 
Urine samples were collected in 50-mL acid-
washed polypropylene tubes, kept in portable 
coolers, frozen at –20°C within 4 hr, and 
similarly shipped on dry ice.

Water arsenic. Nonfiltered water samples 
were tested at baseline to determine baseline As 
exposure. These water samples were collected 
in 20-mL polyethylene scintillation vials, and 
acidified to 1% with high-purity Optima HCl 
(Fisher Scientific) at least 48 hr before analysis 
(van Geen et al. 2007). Water samples were 
then analyzed by high-resolution inductively 
coupled plasma mass spectrometry after 1:10 
dilution and addition of a germanium spike 
to correct for fluctuations in instrument sensi-
tivity. The detection limit of the method is 
typically < 0.2 µg/L. Intra- and interassay coef-
ficients of variation (CVs) for water As were 
2% and 2.6%, respectively. Postfiltered water 
samples were tested in the field at baseline, 
week 12, and week 24 using Hach EZ Arsenic 
test kits to ensure As removal efficiency of 
filters. Approximately 45 filters were replaced 
fully or had repairs during the trial.

Total urinary arsenic. Total urinary As was 
measured by graphite furnace atomic absorp-
tion spectrophotometry using the AAnalyst 
600 graphite furnace system (PerkinElmer) 
(Nixon et al. 1991). Intra- and interassay CVs 
for urinary As were 3.1% and 5.4%, respec-
tively. We used a method based on the Jaffe 
reaction (Slot 1965) to measure uCrn concen-
trations. Intra- and interassay CVs for uCrn 
were 1.3% and 2.9%, respectively.

Total blood arsenic.  As previously 
described (Hall et al. 2006), a PerkinElmer 
Elan DRC II ICP-MS equipped with an AS 

93+ autosampler was used to analyze whole 
blood samples for total bAs concentrations. 
Intra- and interassay CVs for bAs were 2.7% 
and 5.7%, respectively.

Folate and B12. Plasma folate and 
B12 were measured by radioimmunoassay 
(SimulTRAC-SNB; MP Biomedicals). 
Folate was measured in whole blood hemoly-
sate by radioimmunoassay (SimulTRAC-S; 
MP Biomedicals), and red blood cell 
(RBC) folate was calculated by dividing by 
[%Hematocrit/100]. Intra- and interassay CVs 
were 5% and 13% for plasma folate, 6% and 
17% for plasma B12, and 4% and 9% for RBC 
folate, respectively. Plasma folate was measured 
for all treatment groups at baseline and 12 and 
24 weeks; RBC folate was measured only in 
the placebo, FA400, and FA800 groups.

Plasma total homocysteine. Plasma tHcys 
concentrations were measured by high-
performance liquid chromatography (HPLC) 
with fluorescence detection according to the 
method described by Pfeiffer et al. (1999). 
The intra- and interassay CVs for tHcys were 
5% and 7%, respectively.

Plasma Cr+Crn and GAA .  Plasma 
Cr+Crn and GAA were measured by HPLC 
with fluorescence detection according to the 
method described by Carducci et al. (2002). 
We used an Inertsil ODS-3 3-µm HPLC 
column 4.6 × 100 mm (GL Sciences Inc.) 
and an excitation and emission wavelengths 
of 335 and 435 nm, respectively. Intra- and 
interassay CVs for Cr+Crn were 7% and 9%, 
respectively, and for GAA were 8% and 9%, 
respectively. Plasma Cr+Crn and GAA were 
measured only in the placebo, creatine, and 
creatine+FA400 groups.

Statistical analysis .  We calculated 
summary statistics to describe the sample 
characteristics. To detect treatment group 
differences in the baseline variables, we used 
the chi-square test and the Kruskal–Wallis 
test for categorical and continuous variables, 

Figure 2. Overview of the FACT study design. At week 0 (baseline), all study participants were provided 
with arsenic removal water filters. Note changes in treatment at week 12. Dots (•) represent times of blood 
collection for the measurement of blood arsenic.

Treatment n Week

Placebo 102

400 µg folic acid 153

800 µg folic acid 151

3 g creatine 101

3 g creatine +
400 µg folic acid 103

n = 77; 400 µg FA

n = 76; placebo

n = 77; 800 µg FA

n = 74; placebo

n = 101; placebo

n = 103; placebo

n = 102; placebo

0 1 6 12 13 18 24
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respectively. Blood As, our primary outcome 
of interest, had a skewed distribution. We 
applied a natural logarithmic transformation 
to bAs (hereafter called ln-bAs) to stabilize 
its variance and to reduce the impact of 
extreme values in the parametric model–based 
analysis. We calculated the geometric mean 
(anti-log–transformed mean of ln-bAs) at 
each time point to describe the treatment 
group specific time trend. The mean within-
person difference in ln-bAs between two time 
points indicates the within-person change 
over the time interval, and the anti-log trans-
formed mean difference is the ratio of the 
geometric means at these two time points. 
We calculated geometric mean ratios and 
95% CIs, by treatment group and time. 
We used the ratio of the geometric means 
at two specified time points (later/earlier) to 
determine the percent change in geometric 
mean of bAs over the time interval, using 
the equation: percent change = (geometric 
mean ratio – 1) × 100%. For example, a 
mean ratio of 0.90 implies a 10% decrease 
in the geometric mean, and a mean ratio of 
1.10 implies a 10% increase in the geometric 
mean. Because venous bAs and fingerstick 
bAs were highly correlated in a pilot sample 
(r = 0.99, n = 8), we used the fitted model 
and our fingerstick bAs measures to calculate 
venous bAs from fingerstick bAs at weeks 1, 
6, 13, and 18.

The five first phase treatment groups 
were placebo, FA400, FA800, creatine, or 
creatine+FA400. The second phase compari-
sons involved the five groups placebo/placebo, 
FA400/FA, FA400/placebo, FA800/FA, 
and FA800/placebo. We used two-sample 

t-tests to compare week-12 ln-bAs between 
the FA400/FA and FA400/placebo groups, 
and between the FA800/FA and FA800/
placebo groups, in order to check for effec-
tive randomization at week 12. In order to 
examine rebound in bAs related to cessation 
of FA supplements, we compared the change 
in ln-bAs from week 12 to week 24 between 
the FA400/FA and FA400/placebo groups, 
and between the FA800/FA and FA800/
placebo groups, using two-sample t-tests.

For our primary analysis, we modeled 
the treatment effect on bAs over the 24-week 
period using linear models with repeated-
measures of ln-bAs. We included predic-
tors for the pattern of time trend in placebo 
group, for the treatment groups, and for time 
by treatment interactions. The model param-
eters for the interaction terms indicate the 
treatment group differences in mean change 
in ln-bAs over time. Generalized estimation 
equations (GEE), which use all available data 
and account for within-subject correlations in 
the repeated measures, were used to estimate 
the regression parameters.

All analyses were performed as intent-to-
treat. All statistical tests were two-sided with 
a significance level of 0.05. Analyses were 
conducted in R (version 3.1.0; R Core Team 
2014) and SAS (version 9.3; SAS Institute 
Inc., Cary, NC).

Results
Characteristics and compliance. Descriptive 
statistics for the sample characteristics are 
presented in Table 1. The treatment groups 
did not differ significantly at baseline on 
age, sex, history of smoking and betel nut 

use, body mass index, and sociodemographic 
indices such as education and land ownership. 
Additionally, the groups did not differ on 
nutritional variables including plasma folate, 
B12, tHcys, Cr+Crn, and GAA, nor on As 
exposure variables including water As, urinary 
As (micrograms per gram Cr), and bAs.

Pill counts were conducted at the end of 
the first phase and second phase of the trial, 
and compliance for each participant was 
calculated as the percentage of study pills 
taken. Compliance did not differ substantially 
between treatment groups or between the first 
phase and second phase of the trial (data not 
shown). Over the course of the trial, partici-
pants’ compliance ranged from 79.1% to 
100.0%, and the median (interquartile range) 
compliance was 99.5% (98.3%, 100.0%).

Plots of the time trends in geometric 
means of plasma folate and RBC folate, 
reflecting compliance with FA supplementa-
tion, are presented in Figure 3. As expected, 
plasma and RBC folate increased in both FA 
groups in the first phase of the trial, with a 
greater increase in the FA800 group than in 
the FA400 group. Additionally, participants 
who remained on FA supplementation in the 
second phase of the trial sustained the increase 
in plasma folate, whereas those who switched 
to placebo had a decrease in plasma folate 
in the second phase, returning close to the 
baseline concentration. RBC folate continued 
increasing during the second phase in partici-
pants who remained on FA, and decreased 
in those who switched to placebo, although 
not returning to baseline concentrations. The 
creatine group had a time trend of plasma 
folate similar to that of the placebo group, and 

Table 1. Baseline characteristics of the participants in a folic acid and creatine randomized controlled trial.

