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Abstract
Background: The role of omega-3 fatty acid in multiple sclerosis (MS) susceptibility is unclear.

Objective: To determine whether fish/seafood intake or genetic factors that regulate omega-3
fatty acids levels are associated with MS risk.

Methods: We examined the association of fish and shrimp consumption, 13 tag single nucleotide
polymorphisms (SNPs) in FADS1, FADS2 and ELOVZ2with risk of MS in 1153 individuals from
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the MS Sunshine Study, a case-control study of incident MS or clinically isolated syndrome (CIS),
recruited from Kaiser Permanente Southern California.

Results: Consuming fish/seafood at least once a week or at least once a month with regular fish
oil use was associated with 44% reduced odds of MS/CIS (adjusted OR=0.56; 95%CI1=0.41-0.76;
p=0.0002) compared with consuming fish/seafood less than once a month and no fish oil
supplementation. Two FADS2 SNPs (rs174611, rs174618) were independently associated with a
lower risk of MS (adjusted ORs 0.74, 0.79, p=0.0056, 0.0090, respectively). Association of
FADS2 SNPs with MS risk were confirmed in an independent dataset.

Conclusions: These findings suggest that omega-3 fatty acid intake may be an important
modifiable risk factor for MS. This is consistent with the other known health benefits of fish
consumption and complementary genetic studies supporting a key role for omega-3 regulation.

Keywords
multiple sclerosis

INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system that
often leads to diffuse neurodegeneration. While the cause is unknown, the rising prevalence
of MS has led to increased interest in identifying modifiable risk factors including diet.

Fish or other seafood consumption is particularly interesting because it is the main
determinant of circulating and tissue levels of omega-3 polyunsaturated fatty acids (omega-3
PUFAs). Omega-3 PUFAs modulate inflammation and cognition and are strongly associated
with the risk of cardiovascular disease. Recently, single nucleotide polymorphisms (SNPs) in
a cluster of genes that encode fatty acid biosynthesis enzymes have been directly linked to
circulating and tissue levels of PUFAs?, accounting for up to 28% of the variability2. These
SNPs have been used as objective surrogate measures to strengthen the causal association
between omega-3 PUFAs, neurocognitive development, cardiovascular disease and other
conditions3.

Whether higher fish or omega-3 consumption reduces the risk of MS is unclear. Few studies
have addressed this question, employing heterogeneous methods and producing mixed
results. These studies reported either a protective effect*~’, protective effect in a select
subgroup only8 or no association® 10, None of these studies examined fatty acid biosynthesis
genes.

The primary objective of the analyses presented herein was to determine whether omega-3
PUFAs may be associated with a lower risk of MS by augmenting data on self-reported fish/
seafood consumption and fish oil supplement use, with information on SNPs in fatty acid
biosynthesis genes.
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METHODS

Primary study population

Kaiser Permanente Southern California (KPSC) is a large health maintenance organization
with over 4 million members representative of the general population in Southern
Californiall. KPSC uses an integrated electronic health record (EHR) system which includes
all inpatient and outpatient encounters, diagnostic tests, diagnoses and medications, and
some demographic and behavioural characteristics.

Participants in the MS Sunshine Study were identified and recruited from the KPSC
membership between December 2011 and December 2014 as previously described2,
Briefly, potential incident cases were identified via the EHR; diagnosis of MS or CIS was
confirmed by an MS Specialist (ALG). At least one control participant from the KPSC
population, matched to the case on race/ethnicity, birthdate (within 2 years), sex and KPSC
facility (a surrogate measure for socioeconomic status) was identified from the EHR and
recruited. The controls were assigned the same index date as their matched case (symptom
onset date). Detailed participation rates have been previously described!2. Data were
collected from the EHR, structured in-person interview and blood draw.

Standard Protocol Approvals, Registrations, and Patient Consents.—The study
protocol was approved by the KPSC institutional review board. Written informed consent
was obtained from all participants.

