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Abstract

Objective: Omega-3 polyunsaturated fatty acids (PUFAs) have anti-colorectal cancer (CRC)
activity. The intestinal microbiota has been implicated in colorectal carcinogenesis. Dietary
omega-3 PUFAs alter the mouse intestinal microbiome compatible with anti-neoplastic
activity. Therefore, we investigated the effect of omega-3 PUFA supplements on the faecal

microbiome in middle-aged, healthy volunteers (n=22).

Design: A randomized, open-label, crossover trial of 8 weeks’ treatment with 4 g mixed
eicosapentaenoic acid (EPA)/docosahexaenoic acid (DHA) in two formulations (soft-gel
capsules and Smartfish™ drinks), separated by a 12 week ‘washout’ period. Faecal samples
were collected at five time-points for microbiome analysis by 16S rRNA PCR and lllumina
MiSeq sequencing. Red blood cell (RBC) fatty acid analysis was performed by liquid

chromatography-tandem mass spectrometry.

Results: Both omega-3 PUFA formulations induced similar changes in RBC fatty acid content,
except that drinks were associated with a larger, and more prolonged, decrease in omega-6
PUFA arachidonic acid (AA) than the capsule intervention (P=0.02). There were no significant
changes in o or P diversity, or phyla composition, associated with omega-3 PUFA
supplementation. However, a reversible increased abundance of several genera, including
Bifidobacterium, Roseburia, and Lactobacillus, was observed with one or both omega-3 PUFA
interventions. Microbiome changes did not correlate with RBC omega-3 PUFA incorporation

or development of omega-3 PUFA-induced diarrhoea. There were no treatment order effects.

Conclusion: Omega-3 PUFA supplementation induces a reversible increase in several short-
chain fatty acid-producing bacteria, independently of the method of administration. There is
no simple relationship between the intestinal microbiome and systemic omega-3 PUFA

exposure. ISRCTN18662143.



e What is already known on this subject?

o The naturally occurring omega-3 polyunsaturated fatty acids (PUFAs)
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have anti-colorectal
cancer (CRC) activity

o High purity EPA and DHA can be provided in soft-gel capsule form or as a ‘nutrition’
drink providing greater than 2 g omega-3 PUFAs daily

o The intestinal microbiota are implicated in colorectal carcinogenesis, as well as
modulation of chemo- and immuno-therapy of CRC

e What are the new findings?

o Oral high-dose omega-3 PUFAs do not produce marked changes in the intestinal
microbiome in healthy volunteers, even in individuals with treatment-emergent
diarrhoea

o Intake of 4 g daily mixed EPA/DHA for 8 weeks was associated with a reversible
increase in Bifidobacterium, Oscillospira, Roseburia and Lachnospira species, but
decreased Coprococcus and Faecalibacterium

o Similar effects of omega-3 PUFAs on the faecal microbiome were observed for both
capsule and drink formulations

o Capsule and drink formulations provide equivalent tissue omega-3 PUFA
incorporation, as measured by red blood cell levels, but only drinks were associated
with prolonged suppression of pro-inflammatory arachidonic acid levels

e How might it impact on clinical practice in the foreseeable future?

o An increase in short-chain fatty acid-producing bacteria may be relevant to the
beneficial anti-CRC effects of EPA in both prevention and adjuvant treatment settings

o Clinical evaluation of the anti-cancer properties of omega-3 PUFAs needs to consider

the intestinal microbiota and its role in carcinogenesis and immune regulation




Introduction

The two main omega-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid (EPA;
C20:5®3) and docosahexaenoic acid (DHA; C22:6w3) are widely used as nutritional
supplements, as fish oil or in more concentrated ‘nutraceutical’ form.[1] Multiple health
benefits have been claimed for these long-chain omega-3 PUFAs, including secondary
prevention of ischaemic heart disease,[2] treatment of rheumatoid arthritis [3] and anti-
cancer activity,[4] some of which are supported by evidence from randomised trials.[5-6]

The mechanism(s) underlying the colorectal cancer (CRC) chemopreventative activity of
EPA reported by West et al is unclear.[5] It has been proposed that the intestinal microbiota
may play a role in colorectal carcinogenesis based on the association of CRC with a specific
intestinal microbiome profile, or so-called dysbiosis, characterised by low phylogenetic
diversity, altered Firmicutes/Bacteriodetes ratio, under-representation of short-chain fatty
acid (SCFA)-producing genera such as Roseburia and Eubacterium, as well as presence of
putative pathobionts such as Fusobacterium nucleatum.[7-8] One possibility is that
modulation of the intestinal microbiota may contribute to the cancer preventative properties
of omega-3 PUFAs.

Data from mouse models suggest that dietary omega-3 PUFA intake or high tissue levels
of omega-3 PUFAs are associated with differences in intestinal microbiota, including
increased quantities of certain genera, including Bifidobacterium and Lactobacillus.[9-10]
There has been only one case report of the effect of an omega-3 PUFA-rich diet on human
intestinal microbiota.[11] In this case, there was a notable increase in several SCFA (butyrate)-
producing genera including Blautia, Bacterioides, Roseburia and Coprococcus.[11]

Therefore, a plausible hypothesis is that omega-3 PUFA intake alters the composition of
human intestinal microbiota, thereby attenuating the intestinal dysbiosis associated with
colorectal carcinogenesis.