Characteristic
Placebo  
(n = 102)

FA400 (μg)  
(n = 153)

FA800 (μg)  
(n = 151)

Creatine  
(n = 101)

Creatine+FA400 (μg)  
(n = 103) p-Valuea

Age (years) 38.0 ± 7.3b 39.0 ± 8.0 38.2 ± 8.1 38.3 ± 8.2 38.0 ± 7.7 0.85
Male (%) 50.0 50.3 49.7 50.5 50.5 0.99
Smoking (%)c 24.5 23.8 29.1 28.7 30.1 0.72
Betel nut use (%)c 28.4 23.8 24.5 24.8 20.4 0.77
Education (years) 3.5 ± 3.7 3.3 ± 3.6 3.5 ± 3.6 3.3 ± 3.6 3.9 ± 4.1 0.85
Owns land (%)d 46.1 50.3 48.3 47.5 43.1 0.85
Body mass index (kg/m2)e 20.4 ± 3.1 19.5 ± 2.3 19.8 ± 2.7 20.0 ± 3.0 19.5 ± 2.5 0.31
Red blood cell folate (nmol/L) 483.5 ± 189.0 498.4 ± 332.8 494.8 ± 172.8 NAf NAf 0.66
Plasma folate (nmol/L) 16.6 ± 17.2 16.7 ± 14.2 17.9 ± 15.8 16.0 ± 7.9 15.4 ± 8.7 0.67
Percent folate deficient (< 9 nmol/L in plasma) 21.6 23.5 17.9 13.9 20.4 0.38
Plasma B12 (pmol/L) 225.0 ± 97.2 246.4 ± 130.7 248.3 ± 141.8 255.9 ± 141.0 236.9 ± 121.0 0.82
Percent B12 deficient (< 151 pmol/L) 24.5 24.2 25.8 19.8 24.3 0.87
Plasma homocysteine (μmol/L)g 13.9 ± 10.8 13.6 ± 8.8 13.6 ± 10.3 12.4 ± 5.5 12.8 ± 5.6 0.90
Percent hyperhomocysteinemia (≥ 13 μmol/L)g 42.2 36.6 39.3 38.6 37.9 0.93
Plasma creatine + creatinine (μmol/L) 81.3 ± 23.8 NAh NAh 77.3 ± 23.0 81.3 ± 28.5 0.36
Plasma guanidinoacetate (μmol/L) 2.05 ± 0.66 NAh NAh 1.95 ± 0.57 1.98 ± 0.67 0.57
Water As (μg/L)i 120.4 ± 80.2 126.6 ± 83.9 131.3 ± 141.6 146.6 ± 181.2 124.6 ± 76.6 0.93
Urinary As (μg/L) 137.8 ± 136.9 160.0 ± 163.7 145.3 ± 117.2 180.0 ± 211.6 177.9 ± 155.1 0.08
Urinary As (μg/g Cr) 303.5 ± 201.8 339.5 ± 325.0 307.4 ± 182.0 328.2 ± 252.6 312.1 ± 164.4 0.75
Blood As (μg/L) 9.7 ± 5.7 11.0 ± 9.8 10.0 ± 5.4 10.7 ± 8.2 10.5 ± 5.3 0.64
Urinary creatinine (mg/dL) 48.8 ± 35.1 57.7 ± 45.2 53.8 ± 41.3 57.3 ± 36.7 62.4 ± 47.2 0.26

NA, not available. Values are percent or mean ± SD. 
aKruskal–Wallis test was used for continuous variables, and chi-squared test for categorical variables. bX−± SD (all such values). cFA400 n = 151. dCr+FA n = 102. ePlacebo n = 101, 
FA400 n = 150, FA800 n = 148, Cr n = 98, Cr+FA n = 102. fRBC folate only measured in placebo (n = 100), FA400 (n = 149), and FA800 (n = 148) groups. gFA800 n = 150. hCreatine+creatinine 
and guanidinoacetate only measured in placebo (n = 101), creatine (n = 101), and Cr+FA400 (n = 102) groups. iPlacebo n = 99, FA400 n = 152, Cr+FA n = 100.
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the creatine+FA400 group had a time trend 
of plasma folate similar to the FA400 group 
(data not shown). The prevalence of folate defi-
ciency (plasma folate < 9 nmol/L) decreased 
to < 1.5% at week 12 in groups receiving FA 
(compared with 17.9–23.5% at baseline), 
while not decreasing substantially in the 
placebo or creatine group (data not shown).

The within-person increases in plasma 
Cr+Crn (micromoles per l i ter)  from 
baseline to week 12 in the creatine-treated 
groups (57.9 ± 80.1 in the creatine group, 
51.6 ± 62.7 in the creatine+FA400 group, 
–2.1 ± 18.9 in the placebo group) also indi-
cated high compliance with creatine supple-
mentation. Additionally, both the creatine 
and creatine+FA400 groups experienced 
significant within-person declines in plasma 
GAA (micromoles per liter) from baseline 
to week 12, whereas the placebo group did 
not (–0.19 ± 0.54 in the creatine group, 
–0.17 ± 0.59 in the creatine+FA400 group, 
0.06 ± 0.48 in the placebo group).

Description of treatment effects in the first 
phase. Table 2 presents geometric means of 
bAs and the % change in bAs from baseline 
to each follow-up time, along with 95% CIs, 
in the first phase of the study. After enroll-
ment and following provision of an As 
removal filter, the geometric mean of bAs in 
the placebo group decreased through week 6, 
and then increased for the duration of the 
study (Tables 2 and 3). The other treatment 
arms had similar patterns in the geometric 
mean of bAs over time to that of the placebo 
group. A similar pattern was observed for 
urinary As (micrograms per gram creati-
nine) over time (see Supplemental Material, 
Table S1). FA800 was the only treatment 
group to attain lower geometric mean bAs 
than the placebo group at any follow-up time 
point (Tables 2 and 3). Additionally, the 
FA800 group had a greater percent decline in 
geometric mean bAs from baseline than the 
placebo group at the end of weeks 1, 6, and 
12 (Table 2).

Description of treatment effects in the 
second phase. Table 3 presents geometric 
means of bAs, and the percent change in 
bAs from week 12 to a follow-up time, 
along with 95% CIs, in the second phase of 
the study. Mean ln-bAs at week 12 did not 
differ significantly between the FA400/FA and 
FA400/placebo groups (p = 0.73) or between 
the FA800/FA and FA800/placebo groups 
(p = 0.53). The percent change in geometric 
mean of bAs since week 12 did not differ 
significantly between the groups with and 
without continuation of FA supplements 
(i.e., FA400/FA vs. FA400/placebo and 
FA800/FA vs. FA800/placebo). Likewise, 
the percent change in geometric mean of 
urinary As (micrograms per gram creatinine) 
since week 12 did not differ significantly 
between the FA400/FA and FA400/placebo 
groups, and the FA800/FA and FA800/
placebo groups (see Supplemental Material, 
Table S2). These patterns suggest that there 
was no rebound in bAs related to cessation of 

Figure 3. Plot of geometric mean (95% CI) plasma and red blood cell folate (nmol/L) by treatment group and time in the first phase and second phase of the trial. 
In the second phase, there are two values (white and black shapes) for each folic acid group: the white shapes represent the subset of participants in the folic 
acid groups that continued on folic acid, and the black shapes represent the subset of the participants in the folic acid groups that switched to placebo. Blood 
for measurement of folate was collected only at baseline, week 12, and week 24; intermediate time points are not available; therefore, the lines do not represent 
linear trends.
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Table 2. Geometric mean (95% CI) of blood arsenic (μg/L) and the percent change in blood arsenic from baseline to week 12 by first phase treatment group.

Time or time comparison Statistic Placebo FA400 (μg) FA800 (μg) Creatine Creatine+FA400 (μg)
Baseline Mean (95% CI) 8.32 (7.42, 9.32) 

(n = 102)
8.73 (7.89, 9.66) 

(n = 153)
8.72 (8.00, 9.50) 

(n = 151)
8.73 (7.72, 9.87) 

(n = 101)
9.26 (8.38, 10.24) 

(n = 103)
Week 1 Mean (95% CI) 6.40 (5.74, 7.14) 

(n = 102)
6.88 (6.18, 7.66) 

(n = 151)
6.20 (5.71, 6.74) 

(n = 151)
6.54 (5.83, 7.33) 

(n = 101)
6.84 (6.18, 7.58) 

(n = 102)
Week 6 Mean (95% CI) 6.20 (5.43, 7.09) 

(n = 102)
6.93 (6.17, 7.79) 

(n = 153)
5.86 (5.33, 6.43) 

(n = 151)
6.70 (5.92, 7.59) 

(n = 101)
7.09 (6.28, 8.01) 

(n = 103)
Week 12 Mean (95% CI) 7.62 (6.72, 8.64) 

(n = 101)
8.40 (7.55, 9.36) 

(n = 153)
7.19 (6.56, 7.87) 

(n = 150)
8.12 (7.20, 9.15) 

(n = 101)
7.96 (7.04, 9.00) 

(n = 103)
Week 1 vs. baseline Percent change (95% CI)a –23.0 (–26.6, –19.3) 

(n = 102)
–21.2 (–24.4, –17.8) 

(n = 151)
–28.9 (–31.8, –25.8) 

(n = 151)
–25.1 (–28.6, –21.4) 

(n = 101)
–25.6 (–29.7, –21.2) 

(n = 102)
Week 6 vs. baseline Percent change (95% CI) –25.4 (–31.5, –18.8) 

(n = 102)
–20.6 (–26.3, –14.5) 

(n = 153)
–32.8 (–38.0, –27.3) 

(n = 151)
–23.2 (–29.5, –16.3) 

(n = 101)
–23.5 (–30.8, –15.3) 

(n = 103)
Week 12 vs. baseline Percent change (95% CI) –9.5 (–16.5, –1.8) 

(n = 101)
–3.7 (–10.7, 3.8) 

(n = 153)
–17.8 (–25.0, –9.8) 

(n = 150)
–7.0 (–14.8, 1.5) 

(n = 101)
–14.0 (–22.2, –5.0) 

(n = 103)
aPercent change = (geometric mean ratio – 1) × 100.
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FA supplementation. Because the FA800/FA 
and FA800/placebo groups were the only 
groups to maintain a lower geometric mean 
bAs than the placebo group at every follow-
up time point, and because there was no 
evidence of a rebound in bAs related to cessa-
tion of FA supplementation, we conducted 
a secondary analysis in which we combined 
the FA800/FA and FA800/placebo groups in 
the second phase of the study. Overall, the 
combined FA800 groups had a greater within-
person decline in bAs since baseline (–12.3%; 
95% CI: –19.6%, –4.3%) than the placebo 
group (–2.3%; 95% CI: –8.6%, 4.4%) at the 
end of the 24 weeks (p = 0.05).