Data Collection

Covariates obtained from the in-person interview included fish/seafood consumption, fish oil
or cod liver oil supplement use in the 12 months prior to symptom onset/index date and
lifetime smoking history. Fish intake was assessed through 2 questions: 1) “How often did
you eat 3 to 4 ounces of fresh fish (not including shrimp), mussels or raw oysters?”; and 2)
“How often did you eat 3 to 4 ounces of shrimp or canned or dried fish?” with 8 categorical
response options (appendix). Fish and cod liver oil supplements were obtained as follows:
“did you use any of the following dietary or vitamin supplements on a regular basis at least 3
times a week for 1 month or more?” Response options yes (recorded type/brand, dose,
frequency, start and stop dates), no or don’t know.

Self-identified race/ethnicity was obtained from the interview. White, non-Hispanics were
classified as white; any black race regardless of ethnicity was classified as black; and those
who identified themselves as white and Hispanic were classified as Hispanics.

Genotyping—DNA samples were genotyped for HLA-DRB1*15.01 status via tag SNP
(rs3135388). Genetic ancestry was determined with the software STRUCTURE Version
2-3-113 using a genome-wide set of 67547 linkage disequilibrium pruned loci selected by
PLINK 1-0714 as previously described®. SNPs in fatty acid desaturase 1 and 2 (FADSI,
FADS?2) and elongation of very long-chain fatty acids 2 (£LOV2) region were genotyped,
followed by imputation using standard methods (appendix).
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FADS1, FADS2 and ELOV2 SNP selection—We selected 2 SNPs a priori, s174548 on
FADSI and rs3734398 on ELVOLZ, based on a large meta-analysis of genetic variants that
modulate fatty acid levels and cardiovascular risk and are stable across racial/ethnic
groupst: 16,

FADSZ2 SNP selection was more challenging as there is little consistency in the literature on
precisely which SNPs on FADSZ2 are associated with disease status3. There are 95 imputed
SNPs in FADS2 with MAF no less than 10%, and 81 of them have missing values less than
10%. A total of 16 tag SNPs capturing common variation across FADS2 were studied. Six of
16 tag SNPs (rs968567, rs99780, rs174570, rs174575, rs2727271, and rs498793) were
selected because they have been associated with modulating EPA levels following fish oil
supplementationl’. Exploratory analyses of the remaining 10 tag SNPs (rs93923, rs2851682,
rs174592, rs174593, rs174611, rs174618, rs639394, rs34013632, rs174622, and
rs11539526) were also conducted’8.

Statistical analysis

The genotyping data were available on 1159 (97.6%) of the 1187 participants who had
completed the study protocol by 6/2/2015. Six participants were excluded due to missing
data. The final analysis cohort included 1153 participants: 252 Blacks, 386 Hispanics, and
515 whites.

Multivariate logistic regression models were used to evaluate the associations of fish/seafood
intake and the additive effect of each copy of the minor allele (effect allele) in fatty acid
biosynthesis SNPs with MS. The models were adjusted for age at index date, sex, HLA-
DRB1*15:01 status'?, genetic ancestry and smoking (ever/never). Significance threshold
was set at p<0.05.

Fish/seafood/fish oil consumption was classified a priori as low if subjects reported never or
rare (<1 time/month) seafood consumption and no fish oil supplement use. High and
medium consumption was based on a combination of fish/seafood consumption and fish oil
(omega-3) supplement use. First, we defined high and medium fish/seafood consumption
based on the distribution in controls as follows: high was defined as consuming fish/seafood
at least once a week and medium intake was defined as 1-3 times per month. To account for
PUFA intake through supplements, subjects who reported medium fish/seafood intake but
also regularly (=3 times/week) used fish oil supplements were classified as high intake, and
those who reported no or rare (<1/month) fish/seafood intake but regularly used fish oil
supplements were classified as medium intake. We were unable to examine cod liver oil
supplement use as fewer than 10 participants reported regular use. To determine whether the
effect of fish/seafood/fish oil consumption varied by race/ethnicity we tested for
multiplicative interaction. No significant interaction was detected; thus, all models were
adjusted for genetic ancestry.