Nutritional supplementation with omega-3 PUFAs can occur in several ways, either as
unrefined fish oil, in ‘nutraceutical’ form, usually as the triglyceride or ethyl ester conjugate
in soft-gel capsules, taken with food, or more recently as an emulsion in drink form.[1]

In order to address the above hypothesis and, at the same time, compare two different
formulations of omega-3 PUFAs, we performed a randomised, open-label, crossover study of

the effect of omega-3 PUFAs on the intestinal microbiome of healthy volunteers aged over 50



years (a population relevant to CRC screening and chemoprevention), thus comparing
equivalent doses of equimolar amounts of EPA and DHA in capsule or drink form, with an

integrated ‘washout’ period, with which to determine reversibility.



Methods

Study design and interventions

The randomized, crossover trial was carried out in the Human Appetite Research Unit
(HARU), University of Leeds. Approval was obtained from the South Yorkshire Research Ethics
Committee (15/YH/0142). Interventions were not classified as Investigational Medicinal
Product by the Medicines and Healthcare Products Regulatory Agency. The study was
registered with ISRCTN (18662143).

Healthy volunteers aged > 50 years of both sexes were sought using a HARU volunteer
database and advertising across the University. Participants received £20 per study visit. At a
screening visit, the following exclusion criteria were considered: ongoing or planned regular
use of other omega-3 PUFA or cod-liver oil supplements; seafood allergy; concomitant use of
non-steroidal anti-inflammatory medications, including aspirin; current treatment for any
chronic inflammatory condition or malignancy; previous colonic or small bowel resection;
current smoker (minimum 6 months smoking cessation); and pregnancy. If an individual was
eligible, he/she underwent a ‘lead-in’ taste-test of the peach-flavoured drink and also
swallowed two study capsules with water, after providing written informed consent, in order
to confirm likely compliance and minimise drop-out.

Visit 1 occurred within 2 weeks of the screening visit, at which participants were
randomised to take either 1) two 200 ml Smartfish® Remune drinks (see Supplementary
Methods for content) per day (providing approximately 2000 mg EPA and 2000 mg DHA, as
the triglyceride) at any suitable time of day, or 2) Four soft-gel capsules (each containing 250
mg EPA and 250 mg DHA as the ethyl ester) twice daily with meals (providing 2000 mg EPA
and 2000 mg DHA per day), both for eight weeks (Intervention A; Figure 1). After a 12-week
‘washout’ period, participants took the second intervention for 8 weeks (Intervention B;
Figure 1). We also included a final study visit after a second 12-week ‘washout’ period (V5;
Figure 1). Randomisation was performed by Leeds Teaching Hospitals Pharmacy using random
permuted block allocation in concealed envelopes. Neither participants nor researchers were
blinded to the interventions and hence allocation order.

At each visit, adverse event (AE) monitoring was undertaken by a brief interview based on
guestioning for recognised AEs of omega-3 PUFA supplements, including loss of appetite,
eructation (‘fishy’ burping), nausea, vomiting, dyspepsia, abdominal pain and diarrhoea, as

well as bleeding events. Review of AEs was performed by an Independent Data Monitoring
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Committee every three months. Tolerability of both drinks and capsules was assessed with a
Palatability Questionnaire and capsule acceptability questionnaire at the end of each eight-
week intervention period (either visit 2 & 4). Participant height and weight were measured at
the start of the study.

Blood and urine were collected at each visit and a faecal sample (obtained with a Fe-Col™
faecal collection device) was returned by hand or by Royal Mail Safebox® within 2 days of
each visit. Participants did not start either intervention until the baseline (visit 1 or 3) faecal
sample had been collected. Faecal samples were stored at -20°C in RNAlater® (Thermofisher
Scientific) until DNA extraction, which occurred within 2 weeks of collection, in the majority
of cases.

Omega-3 PUFA measurement

Red blood cells (RBCs) were obtained from whole blood EDTA samples as described.[12]
Samples were stored at -80°C until lipid extraction and measurement of fatty acids by liquid-
chromatography tandem mass-spectrometry (LC-MS/MS) as described.[13] Data are
presented as the % (w/w) content of the total fatty acid pool measured.[13]

Intestinal microbiome analysis

Microbial DNA extraction, PCR and lllumina sequencing were performed as described (see
Supplementary Methods).[14]

De-multiplexed FASTQ files were trimmed of adapter sequences using cutadapt.[15] Paired
reads were merged using fastg-join [16] under default settings and then converted to FASTA
format. Consensus sequences were removed if they contained any ambiguous base calls, two
contiguous bases with a PHRED quality score lower than 33 or a length more than 2 bp
different from the expected length of 240 bp. Further analysis was performed using QIIME.[17]
Operational taxonomy units (OTUs) were picked using Usearch,[18] and aligned to the
Greengenes reference database using PyNAST.[19] Taxonomy was assigned using the RDP 2.2
classifier.[20] The resulting OTU biom files from the above analyses were imported in MEGAN
for detailed group specific analyses, annotations and plots.[21]

As well as comparisons of observed taxa, rarefication was performed to various levels to
compare a diversity. All groups were rarefied to the lowest read number, and B diversity
calculated using weighted and unweighted UniFrac as well as the non-phylogenetic Bray-

Curtis dissimilarity measure.[14] B diversity was compared using Principal Coordinate Analysis