Modeling the treatment effect in the 
FA800 group .  We observed that the 
geometric means of bAs after baseline in the 
FA800 group were consistently lower than in 
the placebo group, with a parallel pattern of 
trend (Figure 4). We applied linear models 
with repeated measures of ln-bAs using all 
time points in order to evaluate the treatment 
effect of FA800 over 24 weeks. The estimated 
parameters of the initial model with categor-
ical variables for time, treatment group, and 
time by treatment interaction, suggested a 
model simplification using fewer main effect 
parameters to describe the time trend of 
ln-bAs in the placebo group, and using fewer 
interaction terms for the treatment group 
differences in the time trend. The geometric 
means of bAs over time were all close to the 
model-based estimates, suggesting that the 
model fit the data well (Figure 4). Given the 
model parameters, we estimated the group 
mean difference in ln-bAs change since 
baseline in the first phase (difference = –0.09, 
95% CI: –0.18, –0.01, p = 0.03) (Table 4), 
which indicated that the average decline in 
ln-bAs from baseline in the FA800 group 
was greater than in the placebo group. In 
the second phase, compared to the change 
in ln-bAs since baseline in the placebo group, 
the two FA800 groups had significantly 
greater reductions in ln-bAs since baseline 

(FA800/FA: difference = –0.12, 95% CI: 
–0.24, –0.00, p = 0.04; FA800/placebo: 
difference = –0.14, 95% CI: –0.26, –0.02, 
p = 0.02). The small difference in the 
change in ln-bAs since baseline between the 
FA800/FA group and the FA800/placebo 
group was not statistically significant (differ-
ence = 0.02, 95% CI: –0.09, 0.12, p = 0.72), 
indicating a lack of bAs rebound in the 
FA800/placebo group.

Discussion
Supplementation of 800 µg FA/day to a study 
population comprised of both folate-deficient 
and -sufficient individuals lowered bAs to a 
greater extent than placebo over the course 

of this 24-week randomized clinical trial. 
This result is in accordance with our previous 
clinical trial in folate-deficient adults, in 
which As-removal filters were not provided 
and supplementation with 400 µg FA 
lowered bAs to a greater extent than placebo 
over 12 weeks (Gamble et al. 2007). The 
enhanced decline in bAs related to 800-µg 
FA supplementation was observed as early as 
1 week after supplementation began, which 
is also in accordance with the enhanced As 
methylation observed after 1 week of supple-
mentation with 400 µg FA in our previous 
clinical trial in folate-deficient adults (Gamble 
et al. 2006). Additionally, the magnitude of 
the reduction in bAs (mean within-person 

Table 3. Geometric mean (95% CI) of blood arsenic (μg/L) and the percent change in blood arsenic from week 12 to week 24 by second phase treatment group.

Time or time comparison Statistic Placebo
FA400 (μg)  
continued

FA400 (μg)  
switched to placebo

FA800 (μg)  
continued

FA800 (μg) 
switched to placebo

Week 12 Mean (95% CI) 7.62 (6.72, 8.64) 
(n = 101)

8.56 (7.33, 10.00) 
(n = 77)

8.25 (7.09, 9.60) 
(n = 76)

7.39 (6.56, 8.33) 
(n = 77)

6.97 (6.05, 8.04) 
(n = 73)

Week 13 Mean (95% CI) 7.37 (6.50, 8.35) 
(n = 102)

8.22 (6.93, 9.76) 
(n = 77)

8.28 (6.99, 9.82) 
(n = 75)

7.04 (6.21, 7.99) 
(n = 77)

6.65 (5.73, 7.72) 
(n = 73)

Week 18 Mean (95% CI) 7.89 (6.96, 8.95) 
(n = 102)

8.01 (6.77, 9.48) 
(n = 77)

8.27 (7.06, 9.69) 
(n = 75)

6.91 (5.90, 8.10) 
(n = 74)

7.04 (6.07, 8.15) 
(n = 74)

Week 24 Mean (95% CI) 8.12 (7.23, 9.13) 
(n = 102)

8.52 (7.30, 9.95) 
(n = 77)

8.15 (7.02, 9.46) 
(n = 74)

7.69 (6.60, 8.96) 
(n = 76)

7.62 (6.66, 8.73) 
(n = 74)

Week 13 vs. Week 12 Percent change (95% CI)a –2.4 (–6.7, 2.0) 
(n = 101)

–4.0 (–8.8, 1.1) 
(n = 77)

0.1 (–5.3, 5.7) 
(n = 75)

–4.7 (–9.1, –0.1) 
(n = 77)

–5.0 (–9.6, –0.1) 
(n = 72)

Week 18 vs. Week 12 Percent change (95% CI) 4.3 (–2.9, 12.1) 
(n = 101)

–6.4 (–13.8, 1.5) 
(n = 77)

–0.5 (–9.2, 9.0) 
(n = 75)

–5.8 (–14.5, 3.7) 
(n = 74)

0.8 (–7.9, 10.4) 
(n = 73)

Week 24 vs. Week 12 Percent change (95% CI) 7.8 (0.0, 16.2) 
(n = 101)

–0.4 (–10.9, 11.3) 
(n = 77)

–0.8 (–12.5, 12.4) 
(n = 74)

3.8 (–5.8, 14.5) 
(n = 76)

9.1 (–2.3, 21.7) 
(n = 73)

aPercent change = (geometric mean ratio – 1) × 100.

Table 4. Group mean difference in ln-blood As decline since baseline estimated from repeated measures 
model.a

Time period Group comparison
Group mean difference  

in ln-bAs decline from baseline (95% CI) p-Value
Week 1–12 FA800 vs. placebo –0.09 (–0.18, –0.01) 0.03
Week 13–24 FA800/placebo vs. placebo –0.14 (–0.26, –0.02) 0.02

FA800/FA vs. placebo –0.12 (–0.24, –0.00) 0.04
FA800/FA vs. FA800/placebo 0.02 (–0.09, 0.12) 0.72

aThe model parameters: six for the time trend in the placebo group, one for the difference between FA800 and placebo 
groups, and three for the time by treatment group interactions to describe the differences in the time trend between the 
FA800 group(s) and the placebo group. No other covariates were adjusted for in this model.

Figure 4. Plot of geometric mean blood arsenic (μg/L) in the placebo group and 800-μg folic acid group by 
week of treatment. Symbols represent raw means, and lines connect the predicted means from a linear 
model with repeated measures of ln-blood As.
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decline of 12%) is similar to that observed in 
our previous clinical trial (14%). Synthesis 
of SAM, the methyl donor for As methyla-
tion, relies on folate-dependent one-carbon 
metabolism (Figure 1). By increasing meth-
ylation of InAs to DMA, folate facilitates 
the elimination of As in urine, resulting in a 
lowering of bAs (Gamble et al. 2007). The 
finding that FA has a beneficial effect in the 
general Bangladeshi population even beyond 
the effect of As remediation alone has great 
public health significance. For example, on 
the basis of a prospective study of bAs and 
incident skin lesions in Bangladesh (Hall 
et al. 2006), we have calculated that a 12% 
decline in bAs (as observed in the FA800 
group) would be associated with an 8.2% 
decline (95% CI: 5.8%, 10.5%) in the inci-
dence rate of skin lesions.

We did not observe that cessation of 
FA supplementation at week 12 was associ-
ated with a rebound in bAs, compared with 
remaining on FA supplementation. This indi-
cates that the decline in bAs achieved with 
12 weeks of supplementation with FA800 
was sustained up to 12 weeks after supple-
mentation had ceased. Although plasma folate 
returned to near baseline levels by week 24 
in the FA800/placebo group, RBC folate 
remained elevated substantially above baseline 
levels. Plasma folate is highly responsive to 
recent intake of folate, whereas RBC folate 
is more indicative of long-term folate status 
and tissue folate stores (Institute of Medicine 
1998). Because the liver is the primary site 
of As metabolism (Drobná et al. 2010), it is 
possible that liver folate, like RBC folate, was 
sustained after cessation of FA supplementa-
tion, resulting in a sustained lowering of bAs 
in the FA800/placebo group. Alternatively, 
we may not have been able to detect a 
rebound in bAs after week 12 related to cessa-
tion of FA800 because of the increase in bAs 
after week 6 in all treatment groups (discussed 
in further detail below).

FA400, creatine, and creatine+FA400 
were not effective in lowering bAs to a greater 
extent than the placebo group over the course 
of the trial. The reason that FA400 did not 
lower bAs in this study may be an issue of 
insufficient dose, because we did observe 
that FA800 decreased bAs from baseline to a 
greater extent than placebo. Plots of bAs over 
time stratified by folate deficiency (plasma 
folate < 9 nmol/L) suggest that FA400 may 
have been effective in lowering bAs in folate-
deficient individuals (data not shown), as we 
have observed in our previous trial in folate-
deficient adults (Gamble et al. 2007). This 
was solely an exploratory analysis, because the 
sample sizes in the folate-deficient subgroups 
were small (placebo n = 22, FA400 n = 36, 
FA800 n = 27), and we did not have adequate 
statistical power to perform stratified analyses.