For those fatty acid biosynthesis SNPs that met the threshold for independent association
with MS (FADSZ2. rs174611 and rs174618), we then tested whether these associations were
independent of fish/seafood/fish oil consumption. Tests for multiplicative or additive
interactions were also performed (appendix).
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Sensitivity analyses included restricting the analysis to fresh fish/mussels/raw oyster
consumption only (no shrimp, canned or dried fish or supplement use); additional
adjustment for socioeconomic status; and adjustment for deseasonalized serum 25-
hydroxyvitamin D levels as previously described!2.

Chi-square and Fisher Exact test was used to compare the frequencies of binary variables,
Wilcoxon rank sum test was used to compare the medians of continuous variables between
cases and controls. All analyses were conducted using SAS software v9.3 (Cary, NC).

Replication Dataset

RESULTS

To determine whether the tag SNPs in FADS2 that showed a nominally significant
independent association with MS risk in our cohort were chance findings, the association of
these SNPs (rs174611, rs174618, rs174622) with MS were tested in a large, independent
dataset comparing white cases recruited from the Pediatric MS Network (n=486) and a large
population of white controls recruited largely from KP Northern California (n=1,362), as
previously described?%: 21 (appendix).

Table 1 shows fish intake and selected clinical and demographic characteristics in cases and
controls. Low fish intake was common in both cases and controls. Approximately 25% of
participants rarely consumed any seafood and did not use fish oil supplements in the 12
months prior to symptom onset. Over 40% of participants reported rare fresh fish
consumption. Cases were more likely to carry at least one HLA-DRBI1*15:01 risk allele or
to have smoked than controls. The median time from diagnosis to interview among cases
was 10.3 months (interquartile range 7.1-15.3 months).

Fish/seafood/fish oil consumption and MS

Cases reported significantly less fresh fish (p=0.004) and less fish oil supplement intake
(p=0.01) in the 12 months prior to symptom onset/index date, but similar consumption of
canned fish/shrimp (p=0.26) than controls. When these sources of seafood and fish oil
supplements are considered in combination, cases reported significantly less fish/seafood/
fish oil consumption compared to controls (p=0.001, Table 1). Most subjects in the high or
medium intake category were classified as such by fish/seafood consumption (86% and
92%, respectively) rather than supplement use.

Higher consumption of fish/seafood /fish oil was associated with a reduced risk of MS/CIS
in a dose-dependent fashion even after adjusting for age, sex, smoking, HLA-DRB1%*15:01
and genetic ancestry (Figure 1). Accounting for 250HD levels or socioeconomic status
showed similar results (appendix). Analyses examining fresh fish/mussels/oysters intake
only showed a similar association with reduced MS risk but an attenuated dose effect
(medium intake, adjusted OR=0.70, 95% CI 0.53-0.93; high intake, OR=0.68, 95% CI 0.50-
0.92, low intake reference group, p(trend)= 0.011).
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Polymorphisms in FADS1, FADS2, ELOV2 and MS

We found no statistically significant association between MS risk in crude or adjusted
analyses and SNPs in FADSI1, ELOVL2or the 6 SNPs on FADSZ selected based on
published literature (Table 2). Of the 10 exploratory tag SNPs on FADSZ, carrying each one
copy of the minor allele (C) in two (rs174611, rs174618) tag SNPs were significantly
associated with reduced MS risk compared to the major allele (T, Table 2). The independent
association of carrying the minor allele in these two FADSZtag SNPs (rs174611, rs174618)
and fish/seafood/fish oil intake with a reduced risk of MS remained significant in mutually
adjusted models (Table 3). No significant additive or multiplicative interactions were
detected between these 2 SNPs and fish/seafood/fish oil intake on MS risk (appendix).

