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Abstract

Nutritional genomics has undergone rapid development and the concept is now very popular with
the general public. Therefore, there is increasing demand for knowledge on adapting dietary
composition to the genome. Our aim has been to undertake a systematic review so as to find out
the level of evidence existing on whether the effects of n-3 fatty acids on health can be modulated
by genetic variation. A systematic literature search was conducted on studies that jointly analyse
the effect of one or more genetic variants in candidate genes and n-3 fatty acids. Both
observational and experimental studies were included. Results are classified in accordance with
whether the study was undertaken on intermediate phenotypes (plasma lipid concentrations,
glucose, inflammation markers, anthropometric measurements) or disease phenotypes (cancer,
cardiovascular diseases, metabolic syndrome, etc) and whether it was experimental or
observational. A wide diversity of genetic variants and little consistency in the publication of
replication studies was found. Greater consistency was observed in studies that involved the
FADSI and FADS2 locus in the determination of n-3 fatty acid concentrations in biological
samples. Most of the studies were designed to measure gene-diet interactions and not diet-gene
interactions. Despite the fact that multiple studies have shown statistically significant interactions
between n-3 fatty acids and certain genetic variants on intermediate and disease phenotypes, the
individual level of evidence is very low and recommendations cannot be made on increasing or
reducing the intake of n-3 fatty acids based on each individual’s genotype.
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Background and objectives

The effect of n-3 fatty acids on health has been analysed in thousands of studies throughout
the last 50 years. However, there are still great discrepancies over their effects on the
different intermediate and final disease phenotypes, as well as on the optimum amount of the
same, or on their relationship with n-6 fatty acids or other components of the diet.
Contributing to this divergence of results obtained in the different studies may not only be
the methodological differences between studies, but also, and of great importance, the
influence of genetic variability among study participants on the effects analysed. There are
multiple candidate genes that may have an influence on modulating the effects of n-3 fatty
acids on different disease phenotypes. The most relevant gene candidates will depend on the
phenotype studied and, possibly, will be different for each of them (cardiovascular disease,
cancer, diabetes, neurodegenerative diseases, etc). Thus, in the era of Nutritional Genomics,
it is essential to have a good knowledge of the possible relevance of genetic variability on
the effects of n-3 fatty acid intake in order to make more individualised dietary
recommendations and to obtain several, optimal effects for each individual and for each
phenotype. Likewise, the study of the influence of genetic variability on certain candidate
genes will contribute to a better understanding of how the n-3 fatty acid mechanism acts on
the different disease phenotypes and how to make progress on the different pathways
involved.

One of the first studies to show that the effect of a genetic variant on an intermediate
phenotype of cardiovascular disease could be modulated by the amount of polyunsaturated
fatty acids (PUFA) consumed in the diet was undertaken among participants of the
Framingham Study by our research group®. In this study, we observed that the effect of the
=75G > A polymorphism in the APOAL gene promoter on plasma HDL-C concentrations
was modulated by total PUFA intake. Thus, when PUFA intake was low (<4 % of energy),
GG subjects had statistically higher HDL-C concentrations than did carriers of the A allele.
Conversely, when PUFA intake was high (>8 % of energy), HDL-C concentrations in
carriers of the A allele were higher than those of GG subjects. This interaction was found
mainly in women and was non-significant in men. Although, in that study, we did not
analyse the separate effects of n-3 fatty acids, it did provide a setting-off point for the
analysis of gene-diet interactions and for the establishment of a basic methodology for
carrying out subsequent studies by our group and other research groups. Likewise, Luan et
al.(d), showed a gene-diet interaction between PUFA intake and intermediate phenotypes
associated with obesity and insulin resistance. Specifically, they showed that the Pro12Ala
polymorphism in the PPARG?2 interacted with the PUFA/saturated fatty acids (SFA)
relationship of the diet in determining BMI and fasting insulin. Likewise, these investigators
did not separate the different types of PUFA in their analyses. When we investigated the
possible replication of this gene-diet interaction in a multiethnic Asian population, we did
not find statistically significant results(®), underscoring the need of replicating gene-diet
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interactions in different populations as a first step to increasing the scientific level of
evidence of those findings.

