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ABSTRACT

Background: Nutrition in the intensive care unit is vital for patient care; however, immunomodulatory diets rich in PUFAs like y-linolenic acid (GLA),
EPA, and DHA remain controversial for patients with acute respiratory distress syndrome. We postulate that genetic variants impacting PUFA
metabolism contribute to mixed responses to PUFA-rich diets.

Objectives: In this study, we aimed to test the effects of single nucleotide polymorphism (SNP) rs174537 on differential responses to PUFA-rich
diets.

Methods: We performed a secondary analysis of the OMEGA trial (NCT00609180) where 129 subjects received placebo control diets and

143 received omega-oil. DNA was extracted from buffy coats and used to genotype rs174537; plasma was used to quantitate PUFAs. We tested
for SNP-diet interactions on PUFA concentrations, inflammatory biomarkers, and patient outcomes.

Results: We observed that all individuals receiving omega-oil displayed significantly higher concentrations of GLA, EPA, and DHA (all P < 0.0001),
but they did not vary by genotype at rs174537. Statistically significant SNP-diet interactions were observed on circulating DHA concentrations in
African Americans. Specifically, African American T-allele carriers on placebo illustrated elevated DHA concentrations. Additionally, all individuals
receiving omega-oil had higher concentrations of EPA-derived urinary F3-isoprostane (Caucasians: P = 0.0011; African Americans: P = 0.0002).
Despite these findings, we did not detect any significant SNP-diet interactions on pulmonary functional metrics, clinical outcomes, and mortality.
Conclusions: This study highlights the importance of genetic and racial contributions to PUFA metabolism and inflammation. In particular,
rs174537 had a significant impact on circulating DHA and urinary isoprostane concentrations. Given our relatively small sample size, further
investigations in larger multiethnic cohorts are needed to evaluate the impact of rs174537 on fatty acid metabolism and downstream inflammation.
Curr Dev Nutr 2020;4:nzaa147.
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Introduction significantly reduced lung compliance (1). It is also commonly referred

to as acute lung injury. Globally, ARDS continues to plague hospitals
Acute respiratory distress syndrome (ARDS) is an acute, diffuse, in-  and intensive care units (ICUs), ultimately contributing <40% of in-
flammatory lung injury, associated with increased pulmonary vascu-  hospital mortalities (2). ARDS patients not only have poor respira-

lar permeability, increased lung weight, loss of aerated lung tissue, and  tory function, but also tend to have higher concentrations of markers
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for coagulation and epithelial/endothelial cell injury (3), as well as
higher incidences of sepsis (4), demonstrating the inflammatory nature
of this syndrome. Although mechanical ventilation remains the primary
treatment of choice in ARDS patients, immunomodulatory diets have
emerged as a secondary or adjuvant treatment for critically ill ARDS
patients (5).

Immunomodulatory dietary blends were first proposed in 1985, with
the key active ingredients being w-3 PUFAs such as EPA (6) and DHA
(7). These PUFAs have been shown to exert anti-inflammatory effects
by producing various specialized proresolving lipid mediators. In addi-
tion, w-6 PUFAs such as y-linolenic acid (GLA) and arachidonic acid
(ARA) serve as precursors to the production of various eicosanoids,
leukotrienes, and isoprostanes (8, 9). As a result, companies like Ab-
bott Nutrition and Nestlé created a suite of immunomodulatory diets
for critically ill patients, such as: IMPACT (Nestlé), Vital (Abbott Nu-
trition), Pivot (Abbott Nutrition), and Oxepa (Abbott Nutrition), to
name a few. The PUFA content of these commercially available diets
is provided in Supplemental Table 1. Over the past 25 years, these
diets have been used by hospitals and tested in several clinical trials
(10-15).

For example, blunt force trauma patients receiving IMPACT experi-
enced a decrease in major organ failure with no differences in ventilator-
free days (VENT-free days), length of stay in the ICU, or length of stay
in the hospital (10). In contrast, ARDS patients given Oxepa, a simi-
lar formulation enriched in w-3 fatty acids, experienced a significant
reduction in the number of VENT-free and ICU-free days, suggest-
ing a greater need for mechanical ventilation and time in the ICU (11,
12). Other clinical trials employing these commercially available dietary
blends have reported no differences in survival in ARDS patients, but
report a significant reduction in mortality in septic patients (13, 14). In
the OMEGA trial, ARDS patients receiving a twice daily enteral sup-
plementation of the Oxepa diet containing GLA, EPA, and DHA had
3 fewer VENT-free days and a 10% increase in 60-day mortality com-
pared with those receiving the control diet (15). Consequently, the trial
ended early, at its first interim analysis time point, and has contributed
to the current controversy over the use of PUFA-enriched dietary blends
in ARDS patients. Current nutritional guidelines and recommendations
for critically ill ARDS patients remain heterogeneous and suboptimal
(16-18). Therefore, there is a need to better understand which patients
could benefit from these adjuvant dietary blends. Such an understand-
ing will likely be borne from deeper understanding of the complex
roles w-3 and w-6 fatty acids play during the acute phases of inflamma-
tion as well as appreciation of the genetic influences that govern PUFA
metabolism.

The biosynthesis and metabolism of long-chain PUFAs occurs pre-
dominantly in the liver and is largely regulated by enzymes encoded by
the fatty acid desaturase (FADS) and elongase (elongation of very-long-
chain fatty acids; ELOVL) genes. Essential dietary PUFAs «-linolenic
and linoleic acids undergo multiple desaturation and elongation steps to
form long-chain w-3 and w-6 PUFAs (i.e., DHA and ARA, respectively),
with the desaturation steps often being the rate-limiting steps. Histori-
cally, it was thought that all individuals had similar metabolic capacities
with respect to fatty acid metabolism and synthesis. However, in light
of genome-wide association studies, several genetic variants near and
within the FADS gene cluster have been identified and shown to be as-
sociated with differential metabolic capacities (19). Most notably, the

single nucleotide polymorphism (SNP) rs174537, which is located
within an ~30-kb haplotype block near FADSI, accounts for nearly
20% of the variation in ARA concentrations and is strongly associated
with FADS1 enzymatic activity (20, 21). Further, the allele frequency
of this SNP has been shown to exhibit large variations by ancestry and
geographical location. Compared with Caucasian Americans, African
Americans have higher frequencies of the major allele (G) at rs174537,
which is associated with more efficient metabolic conversion of w-6 fatty
acids than minor allele (T) carriers (22, 23).