(PCoA) on all samples. Correlations between the microbiome and RBC fatty acid data were
computed using package ‘Hmisc’,[22] in R.[23]

Endpoints and sample size calculation

In the absence of any data on the effect of omega-3 PUFAs on human intestinal microbiota,
we determined the sample size based on testing non-inferiority of the drink formulation
compared with capsules for the RBC level attained after 8 weeks’ dosing. There are no prior
RBC omega-3 PUFA data available in subjects consuming Smartfish® Remune. However, based
on data from healthy individuals consuming omega-3 PUFA capsules that reported intra-
individual variability of 4%,[24] we set a non-inferiority margin of 3%. Assuming participant
drop-out of 20%, we estimated that a sample size of 20 participants would be required in
order to exclude a difference in combined levels of RBC EPA and DHA between the
intervention groups of greater or equal to 0.3 absolute % points, with 90% power at a
significance level of 0.05.

Data were analysed on an intention-to-treat basis. The paired Student’s t-test was used to
evaluate the difference between RBC omega-3 PUFA levels for participants who completed
both intervention periods. Unpaired data from participants, who did not complete both
intervention periods, were included in unpaired data analyses. Comparison of absolute pre-
and post-supplementation levels of RBC omega-3 PUFA levels within intervention groups was
by paired Student’s t-test. Adverse events in each group were compared by Chi-squared
analysis.

For intestinal microbiota analysis, OTU read numbers at different time-points for the two
interventions were compared by unpaired and paired analysis. Having excluded a significant
treatment order effect on both RBC omega-3 PUFA incorporation and the intestinal
microbiome profile, data for the capsule intervention (termed Intl) and the drinks
intervention (termed Int2) were combined regardless of the intervention order (either A or

B).



Results

Twenty-two participants were randomised between July 2015 and April 2016 (Figure 1).
There were 12 females and 10 males with a median age of 57 years (range 51-65 years) and
a median body mass index of 27.1 Kg/m? (range 22.0-33.8 Kg/m?). Both interventions were
well tolerated with good acceptability scores (Supplementary Results). Two individuals
withdrew from the study during intervention period A (both capsules) because of an AE. One
individual did not take drinks because of concern about calorific intake, but remained in the
study. Of those individuals completing intervention periods for drinks (n=16) and capsules
(n=20), the median duration of the intervention period was 57 (range 54-59) and 57 (55-63)
days respectively.

Symptoms reported during all capsule interventions (n=22) and all drink interventions
(n=19) are detailed in Table 1. In general, there was an excess of treatment-emergent AEs
during the capsule intervention, particularly for dyspeptic symptoms (heartburn, acid
regurgitation). All AEs were defined as minor (any symptom experienced during intervention,
but did not require cessation of intervention or dose reduction) except for three AEs in each
group that were classified as moderate (any symptom experienced that required subsequent
dose reduction or cessation of intervention) and led to cessation of the intervention. All the
AEs during the capsule intervention and the AEs in 9/10 individuals during the drink
intervention had resolution of the AE during washout, suggesting that these were definite
adverse reactions.

Changes in RBC omega-3 PUFA content

Fatty acid analysis was performed on those samples from participants who completed one
or both intervention periods and washout (n=20). Only three individuals did not complete a
second intervention-washout cycle with full blood sampling. Overall, 98 RBC samples
underwent lipid extraction for omega-3 PUFA analysis. Data were available for 97 samples as
one sample did not extract well and was uninterpretable.

Individual PUFA data are represented as the absolute % level, change between baseline
and the post-treatment level, and difference between baseline and ‘washout’ value in Figure
2. Data for the order of intervention (drinks then capsules or capsules then drinks) are shown
only for EPA and DHA (Figure 2A and B). The ‘washout’ period (12 weeks) was effective with
return to baseline RBC levels of EPA and DHA for both drinks and capsules, for either order of

intervention. There was a lower post-treatment % RBC content of EPA or DHA (Figure 2A and
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B) if drinks were consumed after capsules compared with the opposite intervention order,
but this difference was not statistically significant. There were no intervention order effects
on content of the other fatty acids measured (data not shown).

As there was no significant difference in RBC PUFA levels related to the order of
intervention, data for individual PUFAs were pooled, independently of the intervention order,
for the further comparison of drinks and capsules (Figure 2C-F). Baseline and post-treatment
levels of EPA, DPA and DHA were well matched with no significant difference between the
post-treatment level of EPA and DHA attained following consumption of drinks or capsules
(Figure 2C and E). The mean individual difference between the combined RBC EPA and DHA
level attained after the drink intervention and that attained after capsule use was -0.12 (95%
confidence interval -1.84 to 1.61; n=16 paired data), thereby confirming non-inferiority of the
drink formulation compared with capsules for omega-3 PUFA incorporation in RBCs. There
was little conversion to C22:5m-3 docosapentaenoic acid (DPA) from EPA (Figure 3D).
Incomplete washout of DHA from RBC membranes after the capsule intervention was
observed unlike that after the drink intervention (Figure 2E). Drink intake was associated with
a larger decrease in relative C20:4m-6 arachidonic acid (AA) content compared with capsules,
which remained evident at the end of washout (Figure 2F). However, there was no statistical
post-treatment difference in the % AA content between drink and capsule use (Figure 2F).
The omega-3/omega-6 ratio is commonly used as a biomarker of omega-3 PUFA
bioactivity.[12] Therefore, we examined the effect of drink consumption and capsule intake
on the EPA+DHA/AA ratio (Figure 2G). The larger decrease in AA content contributed to the
higher EPA+DHA/AA ratio gained after use of drinks compared with capsules (Figure 2G), a
difference which was statistically significant (P=0.02).