In general, very few interactions have survived the replication test. Thus, limiting the
clinical applicability of current findings to the design of personalized diets based on genetic
information. Various factors have contributed to this, including the difficulty of accurately
measuring dietary intake in observational population studies, and the lack of compliance
with long-term diets in large-scale nutritional interventions. Nevertheless, the
methodological quality of nutrigenomic studies has been steadily improving. Today, there is
an increasing number of publications on the different fields of nutritional epidemiology in
general, as well as on the study of the effects of n-3 fatty acids on health. In addition, ‘in
vitro’ studies and experimental animal models have shown that n-3 fatty acids influence
regulation of gene expression in a number of pathways(#), supporting the relevance of this
dietary components and their genetic interactions.

The aim of this study was to perform a systematic review to assess the level of evidence
supporting the effect of genetic variability in modulating the effects of n-3 fatty acids on
intermediate and disease phenotypes.

Criteria for considering studies for this review

Types of studies—This review was not restricted to randomized controlled trials, but
included any epidemiological study independently of its design, in which the interaction of
n-3 fatty acids and any number of genetic variants has been studied in relation to
intermediate and disease phenotypes. On presenting results, studies were divided into two
different categories depending on the type of study: (1) Observational studies, which
included both, cross-sectional studies as well as case-control and cohort studies and (2)
Intervention studies, which included studies in which a dietary intervention was undertaken
and where the contribution of n-3 fatty acids was studied. Both controlled and uncontrolled
studies, with or without randomization were analysed. There was no restriction on language,
publication type and sample size.

Types of participants—There was no restriction on the basis of gender, age, ethnicity,
study setting or other characteristics of participants. Studies undertaken on a general healthy
population as well as studies that involve different types of patients with certain intermediate
or final disease phenotypes were included. On analysing each study, the sample type is
indicated in order to ensure the homogeneity of comparisons.

Types of n-3 fatty acid measurements—All observational or intervention studies in
which a measurement of the n-3 fatty acid intake contributed by diet (total or separated as
LC n-3 fatty acids (LC n-3 fatty acids), eicosapentaenoic acid (EPA), docosahexaenoic acid
(DHA), alpha-linolenic acid (ALA) or others was undertaken by means of the different types
of diet questionnaires, including semiquantitative food frequency questionnaires (FFQ), 24-h
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recalls or dietary records, were included. Also included were those studies that measured
total or specific n-3 fatty acids on different kinds of biological samples (subcutaneous fat,
erythrocytes, plasma, breast milk or serum). There is an excellent review on the validity of
each of these methods for correctly measuring n-3 fatty acids in different situations®. This
review concludes that the summarised quality of n-3 fatty acid estimates derived from FFQ
is good or acceptable according to the (EURopean micronutrient RECommendations
Aligned) EUR-RECA scoring system and that no dietary intake method is superior to any
other. With regard to measurements of n-3 fatty acids in different biological samples, the
literature describes subcutaneous fat as the best reference method. We also included all
intervention studies in which n-3 fatty acids were administered under various preparations
(enriched foods, oils, pills, etc).

Types of genetic variants—Any study that reported one or more genetic variants of any
kind [single nucleotide polymorphisms (SNP), insertions, delections, copy number
variations (CNV)] were included. Haplotypes as well as combined analysis of genetic
variant were also included.

Types of outcome measures—All types of diseases were included, both disease
phenotypes (cancer, cardiovascular diseases, neurodegenerative diseases, metabolic
syndrome, diabetes, etc), and intermediate disease phenotypes (plasma lipids, plasma
glucose and insulin, anthropometric measures, inflammation markers, etc).