Although the biochemical phenotypes of SNPs like rs174537 include
differential capacities to metabolize PUFAS, this variant has a consider-
able impact on downstream inflammatory processes and diseases. In-
dividuals homozygous for the major allele at rs174537 (i.e., GG) have
been shown to possess an increased capacity to synthesize more proin-
flammatory eicosanoids like 5-hydroxyeicosatetraenoic acid (5-HETE),
leukotriene B4, and 8-epi-PGF2« (24, 25). In addition, rs174537 has
been associated with eczema (26), asthma (27), cardiovascular disease,
and other inflammatory-related diseases (28). The next logical ques-
tion is whether manipulation of dietary PUFA intake, in a genotype-
dependent manner, could be leveraged to improve patient outcomes.
This type of study has not yet been applied to patient populations.
However, an SNP-diet interaction has been demonstrated in healthy
subjects consuming daily omega-oil supplements in a double-blind,
randomized, placebo-controlled crossover study (29).

Given the growing body of compelling data pointing to the impor-
tance of a genetic governance of fatty acid metabolism, we hypothe-
sized that SNP rs174537 would contribute to the differential response
to PUFA-rich diets and potentially influence patient outcomes. To test
this hypothesis, we leveraged on the OMEGA randomized control trial,
which evaluated the effect of twice-daily enteral supplementation of
fatty acids GLA, EPA, DHA, and antioxidants on VENT-free days in
patients with acute lung injury. The randomized control trial was ter-
minated at the first interim analysis due to no evidence of improve-
ment in the primary end point of VENT-free days or other clinical
outcomes in patients with acute lung injury and there was some in-
dication that the diet could be imposing harm (15). The primary ob-
jective of this study was to evaluate the impact of rs174537 on the
response to PUFA-rich diets within the OMEGA trial and to assess
SNP-diet interactions on downstream inflammatory pathways and
patient outcomes.

Methods

Study population

The OMEGA study was a randomized, double-blind, placebo-
controlled, multicenter trial conducted from January 2, 2008 through
February 21, 2009 (NCT00609180). This study was funded by the Na-
tional Heart, Lung, and Blood Institute and led by the Acute Respiratory
Distress Syndrome Network. A total of 272 adults, aged between 18 and
89y, who were within 48 h of developing ARDS and/or acute lung injury
and required mechanical ventilation, were enrolled in the OMEGA trial.
The complete study design for the trial is described in detail elsewhere
(15). Briefly, patients were randomly allocated to receive either a twice-
daily enteral supplementation of the omega-oil diet (Oxepa; Abbott Nu-
trition) containing GLA, EPA, DHA, plus antioxidants (n = 143) or an
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isocaloric-isovolemic carbohydrate-rich control/placebo diet (1 = 129).
Plasma and urine samples were collected at 0, 3, 6, and 12 d postran-
domization. All deidentified patient samples were frozen at —70°C for
further analysis and were provided by the Biological Specimen and Data
Repository Information Coordinating Center (BioLINCC) through an
approved material transfer agreement. Individual measurements for pa-
tient demographics, vital signs, pulmonary functional metrics, and clin-
ical outcomes were also deidentified and compiled into a single database
maintained by BioLINCC. This secondary analysis was approved both
by BioLINCC and the Wake Forest Baptist Medical Center (WFBMC)
Institutional Review Board (IRB#00035109). Biospecimens and other
study data were received from BioLINCC for analyses at WFBMC for
the purpose of this secondary analysis.

This secondary analysis of the OMEGA trial was performed on a
total of 214 subjects, 116 randomly assigned to the omega-oil diet and
98 to the controlled placebo diet. We had to exclude 58 subjects from the
original OMEGA trial due to missing DNA samples and/or missing race
information. A flow chart illustrating the participants in each group of
our secondary analysis is provided in Supplemental Figure 1.

Supplement content and administration

The total energy contents of the omega-oil (480 kcal) and placebo con-
trol (474 kcal) diets were comparable, whereas the total protein (3.8 g
compared with 20 g) and carbohydrate (4.2 g compared with 51.8 g)
contents were much lower in the OMEGA diet. Additional amounts of
EPA (6.84 g), DHA (3.40 g), and GLA (5.92 g) were supplemented in the
omega-oil diet. Patients consumed (enterally) either the control diet or
the omega-oil dietary supplement in the form of 4 oz (120 cc) servings
every 12 h starting at the time of randomization, that is, 8 0z (240 cc)
daily.

Genotyping at rs174537

Banked buffy coats (1 = 240) from the OMEGA clinical trial were used
as the source of DNA. Isolation of DNA was performed using a modified
salting-out precipitation method commonly used for the purification
of DNA (Gentra Puregene Blood Kit; Qiagen). Isolated DNA was sub-
sequently used to identify genotype at rs174537. Sequencing was per-
formed using an ABI 7500 real-time PCR machine. Hardy-Weinberg
equilibrium was confirmed by calculating expected allele frequencies
stratified by race. It should be noted that only self-reported race from
the patient demographics was available.

Fatty acid quantification

Fatty acid methyl esters were extracted from banked OMEGA trial
plasma samples (n = 181) collected at 0, 3, and 6 d postrandom-
ization. GC with flame ionization detection was used to quantify the
fatty acid methyl esters, as previously described (30). Briefly, total fatty
acids were prepared in duplicate plasma samples of 100 pL and then
saponified from complex lipids and converted to methyl esters in the
presence of 100 g triheptadecanoic internal standard (TAG of C17:0;
Nu-Chek Prep). Fatty acids were analyzed on an Agilent J&W DB-23
column (30 m x 0.25 mm; film thickness = 0.25 mm) using an HP 7890
GC-FID (Agilent Technologies, Inc.). Accounting for ~99% of the total
fatty acid content, an average of 26 peaks were routinely identified in the
plasma samples. Fatty acid data are presented as the percentage of total
fatty acids in the samples.
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Urinary biomarkers

Urine was collected at days 0 and 6 postrandomization in 144 subjects
from the original OMEGA trial. Urinary series 4 leukotrienes were pre-
viously quantified under the original study design, using ultraperfor-
mance LC followed by electrospray ionization-MS. F-series isoprostanes
were quantified by using thin-layer chromatography followed by GC-
MS. These urinary inflammatory biomarkers were normalized to crea-
tinine concentrations (15).