Supplementary Figures 1 and 2 demonstrate individual EPA and DHA profiles based on
intervention order. As expected, there was wide variability in omega-3 PUFA incorporation
between individuals. In general, EPA profiles were less variable, for both capsule and drink
interventions (Supplementary Figure 1), than for RBC DHA levels, both within and between
individuals (Supplementary Figure 2). Incorporation of either EPA or DHA with one
intervention did not predict the individual response to the other intervention.

Changes in the intestinal microbiome

A faecal sample was collected at all five time-points from all 20 volunteers. Three samples

were excluded from PCR amplification because of repeated poor quality DNA extraction,
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leaving 97 samples that were analysed (median 46603 reads; min 26387, max 114130). Bray-
Curtis PCoA of all samples considering all taxonomic levels is shown in Figure 3A. Inter-
individual differences in the intestinal microbiome exceeded any treatment effect of omega-
3 PUFA in either capsule or drink form. In particular, volunteers #8 and #13 were markedly
different from the others related to a reduced proportion of Clostridia and a larger proportion
of the class Gammaproteobacteria with high abundance of Succinivibrionaceae
(Supplementary Figure 3). For unpaired analysis of microbiome profiles across time points,
data from these volunteers were excluded. Volunteer #16 also had a different microbiome
with very high abundance of Succinivibrionaceae, but the rest of the taxonomic groups in this
case were consistent with the other volunteers (Supplementary Figure 4). Therefore, we did
not exclude this (#16) individual’s data from further analysis. For the subsequent analyses,
all capsule (termed Int1) and drink (termed Int2) intervention data were combined, regardless
of the order of the interventions, on the basis of complete tissue (RBC) omega-3 PUFA
washout and similarity of the microbiome profile at the two baseline assessments at visit 1
and visit 3 for either order of interventions (Supplementary Figure 5). The cladogram
highlights that the omega-3 PUFA intervention, either as capsules or as drinks, was not
associated with any significant overall taxonomic shift (Figure 3B). There was no significant
change in a (Shannon diversity index) or B (unweighted and weighted unifrac distance)
diversity at the end of each intervention period (Int1.2 and Int2.2) compared with baseline
(Int1.1 and Int2.1) or the final washout time-point (V5) (Figure 3C).

The Firmicutes/Bacteriodetes (F/B) ratio is frequently reported in cohort studies
investigating the relationship between intestinal dysbiosis and CRC.[7] However, neither
capsule nor drink intake were associated with statistically significant changes in the F/B ratio
(supplementary Figure 6).

However, presentation of data at individual family- and genus-level revealed consistent
differences associated with both capsule omega-3 PUFA and drink omega-3 PUFA
interventions that returned towards baseline upon cessation (Figure 3D). For example, some
relatively low abundance families including Clostridiaceae, Sutterellaceae and
Akkermansiaceae were each increased at the end of both interventions with reversibility after
the washout period (Figure 3D). A similar phenomenon was observed at genus level, for
example Oscillospira and Lachnospira (Figure 3D). Individual histograms are shown for the top

five abundant genera in Figure 4A-E, which highlight changes associated with 8 weeks’
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intervention with capsules or drinks, each time with reversibility after 12 weeks.
Supplementation with omega-3 PUFAs was associated with increased abundance of
Bifidobacterium, Oscillospira, Lachnospira and a reduction in abundance of Coprococcus and
Faecalibacterium (Figure 4A-E). We also performed a paired analysis, in which OTU read
numbers for the top 20 genera were compared before and after capsule or drink interventions
within individuals. This confirmed that Bifidobacterium and Oscillospira (increase), as well as
Coprococcus (decrease), changed most for both interventions, whereas an increase in
Roseburia and Lachnospira abundance was prominent only after the drink omega-3 PUFA
intervention (Figure 5). A paired t test comparing the treatment effect (in OTU reads) between
the capsule and drink intervention for the 17 individuals who had complete paired (before
and after intervention) data revealed that the drink intervention was associated with
increased abundance compared with capsules for Roseburia only (P<0.05). Mouse studies
have consistently demonstrated an increase in Lactobacillus abundance after dietary fish oil
supplementation.[9-10,25-26] Therefore, we analysed changes in this lower abundance genus
following both omega-3 PUFA interventions. There was an increase in Lactobacillus OTU
number after both interventions that returned towards baseline values after washout (Figure
4F). However, these differences were not statistically significant between baseline and post-
intervention time-points (P=0.11 capsules; P=0.9 drinks) or comparing drinks versus capsules
in a pair-wise manner (P=0.59). Fusobacterium spp. (including nucleatum) were not detected
in faeces from this cohort of non-cancer individuals.