Because of the strong positive association 
between uCrn and As methylation observed 
in many of our studies and those of others, 
and the knowledge that supplemental creatine 
downregulates creatine biosynthesis in rodents 
(Stead et al. 2001), we had hypothesized 
that creatine supplementation would “spare” 
SAM and thereby enhance As methylation 
and lower bAs. However, we did not observe 
that supplementation with 3 g creatine/day 
lowered bAs to a greater extent than placebo. 
It seems unlikely that this may also be an issue 
of insufficient dose, because we observed a 
significant decrease in plasma GAA in the 
creatine groups, indicating downregulation 
of endogenous creatine synthesis. However, 
the functional effect of this down-regulation 
may be smaller than anticipated due to 
long-range allosteric interactions that tightly 
regulate hepatic SAM concentrations (Wagner 
et al. 1985).

FA supplementation is a very prom-
ising nutritional intervention for lowering 
bAs; however, there may yet be “room for 
improvement” in enhancing As methylation, 
because AS3MT activity is unlikely to reach a 
plateau at physiological SAM concentrations 
[based on in vitro AS3MT activity (Song et al. 
2010) and liver SAM concentrations in rats 
(Finkelstein et al. 1982)]. Because FA is not 
a methyl donor per se, but rather recruits a 
methyl group to serve as a cofactor for remeth-
ylation of homocysteine to methionine, FA 
cannot increase SAM if methyl groups are 
limiting (Benevenga 2007). Future studies 
should examine whether supplementation 
with 5-methyltetrahydrofolate, or co-supple-
mentation with methyl donors such as choline 
or betaine, can provide an additional benefit 
in lowering bAs.

All treatment groups experienced a 
rebound in mean bAs after week 6. This was 
unexpected, given that As exposure had ceased 
at the beginning of the study with the use of 
water filters. The most likely explanation for 
this occurrence is that there was a decline in 
compliance of filter usage. A survey adminis-
tered to the study participants approximately 
1.5 years after the end of the clinical trial 
revealed that most (95%) had stopped using 
their filters by then because the filter flow rates 
had declined. Additionally, in an 11-week pilot 
study of n = 12 As-exposed Bangladeshi adults 
drinking bottled water supplied by our field 
staff, a rebound in bAs was not observed after 
the initial decline in bAs, further suggesting 
an issue with filter compliance in the current 
study. Alternatively, we cannot rule out other 
possibilities such as release of As from tissue 
stores (e.g., bone) following reduction in As 
exposure, given that there is some evidence 
that As may influence bone turnover (Hu et al. 
2012; Wu et al. 2014). Although the explana-
tion for the rebound in bAs is not clear at this 

time, our findings do suggest that provision of 
costly individual household-use water filters 
does not represent a feasible long term solution 
for the As problem in a real-world setting.

Conclusions
Although removing exposure to As is the 
primary prevention approach for As-induced 
diseases, massive exposure reduction is compli-
cated by the high cost of water filters and their 
monitoring and maintenance, the limited 
effectiveness of water filters in real-world 
settings, and the limited availability of low 
As wells in some regions. Additionally, long-
term chronic exposure to As may lead to an 
increased body burden of As that persists long 
after exposure is removed (National Research 
Council 2013). Nutritional supplementation 
presents a low-risk and low-cost preventative 
treatment option for populations with past 
exposure who are still at risk for As-induced 
disease (Smith et al. 2012), and perhaps for 
populations currently exposed to As. We have 
demonstrated that even with provision of 
As-removal water filters, supplementation with 
800 µg FA lowered bAs to a greater extent 
than placebo. Future studies should examine 
the impact of folate supplementation on risk 
for As-induced diseases. Although at least 57 
countries worldwide currently have manda-
tory folate fortification in place in accordance 
with World Health Organization guidelines 
(Zimmerman 2011), those countries with the 
most significant problems of As-contaminated 
drinking water, including Bangladesh, 
India, Cambodia, and Pakistan, are not 
among them. As has been demonstrated in 
Western countries such as the United States 
and Canada, folate fortification can nearly 
eradicate folate deficiency and its associated 
consequences; in As-endemic countries it may 
have the additional benefit of facilitating a 
partial reduction in the extensive public health 
burden of As exposure.
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Low-Dose Creatine Supplementation Lowers
Plasma Guanidinoacetate, but Not Plasma
Homocysteine, in a Double-Blind, Randomized,
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Abstract

Background: Creatine synthesis from guanidinoacetate consumes ;50% of s-adenosylmethionine (SAM)–derived

methyl groups, accounting for an equivalent proportion of s-adenosylhomocysteine (SAH) and total homocysteine (tHcys)

synthesis. Dietary creatine inhibits the synthesis of guanidinoacetate, thereby lowering plasma tHcys in rats.

Objective: We tested the hypotheses that creatine supplementation lowers plasma guanidinoacetate, increases blood

SAM, lowers blood SAH, and lowers plasma tHcys.

Methods: Bangladeshi adults were randomly assigned to receive 1 of 4 treatments for 12 wk: placebo (n = 101), 3 g/d

creatine (Cr; n = 101), 400 mg/d folic acid (FA; n = 153), or 3 g/d creatine plus 400 mg/d folic acid (Cr+FA; n = 103). The

outcomes of plasma guanidinoacetate and tHcys, as well as whole blood SAM and SAH, were analyzed at baseline and

week 12 by HPLC. Treatment effects of creatine supplementation were examined with the use of the group comparisons

of Cr vs. placebo and Cr+FA vs. FA.

Results: Plasma guanidinoacetate declined by 10.6% (95%CI: 4.9, 15.9) in the Cr groupwhile increasing nonsignificantly in the

placebo group (3.7%; 95%CI:20.8, 8.5) (Pgroup difference = 0.0002). Similarly, plasma guanidinoacetate declined by 9.0% (95%CI:

3.4, 14.2) in the Cr+FA group while increasing in the FA group (7.0%; 95%CI: 2.0, 12.2) (Pgroup difference < 0.0001). Plasma tHcys

declined by 23.4% (95% CI: 19.5, 27.1) and 21.0% (95% CI: 16.4, 25.2) in the FA and Cr+FA groups, respectively (Pgroup difference =

0.41), with no significant changes in the placebo or Cr groups (Pgroup difference = 0.35). A decrease in guanidinoacetate over time

was associated with a decrease in tHcys over time in the Cr+FA group (b = 0.30; 95% CI: 0.17, 0.43; P < 0.0001).

Conclusions: Our findings indicate that whereas creatine supplementation downregulates endogenous creatine

synthesis, this may not on average lower plasma tHcys in humans. However, tHcys did decrease in those participantswho

experienced a decline in plasma guanidinoacetate while receiving creatine plus folic acid supplementation. This trial was

registered at clinicaltrials.gov as NCT01050556. J Nutr 2015;145:2245–52.

Keywords: creatine, guanidinoacetate, homocysteine, folic acid, folate, s-adenosylmethionine, RCT,

Bangladesh, hyperhomocysteinemia

Introduction

Folate deficiency and hyperhomocysteinemia are widely prev-
alent among adults in Bangladesh. In a cross-sectional study of

1650 Bangladeshi adults, 39% of women and 57% of men were
found to be folate deficient (plasma folate <9 nmol/L), whereas
26% of women and 63% of men were found to have hy-
perhomocysteinemia [defined as plasma total homocysteine
(tHcys)8 $10.4 mmol/L for women and $11.4 mmol/L for
men] (1). Hyperhomocysteinemia has been associated with an

8 Abbreviations used: AGAT, arginine:glycine amidinotransferase; Cr, 3 g/d creatine

group; Cr+Crn, plasma creatine plus creatinine; Cr+FA, 3 g/d creatine plus 400 mg/d

folic acid group; FA, 400 mg/d folic acid group; GAMT, guanidinoacetate methyl-

transferase; GNMT, glycine N-methyltransferase; MTHFR, methylene tetrahydro-

folate reductase; SAH, s-adenosylhomocysteine; SAM, s-adenosylmethionine; tCys,

total cysteine; tHcys, total homocysteine; 5-mTHF, 5-methyltetrahydrofolate.
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increased risk of cardiovascular events, stroke, and cognitive
disorders (2–4).

Folate deficiency is a common cause of hyperhomocysteinemia:
5-methyltetrahydrofolate (5-mTHF) donates a methyl group
for the remethylation of homocysteine to methionine, and
also inhibits glycine N-methyltransferase (GNMT), a major
consumer of s-adenosylmethionine (SAM) and source of
s-adenosylhomocysteine (SAH) (5) (Figure 1). Hyperhomocys-
teinemia can also arise from causes other than folate deficiency,
including vitamin B-12 deficiency (6), renal disease (7), and
genetic polymorphisms that impair homocysteine metabolism
(8). Whereas much attention has been given to interventions
influencing homocysteine removal, such as folic acid and
vitamin B-12 supplementation, little focus has been placed on
interventions that could downregulate homocysteine synthesis.

Creatine is a nitrogenous organic acid that occurs naturally in
food; rich sources include meat and fish. In humans, creatine
requirements are fulfilled through dietary sources and/or endog-
enous synthesis (9). Creatine synthesis from guanidinoacetate, a

reaction catalyzed by guanidinoacetate methyltransferase
(GAMT), consumes roughly 50% of all SAM-derived methyl
groups (10, 11), accounting for an equivalent proportion of all
SAH and homocysteine synthesis (Figure 1).