Statistical analyses

Baseline characteristics are summarized using median and IQR for con-
tinuous variables like VENT-free and ICU-free days. Percentages and
counts are used to summarize categorical variables like primary cause
of lung injury. To estimate the effects of rs174537 genotype on patient
responses to the omega-oil diet, we first ran a mixed linear model con-
taining an SNP-diet interaction term. If the SNP-diet interaction was
not statistically significant, we then performed a simple mixed linear
model without the SNP-diet interaction term to assess the main effects
of diet and genotype. Both models were stratified by race, adjusted for
age and gender, and had an autoregressive correlation matrix to account
for repeated measures. In this study, we selected an autoregressive cor-
relation matrix because it is a commonly used correlation structure ap-
plied to time series and repeated measures modeling (31). A dominant
genotype model (i.e., 0 = homozygous major allele “GG”; 1 = heterozy-
gous and homozygous minor allele carriers “GT/TT”) was also used in
both models. Variables were either square root or log transformed to
meet the linear regression assumptions of normality.

To estimate the effects of genotype and diet on patient outcomes such
as VENT-free and ICU-free days, a Tobit regression model was used.
Mortality at 30, 60, and 90 d was evaluated using a Cox proportional
hazard regression model. All statistical analyses were stratified by race,
adjusted for age and gender, and were considered statistically significant
if P < 0.005. The reason for this lower P value is to account for multi-
ple comparisons we made between the SNP and 5 PUFAs (i.e., GLA,
EPA, DHA, ARA, and DPA) and 3 urinary markers of inflammation
[F2-isoprostane (F2-IsoP), F3-isoprostane (F3-IsoP), and leukotriene
E4 (LTE4)] included in our analysis. We employed a Bonferroni cor-
rection such that a P value of 0.005 was deemed statistically signifi-
cant. All statistical analyses were performed in SAS (v9.4; SAS Institute,
Inc.).

Results

Baseline characteristics of study participants
We successfully genotyped 240 subjects from the OMEGA trial; 174
were Caucasian, 40 were African Americans, and 26 were other races.
Given our primary goal was to investigate SNP-diet interactions, we had
to stratify our analyses by race and therefore were limited to the Cau-
casian and African American subsets. The observed allele frequency of
the SNP was consistent with previous reports (22, 23) and met Hardy-
Weinberg Equilibrium. Approximately 45% of Caucasians and 80% of
African Americans were homozygous with the major allele G. The dis-
tribution of genotype by race is reported in Table 1.

Patient demographics and baseline study measurements are sum-
marized by genotype and race in Table 2. Study participants were
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TABLE 1 Genotype at rs174537 from patients enrolled in the
OMEGA trial

Genotype at Caucasian African
rs174537 Americans Americans
(n=214) (n=174) (n = 40)
GG (52%) 45% (79) 80% (32)
GT (39%) 44% (77) 18% (7)
TT (9%) 11% (18) 2% (1)
p-value 0.157 0.158

"Distribution of homozygous major allele carriers (GG), heterozygotes (GT), and
homozygous minor allele carriers (TT) are displayed as percentages and raw
counts are provided in parentheses. Genotype counts are consistent with Hardy—
Weinberg equilibrium. Fisher exact test was used to test for differences between
allele frequencies in each race.

mostly Caucasian and accounted for 81% of patients included in the
study. Pneumonia and sepsis were the two most common causes of
lung injury. There were no statistically significant differences in pa-
tient demographics and baseline measurements based on genotype at
rs174537 or diet groups. This is an important finding because the
original trial reported significant differences in VENT-free days be-
tween diet groups, when you consider the entire study cohort. Indeed,
we were able to reproduce this effect. However, when you repeat the
analysis stratified by race, this effect is no longer observed suggest-
ing that there are key racial differences in the response to omega-oil
diet.

Effects of diet and genotype on circulating fatty acid
concentrations

We observed that all individuals who were randomly assigned to the
omega-oil diet displayed significantly higher circulating concentrations
of GLA, EPA, and DHA at days 3 and 6 (all P < 0.0001) (Figure 1A-E).
This was to be expected because the omega-oil diet was enriched with
these 3 fatty acids. We then tested for SNP-diet interactions impacting
GLA, EPA, and DHA and found that African Americans carrying the
T allele (i.e., GT/TT) in the placebo group had high baseline DHA con-
centrations that were comparable to the OMEGA oil diet group. In fact,
we detected a statistically significant SNP-diet interaction on DHA con-
centrations in African Americans (Figure 1F; P = 0.002). This appears
to be due to inherently higher DHA concentrations at day 0 prior to any
dietary supplementation from the OMEGA trial.

Next, we focused on the metabolized long-chain fatty acids derived
from GLA and EPA, respectively. GLA is metabolized first to dihomo-y -
linolenic acid (DGLA), which can give rise to anti-inflammatory bioac-
tive lipids, and then to ARA, the precursor of proinflammatory bioactive
lipids. Because there was no evidence of statistically significant SNP-
diet interactions on DGLA and ARA, we tested for the main effects of
rs174537 and diet impacting circulating concentrations of these PUFAs.
Using a mixed linear model stratified by race and adjusting for age and
gender, we observed that Caucasian GGs had slightly higher concen-
trations of ARA compared with GT/TTs at all time points (P = 0.039)
(Supplemental Figure 2). However, after adjustment for multiple
comparisons, this observation was no longer considered statistically
significant. We subsequently calculated the ARA/DGLA ratio, which is
often used as a surrogate marker for FADS1 enzymatic activity, and ob-
served that Caucasian GGs had consistently higher ARA/DGLA ratios

at baseline (P = 0.0011), day 3 (P = 0.0011), and day 6 (P = 0.0042)
(Figure 2A-C). Though not statistically significant, this trend was simi-
lar in African American GGs, particularly if they received the omega-oil
diet (Figure 2D-F). We believe that the smaller sample size of African
Americans and the high variability in GGs on omega-oil on day 3 is
contributing to the nonsignificant finding.