There was no effect of gender on baseline microbiome profile or treatment effect of either
omega-3 PUFA intervention (data not shown). We also tested whether development of
diarrhoea on omega-3 PUFA supplementation was associated with a shift in the intestinal
microbiome. There was no consistent profile observed in stool samples collected at the visit
during/after which diarrhoea was reported (Supplementary Figure 7). Moreover, we
investigated whether the RBC EPA and DHA levels generated by each of the interventions
correlated with changes in the intestinal microbiome. Correspondence analysis and
correlation testing did not demonstrate any consistent relationship between RBC EPA/DHA
levels and microbiome profile, with the relationship for EPA and DHA being weak in

comparison with the other FAs tested (Supplementary Figure 8).
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Discussion

We report small, consistent and reversible changes in the human intestinal microbiome
associated with omega-3 PUFA supplementation for 8 weeks. The lack of significant change
in microbial diversity associated with omega-3 PUFA intervention is consistent with mouse
studies, in which there was either no change,[10] or a small change,[9] in a diversity. Our data
are also consistent with the concept that short-term dietary interventions do not overcome
the dominant inter-individual variation in the intestinal microbiome.[27]

The increased abundance of butyrate-producing, so-called ‘beneficial’, bacterial genera
such as Bifidobacterium, Lachnospira, Roseburia and Lactobacillus during one or both types
of omega-3 PUFA intervention is consistent with the mouse literature.[9-10, 25-26, 28-30]
Whether the relatively small changes in intestinal microbiome that we observed at the end of
the 8-week intervention period have functional consequences, including an increase in
luminal SCFA levels, is a question that will require a metabolomic approach, including
lipidomic profiling. The increase in Roseburia and Lachnospira was only observed during the
drink intervention. Further studies are required in order to determine what aspect of the drink
formulation may explain this difference.

Studies of CRC and colorectal adenoma patients have reported a reduction in OTUs of
SCFA-producing bacteria compared with healthy controls.[7, 31-33] An increase in SCFA-
producing bacteria such as Bifidobacterium, leading to enhanced mucosal SCFA exposure has
been suggested to reduce mucosal inflammatory tone.[34] Therefore, our findings are
compatible with a hypothesis that omega-3 PUFA intake is associated with intestinal
microbiota changes driving increased luminal SCFA exposure. In future studies, it will be key
to investigate the effect of omega-3 PUFAs on the colonic metabolome in concert with dietary
fibre assessment. Consistent with an interaction between omega-3 PUFAs and fibre, Crim et
al have reported that fish oil and dietary pectin have synergistic anti-neoplastic activity in
rats.[35]

We did not observe any relationship between intestinal microbiome changes and RBC
omega-3 PUFA levels (a measure of systemic omega-3 PUFA exposure). Therefore, we do not
provide any evidence that systemic ‘bioavailability’ of omega-3 PUFAs was modulated by the
intestinal microbiota in our study. However, mouse studies have demonstrated that

supplementation with Bifidobacterium breve was associated with increased tissue EPA and
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DHA content, suggesting an influence of intestinal microbiota on tissue fatty acid levels.[36]
It remains unclear whether RBC omega-3 PUFA levels after oral omega-3 PUFA
supplementation predict omega-3 PUFA exposure in the gut lumen. In a study of patients
(n=6) with a permanent ileostomy and minimal terminal ileum removed, less than 1% of the
total oral omega-3 PUFA dose was recovered in ileal effluent suggesting efficient proximal
small intestinal absorption.[37] However, the daily dose of EPA and DHA was less than 300
mg for 4 days only.[37] It remains unclear what the small intestinal and colonic bioavailability
of omega-3 PUFAs is at oral dosing 22000 mg daily.[5-6]

A randomized trial of control versus sardine diet (100 g sardines for 5 days per week for 6
months providing approximately 3 g daily of EPA and DHA combined) in type Il diabetics
reported a significant decrease in F/B ratio in the sardine diet arm compared with
controls.[38] We did not observe a significant change in the F/B ratio in our study, which may
be explained by differences in omega-3 PUFA delivery and duration of the intervention.

Red blood cell fatty acid changes were similar during either the drink or capsule
intervention with a significant increase in RBC EPA and DHA (and a parallel decrease in AA
content) consistent with dosing at 4 g per day for 8 weeks.[39] It is not clear why the drink
intervention was associated with a larger decrease in relative AA content, which led to a
significantly higher EPA+DHA/AA ratio. We acknowledge that despite daily dose equivalence
of EPA and DHA between drink and capsule interventions, the omega-3 PUFAs were
triglyceride and ethyl ester conjugates respectively. In the longest comparative study of
capsules providing 1.68 g EPA/DHA per day (6 months), the RBC omega-3 index was higher
after consumption of omega-3 PUFA triglycerides compared with ethyl esters.[40] Our study
suggests that, at high doses (4 g) over several weeks, possible small differences in intestinal
bioavailability related to PUFA delivery are not relevant to omega-3 PUFA tissue incorporation
and subsequent changes in the intestinal microbiota. Further investigation of the effect of the
other macro- (eg. fibre) and micro-nutrients (eg. vitamin D) in the Smartfish® intervention on
tissue PUFA incorporation and metabolism is required.