Dietary creatine intake inhibits synthesis of guanidinoacetate
in the rat kidney by pretranslational inhibition of arginine:glycine
amidinotransferase (AGAT) (12) (Figure 1). Studies in rats have
demonstrated that plasma tHcys concentrations can be lowered
by creatine supplementation in the diet, which reduces methyl-
ation demand (13–16). These studies indicate that creatine
supplementation has the potential to decrease the synthesis of
homocysteine. Inhumans,however, creatine supplementationhas
not been sufficiently examined as ahomocysteine-lowering agent.
Two small placebo-controlled studies in healthy young adults
found no significant effect from creatine supplementation on
plasma tHcys (17, 18). In 2004, a 4 wk study of healthy volunteers
(n = 16) found a significantly greater decrease in plasma tHcys in
participants receiving creatine plus multivitamins than in those
receiving multivitamins alone (19). These studies were limited by
small sample sizes and the use of healthy study populations
without hyperhomocysteinemia.With the use of data froma large
randomized, controlled trial testing folic acid and creatine as
therapeutic approaches to lower blood arsenic in Bangladesh
(20), we focus here on a prespecified secondary outcome of the
trial, plasma tHcys, to test the hypothesis that creatine supple-
mentation lowers plasma tHcys in humans.

Methods

Study participants. TheFolicAcidandCreatineTrialhasbeendescribed
elsewhere in detail (20). Briefly, participants for this trial were selected

from the Health Effects of Arsenic Longitudinal Study, a prospective
cohort study that, at the time of the Folic Acid and Creatine Trial, had

recruited >20,000 adults living within a 25 km2 region in Araihazar,

Bangladesh (21). Eligible participants in the Health Effects of Arsenic

Longitudinal Study cohort were married adults between the ages of 20
and 65 who had been drinking from their current well for at least 3 y. For

inclusion in the current study, participants were randomly selected from

cohort participants who had been drinking from a household well having

waterarsenic>50mg/L, theBangladeshi limit forarsenic indrinkingwater,
for at least 1 y. Pregnant women; individuals taking nutritional supple-

ments; individualswith protein in their urine; and individualswith known

renal disease, diabetes, or gastrointestinal or other health problems were

excluded from the study. Informed consent was obtained by our
Bangladeshi field staff physicians. Ethical approval was obtained from

the Institutional Review Board of Columbia PresbyterianMedical Center

and the Bangladesh Medical Research Council.

Study design and fieldwork. Atotalof622participantswere recruited

for the study and were randomly assigned to 1 of 5 treatments; the

analyses in this paper concentrate on those randomly assigned to receive
either placebo (n = 104), 3 g/d creatine (Cr; n = 104), 400 mg/d folic acid

(FA; n = 156), or 3 g/d creatine + 400 mg/d folic acid (Cr+FA; n = 104)

(folic acid and creatine supplements supplied byDouglas Laboratories).

Participants randomly selected to receive 800 mg/d folic acid were
excluded from this analysis because there was no comparable creatine

group. The creatine dosage is based on the estimations of Brosnan et al.

(22) that a20- to39-y-old70kgman loses;14.6mmol creatine/d (;1.9g/d),
with the mean creatine losses for women 80% of that of men; we

therefore concluded that 3 g creatine/d should be sufficient to down-

regulate endogenous creatine synthesis. This dose is also considered safe

by the European Food Safety Authority (23). The folic acid dosage is
based on the US RDA for adults (24).

This was a randomized, double-blind, placebo-controlled trial.

Blocked randomization within gender strata was used to ensure balance

in the treatment groups. Within each block, 2 persons were randomly
assigned to receive placebo, 2 to receive Cr, 3 to receive FA, and 2 to receive

FIGURE 1 Overview of Cr metabolism and the methionine cycle. In

the first, rate-limiting step of Cr biosynthesis, GAA is formed from

arginine and glycine by AGAT (30); in the rat, this reaction occurs

primarily in the kidney (36). Dietary Cr (primarily from meat) leads to

pretranslational inhibition of AGAT (12), thereby inhibiting endogenous

Cr biosynthesis. GAA is transported to the liver, where it is methylated

by GAMT to generate Cr, with SAM as the methyl donor (30). The

byproduct of this methylation reaction (and others) is SAH. SAH is

hydrolyzed to generate Hcys. Hcys can be remethylated to methionine

by MS, with 5-mTHF as the methyl donor, or it can be directed to the

transsulfuration pathway through which it is ultimately catabolized.

5-mTHF also reduces Hcys by inhibition of GNMT, a major consumer

of SAM (5). Cr, whether derived from endogenous biosynthesis or

dietary sources, is transported to tissues with high energy require-

ments such as the skeletal muscle, heart, and brain, where it is

phosphorylated to PCr (30). PCr is used for the regeneration of ATP

during intensive exercise. Cr and PCr are converted nonenzymatically

at a constant rate to Crn, which is then excreted in the urine

(30). AGAT, arginine:glycine amidinotransferase; Cr, creatine; Crn,

creatinine; GAA, guanidinoacetate; GAMT, guanidinoacetate methyl-

transferase; GNMT, glycine N-methyltransferase; Hcys, homocys-

teine; MS, methionine synthase; PCr, phosphorylcreatine; SAH,

s-adenosylhomocysteine; SAM, s-adenosylmethionine; Sar, sarcosine;

5-mTHF, 5-methyltetrahydrofolate. Drawings by Brandilyn A Peters;

reproduced with permission.
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Cr+FA, for an allocation ratio of 1:1:1.5:1. Within each block, the order

of treatments was randomly permutated by a statistician at Columbia

University. A pharmacist in Bangladesh distributed barcode-labeled pill
bottles to field staff sequentially as they enrolled participants; bottleswere

distributed in the order of the random assignment list generated at

Columbia University. Five experienced teams, each having one interviewer

and one physician (all specifically trained for this study) worked
simultaneously to recruit and follow study participants through house-

to-house visits. These teamswere responsible for all visits, at which blood

and urine samples were collected. All participants received a household-

level arsenic removal water filter (READ-F filter, Brota Services Interna-
tional) at baseline for the provision of low arsenic (<10 mg/L) water.

Participants received and retained 2 bottles of pills at enrollment: one bottle

contained folate pills or folate-matched placebo pills, and the second
bottle contained creatine or creatine-matched placebo pills. Village

healthworkers eitherwitnessed or inquired about compliance on a daily

basis. With the exception of 2 data management specialists (one in

Bangladesh and one in the United States) who assigned letters (A, B, C,
etc.) to treatments, all study investigators, fieldwork teams, village

health workers, lab technicians, and study participants were blinded to

study treatments for the entire duration of the study through the use of

blind-labeled pill bottles and participant identification barcodes on all
pill bottles and biological samples. Study enrollment began in December

2009 and follow-up was completed in May 2011.

A total of 10 participants were dropped from these groups over the
course of the study for various reasons, including adverse events [n = 3;

1 in the placebo group (abdominal cramps), 1 in the FA group

(hypertension), and 1 in the Cr group (severe vertigo)], pregnancy

(n = 3; 1 each in the Cr, FA, and Cr+FA groups), missing plasma samples
(n = 2; 1 each in the placebo group and Cr group), and dropout (n = 2; 1

each in the placebo group and FA group). The total sample size for this

analysis by treatment groupwas as follows: placebo group (n = 101), FA
group (n = 153), Cr group (n = 101), and Cr+FA group (n = 103).

Plasma tHcys was the primary outcome of interest for this analysis.

Secondary outcomes of interest were plasma creatine + creatinine

(Cr+Crn) and guanidinoacetate, blood SAM and SAH, and plasma total

cysteine (tCys). Variables in the tables are listed in the order of the
hypothesized biological response to the creatine intervention (plasma

Cr+Crn, plasma guanidinoacetate, blood SAM, blood SAH, plasma

tHcys, and plasma tCys). Venous blood samples were collected at baseline
and week 12 for the measurement of primary and secondary outcomes.

Sample collection and handling. Blood samples were obtained by

venipuncture at the time of recruitment and after the 12 wk intervention.
Blood was collected into EDTA evacuated tubes and placed in IsoRack

cool packs (Brinkmann Instruments) designed tomaintain samples at 4�C
for 6 h. Within 4 h, samples were transported in coolers to our local

laboratory, situated at our field clinic in Araihazar. Samples were
centrifuged at 3000 3 g for 10 min at 4�C, and plasma was separated

from cells. Aliquots of plasma andwhole bloodwere stored at280�Cand

shipped, frozen on dry ice, to Columbia University for analysis.

Plasma Cr+Crn and guanidinoacetate. Plasma Cr+Crn and guanidi-

noacetateweremeasured byHPLCwith fluorescence detection according

to the method described by Carducci et al. (25). We used an Inertsil ODS-3
3 mm HPLC column 4.6 3 100mm (GL Sciences) and excitation and

emission wavelengths of 335 and 435 nm, respectively. Intra- and

interassay CVs for Cr+Crn were 7% and 9%, respectively, and for

guanidinoacetate were 8% and 9%, respectively.

Plasma homocysteine and cysteine concentrations. Plasma tHcys

and tCys concentrations were measured by HPLC with fluorescence

detection according to the method described by Pfeiffer et al. (26). Intra-
and interassay CVs for tHcyswere 5%and 7%, respectively, and for tCys

were 4% and 13%, respectively.

Whole blood SAM and SAH. SAM and SAHwere measured in whole
blood by HPLC according to the method described by Poirier et al. (27),

the only differencebeing that blood (400mL)was added to tubes containing

200mL 0.1 mol/L sodium acetate, pH 6, and 160mL 40% trichloroacetic

acid in the field, and were then vortexed and frozen at 280�C. Sample

processing was then completed at Columbia University. Intra- and

interassay CVs for SAM were 2% and 6%, respectively, and for SAH
were 10% and 26%, respectively.