Search methods for identification of studies

A systematic literature search was performed in April 2011. The literature search was
conducted in the following databases: Medlars Online International Literature (MEDLINE),
via PubMed®; EMBASE®; and Latin American and Caribbean Health Sciences Literature
(LILACS). We first searched in MED-LINE (from 1966 to 2011) using common medical
subject heading (MESH) terms and adapted for use in other databases. The following terms
were used: n-3 or n-3 fatty acid or n-3 fatty acids; or n-3 or n-3 fatty acids; or
polyunsaturated fatty acid or polyunsaturated fatty acids; or unsaturated fatty acids or
essential fatty acids; or alpha-linolenic acid or ALA,; or eico-sapentanoic acid or EPA; or
docosahexanoicacid or DHA; or docosapentanoic acid or DPA,; or alpha-linolenic acid or
ALA or long chain fatty acids. These terms were combined in the search with the genetic
terms in order to find studies that analyse the genetic influence on the effects of n-3 fatty
acids. The genetic terms used were: genes; or genetic variants; or gene variants; or gene
variant; or polymorphisms. Furthermore, as several of the studies found using those key
words were carried out on animals, plants or in vitro, another term was added to the search
to further limit the studies. The term added was ‘human/s’.

Processing of articles

Initial screening of articles was undertaken on the basis of abstracts. If it was clear from the
abstract that the article did not meet the inclusion criteria, it was rejected. Titles and

abstracts were screened by both authors for inclusion based on study design, n-3 fatty acids
assessment, genetic analysis and outcome measures. The full text of the selected article was
retrieved so as to analyse the complete information. Full text articles were also searched for
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any further relevant publications. Both authors extracted data from the studies and study
details were summarised in tables or in text. Although there are various study quality
indicators that could be applied, we have opted, in this review, not to apply them for
including or excluding a study, as this is a time consuming process and what we wanted at
the onset was to have a wide vision of the studies undertaken that had analysed the genetic
influence on the multiple effects of n-3 fatty acids on health. Nevertheless, in the review and
information gathering process, the authors have taken into account whether the study fulfils
the minimum quality indicators, making a comment on the study when some limitation is
detected (reduced sample size, lack of adjustment for potential confounders, poor quality of
genetic analysis, etc).

From the various search terms introduced, the widest number of articles was found with the
‘PUFA and genes’ combination. This search resulted in 5674 papers. However, the
screening of the abstracts showed that it was too general a search as in it were included all
types of PUFA and not only n-3. Restricting the search to the terms ‘n-3 fatty acids and
genes’ resulted in 670 papers. The screening of those abstracts revealed that the search was
still too wide, as it included studies of all kinds on animals, plants, cultivated cells, etc., so
the term ‘humans’ was added, resulting in 150 papers. As the term ‘genes’ is also non-
specific, as it includes studies of all kinds in which analyses of expression, regulation, etc
were carried out, the search was narrowed by adding the term “‘gene variants’ or ‘genetic
variants’. This selection turned out to be too restrictive, as only twenty-five papers were
found. Having tested various strategies of search term combinations, it was observed that the
term ‘polymorphism’, is more suitable than ‘genetic variant’, as it results in a greater
number of papers that fulfil the inclusion criteria of focusing on epidemiological studies that
simultaneously analyse the effect of genetic variants and n-3 fatty acids on intermediate or
final disease phenotypes. Sixty papers were obtained in this way. Of which fifteen were
discarded for being reviews or for not studying the theme even though they had been
selected by the aforementioned key words indicated. In addition, the reference lists of the
selected articles were scanned, which resulted in another four original publications for
inclusion.

Influence of genetic variants in n-3 fatty acids concentration in different biological

samples

On analysing the literature on the influence of the different genetic variants on the effects of
n-3 fatty acids in intermediate and disease phenotypes, we noted that in recent years various
articles have been published showing several highly consistent effects of certain genetic
variants, namely at desaturases loci, on PUFA concentrations in different tissues. We believe
that these genetic variants may be very important in further studies, so we began first of all
to analyse the effects of those variants. The delta-6 desaturase (D6D) and delta-5 desaturase
(D5D) are membrane-bound enzymes that catalyze the rate-limiting formation of LC PUFA.
D6D catalyzes the conversion of ALA (18 : 3n-3) and linoleic acid (LA, 18 : 2n-6) into
stearidonic acid (STD, 18 : 4n-3) and vy-linolenic acid (GLA, 18 : 3n-6), respectively. D5D
catalyzes the conversion of eico-satetraenoic acid (ETA, 20 : 4n-3) and dihomo-y-linolenic