Smartfish® Remune drinks providing 4 g per day of EPA and DHA combined were well-
tolerated by healthy middle-aged individuals. Treatment-emergent AEs were similar between
drinks and capsules with a suggestion that upper gastrointestinal symptoms were more
common during the capsule intervention. An AE occurring during one intervention did not

consistently predict occurrence during the other intervention. The excellent acceptability and
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tolerability, aligned with good omega-3 PUFA absorption characteristics, mirrors previous
experience with an earlier version of the Smartfish® drink.[41] The aetiology of the dose-
dependent diarrhoea caused by omega-3 PUFA intake in up to 5-10% of individuals remains
unclear. We describe, for the first time, that diarrhoea associated with omega-3 PUFA intake
is not associated with a significant change in intestinal microbiota or predicted by a particular
baseline intestinal microbiome profile.

The strengths of this study include the crossover design that allowed a direct comparison
between two omega-3 PUFA formulations, thus minimizing the effect of inter-individual
variability in omega-3 PUFA incorporation [42] and intestinal microbiome profile,[43] as well
as the middle-aged demographic of the study cohort relevant to CRC prevention. A
methodological weakness was the lack of colorectal tissue in order study the effect of omega-
3 PUFA treatment on the mucosa-associated microbiome. This would be particularly relevant
if luminal bioavailability of oral omega-3 PUFAs is confirmed to be low and omega-3 PUFA
‘exposure’ is predominantly via membrane fatty acids from surface and/or shed enterocytes.
We also did not obtain data on the background diet and dietary omega-3 PUFA intake.

In summary, we report that a high-dose (4 g daily) of mixed omega-3 PUFAs (EPA and DHA)
given for 8 weeks is associated with small changes in the intestinal microbiota that are
consistent across two different omega-3 PUFA interventions.[9-10, 25-28] The increase in
density of bacteria known to be butyrate-producers concurs with the existing pre-clinical
literature and is compatible with the known anti-inflammatory and anti-neoplastic properties

of omega-3 PUFAs.

16



References

1.

10.

Schuchardt JP, Hahn A. Bioavailability of long-chain omega-3 fatty acids.
Prostaglandins Leukotrienes Essential Fatty Acids 2013;89:1-8.

Cao Y, Lu L, Liang J, Liu M, Li X, Sun R, Zheng Y, Zhang P. Omega-3 fatty acids and
primary and secondary prevention of cardiovascular disease. Cell Biochem Biophys
2015;72:77-81.

Miles EA, Calder PC. Influence of marine n-3 polyunsaturated fatty acids on immune
function and a systematic review of their effects on clinical outcomes in rheumatoid
arthritis. BrJ Nutr 2012;107:5171-S184.

Nabavi SF, Bilotto S, Russo GL, Orhan IE, Habtemariam S, Daglia M, Devi KP, Loizzo MR,
Tundis R, Nabavi SM. Omega-3 polyunsaturated fatty acids and cancer: lessons
learned from clinical trials. Cancer Metastasis Rev 2015;34:359-380.

West NJ, Clark SK, Phillips RKS, Hutchinson JM, Leicester RJ, Belluzzi A, Hull MA.
Eicosapentaenoic acid reduces rectal polyp number and size in familial adenomatous
polyposis. Gut 2010:59;918-925.

Cockbain AJ, Volpato M, Race AD, Munarini A, Fazio C, Belluzzi A, Loadman PM,
Toogood GJ, Hull MA. Anti-colorectal cancer activity of the omega-3 polyunsaturated
fatty acid eicosapentaenoic acid. Gut 2014;63:1760-1768.

Gagniere J, Raisch J, Veziant J, Barnich N, Bonnet R, Buc E, Btinger M-A, Pezet D,
Bonnet M. Gut microbiota imbalance and colorectal cancer. World J Gastroenterol
2016;22:501-518.

Peters BA, Dominianni C, Shapiro JA, Church TR, Wu J, Miller G, Yuen E, Freiman H,
Lustbader |, Salik J, Friedlander C, Hayes RB, Ahn J. The gut microbiota in conventional
and serrated precursors of colorectal cancer. Microbiome 2016;4:69.

Caesar R, Tremaroli V, Kovatcheva-Datchary P, Cani PD, Backhed F. Crosstalk between
gut microbiota and dietary lipids aggravates WAT inflammation through TLR signaling.
Cell Metabolism 2015;22:658-668.

Robertson RC, Oriach CS, Murphy K, Moloney GM, Cryan JF, Dinan TG, Ross RP,
Stanton C. Omega-3 polyunsaturated fatty acids critically regulate behaviour and gut
microbiota development in adolescence and adulthood. Brain Behav Immun

2017,59:21-37.

17



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Noriega BS, Sanchez-Gonzalez MA, Salyakina D, Coffman J. Understanding the impact
of omega-3 rich diet on the gut microbiota. Case Rep Med 2016 DOI
10.1155/2016/3089303.

Watson H, Cockbain AJ, Spencer J, Race A, Volpato M, Loadman PM, Toogood GJ, Hull
MA. Measurement of red blood cell eicosapentaenoic acid (EPA) levels in a
randomised trial of EPA in patients with colorectal cancer liver metastases.
Prostaglandins Leukotrienes Essential Fatty Acids 2016;115:60-66.

Volpato M, Spencer JA, Race AD, Munnarini A, Belluzzi A, Cockbain AJ, Hull MA,
Loadman PM. A liquid chromatography-tandem mass spectrometry method to
measure fatty acids in biological samples. J Chromatog B 2017;1055-1056:125-134.
Taylor M, Wood HM, Halloran SP, Quirke P. Examining the potential use and long-term
stability of guaiac faecal occult blood test cards for microbial DNA 16S rRNA
sequencing. J Clin Pathol 2017;70:600-606.