Plasma folate and vitamin B-12. Plasma folate and vitamin B-12were

measured by radioimmunoassay (SimulTRAC-SNB Vitamin B-12/
Folate RIA kit; MP Biomedicals). Intra- and interassay CVs for folate

were 5% and 13%, respectively, and for vitamin B-12 were 6% and

17%, respectively.

Sample size considerations. Blood SAM and SAH could not be

assessed for some participants because of insufficient blood volume.

Therefore our sample sizes for SAM and SAH outcomes are somewhat

reduced. In addition,we excluded plasmaCr+Crn and guanidinoacetate
data from1 d onwhich the positive control did not run properly. Finally,

in some samples, there was insufficient plasma volume to measure

Cr+Crn and guanidinoacetate. To address these sample issues, we present

results with the use of the available sample for each outcome individ-
ually, and compare these with the results from the analysis with the use of

participants with data available for all 6 outcome variables of interest.

For the Cr+Crn and guanidinoacetate variables, we have n = 130 in the
FAgroup andn=102 in theCr+FAgroup. For the SAMvariable,wehave

n = 76 in the placebo group, n = 89 in the Cr group, n = 139 in the FA

group, and n = 94 in the Cr+FA group. For the SAH variable and for the

analysis with complete data, there are n = 68 in the placebo group, n = 86
in the Cr group, n = 110 in the FA group, and n = 84 in the Cr+FA group.

Statistical analyses. The primary group comparisons of interest were Cr

vs. placebo and Cr+FAvs. FA, in order to determine the treatment effects of
creatine supplementation, with and without folic acid. The comparison

of FAvs. placebowas not of interest, given that the tHcys-lowering effects

of folic acid are already well established. Descriptive statistics were

calculated by treatment group to describe the sample characteristics.
Treatment group differenceswere detected by using the chi-square test for

categorical variables and theKruskal-Wallis test for continuous variables.

We applied ln transformations to the outcomes of Cr+Crn, guanidinoac-

etate, SAM, SAH, tHcys, and tCys in order to stabilize the variance of the
outcomes and reduce the impact of extreme values in parametric analyses.

For all outcomes, we calculated the geometric mean (antilog-transformed

mean of the ln of an outcome, e.g., emean[ln(Hcys0)]) and 95% CIs of each
outcome at baseline and week 12 by treatment group. To describe the

change in an outcome over 12 wk, we calculated geometric mean ratios

and 95% CIs by treatment group. These geometric mean ratios are

equivalent to the antilog-transformed mean within-person change in the
ln-transformed variable (e.g., emean[ln(Hcys12)2ln(Hcys0)]), and are also

equivalent to the ratio of the geometric means at week 12 and week 0

(e.g., geometricmeanHcys12/geometricmeanHcys0).We then used the ratio

of the geometric means to determine the percentage change in the geometric
mean of an outcome over the 12wk, with the use of the following equation:

percent change = (geometric mean ratio – 1)3 100.We used paired t tests to
detectwithin-personchangeover timeinthe ln-transformedoutcomeswithin
each treatment group. To detect the treatment effects of creatine supplemen-

tation, we compared the within-person change in the ln-transformed out-

comes between the Cr and placebo groups, and between the Cr+FA and FA

groups, with the use of 2-sample t tests.
A subset of participants had blood SAM and SAH available at either

baseline or week 12, but not at both time points; in order to include all

available data for these outcomes, we conducted a sensitivity analysis in

whichwe used linearmodelswith repeatedmeasures for the outcomes of
ln(SAM) and ln(SAH) to examine change over time by treatment groups.

Generalized estimating equations, which use all available data and

account for within-subject correlations in the repeated measures, were
used to estimate the regressionparameters.Themodels include indicator

variables for treatment groups (Cr vs. placebo or Cr+FAvs. FA), for time

(week 12 vs. baseline), and for treatment 3 time interaction. The model

estimate for the interaction term indicates the treatment group difference
in mean change of the outcome over 12 wk.

A decrease in guanidinoacetate over time in a Cr or Cr+FA partic-

ipant suggests that endogenous creatine synthesis was downregulated

Effects of creatine supplements on homocysteine 2247
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in that participant; therefore, we used linear regression models

with within-person change in ln-transformed guanidinoacetate over

time [Dln(guanidinoacetate)] as a predictor of within-person change in
ln-transformed variables over time [Dln(SAM), Dln(SAH), Dln(tHcys),

and Dln(tCys)]. The models were adjusted for baseline ln(guanidinoac-

etate) and the ln-transformed baseline of the outcome, and the analysis

was conducted separately by treatment group. We used the Wald test
to detect treatment group differences (Cr vs. placebo and Cr+FAvs. FA)

in the covariate-adjusted regression coefficient for the effect of

Dln(guanidinoacetate) on the outcome variables.

All analyses were performed as intent to treat, and were carried out
with the use of SAS 9.2 or R (version 3.0.2). All statistical tests were

2-sided with a significance level of 0.05.

Results

The demographic and biochemical characteristics of the study
participants by treatment group at baseline are presented inTable 1.
By design, the study enrolled approximately equal numbers ofmen
and women. The mean age of the study participants was 38 y,
and on average study participants had low BMI and a low level
of education. In addition, there was a substantial proportion of
smokers (26%) andbetel nut chewers (24%)andahigh prevalence
of folate deficiency (20%) and hyperhomocysteinemia (53%) in
the study population. There were no meaningful between-group
differences in baseline characteristics. The participants with com-
plete outcome data (n = 348) had lower creatinine-adjusted urinary
arsenic (P=0.03), slightlyhigherplasmafolate (P=0.06), and lower
plasma cysteine (P= 0.06) at baseline than participantswith at least
one missing outcome (n = 110) (Supplemental Table 1).

The changes in plasma Cr+Crn and guanidinoacetate, blood
SAM and SAH, and plasma tHcys and tCys by treatment group
over the 12 wk of the trial are shown in Table 2. There was a
significant within-person increase in plasma Cr+Crn in the Cr
group (P < 0.0001) and Cr+FA group (P < 0.0001), but not in the
placebo group (P = 0.22) or the FA group (P = 0.67), with
significant group differences between the Cr and placebo groups
(P < 0.0001) and the Cr+FA and FA groups (P < 0.0001). This
indicates high compliance with supplementation regimens.
Plasma guanidinoacetate declined by 10.6% (P = 0.0005) in the
Cr group and9.0%(P=0.002) in theCr+FAgroup, and increased
nonsignificantly in the placebo group (P = 0.11) and significantly
in the FA group (P = 0.006) (Table 2; Figure 2). Thewithin-person
change in plasma guanidinoacetate differed significantly between
the Cr and placebo groups (P = 0.0002) and between the Cr+FA
and FA groups (P < 0.0001). The increase in guanidinoacetate in
the FA group was not significantly different from that in the
placebo group (P = 0.35).

Therewere no significant changes in bloodSAMorSAHinany
group (allP$0.22)over the12wk,norwere therebetween-group
differences in within-person change in blood SAM or SAH.
Results were similar for the SAM and SAH outcomes when using
all available data in repeated measures models with generalized
estimating equations (data not shown).

Plasma tHcys declined by 4.3% (P = 0.09) in the Cr group,
23.4% (P < 0.0001) in the FA group, and 21% (P < 0.0001) in the
Cr+FA group over the 12 wk intervention (Table 2; Figure 2).
Plasma tHcys did not decline significantly in the placebo group (P =
0.55). The within-person decline in tHcys in the Cr group,

TABLE 1 Baseline characteristics of the Bangladeshi adults participating in a folic acid and creatine
randomized, controlled trial1

Placebo (n = 101) Cr (n = 101) FA (n = 153) Cr+FA (n = 103)

Age, y 37.9 6 7.3 38.3 6 8.2 39.0 6 8.0 38.0 6 7.7

Men 50.5 50.5 50.3 50.5

Education, y 3.5 6 3.7 3.3 6 3.6 3.3 6 3.6 3.9 6 4.1

BMI,2 kg/m2 20.4 6 3.1 20.0 6 3.0 19.5 6 2.3 19.5 6 2.5

Ever smoked3 24.8 28.7 23.8 30.1

Ever used betel nut3 27.7 24.8 23.8 20.4

Water arsenic, μg/L 158 6 126 159 6 125 149 6 118 167 6 147

Urinary arsenic, μg/L 139 6 137 180 6 212 160 6 164 178 6 155

Urinary arsenic, μg/g creatinine 305 6 202 328 6 253 340 6 325 312 6 164

Urinary creatinine, mg/dL 49.2 6 35.0 57.3 6 36.7 57.7 6 45.2 62.4 6 47.2

Plasma folate, nmol/L 16.7 6 17.3 16.0 6 7.9 16.7 6 14.2 15.4 6 8.7

Folate deficient (,9 nmol/L) 21.6 13.9 23.5 20.4

Plasma vitamin B-12, pmol/L 226 6 97.4 256 6 141 246 6 131 237 6 121

Plasma Cr+Crn,4 μmol/L 81.3 6 23.8 77.3 6 23.0 82.0 6 31.1 81.3 6 28.5

Plasma GAA,4 μmol/L 2.05 6 0.66 1.95 6 0.57 1.89 6 0.74 1.98 6 0.67

Blood SAM,5 μmol/L 2.23 6 0.81 2.10 6 0.72 2.19 6 0.66 2.07 6 0.64

Blood SAH,6 μmol/L 0.24 6 0.12 0.25 6 0.13 0.23 6 0.11 0.25 6 0.13

Plasma tHcys, μmol/L 13.9 6 10.8 12.4 6 5.5 13.6 6 8.8 12.8 6 5.6

Hyperhomocysteinemia7 54.9 50.5 52.3 56.3

Plasma tCys, μmol/L 222 6 41.9 220 6 46.4 220 6 43.5 218 6 46.6

1 Values are means 6 SDs or percentages. Cr, 3 g/d creatine group; Cr+FA, 3 g/d creatine plus 400 mg/d folic acid group; Cr+Crn, creatine

plus creatinine; FA, 400 mg/d folic acid group; GAA, guanidinoacetate; SAH, s-adenosylhomocysteine; SAM, s-adenosylmethionine; tCys,

total cysteine; tHcys, total homocysteine.
2 Reduced sample size (placebo, n = 100; Cr, n = 98; FA, n = 150; Cr+FA, n = 102).
3 Reduced sample size (FA, n = 151).
4 Reduced sample size (FA, n = 130; Cr+FA, n = 102).
5 Reduced sample size (placebo, n = 76; Cr, n = 89; FA, n = 139; Cr+FA, n = 94).
6 Reduced sample size (placebo, n = 68; Cr, n = 86; FA, n = 127; Cr+FA, n = 84).
7 Defined as plasma total homocysteine $10.4 mmol/L for women and $11.4 mmol/L for men.