In the replication dataset, the direction and magnitude of effect for FADS2 SNPs rs174611
and rs174618 were consistent with our initial findings. Although rs174618 did not reach
statistical significance, 2 SNPs within the same LD block did (rs11407273 adjusted
OR=0.82, 95%CI=0.69-0.96, P=0.01293; rs35622765 adjusted OR=0.82, 95%CI=0.70-
0.96, P=0.01664). The third tag SNP (rs174622) with nominal significance (P<0.05) in our
initial analyses showed no association (Table 2).

DISCUSSION

We found that consuming fish/seafood at least once a week or at least once a month in
addition to regular fish oil supplements, was associated with 44% lower odds of MS
compared to those who rarely or never consume fish/seafood/fish oil. In addition, common
polymorphisms in the fatty acid biosynthesis gene, FADS2, were also associated with MS
risk. Taken together with previous studies, these findings suggest that omega-3 PUFAs may
play an important role in reducing MS risk.

Omega-3 PUFAs are central in maintaining health, including visual and cognitive
development and cardiovascular health. They are present in a wide array of tissues with
broad functions including the active component of phospholipid cell membranes and
substrate for molecular signalling pathways. Omega-3 PUFAs have been shown to be
neuroprotective during aging?? and suppress MS-related inflammation through multiple
mechanisms23: 24 in animal models. This provides at least two biologically plausible
mechanisms whereby higher omega-3 PUFA intake and biosynthesis could protect against
development of MS.

Tissue and circulating levels of omega-3 PUFAs are chiefly dependent on direct dietary
intake from fish or shellfish or intake of their precursors from plants, which then require
conversion to physiologically active omega-3 PUFAs. High fish intake is strongly associated
with a lower risk of cardiovascular disease2> and metabolic syndrome26 and consuming fish
rich in omega-3 PUFASs at least 2 times a week is part of the American Heart Association’s
heart healthy diet recommendations?’.

Over the past decade, a cluster of genes has been identified that also contribute to the
regulation of PUFA levels in the body?. These genes, fatty acid desaturase 1 and 2 (FADS],
FADSZ2) and elongation of very long-chain fatty acids 2 (ELOV2), regulate desaturation and
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elongation of plant-derived PUFA precursors to physiologically active omega-3 PUFAs.
Scientists have utilized large GWAS studies of SNPs in these genes as a more objective
method of examining the role of omega-3 PUFASs in complex diseases. Perhaps not
surprisingly, polymorphisms in these genes have been associated with neurodevelopment,
cognition, cardiovascular disease, metabolic syndrome and inflammation3. Whether they
play a role in MS susceptibility has until now not been studied.

The few published studies of MS and omega-3/fish consumption*-10 employed very
heterogeneous methods which makes it difficult to draw clear conclusions. These
methodological variations include: 1) definition of the exposure, ranging from any fish8: 10,
fatty or non-fatty fish®, cod liver oil® or total omega-3 intake’: 2; 2) timing of the exposure,
ranging from childhood®, adolescence®, adulthood prior to diagnosis®: ¢, 12 months prior to
symptom onset’, after diagnosis! or overlapping before and after diagnosis®; 3)
ascertainment of the exposure, ranging from validated full food frequency® ° or fatty acid
intake questionnaires’ to unspecified!? or unvalidated instruments® 8; and 4) overall study
design ranging from prevalent case/control® 10, incident case/control® 7: 8, to prospective
cohort study? recruited from population-based>8: 10 or selected sources®. Our study design
is most like the recent Australian population-based incident case-control study’, although we
did not use a complete food frequency questionnaire to assess diet as they did. None of these
studies also examined PUFA biosynthesis genes.