On the omega-3 side, EPA is metabolized into long-chain DPA and
DHA. Individuals receiving the omega-oil diet displayed significantly
increased concentrations of DPA on days 3 and 6 (P < 0.0001), likely as
a result of metabolized EPA from the diet (Figure 3). This pattern was
consistent in both Caucasian and African American patients. Given that
DHA was also supplemented in the diet, we were unable to tease out
the contributions from exogenous DHA compared with endogenously
produced DHA.

Effects of diet and genotype on urinary inflammatory
biomarkers

To test for both interactive and main effects of rs174537 and the omega-
oil diet on urinary markers of inflammation, a mixed linear model strat-
ified by race and adjusting for age and gender was used. Differences in
concentrations of inflammation were considered statistically significant
if P < 0.005, after adjusting for multiple comparisons.

Urinary F2-IsoP, an ARA-derived prostaglandin-like compound,
serves as a marker of inflammation and oxidative stress. In Caucasians,
F2-IsoP concentrations did not change significantly over time, between
genotype or diet groups (Figure 4A). In contrast, African American
GGs on omega-oil had significantly higher concentrations of F2-IsoP
compared with GT/TTs (P = 0.0329; Figure 4D). After our strict Bon-
ferroni adjustment, however, this SNP-diet interaction was no longer
considered statistically significant. Larger studies are needed to evalu-
ate this potential interaction.

F3-IsoP is an EPA-derived compound that serves as an
inflammation-resolving metabolite that competes with and/or mod-
ulates the actions of F2-IsoP and other proinflammatory molecules
derived from major w-6 fatty acids. All individuals on the omega-
oil diet, regardless of race, had significantly higher concentrations
of urinary F3-IsoP compared with those on placebo (Caucasians:
P = 0.0011; Figure 4B; African Americans: P = 0.0002; Figure 4E).
Genotype at rs174537 additionally had an effect on urinary F3-IsoP
concentrations, where African American GT/TTs had lower con-
centrations (~50% lower) than GGs (P = 0.0221; Figure 4E). After
Bonferroni adjustment for multiple comparisons, this genotypic effect,
however, was no longer considered statistically significant. Visually, the
genotype effect appears to be additive, but larger studies are needed to
verify this.

LTE4 is a potent ARA-derived eicosanoid involved in propagating
inflammation. Caucasian GGs on the placebo diet displayed the largest
reduction in urinary concentrations of LTE4 over 6 d, compared with
GT/TTs on both placebo and omega-oil diets (P = 0.0355; Figure 4C).
African Americans, however, had more stable concentrations of LTE4
with less pronounced changes over time. This was especially true for
minor allele carriers (GT/TT) (P = 0.0347; Figure 4F). After adjustment
for multiple comparisons, these main effects observed for diet in Cau-
casian Americans and rs174537 genotype in African Americans were
no longer considered statistically significant.
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TABLE 2 Summary of patient demographics by genotype at rs174537 and race in the OMEGA trial. Caucasians (n = 174) top

panel, African Americans (n = 40) bottom panel’

Caucasian Americans (n = 174) Placebo (n = 83) Omega oil (n =91) p-value diet p-value SNP
Genotype at rs174537 GG (n=37) GT/TT (n = 46) GG (n=142) GT/TT (n = 49) effects effects
Male 22% (18) 28% (23) 23% (21) 28% (25) 0.871 0.871
Age, y 53 (38, 65) 55 (41, 67) 52 (44, 66) 56 (46, 72) 0.240 0.418
Cause of lung injury 0.360 0.371
Pneumonia 21% (17) 30% (25) 21% (19) 30% (27)

Sepsis 8% (7) 12% (10) 15% (14) 11% (10)

Trauma 1% (1) 1% (1) 3% (3) 3% (3)

Other 15% (12) 12% (10) 7% (6) 10% (9)

Clinical outcomes

Vent-free days 1(7,23) (10, 26) 20 (0, 24 1(0, 24 0.175 0.560
ICU-free days 19 (7,23 21 (12, 25) 20 (0, 24 21 (1, 24 0.423 0.246
Cumulative mortality

At 14 days 5% (4) 6% (5) 8% (7) 10% (9) 0.369 0.904
At 30 days 6% (5) 8% (7) 10% (9) 12% (11) 0.352 0.956
At 90 days 8% (7) 1% (9) 12% (11) 13% (12) 0.591 0.661
Summary of patient demographics by genotype at rs174537 for African Americans in the OMEGA trial (n = 40)

African Americans (n = 40) Placebo (n = 15) Omega oil (n = 25) p-value diet p-value SNP
Genotype at rs174537 GG (n=12) GG (n=3) GG (n = 20) GT/TT (n=5) effects effects
Male 33% (5) 13% (2) 44% (11) 12% (3) 0.833 0.237
Age, y 50 (39, 58) 52 (51, 65) 46 (40, 62) 59 (53, 61) 0.864 0.122
Cause of lung injury 0.313 0.158
Pneumonia 73% (11) 13% (2) 52% (13) 8% (2)

Sepsis 7% (1) 0% (0) 4% (1) 8% (2)

Trauma 0% (0) 0% (0) 0% (0) 0% (0)

Other 0% (0) 7% (1) 24% (6) 4% (1)

Clinical outcomes

Vent-free days (0, 24) 14 (0, 27) 20 (11, 25 10 (0, 0.838 0.245
ICU-free days 2,22) 1512, 27) 19 (7, 24) 9(0,13) 0.283 0.521
Cumulative mortality

At 14 days 13% (2) 0% (0) 12% (3) 8% (2) 0.195 0.600
At 30 days 13% (2) 0% (0) 16% (4) 12% (3) 0.053 0.419
At 90 days 13% (2) 0% (0) 16% (4) 12% (3) 0.053 0.419

"Baseline and study characteristics are reported as percentages and counts for categorical variables or as medians and IQRs for continuous variables. There were no
statistically significant differences in patient demographics or outcomes by genotype or diet. In addition, SNP-diet interactions were not statistically significant. G, major
allele at rs174537; ICU, intensive care unit; SNP, single nucleotide polymorphism; T, minor allele at rs174537.