2248 Peters et al.



   311ATRIUM INNOVATIONS RESEARCH COMPENDIUM | 2018

V
ita

m
in

s a
n

d
 M

in
e

ra
ls

although greater than that in the placebo group, was not signifi-
cantly different from placebo (P = 0.35); likewise, the within-
person decline in tHcys in the Cr+FA group was not significantly
different from folic acid alone (P = 0.41).

Plasma tCys increased significantly in the groups receiving
Cr (P = 0.0004), FA (P = 0.004), and Cr+FA (P = 0.0002) over
the 12 wk intervention, while increasing nonsignificantly in the
placebo group (P = 0.11). The within-person change in tCys did
notdiffer significantlybetween theCrandplacebogroups (P=0.08)
or the Cr+FA and FA groups (P = 0.26). In addition, the change in
tCys in the FA group did not differ significantly from the placebo
group (P = 0.49). Results were similar for all outcomes in the
complete data analysis.

Adecrease in guanidinoacetate over timewas associatedwith
a decrease in tHcys (P < 0.0001) and tCys (P = 0.0001) over time
in the Cr+FA group only (Table 3). The regression coefficient for
the effect of Dguanidinoacetate onD tHcys differed between the
Cr+FA and FA groups (P = 0.0003), whereas the regression
coefficient for the effect of Dguanidinoacetate on DtCys did not
differ significantly between the Cr+FA and FA groups (P = 0.12).

Discussion

In this randomized, controlled trial of Bangladeshi adults, we
hypothesized that creatine supplementationwould downregulate
endogenous creatine synthesis, thereby reducing methylation
demand and resulting in increased blood SAM, decreased blood
SAH, and decreased plasma tHcys. Treatment with Cr and Cr+FA
significantly lowered plasma guanidinoacetate, which is consistent

with pretranslational inhibition of AGAT in the kidney by
dietary creatine (12, 28). However, although plasma tHcys was
lowered in the Cr group, the mean within-person change was not
significantly different from that in the placebo group. In addition,
the mean within-person decrease in plasma tHcys in participants
receiving Cr+FA was not different from that in participants
receiving FA alone. Finally, Cr or Cr+FA supplementation did not
change blood SAMor SAH. However, blood SAM and SAHmay
not be good proxies for SAM and SAH in the liver, which is the
primary location of SAM synthesis (29) and the final step of
endogenous creatine synthesis (30); we consider this to be likely,
because folic acid supplementation also did not change blood
SAM in our study, whereas folate is known to increase liver SAM
in rats (31). To our knowledge, the current study is the only
randomized, controlled trial to examine the effect of folic acid on
wholebloodSAMandSAHtodate, althougha small nonplacebo-
controlled trial has also observed no effect of folic acid on blood
SAM and SAH (32), supporting the questionable relevance of
these biomarkers tohepatic concentrations.The lackof treatment
effects on blood SAM and SAH in this study may be related to
properties of SAM synthesis and metabolism in RBCs, which
differ distinctly from liver. In RBCs, methionine adenosyltrans-
ferase (MAT; the enzyme which catalyzes SAM biosynthesis) is
subject to product inhibition by SAM; this serves to maintain RBC
SAM at a low, constant concentration (33). In contrast, the liver
isoformofMAT is not subject to product inhibition by SAM (34).
In addition, in contrast to the liver, where GAMT is highly
expressed and consumes SAM for creatine biosynthesis, there are
few methyltransferase enzymes with significant activity in intact

TABLE 2 Baseline and week 12 geometric means and percentage change in the geometric mean from baseline by treatment group
for outcomes measured in Bangladeshi adults participating in a folic acid and creatine randomized, controlled trial1

Placebo Cr P(Cr vs. placebo)
2 FA Cr+FA P(Cr+FA vs. FA)

2

Plasma Cr+Crn n = 101 n = 101 n = 130 n = 102

Baseline mean (95% CI) 78 (74, 83) 74 (70, 79) 0.21 77 (73, 82) 77 (72, 82) 0.91

Week 12 mean (95% CI) 76 (72, 80) 123 (113, 133) ,0.0001 78 (74, 82) 124 (115, 132) ,0.0001

% change (95% CI) 22.7 (26.9, 1.7) 65.5 (51.1, 81.2) ,0.0001 1.2 (24.1, 6.7) 60.9 (49.8, 72.8) ,0.0001

Plasma GAA n = 101 n = 101 n = 130 n = 102

Baseline mean (95% CI) 1.9 (1.8, 2.1) 1.9 (1.8, 2.0) 0.38 1.8 (1.7, 1.9) 1.9 (1.8, 2.0) 0.28

Week 12 mean (95% CI) 2.0 (1.9, 2.1) 1.7 (1.6, 1.8) ,0.0001 1.9 (1.8, 2.0) 1.7 (1.6, 1.8) 0.01

% change (95% CI) 3.7 (20.8, 8.5) 210.6 (215.9, 24.9) 0.0002 7.0 (2.0, 12.2) 29.0 (214.2, 23.4) ,0.0001

Blood SAM n = 76 n = 89 n = 139 n = 94

Baseline mean (95% CI) 2.1 (2.0, 2.3) 2.0 (1.9, 2.1) 0.19 2.1 (2.0, 2.2) 2.0 (1.9, 2.1) 0.15

Week 12 mean (95% CI) 2.1 (2.0, 2.3) 2.1 (1.9, 2.2) 0.66 2.1 (2.0, 2.2) 2.0 (1.9, 2.1) 0.11

% change (95% CI) 20.8 (25.9, 4.5) 3.1 (22.8, 9.5) 0.33 1.1 (23.3, 5.6) 0.6 (24.5, 6.0) 0.90

Blood SAH n = 68 n = 86 n = 127 n = 84

Baseline mean (95% CI) 0.21 (0.19, 0.24) 0.22 (0.19, 0.25) 0.84 0.21 (0.19, 0.23) 0.22 (0.19, 0.25) 0.43

Week 12 mean (95% CI) 0.21 (0.18, 0.24) 0.22 (0.20, 0.25) 0.42 0.22 (0.20, 0.24) 0.24 (0.22, 0.27) 0.17

% change (95% CI) 22.1 (213.6, 10.9) 3.5 (210.6, 19.7) 0.57 4.7 (25.1, 15.5) 8.9 (-5.0, 24.9) 0.64

Plasma tHcys n = 101 n = 101 n = 153 n = 103

Baseline mean (95% CI) 12.2 (11.2, 13.4) 11.4 (10.5, 12.3) 0.24 11.9 (11.1, 12.9) 11.8 (10.9, 12.7) 0.82

Week 12 mean (95% CI) 12.1 (11.1, 13.1) 10.9 (10.1, 11.7) 0.07 9.1 (8.7, 9.6) 9.3 (8.8, 9.8) 0.60

% change (95% CI) 21.3 (25.4, 3.1) 24.3 (29.0, 0.7) 0.35 223.4 (227.1, 219.5) 221.0 (225.2, 216.4) 0.41

Plasma tCys n = 101 n = 101 n = 153 n = 103

Baseline mean (95% CI) 218 (210, 226) 215 (207, 224) 0.63 216 (210, 223) 213 (204, 222) 0.56

Week 12 mean (95% CI) 222 (215, 230) 227 (219, 236) 0.40 223 (217, 229) 224 (216, 232) 0.87

% change (95% CI) 2.1 (20.4, 4.7) 5.7 (2.6, 9.0) 0.08 3.2 (1.1, 5.4) 5.2 (2.5, 8.0) 0.26

1 All geometric mean units are mmol/L. Percentage change defined as (geometric mean ratio – 1) 3 100. Cr, 3 g/d creatine group; Cr+Crn, creatine plus creatinine; Cr+FA, 3 g/d

creatine plus 400 mg/d folic acid group; FA, 400 mg/d folic acid group; GAA, guanidinoacetate; SAH, s-adenosylhomocysteine; SAM, s-adenosylmethionine; tCys, total cysteine;

tHcys, total homocysteine.
2 From 2-sample t tests comparing ln-transformed outcomes or within-person change in ln-transformed outcomes between the placebo and Cr groups, or between the FA and

Cr+FA groups.
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humanRBCs (35). These propertieswould imply that1) folic acid
would have a limited effect on RBC SAM because of product
inhibition of RBC MAT, and 2) creatine would have a limited
effectonRBCSAMbecause theGAMTreactionmaynotconsume
a large proportion of SAM in the RBC.