Most studies reported a protective association as we did between their definition of fish or
omega-3 PUFA intake, particularly in the 127 or 24 months® prior to symptom onset. One
study reported a protective effect of fish consumption only in females®, and another reported
no association between total omega-3 PUFA intake and MS risk®. Whether the discrepancy
of these findings with ours is due to differences in definition of the exposure, change in the
MS diagnostic criteria, cohort effect, or selection bias® is unclear.

A small number of clinical trials investigated the hypothesis that omega-3 PUFA
supplementation improves prognosis in MS28-30: however, the results are inconclusive, at
least partly due to limitations in study design. To our knowledge, no clinical trials have
examined omega-3 PUFA supplementation and MS risk.

While some authors concluded that the protective association with fish and MS is due to
vitamin D (vitD)? 6, we hypothesized that omega-3 PUFAs also play a key role. Many fish
and shellfish are rich in omega-3 PUFAs yet most are only a minor source of vitD which is
mainly derived from sun exposure. In addition, the vitD content of seafood varies widely
even among oily fish that typically contain the highest amounts. For instance, the vitD
content of the most popular seafoods consumed in California range from only 3 IU per 30z
serving of shrimp, to 68 (canned tuna), 193 (fresh tuna) and as high as 375 IU (fresh salmon)
per 3oz serving of these oily fish. The recommended daily intake of vitD is at least 4001U.

In contrast, the omega-3 PUFA content of shrimp, canned tuna, fresh tuna and fresh salmon
is 0.5g, 0.94g, 1.2g and 3.3g respectively with a recommended adequate daily intake of 1.1-
1.6 grams3L, Furthermore, when we restricted the analysis to vitD-rich seafood, we no
longer detected a dose-response relationship with MS risk as when we included the major
sources of seafood-based omega-3 PUFASs. This, taken together with the association of SNPs
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in the omega-3 PUFA biosynthesis genes and MS risk, supports an important role for
omega-3 PUFAs in MS risk.

Some scientists have suggested that high fish consumption may be particularly important in
maintaining health in people with genetic adaptations to a high fish diet32 (i.e. ‘lazy’ PUFA
biosynthesis genotypes), but evidence for interaction between genotype and fish intake on
adverse health outcomes to date is very weak33. It appears a high fish diet is good for
everyone regardless of genotype, which is consistent with our findings. Like other
investigators®, we were interested in examining the SNP associations in FADS and ELOVZ2
with disease as surrogate for tissue and circulating omega-3 PUFAs to improve our
understanding of whether omega-3s are protective as opposed to our results being due to
residual confounding34.

While we favour a protective association of higher omega-3 intake from fish/seafood/fish oil
and MS risk, the main limitation of this study is that we measured only certain foods.
Therefore, we cannot exclude a substitution effect- that those who rarely consume fish/
seafood consume more foods that increase the risk of MS. In particular, we did not measure
meat consumption, an important source of omega-6 PUFAs and saturated fats. This is
important because FADSI and FADSZ2 are also the main enzymes that convert omega-6
precursors to physiologically active omega-6 PUFAS. Ecological studies and a few case-
control studies have suggested that a diet high in saturated fat and meats may increase this
risk of MS35-37 although other, methodologically more rigorous studies showed no
association between total omega-6 PUFA or meat intake and MS risk’: . We also did not
measure plant-based sources of omega-3 PUFASs or circulating or tissue levels of PUFAs
which would be ideal. Future studies should address these limitations.

A further limitation of our study is that we did not use an established food frequency
questionnaire or otherwise validated questionnaire to capture fish or omega-3 intake. Our
questions did not separate shrimp and canned fish, or distinguish between oily and non-oily
fish. Fresh oily fish and canned fish (which is likely to be oily fish) are higher in omega-3
PUFA than shrimp or fresh, non-oily fish. In addition, we did not assess participants’ ability
to judge a 3—4 ounce serving. Thus, the cut-points chosen in our study for defining high and
medium fish/seafood/fish oil intake should be interpreted cautiously. While our findings
support a dose-effect, precisely how much omega-3 consumption may be protective in MS
needs to be addressed in future studies with more rigorous measures.