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnet J 2011;17:10.

Erik Aronesty. ea-utils : "Command-line tools for processing biological sequencing

data"; 2011. https://github.com/ExpressionAnalysis/ea-utils

Caporaso JG, Kuczynski L, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N,
Pefa AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley RE,
Lozupone CA, McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh
PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld J, Knight R. QIIME allows analysis
of high-throughput community sequencing data. Nat Methods 2010;7:335-336.
Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 2010;26:2460-2461.

Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R. PyNAST: a
flexible tool for aligning sequences to a template alignment. Bioinformatics
2010;26:266-267.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment
of rRNA sequences into the new bacterial taxonomy. Appl/ Environ Microbiol

2007;73:5261-5267.

18



21.

22.

23.

24,

25.

26.

27.

28.

29.

Huson DH, Beier S, Flade |, Gérska A, El-Hadidi M, Mitra S, Ruscheweyh H-J, Tappu R.
MEGAN Community Edition - Interactive Exploration and Analysis of Large-Scale
Microbiome Sequencing Data. PLoS Comput Biol 2016;12: e1004957.

R Development Core Team (2008). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-

07-0, URL http://www.R-project.org.

https://cran.r-project.org/web/packages/Hmisc/Hmisc.pdf

Harris WS, Thomas RM. Biological variability of blood omega-3 biomarkers. Clin
Biochem 2010;43:338-340.

Piazzi G, D'Argenio G, Prossomariti A, Lembo V, Mazzone G, Candela M, Biagi E, Brigidi
P, Vitaglione P, Fogliano V, D'angelo L, Fazio C, Munarini A, Belluzzi A, Ceccarelli C,
Chieco P, Balbi T, Loadman PM, Hull MA, Romano M, Bazzoli F, Ricciardiello L.
Eicosapentaenoic acid free fatty acid prevents and suppresses colonic neoplasia in
colitis-associated colorectal cancer acting on Notch signalling and gut microbiota. Int
J Cancer 2014;135:2004-2013.

Kaliannan K, Wang B, Li X-Y, Kim K-J, Kang JX. A host-microbiome interaction mediates
the opposing effects of omega-6 and omega-3 fatty acids on metabolic endotoxaemia.
Sci Rep 2015;5:11276.

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y-Y, Keilbaugh SA, Bewtra M, Knights D,
Walters WA, Knight R, Sinha R, Gilroy E, Gupta K, Baldassano R, Nessel L, Li H, Bushman
FD, Lewis JD. Linking long-term dietary patterns with gut microbial enterotypes.
Science 2011;334;105-108.

Ghosh S, DeCoffe D, Brown K, Rajendiran E, Estaki M, Dai C, Yip A, Gibson DL. Fish oil
attenuates omega-6 polyunsaturated fatty acid-induced dysbiosis and infectious
colitis but impairs LPS dephosphorylation activity causing sepsis. PLoS One
2013:8:e55468.

Patterson E, O’Doherty RM, Murphy EF, Wall R, O’Sullivan O, Nilaweera K, Fitzgerald
GF, Cotter PD, Ross RP, Stanton C. Impact of dietary fatty acids on metabolic activity
and host intestinal microbiota composition in C57BL/6J mice. BrJ Nutr 2014;111:1905-
1917.

19



30.

31.

32.

33.

34.

35.

36.

37.

38.

Yu H-N, Zhu J, Pan W-S, Shen S-R, Shan W-G, Das UN. Effects of fish oil with a high
content of n-3 polyunsaturated fatty acids on mouse gut microbiota. Arch Med Res
2014;45:195-202.

Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and colorectal
cancer. Nature Rev Microbiol 2014;12:661-672.

WangT, Cai G, QiuY, FeiN, Zhang M, Pang X, Jia W, Cai S, Zhao L. Structural segregation
of gut microbiota between colorectal cancer patients and healthy volunteers. ISME J
2012;6:320-329.

Peters BA, Dominianni C, Shapiro JA, Church TR, Wu J, Miller G, Yuen E, Freiman H,
Lustbader |, Salik J, Friedlander C, Hayes RB, Ahn J. The gut microbiota in conventional
and serrated precursors of colorectal cancer. Microbiome 2016;4:69.

Richards JL, Yap YA, MclLeod KH, Mackay CR, Marino E. Dietary metabolites and the
gut microbiota: An alternative approach to control inflammatory and autoimmune
diseases. Clin Trans Immunol 2016;5:e82.

Crim KC, Sanders LM, Hong MY, Taddeo SS, Turner ND, Chapkin RS, Lupton JR.
Upregulation of p21Waf1/Cip1 expression in vivo by butyrate administration can be
chemoprotective or chemopromotive depending on the lipid component of the diet.
Carcinogenesis 2008;29:1415-1420.

Wall R, Ross RP, Shanahan F, O’Mahony L, O’'Mahony C, Coakley M, Hart O, Lawlor P,
Quigley EM, Kiely B, Fitzgerald GF, Stanton C. Metabolic activity of the enteric
microbiota influences the fatty acid composition of murine and porcine liver and
adipose tissues. Am J Clin Nutr 2009;89:1393-1401.