A decrease in plasma guanidinoacetate over time in partici-
pants in theCrorCr+FAgroups suggests that the interventionwas
successful in those participants (i.e., downregulation of endoge-
nous creatine synthesis). Because not all participants in the Cr or
Cr+FA groups experienced a response to creatine supplementa-
tion, as measured by change in guanidinoacetate (Figure 2), we
examined the effect of a within-person change in guanidinoacetate
over time on within-person changes in other outcomes over
time by treatment group. Interestingly, we observed that a de-
crease in guanidinoacetate over time in the Cr+FA group was
associated with a decrease in tHcys over time, which differed

significantly from the FA group. This finding supports an effect
of decreased guanidinoacetate on tHcys synthesis, and suggests
that the creatine plus folic acid intervention lowered tHcys in
participants that experienced a decline in guanidinoacetate.

Studies in rats show a more substantial mean reduction in
plasma tHcys after creatine supplementation (13–16). Creatine
supplementation in these animal studies consisted of adding 0.4–
2% creatine to the diet, which results in a higher daily dose of
creatine than that used in our study. For example, rats fed 0.4%
creatine in the diet [which decreases plasma guanidinoacetate by
72% (36) and plasma tHcys by 25% (16)] consumed;0.4 g/(kg
body weight � d), which for a 70 kg person would be;28 g/d. In
our study, 3 g/d creatine resulted in plasma guanidinoacetate
declines of 9–11%; other studies in humans that employed higher
creatine dosages achieved greater declines in guanidinoacetate.
Plasma guanidinoacetate decreased by 33% in;18 y-old athletes

TABLE 3 Association between Dln(GAA) and the outcomes of Dln(SAM), Dln(SAH), Dln(tHcys), and
Dln(tCys) by treatment group in Bangladeshi adults participating in a folic acid and creatine randomized,
controlled trial1

Outcome

b (95% CI) b (95% CI)

Placebo (n = 101) Cr (n = 101) P(Cr vs. placebo)
2 FA (n = 130) Cr+FA (n = 102) P(Cr+Fa vs. FA)

2

D ln(SAM)3 0.10 (20.16, 0.36) 20.09 (20.28, 0.11) 0.26 20.02 (20.21, 0.18) 0.02 (20.14, 0.19) 0.73

D ln(SAH)4 0.55 (0.00, 1.10) 0.07 (20.35, 0.49) 0.16 20.10 (20.54, 0.34) 0.31 (20.03, 0.65) 0.14

D ln(tHcys) 0.03 (20.17, 0.23) 20.12 (20.28, 0.05) 0.26 20.08 (20.23, 0.08) 0.30 (0.17, 0.43) 0.0003

D ln(tCys) 20.03 (20.14, 0.08) 20.03 (20.13, 0.07) 0.98 0.07 (20.02, 0.15) 0.16 (0.08, 0.24) 0.12

1 b (95% CI) is the estimated regression coefficient of Dln(GAA) from linear regression models. All models are adjusted for ln(baseline GAA)

and ln(baseline outcome). D = ln(week 12) – ln(baseline). Cr, 3 g/d creatine group; Cr+FA, 3 g/d creatine plus 400 mg/d folic acid group; FA,

400 mg/d folic acid group; GAA, guanidinoacetate; SAH, s-adenosylhomocysteine; SAM, s-adenosylmethionine; tCys, total cysteine; tHcys,

total homocysteine.
2 From Wald test for treatment group difference in covariate-adjusted regression coefficient.
3 Reduced sample size (placebo, n = 76; Cr, n = 89; FA, n = 118; Cr+FA, n = 93).
4 Reduced sample size (placebo, n = 68; Cr, n = 86; FA, n = 110; Cr+FA, n = 84).

FIGURE 2 Within-person changes in plasma GAA and tHcys from baseline to week 12 by treatment group in Bangladeshi adults participating in

a folic acid and creatine randomized, controlled trial. Plots display the within-person change in plasma GAA (A) or plasma tHcys (B) by treatment

group. Individual participants were sorted by baseline concentration on the x-axis. Rising and falling vertical bars indicate each participant�s
increase or decrease, respectively, in GAA or tHcys from that participant�s baseline. One outlier was excluded from the tHcys placebo plot

(baseline tHcys = 107 mmol/L, week 12 tHcys = 97 mmol/L) for better visual resolution on the y-axis. GAA, guanidinoacetate; tHcys, total

homocysteine.
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receiving;22 g/d creatine for 7 d (18), and decreased by 20–30%
in;19 y-old healthy volunteers who received 20 g/d creatine for
1 wk followed by 5 g/d Cr for 19 wk (37). Thus, a possible
limitation is that the creatine dosage used in our study did not
sufficiently inhibitAGAT,whichmight explain the lackofaverage
treatment effects. The discrepancies between the current study
and rat models could also relate to species differences in GAMT
and AGAT; for example, different affinities of GAMT for
guanidinoacetate, or different mechanisms of AGAT inhibition
by creatine (38), might explain the lack of an average treatment
effect on plasma tHcys in humans. However, to our knowledge,
the kinetics of humanGAMTand the inhibition of humanAGAT
by creatine have not been thoroughly investigated.

Several small studies in humans have observed no effect from
creatine supplementation on plasma tHcys. In one study (n = 23),
creatine supplementation (;22 g/d for 7 d) to teenage athletes
significantly lowered plasma guanidinoacetate compared with
placebo; however, there was no effect on plasma tHcys or RBC
SAMand SAH (18). Creatine supplementation also did not lower
plasma tHcys in placebo-controlled trials of healthy young
women (17), coronary artery disease patients (39), and chronic
hemodialysis patients (40), and in a nonplacebo-controlled study
of healthy men (41). A case study by Petr et al. (42) found that
creatine (5 g/d for 30 d) substantially lowered plasma tHcys in a
methylene tetrahydrofolate reductase (MTHFR) 677TT homo-
zygote subject (n=1),whereas tHcys tended to increase in 677CC
+CTsubjects (n = 9), although remainingwithin normal range. In
contrast to the abovementioned studies, one trial in healthy
humans (n = 16) receiving creatine (ranging from 2.1 to 5.5 g/d)
for 4 wk did observe a decrease in plasma tHcys in comparison
with placebo (19).

In hindsight, the observation that creatine supplementation
alone did not decrease plasma tHcys to a greater extent than
placebomay not be surprising. Long-range allosteric interactions
regulate intracellular SAM concentrations, and may diminish an
increase in SAM resulting from decreased endogenous creatine
synthesis. SAM inhibits MTHFR (43), resulting in decreased
synthesis of 5-mTHF, an inhibitor of GNMT (5). GNMTutilizes
SAM for the nonessential conversion of glycine to sarcosine (5),
and serves as a major regulator of SAM concentrations (44).
Therefore, an increase in SAM from creatine supplementation
would result in inhibition of MTHFR, decreased synthesis of
5-mTHF, alleviated inhibition of GNMT, and ultimately, de-
creased SAM, increased SAH, and increased homocysteine. This
regulatory interaction should be overcome with folic acid supple-
mentation, which increases 5-mTHF and allows for continual
inhibition of GNMT. Although we did not observe that creatine
plus folic acid lowered plasma tHcys to a greater extent than folic
acid alone on average, we did observe an association between
decreasing guanidinoacetate and decreasing tHcys in the Cr+FA
group. It is alsopossible that the folic aciddosage (400mg/d) given
with creatine was not sufficient to completely inhibit GNMT.
An average homocysteine-lowering benefit from creatine supple-
mentation may be difficult to observe, given that when one
methyltransferase is downregulated, the flux through competing
methyltransferase pathways (e.g., GNMT and phosphatidyleth-
anolamine methyltransferase) are increased (10). For example,
when flux through the GAMT pathway is set to zero in a
mathematical model, flux through GNMTand phosphatidyleth-
anolamine methyltransferase increases by ;30% and 20%,
respectively (MCReed andHFNijhout,DukeUniversity, personal
communication, 2015). These enzymes also produce SAH and
homocysteine,whichmayoffset thedecrease inhomocysteine from
downregulated creatine synthesis.

We observed increases in plasma tCys in the Cr, FA, and
Cr+FA groups over the 12 wk of the trial. It is possible that creatine
and/or creatine plus folic acid may increase cysteine through
increasing SAM; SAM is an allosteric activator of cystathionine-
b-synthase (45), the first enzyme in the transsulfurationpathway
throughwhich homocysteine is converted to cysteine. However,
given that the changes in tCys in the Cr or Cr+FA groups vs.
placebo group or FA alone, respectively, did not reach statistical
significance at P < 0.05, we are hesitant to draw a conclusion
regarding an effect of creatine on plasma tCys.

In conclusion, on average, creatine or creatine plus folic acid
supplementation did not decrease plasma tHcys to a greater
extent than placebo or folic acid alone, respectively, in this large
randomized, controlled trial of Bangladeshi adults. However,
a decrease in guanidinoacetate in the Cr+FA group was sig-
nificantly associated with a decrease in tHcys, indicating that
participants responsive to the intervention in the Cr+FA group
experienced a decline in tHcys. The generalizability of this
finding to folate-fortified populations remains to be determined.
Whereas creatine or creatine plus folic acid did not alter blood
SAM concentrations, we cannot rule out the possibility that it
may have increased hepatic SAM concentrations. Dietary
creatine may have beneficial effects on SAM-dependent meth-
ylation independently of any benefits derived from a decrease in
plasma tHcys. Thus, future studies should evaluate whether or
not creatine or creatine plus folic acid supplementation influ-
ences the methylation of other substrates. The full implications
of dietary creatine on methyl balance and health in humans
warrants further investigation.
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