Br J Nutr. Author manuscript; available in PMC 2015 May 12.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Corella and Ordovéas

Page 6

acid (DGLA, 20 : 3n-6) into EPA (20 : 5n-3) and arachidonic acid (AA, 20 : 4n-6),
respectively(®7). The desaturase-encoding genes (FADSL for D5D and FADS2 for D6D)
form a gene cluster on chromosome 11 together with a third desaturase gene, FADS3, of
lesser known function. The first epidemiological study in which a significant association
was shown between variation in that cluster and PUFA concentrations was carried out by
Schaeffer et al.(®) on 727 Germans of the European Community Respiratory Health Survey
I. After analysing eighteen SNP, they found that eleven of them presented highly significant
associations with the concentrations of various PUFA in serum phospholipids. Thus, carriers
of the minor alleles at several SNP (rs174544, rs174553, rs174556, rs174561, rs3834458,
rs968567, rs99780, rs174570, rs2072114, rs174583, or rs174589) had enhanced levels of the
precursor PUFA with two or three double bonds and reduced levels of LC-PUFA with >4
double bonds and major product-to-substrate ratios of the n-6 pathway (AA-to-LA ratio) and
the n-3 pathway (EPA-to-ALA ratio).

Interestingly, fatty acids belonging to other pathways like oleic acid and DHA, whose source
is mainly nutritional, did not show significant associations with those genetic variants.
Subsequent studies have consistently replicated the associations between polymorphisms in
the FADSL and FADS2 genes and PUFA concentration measurements in different biological
samples including breast milk(® =18). In the excellent review on this subject undertaken by
Lattka et al.(19), those studies indicating the SNP analysed and the fatty acids for which an
association has been found in different tissues are presented in detail. These associations
between the FADSI/FADS2 cluster and PUFA concentrations have also been confirmed in
genome wide association studies (GWAs)(20). Other GWAs have also reported associations
between the FADSI/FADS2 cluster and plasma lipid concentrations(21:22),

Therefore, it will be informative to accumulate additional evidence related to the most
relevant polymorphisms in FASD1 and FASD2 in future studies seeking to analyse the
influence of n-3 fatty acids on disease, as the overall concentrations of n-3 fatty acids will
not depend only on intake, but will also be modulated by these genetic variants. However,
bearing in mind that the discovery of the importance of these polymorphisms is recent, most
of the studies undertaken that have focused on genetic variants have not analysed them, so
we do not have the full data. There are, however, several recent studies that have studied the
influence of genetic variants in FASD1 and FASD2 as modulators of the effects of dietary
n-3 fatty acids on various phenotypes that is summarised in the corresponding tables
depending on the study design.

To organise the presentation of results and bearing in mind that we have not selected a
specific disease but all phenotypes that have been researched, we will first consider the
study type, whether it is an observational or experimental study. As most studies are
observational, within them we will consider whether they have studied intermediate or
disease phenotypes so as to present them in different tables. Intervention studies will be
analysed jointly.
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Interaction between n-3 fatty acids and genetic variants in determining intermediate
disease phenotypes in observational studies