Because MS is an uncommon disease, the appropriate study type is the case-control design
and exposures are typically recalled. Nevertheless, dietary intake is typically recalled,
regardless of the study design, over some prior period; measured intake at a single timepoint
may not be relevant to risk for a disease such as MS. Furthermore, recall bias in dietary
recall is unlikely to be differential as diet is not commonly considered a risk factor for MS.
Selection bias of controls is another potential limitation although the FADS and ELOV?2
SNP distributions are consistent with expected rates from multi-ethnic population-based
studies®. We inquired only about the timeframe 12-months prior to symptom onset; thus, we
cannot address whether diet during childhood or adolescence influences MS risk. We also
cannot exclude the possibility of false-positive or negative associations of SNPs in FADS2
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and FADSL1 or true interaction between fish/seafood/fish oil intake and MS risk given our
sample size.

Strengths of this study include that it is a population-based multi-ethnic study of incident
MS cases, all recruited from same geographic area over a relatively short period of time,
thus minimizing the potential for selection bias, confounding by geography, influence of
marked changes in MS diagnostic criteria or a birth cohort effect. Replication of genetic
findings in an independent dataset is also a strength. Our approach to simultaneously
examine fish, other seafood, supplement use, and fatty acid biosynthesis genes is novel. That
the genetic and fish/seafood intake findings are consistent strengthens a causal
interpretation34.

Taken together with the existing literature, these analyses provide more evidence that a diet
rich in fish/seafood has health benefits. In addition to promoting improved cardiovascular
health, a high-fish/seafood diet may also reduce the risk of developing MS. It is concerning
that ~25% of our study population rarely consumed fish/seafood and do not take fish oil.
Future studies to replicate our findings and determine whether these are mediated by the
anti-inflammatory, metabolic and/or neuroprotective actions of PUFAs are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fish/Seafood/Fish Oil Consumption and Multiple Sclerosis.
Depicted are the crude (upper panel) and adjusted (lower panel) odds ratios (OR) and 95%

confidence intervals (95% CI) of the association between the consumption of fish/seafood/
fish oil supplements in the 12 months prior to symptom onset (cases) or index date (controls)
and multiple sclerosis/clinically isolated syndrome. The number (n) and percent (%) of cases
and matched controls in each analysis are listed in the right-hand column. Fish/seafood/fish
oil consumption was classified as high (=1 per week fish/seafood, or 1-3/month + fish oil),
medium (1-3/month fish/seafood + no fish oil, or fish oil only) or low (never or < 1/month
fish/seafood and no fish oil). OR are adjusted for age, smoking, genetic ancestry and
HLADRB1%*15:01. Higher fish/seafood/fish oil consumption was associated with a
significantly lower risk of MS/CIS in a dose-response manner in both crude and adjusted
analyses (p=0.0003 and 0.0002 for trend, respectively).
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Table 3.
Independent associations of high fish/seafood/fish oil intake and FADS2 tag SNPs with MS risk

FADS2 SNP Adjusted OR (95% CI)*

OR LCL UCL p value

rs174611 (effect allele, C) 0.75 0.60 0.92 0.007
fish/seafood/fish oil intake™™

medium 074 055  1.01 0.058
high 056 041 077 0.0003
rs174618 (effect allele, C) 0.80 0.67 0.96 0.014
fish/seafood/fish oil intake™™

medium 074 054  1.00 0.051
high 057 041  0.77 0.0004

*
odds ratios additionally adjusted for age, sex, smoking, genetic ancestry and HLADRB1*15:01

Ak
reference group is low intake group abbreviations: OR=odds ratio, LCL=Ilower confidence limit, UCL=upper confidence limit, FADS2=fatty acid

desaturase 2, SNP=single nucleotide polymorphism
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