Effects of diet and genotype on pulmonary function

To determine the effects of SNP-diet interactions on pulmonary func-
tion, we evaluated the ratio of partial arterial oxygenation to fraction of
inspired oxygen and positive end-expiratory pressure metrics. We did
not observe any statistically significant SNP-diet interactions on any
of these pulmonary metrics in either racial group. In addition, although
we were able to detect some differences in the pulmonary function met-
rics by genotype, none of these met our adjusted Bonferroni P value of
0.005.

Effects of diet and genotype on clinical outcomes

A Tobit model was used to estimate the effects of rs174537 genotype
and diet on primary clinical outcomes (i.e., VENT-free and ICU-free
days). We did not observe any significant differences in VENT-free or
ICU-free days between genotype or the SNP-diet interaction when we
stratified by race. Again, this is very important to note because the origi-
nal OMEGA trial reported significant differences when the entire study
population was evaluated as a whole. This secondary analysis reveals
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potential racial differences in ARDS patients that should be considered
for all future studies.

Effects of diet and genotype on mortality

Opverall, there were 44 deaths in Caucasian Americans and 10 deaths
in African Americans 90 d postrandomization. To determine the im-
pact of genotype, diet, and SNP-diet interactions on mortality we used
a Cox proportional hazard model that adjusted for age and gender. No
statistically significant differences in mortality were observed between
genotype or diet in the overall study population (Figure 5A). After strat-
ifying by race, this effect remained nonsignificant in both racial cohorts
(Caucasian Americans: HR: 1.25; 95% CI: 0.659, 2.372; P = 0.49, Figure
5B; African Americans: HR: 2.47; 95% CI: 0.507, 12.017; P = 0.26;
Figure 5C).

Discussion

It is well known that w-3 and w-6 fatty acids are key players of in-
nate immunity and can modulate the acute phases of inflammation.
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FIGURE 1 Circulating concentrations of GLA, EPA, and DHA by genotype in the OMEGA trial. Means (squares) and standard deviations
(error bars) are illustrated for each study time point (i.e. days 0, 3 and 6). A mixed linear model with an autoregressive covariance structure
was stratified by race and adjusted for age and gender to estimate the interactive and additive effects of diet and genotype at rs174537
on concentrations of GLA, EPA, and DHA. GLA and EPA variables were log transformed to meet the linear regression assumptions of
normality. Differences in circulating concentrations of these fatty acids between diet and genotype were assessed using a dominant
genotype model (i.e., GG = 0 vs. GT/TT = 1) and considered statistically significant if P < 0.005, based on our Bonferroni correction for
multiple comparisons. We observed significant effects of diet on circulating concentrations of GLA, EPA, and DHA in both races (A-F;

P < 0.0001), regardless of genotype. Interestingly, we observed a statistically significant SNP-diet interaction on circulating concentrations
of DHA in African Americans (F; P = 0.0020), where T-allele carriers on placebo illustrated elevated concentrations of DHA, comparable to
those on the omega-oil diet. G, major allele at rs174537; GLA, y-linolenic acid; T, minor allele at rs174537.

However, the utility of w-3 PUFA-enriched diets for modulation of in-
flammation continues to be debated due to conflicting results from sev-
eral clinical trials in critically ill patients, including those with ARDS.
Genetic variants spanning the FADS gene cluster and those in strong
linkage disequilibrium (LD) with the FADS region (e.g., rs174537) can
directly impact concentrations of tissue and circulating w-3 and w-6
fatty acids, which we postulated can also contribute to the variability in
response to such diets. This study describes for the first time SNP-diet
interactions impacting patient responses to PUFA-enriched diets in an
ARDS cohort. We show that I) the omega-oil diet significantly impacts

circulating fatty acid concentrations, urinary F3-IsoP concentrations,
and clinical outcomes, some more disproportionately in African
Americans; 2) genotype at rs174537 is significantly associated with
ARA/DGLA ratios, particularly in Caucasians; and 3) there is some in-
dication of SNP-diet interactions on DHA and concentrations of both
F2-IsoPs and F3-IsoPs, although only the impact on DHA in African
Americans remained statistically significant after we made an adjust-
ment for multiple comparisons. Larger studies are needed to evalu-
ate the impact of rs174537 and other relevant genetic variants influ-
encing fatty acid metabolism. To the best of our knowledge, this is

CURRENT DEVELOPMENTS IN NUTRITION
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FIGURE 2 ARA/DGLA ratios, representing fatty acid desaturase 1 enyzmatic efficiency (also known as delta 5 desaturase), is illustrated
over time between ethnicities and genotype at rs174537. Median and interquartile range (IQR) values are reported in the form of
box-whisker plots. Caucasian GGs at SNP rs174537 have higher ARA/DGLA ratios. ARA and DGLA variables were transformed to meet the
linear regression assumptions of normality. A mixed linear model with an autoregressive covariance structure was stratified by race and
adjusted for age and gender to estimate the interactive and additive effects of diet and genotype at rs174537 on ARA/DGLA ratios over
time. Differences in ARA/DGLA ratios between diet and genotype were assessed using a dominant genotype model (i.e., GG = 0 vs.
GT/TT = 1) and considered statistically significant if P < 0.005, based on our Bonferroni correction for multiple comparisons. There was no
evidence of SNP—diet interactions observed in either racial cohort. After Bonferroni adjustments for multiple comparisons, we observed a
significant genotype effect impacting concentrations of ARA/DLGA ratios in Caucasian Americans at baseline (P = 0.0011; A), day 3
(P=0.0011; B), and day 6 (P = 0.0042; C). No significant genotype effects were observed in African Americans (D-F). ARA, arachidonic
acid; DGLA, dihomo-y-linolenic acid; G, major allele at rs174537; SNP, single nucleotide polymorphism; T, minor allele at rs174537.

the first study assessing potential SNP-diet interactions impacting the
patient response to PUFA-enriched diets in critically ill patients with
ARDS.

In this study, major allele carriers (i.e., GG) at rs174537 displayed the
highest ARA/DGLA ratios at all time points, particularly in Caucasians,
implying fast and efficient FADS1 enzymatic activity (also known as
A®-desaturase activity). However, this did not translate to significantly
different concentrations of ARA by genotype. One explanation for this
finding is the high amount of GLA given to participants randomly as-
signed to the omega-oil diet group. When GLA is given in the diet,
it is metabolized into DGLA, which can cause a bottleneck effect at
the FADSI step in T-allele carriers because they are unable to effi-
ciently metabolize excess DGLA into ARA. Further, the high dose of
both GLA and EPA could impact the FADSI activity, ultimately caus-
ing circulating ARA concentrations to remain low. In a study of healthy

CURRENT DEVELOPMENTS IN NUTRITION

adults given 3 g/d fish oil supplements for 6 wk, minor allele carriers
at rs174546, which is in high LD with rs174537 (> = 0.978), had the
smallest change in A’-desaturase activity after 6 wk of fish oil supple-
mentation (32). Though it is clear that this SNP impacts FADS1 activity,
more information is needed to better understand how diet modulates its
activity.