One of the first studies to separately study the effects of n-3 and n-6 fatty acids in
modulating the effects of a genetic variant on an intermediate cardiovascular risk phenotype
was carried out by our research group on participants in the Framingham Study(23).
Regulation of gene expression by PUFA can occur through interaction with specific or non-
specific ligands. Specifically, it has been shown that PUFA can interact directly with
transcription factors such as peroxisome proliferator-activated receptor a (PPARa), a
nuclear transcription factor that regulates multiple genes involved in lipid homeostasis. One
genetic variant in the PPARA gene, consisting of a G484C transversion at the codon 162,
creates a missense mutation that alters leucine to valine (L162V) and has functional
consequences on receptor activity depending on the concentration of the ligand. PUFA are
natural ligands of PPARa and, therefore, their concentration can increase or reduce the gene
expression of the PPARA gene, which in turn modulates multiple genes. In the Framingham
Study we found a statistically significant interaction between the L162V polymorphism and
dietary PUFA intake in determining plasma triglycerides and apoC-111 concentrations (Table
1) (23-34)_For both parameters, those with the 162V allele had lower concentrations of TG
and apoC-I11 with higher intake of PUFA. In contrast, among homozygotes for the 162L
allele, PUFA intake did not decrease either TG or apoC-I11 concentrations. We also explored
the effect of n-3 and n-6 fatty acids and found an effect similar for both. Later, Chan et
al.(24) attempted to study this interaction in Chinese, Malays and Asian Indians participating
in the 1998 Singapore National Health Survey. However, they found that the L162V variant
was not polymorphic in the Asian population. Therefore, their genetic analysis focused on
the V227A variant which is common among Asians, but not in Caucasian populations.
Although they did not analyse the effects of n-3 and n-6 fatty acids separately, a statistically
significant interaction was found between the V227A polymorphism and dietary PUFA in
HDL-C concentrations in Chinese women. Even though this interaction may have been
observed in a different phenotype, it contributes to supporting the hypothesis that the effects
of the variation in the PPARA gene are modulated by PUFA. Some years later, VVolcik et
al.(%) evaluated the influence of PPARA genetic variation on the association between PUFA
intake (specifically n-6 and LC n-3 fatty acids) and plasma lipid concentration in the
biethnic Atherosclerosis Risk in Communities (ARIC) Study. Although they found no
significant interactions between the PPARA L162V polymorphism and plasma lipids, they
did find an interaction with the 3’UTR C — T SNP polymorphism in the same gene. Being a
biethnic population, factors related with the different prevalence or relevance of certain
genetic variants between populations may have had an influence on the results.

In addition to these observational studies, an intervention study in which the PUFA/SFA
ratio was modified in the diet, concluded that the L162V in the PPARA gene significantly
contributes to modulating the different response observed among individuals(3%). In a more
detailed way, Rudkowska et al.(36) showed that n-3 fatty acids regulate gene expression
levels differently in subjects carrying the PPARA L162V polymorphism. These authors also
examined the effects of n-3 fatty acids on LPL activity taking into consideration the
presence of the PPARA L162V polymorphism, and observing that n-3 fatty acids increase
the transcription rate of LPL to a greater extent in L162-PPARA than V162-PPARA
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alleles(®37). All of this contributes to increasing the evidence that the effects of n-3 fatty acids
on plasma triglyceride concentrations and related measures are modulated by the PPARA

gene variation. However, the level of evidence is still insufficient to be able to make dietary
recommendations on n-3 fatty acid intake based on the determination of this polymorphism.

Whereas most of the previous gene-PUFA interactions related to plasma lipids focused on
PPARA, there has been a current shift towards other genes, including the FADS genes. Table
1 also provides a summary of the other studies found during this review that analyse the
interaction between n-3 fatty acid levels and intermediate disease phenotypes including
plasma lipids, anthropometric measurements, insulin resistance and inflammatory markers.
Of all of them, we would like to mention in particular and because of its latest findings
involving microRNAs (short post-transcriptional regulators that bind to complementary
sequences in the 3’UTR of multiple target mMRNAs, usually resulting in their silencing), the
study recently published by Richardson et al.(34). The authors found significant interactions
between the rs8887 minor allele in the perilipin 4 (PLIN4) gene with the n-3 fatty acid
intake modulating anthropometrics. Moreover, in silico analysis of the PLIN4 3’'UTR
sequence surrounding the rs8887 minor allele predicted a seed site for the human micro-
RNA-522 (miR-522). In vitro results suggested that the interaction with PUFA acts in part
through creation of a miR-522 regulatory site.

Interaction between n-3 fatty acids and genetic variants in determining disease
phenotypes in observational studies

In this section, we have reviewed the studies that analyse the influence of the n-3 fatty acids,
either originating from the diet or through their measurement in biological samples and
different disease phenotypes (Table 2) (38 ~47). \We have considered disease phenotypes to
be the different types of cardiovascular disease (coronary heart disease, stroke), cancer
(breast, lung, colo-rectal, prostate), metabolic syndrome, diabetes, etc.