Sanguansril, Shen Z, Weerakkody R, Barnes M, Lockett T, Augustin MA. Omega-3 fatty
acids in ileal effluent after consuming different foods containing microencapsulated
fish oil powder — an ileostomy study. Food Funct 2013;4:74-82.

Balfegd M, Canivell S, Hanzu FA, Sala-Vila A, Martinez-Medina M, Muriil S, Mur T,
Ruano EG, Linares F, Porras N, Valladares S, Fontalba M, Roura E, Novials A, Hernandez
C, Arabda G, Siso-Almirall A, Roja-Martinex G, Simo R, Gomis R. Effects of sardine-
enriched diet on metabolic control, inflammation and gut microbiota in drug-naive

patients with type 2 diabetes: a pilot randomized trial. Lipids Health Dis 2016;15:78.

20



39.

40.

41.

42.

43.

Ghasemifard S, Turchini GM, Sinclair AJ. Omega-3 long chain fatty acid ‘bioavailability’:
A review of evidence and methodological considerations. Prog Lipid Res 2014,;56:92-
108.

Neubronner J, Schuchardt JP, Kressel G, Merkel M, von Schacky C, Hahn A. Enhanced
increase of omega-3 index in response to long-term n-3 fatty acid supplementation
from triacylglycerides versus ethyl esters. Eur J Clin Nutr 2011;65:247-254.

Kohler A, Bittner D, Low A, von Schacky C. Effects of a convenience drink fortified with
n-3 fatty acids on the n-3 index. BrJ Nutr 2010;104:729-736.

Cao J, Schwichtenberg KA, Hanson MQ, Tsai MY. Incorporation and clearance of
omega-3 fatty acids in erythrocyte membranes and plasma phospholipids. Clin Chem
2006;52:2265-2272.

Sears CL, Garrett WS. Microbes, microbiota, and colon cancer. Cell Host Microbe

2014;15:317-328.

21



Figure Legends

Figure 1. Schedule of study visits and participant flow through the study. The duration of

the intervention and washout periods in weeks (w) is noted in the left column. n = number of
individuals in study as per protocol. *One participant ceased the drink intervention early and
completed intervention period B (capsules). **Two participants ceased drink intervention
early (remained in study).

Figure 2. Red blood cell PUFA levels during the study. In each case (A-G), the left y axis is the
baseline % RBC PUFA value or ratio, and the right y axis is the absolute difference between
the post-treatment value or ‘washout’ value and the baseline % level. Columns (baseline %
values) and symbols (absolute difference in % value from baseline) denote the mean. Error
bars denote the standard error of the mean. A-B) Comparison of RBC EPA and DHA levels
depending on whether the drink intervention was first or second. C-F) Individual RBC PUFA
levels comparing pooled data from the drink versus capsule intervention, independently of
the intervention order. G) Comparison of the EPA+DHA/AA ratio at baseline, post-treatment
and after washout for the drink and capsule intervention. *P<0.05 for the difference between
drinks and capsules; paired t test.

Figure 3. Changes in the intestinal microbiome associated with omega-3 PUFA
supplementation. A) PCoA of all samples (V1-V5) for all participants. Each participant is
denoted by a different colour. Clustering of data from individuals is prominent with relatively
small differences between different time-points per individual. Circles highlight participants
with high Gammaproteobacteria (blue) or Succinivibrioacceae alone (red). B) Cladogram.
Int1.1 and Int1.2 denote visits/samples before and after the capsule intervention regardless
of the intervention order (A then B, and B then A). Int 2.1 and Int2.2 are corresponding time-
points for the drinks intervention regardless of intervention order. C) Shannon a diversity
index (23305 sequences per sample) and weighted (open circles) and unweighted (solid
squares) unifrac 3 diversity scores for all participant samples from each visit (Int1.1-1.2 and
Int2.1-2.2 and V5). Symbols denote the mean and bars represent the standard deviation. D)
Family- and genus-level profiles before and after capsule and drink interventions and at final
‘washout’.

Figure 4. Abundance of top five genera and Lactobacillus at each visit. Columns represent
the mean value for each time-point for each intervention (Int1 and Int2) irrespective of the

order of the interventions (see Figure 3 legend).
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Figure 5. Changes in abundance of genera at the end of the 8-week omega-3 PUFA
intervention period. Differences in OTU read number are calculated as the value at the end
of the treatment period minus the value at the start of the intervention. Bars denote the mean
value and bars denote the SD. Black and red bars distinguish capsule and drink intervention
data, respectively. Positive values represent an increase associated with intervention and
negative values represent a decrease in abundance at the end of the intervention period.

*P<0.05 (one sample t test).
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CAPSULES (n = 22)

DRINKS (n = 19)

intervention)

AE during intervention period (no. of | 29 (14) 17 (10)
participants)

Diarrhoea 5 5

Abdominal discomfort 6 3

Eructation (Burping) 10 4

Dyspepsia 5 1
Nausea/vomiting 3 4

1 or more symptoms defined as moderate 3 (2 ceased | 3 (3 ceased

intervention early)

intervention periods (proportion occurring
during 2" intervention that were present

during the 1%t intervention)

Resolution of symptoms after washout (no. | 14 9
of participants)
Symptoms  experienced during both | 4/10 (40%) 4/9 (44%)

Table 1. Adverse events during capsule and drink intervention periods
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