In our smaller African American subset, we observed a significant
SNP-diet interaction effect on DHA concentrations even after correct-
ing for multiple comparisons. African American T-allele carriers (i.e.,
GT/TT) on placebo displayed elevated concentrations of circulating
DHA, comparable to participants receiving the omega-oil diet. This
observation reveals a potential confounding factor from the original
OMEGA trial. Not only were baseline DHA concentrations higher in
this subset, but our secondary analysis reveals dramatic differences be-
tween races.
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FIGURE 3 Circulating DPA concentrations are significantly higher in patients receiving the omega-oil diet. Means (squares) and standard
deviations (error bars) are reported. DPA variables were log transformed to meet the linear regression assumptions of normality. A mixed
linear model with an autoregressive covariance structure was stratified by race and adjusted for age and gender to estimate the interactive
and additive effects of diet and genotype at rs174537 on concentrations of DPA. Differences in circulating DPA concentrations between
diet randomization and genotype groups were assessed using a dominant genotype model (i.e., GG = 0 vs. GT/TT = 1) and were
considered statistically significant if P < 0.005, based on our Bonferroni correction for multiple comparisons. There was no evidence for a
SNP-diet interaction in either racial cohort. However, all individuals on the omega-oil diet exhibited significantly higher concentrations of
DPA compared with those on placebo (as indicated by diet p-value in figure), in both races (A, B; P < 0.0001). DPA, docosapentaenoic
acid; G, major allele at rs174537; SNP, single nucleotide polymorphism; T, minor allele at rs174537.

To date, reports addressing the relative benefit of w-3 fatty acid-
enriched diets in ARDS patients have focused primarily on clinical out-
comes like VENT-free and ICU-free days. However, the sole reliance
on clinical outcomes fails to highlight PUFA-related biochemical path-
ways, mechanisms by which w-3 and w-6 fatty acids modulate inflam-
mation, and biological targets worth investigating. In this study, we ob-
served that individuals on the omega-oil diet had significantly elevated
concentrations of the EPA-derived urinary metabolite F3-IsoP, with the
T-allele carriers generally displaying the highest concentrations. This ef-
fect was consistently observed in both Caucasian and African American
subjects. The excretion of EPA-derived metabolites raises a question
about the dosing of EPA within the diet and how it might potentially
provide immunomodulatory benefit. Additionally, we observed that
individuals receiving the omega-oil diet generally had lower concen-
trations of ARA-derived inflammatory markers (based on unadjusted
P values for multiple comparison). However, larger studies are needed
to evaluate this effect more fully.

Although the current study did not measure PGs, thromboxanes, or
leukotrienes other than LTE4, other studies have observed associations
between rs174537 and the generation of several eicosanoids including
leukotriene B4 and 5-HETE, 2 proinflammatory eicosanoids that were
elevated in Caucasian major allele carriers (24). Similarly, other stud-
ies have demonstrated strong associations between major allele carriers
of rs174537 and elevated 8-epi-PGF,, concentrations (25, 33). Consid-
ering the strong allele-specific associations that have been uncovered
between major allele carriers of rs174537 and elevated ARA concen-
trations, it is plausible that the increase in ARA-derived eicosanoids
is a result of an increased metabolic capacity to metabolize w-6 fatty
acids toward proinflammatory mediators of inflammation. To date,

few studies have highlighted potential associations between rs174537
and -3 fatty acids (34). It would be interesting to see if rs174537,
and other related SNPs, impact the production of w-3-derived
lipid mediators and consequently modulate inflammatory processes
(35, 36).

Despite observing significant diet, genotype, and SNP-diet interac-
tions on the circulating PUFAs and inflammatory biomarkers, we did
not detect any significant differences in patient outcomes, including pul-
monary functional metrics, VENT-free days, ICU-free days, or mortal-
ity. The worse mortality rates were observed in the African American
T-allele carriers (i.e., GT/TT) receiving the omega-oil diet. Although
we were unable to detect statistically significant differences between
genotype and diet groups, larger studies are necessary to confirm these
trends.

Although this secondary analysis of the OMEGA trial has revealed
potentially important targets involving SNP-diet interactions on fatty
acid metabolism and inflammation, there are a few limitations worth
noting. First, we acknowledge that sample size was relatively small,
particularly in the African American subset because we had to strat-
ify our analyses by both race and genotype. Additional studies are
needed to investigate the impact of this SNP and others within the
FADS region in larger ethnic populations and to confirm the SNP and
racial effects we observed in this study. Further, the OMEGA trial only
provided self-reported race. Larger studies, potentially with ancestral
markers, are needed to further delineate the effects of rs174537 and
other genetic variants on PUFA-rich diets. Second, we acknowledge
that the carbohydrate and protein compositions of the randomized di-
ets were also different and might have influenced patient outcomes.
However, disentangling the interdependencies among the nutritional
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FIGURE 4 The effect of genotype at rs174537 and diet on urinary inflammatory biomarkers. Means (squares) and standard deviations
(error bars) are reported. F-series isoprostane variables were log transformed and series 4 leukotriene variables were square root
transformed to meet the linear regression assumptions of normality. Urinary biomarkers were normalized to creatinine (Cr) levels. A mixed
linear model with an autoregressive covariance structure was stratified by race and adjusted for age and gender to estimate the interactive
and additive effects of diet and genotype at rs174537 on urinary biomarkers of inflammation. Differences between diet randomization and
genotype groups were assessed using a dominant genotype model (i.e., GG = 0 vs. GT/TT = 1) and considered significant if P < 0.005,
based on our Bonferroni correction for multiple comparisons. Unadjusted P values were observed for the following variables:
F2-isoprostane: for the SNP-diet interaction P = 0.0329 in African Americans (D); F3-isoprostane: diet P = 0.0011 in Caucasians (B), and

diet P = 0.0002 and genotype P = 0.0221 in African Americans (E); leukotriene E4: diet P = 0.0355 in Caucasians (C) and genotype