Various studies have been carried out that have investigated the interaction between intake
of n-3 fatty acids and the risk of different types of cancer. The primary working hypotheses
was that marine n-3 fatty acids may provide protection against breast cancer, as shown in
previous experimental studies. It is, moreover, hypothesized that the inter-individual
differences in the ability to protect cells from cytotoxic lipid peroxidation products may
determine the protective effect of marine n-3 fatty acids on breast cancer. The glutathione S-
transferases (GST) are potential major catalysts in the elimination of these beneficial by-
products. These enzymes are polymorphic and many of them have been studied in relation
with different types of cancer, hence the great importance currently placed on them as
modulators of cancer risk faced with different environmental exposures(“8). There are three
well-characterized isozymes, GSTM1, T1, and P1, in which polymorphisms have been
extensively studied with respect to DNA adducts and cancer. Gago-Dominguez et al.(38)
hypothesized that women possessing low activity GST genotypes (GSTM1 null, GSTT1 null
and GSTP1 AB/BB) might exhibit a stronger marine n-3 fatty acid—breast cancer inverse
association than those possessing the high activity genotypes. To check this hypothesis, they
undertook a nested case-control study among the participants in the Singapore Chinese
Health Study, a population-based, prospective investigation of diet and cancer risk. At
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recruitment (from April 1993 to December 1998), information on usual diet over the last
year was obtained by a semi-quantitative food frequency questionnaire. In 2002, they
identified 399 cases of incident breast cancer among female cohort subjects. Of those cases,
they were only able to carry out a genetic analysis on 258 cases. For marine n-3 fatty acid
intake, subjects were categorized based on quartile distribution values among females. They
examined the association between n-3 fatty acids and breast cancer stratified by GSTM1,
GSTT1 and GSTP1 genotypes and found a stronger protection of the n-3 fatty acids in the
low than high activity genotype subgroups. Thus, the risk of breast cancer in high (quartiles
2-4) v. low (quartile 1) consumers of marine n-3 fatty acids, was reduced by half in women
with the genotype GSTP1 AB/BB genotype (P<0-05), achieving similar results on the limit
of statistical significance for the other genotypes. The authors concluded that the Chinese
women carriers of the genetic polymorphisms encoding lower or no enzymatic activity of
GSTM1, GSTT1 and/or GSTP1 experienced more breast cancer protection from marine n-3
fatty acids than those with high activity genotypes, this being the first study to report that
association. It has not been possible to replicate these results in subsequent studies, so the
level of evidence of the interaction between these polymorphisms and marine n-3 fatty acids
on the incidence of breast cancer remains low.

Continuing with the premise that a high intake of n-3 fatty acids, especially LC fatty acids
(EPA and DHA) can protect against prostate cancer, and in order to gain better understand
about their mechanisms and the potential genetic influence, Hedelin et al.(3%), carried out a
population-based case-control study in Sweden. Bearing in mind that one of the proposed
mechanisms by which n-3 fatty acids may affect carcinogenesis is through their suppressive
effect on the biosynthesis of eicosanoids derived from arachidonic acid, cyclooxygenase-2
(COX-2), a key enzyme in eicosanoid synthesis, overexpressed in prostate cancer tissues, it
may play a very important role. Therefore, the COX-2 gene could be important in
modulating the effect of the n-3 fatty acids on the risk of prostate cancer. To test this
hypothesis, they analysed 5 polymorphisms in the COX-2 gene in participants of the Cancer
Prostate in Sweden Study. Fish consumption and the intake of n-3 fatty acids were measured
through a validated FFQ. They found no association between total intake of n-3 fatty acids
and prostate cancer risk, but did find an inverse association between fatty fish consumption
and the risk of prostate cancer. They only found a statistically significant interaction
between salmon-type fish intake or combined intake of salmon/herring/mackerel and the
COX +6365 T/C polymorphism. Thus, among subjects who were heterozygous or
homozygous for the variant allele (C), high intake of salmon-type fish was associated with a
significantly decreased risk of prostate cancer (OR for once per week or more v. never =
0-28, 95 % CI 0-18, 0-45). No association was found in carriers of the major allele.