P =0.0347 in African Americans (F). After Bonferroni adjustments for multiple comparisons, only the effect of omega-oil diet on
F3-isoprostane concentrations remained statistically significant in both races. This means that the increase in urinary F3-isoprostane is
mainly driven by the high concentrations of EPA in the omega-oil diet. Cr, creatinine; G, major allele at rs174537; LTE4, leukotriene E4;

SNP, single nucleotide polymorphism; T, minor allele at rs174537.

components of the diet is beyond the scope of our current study. Third,
we initially focused on SNP rs174537, but there is a need to perform
a comprehensive scan of all relevant FADS and ELOVL SNPs to iden-
tify which genetic variants most strongly impact PUFA metabolism
and inflammation in the context of ARDS. Fourth, this study only fo-
cused on 3 major urinary inflammatory biomarkers, which were mea-
sured in the original OMEGA trial. Other key inflammatory mark-
ers that could be evaluated for SNP-diet interactions in the future
include plasma cytokines, PUFA-derived eicosanoids, and specialized
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proresolving lipid mediators, which can be altered by fatty acids ob-
tained from the diet. Lastly, we could not assess epigenetic changes
to FADS and ELOVL genes because DNA was only collected at base-
line (i.e., day 0). Future studies could benefit from investigating genetic
and epigenetic regulation of these genes in response to dietary fish oil
supplements. Despite these limitations, this study is the first to report
potential SNP-diet interactions impacting fatty acid metabolism and
inflammation in ARDS patients. We show some promising evidence
that rs174537 and potentially other SNPs in high LD could play an
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FIGURE 5 Comparison of survival rates in Caucasian and African
Americans by genotype and randomized diet group. A Cox
proportional hazard regression model stratified by race and
adjusting for age gender was used to assess differences in 30-d,
60-d, and 90-d mortality. Differences in mortality between diet and
genotype were assessed using a dominant genotype model (i.e.,
GG = 0vs. GT/TT = 1) and was considered statistically significant
if P < 0.005, based on our Bonferroni correction for multiple
comparisons. Using this model, we did not observe any statistically
significant genotype, diet, or SNP-diet effects impacting 30-d,
60-d, or 90-d mortality in either racial groups. However, African
American T-allele carriers on the omega-oil diet displayed the
worst survival rates. G, major allele at rs174537; T, minor allele at
rs174537.

important role on the subsequent inflammation following lung injury
in ARDS patients.

To conclude, in this study we evaluated the impact of rs174537 on the
response to diets enriched in omega-oil by performing a secondary data
analysis of the OMEGA trial. We observed significant SNP-diet inter-
actions on circulating DHA concentrations, within African Americans.

Caucasian GGs consistently had higher ARA/DGLA ratios at all time
points. Both races receiving the omega-oil diet demonstrated elevated
concentrations of EPA-derived urinary F3-IsoP compared with placebo,
but this did not translate to improved patient outcomes. Our secondary
data analysis reveals the importance of FADS-related genetic variants
and race on circulating PUFA concentrations, particularly DHA. In ad-
dition, rs174537 was significantly associated with higher concentrations
of urinary inflammatory markers, particularly in African Americans re-
ceiving the omega-oil diet. A “one size fits all” approach to PUFA sup-
plementation might not be appropriate for human populations (34). Fu-
ture studies should investigate other FADS and ELOVL genetic variants
to identify more precisely which patient populations and racial groups
might benefit from adjuvant w-3-enriched diets to reduce inflamma-
tion and improve outcomes following acute lung injury.

Acknowledgments

We acknowledge Edward H Kirby Jr for his assistance in processing the
plasma samples for FAME quantification, and Dr Todd Rice for pro-
viding access to the urinary inflammatory biomarker data for this sec-
ondary analysis.

The authors’ responsibilities were as follows—ER: study concept, de-
sign, and entire project oversight; FHC: study concept and design; CDL:
statistical analysis and interpretation; TDH: genetic protocols and anal-
ysis; DCF: facilitated the acquisition of patient data and interpretation
of the clinical data; SS: analysis of fatty acid data; KNS and CMKW:
performed genotyping; BD: performed all final data analyses and was
a major contributor in the writing of this manuscript; and all authors:
were involved in the design, analysis, and interpretation of this study,
and read and approved the final manuscript.

References

—

. Wohlrab P, Kraft F, Tretter V, Ullrich R, Markstaller K, Klein KU. Recent

advances in understanding acute respiratory distress syndrome. F1000Res

2018;7:263.

Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, Gattinoni L, van

Haren F, Larsson A, McAuley DF, et al. Epidemiology, patterns of care, and

mortality for patients with acute respiratory distress syndrome in intensive

care units in 50 countries. JAMA 2016;315(8):788-800.

3. Garcia-Laorden MI, Lorente JA, Flores C, Slutsky AS, Villar J. Biomarkers

for the acute respiratory distress syndrome: how to make the diagnosis more

precise. Ann Transl Med 2017;5(14):283.

Stapleton RD, Wang BM, Hudson LD, Rubenfeld GD, Caldwell ES,

Steinberg KP. Causes and timing of death in patients with ARDS. Chest

2005;128(2):525-32.

Schwartz J. Role of polyunsaturated fatty acids in lung disease. Am J Clin

Nutr 2000;71(1 Suppl):393s.

Bhatt DL, Steg PG, Miller M, Brinton EA, Jacobson TA, Ketchum SB, Doyle

RT, Jr, Juliano RA, Jiao L, Granowitz C, et al. Cardiovascular risk reduction

with icosapent ethyl for hypertriglyceridemia. N Engl ] Med 2019;380(1):

11-22.

Lee TH, Hoover RL, Williams JD, Sperling RI, Ravalese J, 3rd Spur BW,

Robinson DR, Corey EJ, Lewis RA, Austen KF. Effect of dietary enrichment

with eicosapentaenoic and docosahexaenoic acids on in vitro neutrophil and

monocyte leukotriene generation and neutrophil function. N Engl | Med

1985;312(19):1217-24.

8. Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology.
Nature 2014;510(7503):92-101.