Interestingly, the results of this study have been partially replicated by others, so increasing
the consistency level of the interaction between n-3 fatty acids and the COX-2 gene
polymorphisms. Fradet et al.(4% in a case-control study that included aggressive prostate
cancer cases in Cleveland, USA, assessed n-3 fatty acid intake through a FFQ and
genotyped nine polymorphisms in the COX-2 gene. They found that an increased intake of
LC n-3 was strongly associated with a decreased risk of aggressive prostate cancer, as well
as a statistically significant interaction between the LC n-3 fatty acid intake and a COX-2
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polymorphism (SNP rs4648310), so that in men with this variant SNP, the association of the
LC n-3 fatty acids with lower risk of prostate cancer was very strong.

Fradet et al.(40) did not find a similar pattern of interaction with rs5275. The SNP rs4648310
and rs5275 are located 2-4 kb apart and have weak linkage disequilibrium among Whites.
The functional effect of each one of these variants on COX-2 activity is not yet known.
However, the combined findings of Fradet et al.(40) and Hedelin et al.(37) support the
hypothesis that the effect of LC n-3 fatty acids on the risk of prostate cancer may be
modified by COX-2 genetic variation.

On the other hand, persistent oxidative stress and oxidative damage to the colon epithelium
seem to play an important role in colorectal cancer. Polymorphisms in genes involved in the
fatty acids-DNA damage/repair pathway, therefore, may play a role in determining the
effects of fatty-acids in causing DNA damage and subsequent colon cancer risk. XRCC1 (X-
ray repair cross-complementing protein 1) and XRCC3 (X-ray repair complementing
defective repair in Chinese hamster cells 3) are involved in the efficient repair of DNA and
may play an important role in the repair or modulation of the effects of PUFA intake on
cancer colorectal cancer risk. Stern et al.(4%) studied the effect of some polymorphisms in the
XRCC1 and XRCC3 genes as unsaturated fatty acids effect modifiers on colorectal cancer
risk in the USA. The XRCC1-194, XRCC1-399 and XRCC3-241 polymorphisms were
determined. The ratio of dietary n-6/n-3 fatty acids was calculated. Although they did not
find significant interactions between the polymorphisms and total PUFA intake on cancer
risk, they found a significant interaction between the omega-6/n-3 ratio and the XRCC1
genotypes on colorectal cancer risk. Subjects with the XRCC1 Trp 194 allele or the Arg 399
allele seem to have a higher risk of colorectal adenomas when ratio is high. No evidence of
an XRCC3-241 effect modification on the effect of high intake ratios was observed. Bearing
in mind that this is the first study to report a significant interaction between the n-6/n-3 fatty
acid ratio and the risk of colorectal cancer, further studies are required to confirm the results.
Moreover, many more genes other than the XRCC1 and the XRCC3 play a role in the fatty
acids-DNA damage/repair pathways. Thus, the simultaneous analysis of all relevant genes in
the complex pathway will be useful in understanding these interactions better. Along these
lines, Stern et al.(42 carried out another nested case-control study on Chinese participants in
the Singapore Chinese Health Study. 7 SNP in various DNA repair genes: XRCC1, Poly
(ADP-ribose) polymerase (PARP), Oxoguanine glycosylase 1 (OGG1), and xeroderma
pigmentosum group D (XPD) were analyzed. The authors reported that the PARP
Val762Ala SNP modified the association between marine n-3 fatty acids and rectal cancer
risk, with no evidence of interaction with colon cancer. A high intake of marine n-3 fatty
acids notably increases cancer risk in 762-Ala allele carriers. The PARP protein plays an
important role in maintaining genomic stability, apoptosis, and regulating transcription. The
mechanism through which greater marine n-3 fatty acids could increase cancer risk in
carriers of this genetic variant is not fully understood, but the fact that the authors have not
found this same effect in total n-3 fatty acid intake suggests that the association must be
mainly due to the LC EPA and DHA. In addition to cancer, several statistically significant
interaction between n-3 fatty acids and genetic variants in determining other disease
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phenotypes have been found (metabolic syndrome, cardiovascular diseases, etc)®3~47),
These studies are also summarized in Table 2.

Interaction between n-3 fatty acids and genetic variants in determining intermediate and
disease phenotypes in intervention studies

Table 3 (49-54)provides a summary of the main characteristics of intervention studies based
on changes in food patterns, or addition of specific food or dietary supplement, all aimed to
provide different levels of n-3-fatty acids. Given the large diversity of results and genotypes
analysed, firm conclusions cannot be established. Intervention studies are few and far
between and often carried out on small populations, so new intervention studies on larger
samples and over longer periods of time are required.

Although intervention studies provide a higher level of scientific evidence than
observational studies, they are more complex to undertake, especially on large samples. One
of the limitations of most of the intervention studies carried out to date has been the fact that
the sample size is small and the groups of the different genotypes have been heterogeneous
in size because the studies were not basically designed to investigate the effect of a genetic
variant or previously selected genetic variants, but to first undertake the intervention and
then genotype the individuals. One proposal for improving this would be to undertake a
priori the choice of the main genetic variants to be studied and select individuals for their
genotype (either by a genetic variant or by a combination of relevant genetic variants) and
include the individuals in the study depending on their genotype in order to form groups of
similar size and with an adequate statistical power. We should incorporate better markers of
dietary intervention compliance and discard individuals who do not comply with the
intervention instead of analyzing ‘intention to treat” data. Furthermore, it would be
necessary to propose a parallel sample of replication in order to check the replication of
results in different individuals from the same population and so increase internal validity.
Later studies would also be required in order to confirm the external validity of the results in
other populations.

Conclusions

There are scores of studies showing statistically significant interactions between n-3 fatty
acid intake and/or their concentrations in different biological samples and various
genotypes, resulting in differing effects of n-3 fatty acids on the disease analysed
(dyslipidemias, metabolic syndrome, obesity, cancer or cardiovascular diseases). These
results suggest that the effect of n-3 fatty acids on the various intermediate and disease
phenotypes is highly variable and depending on genetic factors. For each phenotype studied
there is a great number of genetic variants that have been shown to have significant
interactions. However, these studies were at first mostly designed to show gene-diet
interactions, i.e. that the phenotypical effect foreseen for a certain genetic variant could be
modulated by diet, specifically by PUFA intake. Although the result of the statistical
interaction is the same, the methodological approach in the study design, in data gathering,
in bias control and in the specific analysis of data is different if studies are planned as diet-
gene interactions, i.e. how the expected results faced with a certain amount of nutrient
consumed or dietary intervention undertaken is modulated by the genetic variants.
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The difference between calling a study a gene-diet interaction study as opposed to a diet-
gene interaction study is as follows: The first interaction studies between genetic variants
and diet were undertaken in studies that had been designed to evaluate the effect of certain
genetic variants on disease phenotypes. When dietary data were provided in those studies,
gene-diet interactions were also investigated. This, however, could lead to a greater bias
because diet is not measured specifically from the outset of the study with the best tools for
guaranteeing maximum measurement validity, but using previously obtained data. In
contrast, a diet-gene interaction study is a study which, from the outset, has the aim of
studying possible modulations of diet due to genetic variants, setting off from a much more
valid and accurate dietary measurement. Hence, new studies are required which set off from
this diet-gene interaction instead of the traditional gene-diet interaction in order to obtain
better quality results. It has also been noted that there is a very low level of results
replication for gene-diet interactions. Most reports are unique, in the sense that no further
studies confirm or refute the findings. Publication bias may contribute to this scenario, given
the fact that if later studies do not find statistically significant results, there is a high
probability of not being published. Most often, journals give little priority to articles that do
not contain novel results, preferring to publish new results in which new gene variants are
involved even though they will never be replicated.

Furthermore, most findings are based on observational studies, whereas large-scale,
carefully designed, intervention studies analysing omega3-gene interactions are absent from
the literature. The drop in cost and time required to do genetic analyses combined with
improved statistical and computer power, should allow new interaction studies to undertake
more robust experimental approaches including multiple gene variants thus providing
complete view of these interactions.

In summary, based on the available evidence, titration of n-3 fatty acid intake based on
genetic information with the purpose of preventing or treating disease is not warranted at
this time. New intervention studies, designed specifically for that purpose will be required.
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