9. Calder PC. n-3 polyunsaturated fatty acids, inflammation, and inflammatory

diseases. Am ] Clin Nutr 2006;83(6 Suppl):1505S.

N

Ee

b

>

N

CURRENT DEVELOPMENTS IN NUTRITION



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Farber MS, Moses J, Korn M. Reducing costs and patient morbidity in
the enterally fed intensive care unit patient. JPEN ] Parenter Enteral Nutr
2005;29(1 Suppl):862-9.

Gadek JE, DeMichele §J, Karlstad MD, Pacht ER, Donahoe M, Albertson TE,
Van Hoozen C, Wennberg AK, Nelson JL, Noursalehi M. Effect of enteral
feeding with eicosapentaenoic acid, gamma-linolenic acid, and antioxidants
in patients with acute respiratory distress syndrome. Enteral Nutrition in
ARDS Study Group. Crit Care Med 1999;27(8):1409-20.

Pacht ER, DeMichele SJ, Nelson JL, Hart J, Wennberg AK, Gadek JE.
Enteral nutrition with eicosapentaenoic acid, gamma-linolenic acid, and
antioxidants reduces alveolar inflammatory mediators and protein influx
in patients with acute respiratory distress syndrome. Crit Care Med
2003;31(2):491-500.

Singer P, Theilla M, Fisher H, Gibstein L, Grozovski E, Cohen ]. Benefit of
an enteral diet enriched with eicosapentaenoic acid and gamma-linolenic
acid in ventilated patients with acute lung injury. Crit Care Med 2006;34(4):
1033-8.

Pontes-Arruda A, Aragdo AM, Albuquerque JD. Effects of enteral feeding
with eicosapentaenoic acid, gamma-linolenic acid, and antioxidants in
mechanically ventilated patients with severe sepsis and septic shock. Crit
Care Med 2006;34(9):2325-33.

Rice TW, Wheeler AP, Thompson BT, deBoisblanc BP, Steingrub J, Rock
P. Enteral omega-3 fatty acid, gamma-linolenic acid, and antioxidant
supplementation in acute lung injury. JAMA 2011;306(14):1574-81.

Casey JD, Semler MW, Rice TW. Fluid management in acute respiratory
distress syndrome. Semin Respir Crit Care Med 2019;40(1):57-65.

Roehl K. Immunonutrition in 2016: benefit, harm or neither? Pract
Gastroenterol [Internet] 2016;40(8). Available from: https://practicalgastro.
com/2019/09/02/immunonutrition-in-2016-bene-t-harm-or-neither/.
Dushianthan A, Cusack R, Burgess VA, Grocott MP, Calder PC.
Immunonutrition for acute respiratory distress syndrome (ARDS) in
adults. Cochrane Database Syst Rev 2019;1(1):CD012041.

Zhang JY, Kothapalli KSD, Brenna JT. Desaturase and elongase-limiting
endogenous long-chain polyunsaturated fatty acid biosynthesis. Curr Opin
Clin Nutr Metab Care 2016;19(2):103-10.

Howard TD, Mathias RA, Seeds MC, Herrington DM, Hixson JE, Shimmin
LC, Hawkins GA, Sellers M, Ainsworth HC, Sergeant S, et al. DNA
methylation in an enhancer region of the FADS cluster is associated with
FADS activity in human liver. PLoS One 2014;9(5):97510.

Tanaka T, Shen J, Abecasis GR, Kisialiou A, Ordovas JM, Guralnik JM,
Singleton A, Bandinelli S, Cherubini A, Arnett D, et al. Genome-wide
association study of plasma polyunsaturated fatty acids in the InCHIANTI
Study. PLos Genet 2009;5(1):1000338.

Mathias RA, Sergeant S, Ruczinski I, Torgerson DG, Hugenschmidt CE,
Kubala M, Vaidya D, Suktitipat B, Ziegler JT, Ivester P, et al. The impact
of FADS genetic variants on w6 polyunsaturated fatty acid metabolism in
African Americans. BMC Genet 2011;12:50.

Sergeant S, Hugenschmidt CE, Rudock ME, Ziegler JT, Ivester P, Ainsworth
HC, Vaidya D, Douglas Case L, Langefeld CD, Freedman BI, et al. Differences
in arachidonic acid levels and fatty acid desaturase (FADS) gene variants in
African Americans and European Americans with diabetes or the metabolic
syndrome. Br ] Nutr 2012;107(4):547-55.

CURRENT DEVELOPMENTS IN NUTRITION

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Secondary analysis of the OMEGA clinical trial 11

Hester AG, Murphy RC, Uhlson CJ, Ivester P, Lee TC, Sergeant S, Miller
LR, Howard TD, Mathias RA, Chilton FH. Relationship between a common
variant in the fatty acid desaturase (FADS) cluster and eicosanoid generation
in humans. J Biol Chem 2014;289(32):22482-9.

Hong SH, Kwak JH, Paik JK, Chae JS, Lee JH. Association of polymorphisms
in FADS gene with age-related changes in serum phospholipid
polyunsaturated fatty acids and oxidative stress markers in middle-aged
nonobese men. Clin Interv Aging 2013;8:585-96.

Losol P, Rezwan FI, Patil VK, Venter C, Ewart S, Zhang H, Arshad SH,
Karmaus W, Holloway JW. Effect of gestational oily fish intake on the risk
of allergy in children may be influenced by FADS1/2, ELOVL5 expression
and DNA methylation. Genes Nutr 2019;14:20.

Barman M, Nilsson S, Torinsson Naluai A, Sandin A, Wold AE, Sandberg
AS. Single nucleotide polymorphisms in the FADS gene cluster but not
the ELOVL2 gene are associated with serum polyunsaturated fatty acid
composition and development of allergy (in a Swedish birth cohort).
Nutrients 2015;7(12):10100-15.

Li SW, Lin K, Ma P, Zhang ZL, Zhou YD, Lu SY, Zhou X, Liu SM. FADS
gene polymorphisms confer the risk of coronary artery disease in a Chinese
Han population through the altered desaturase activities: based on high-
resolution melting analysis. PLoS One 2013;8(1):€55869.

Sergeant S, Hallmark B, Mathias RA, Mustin TL, Ivester P, Bohannon ML,
Ruczinski I, Johnstone L, Seeds MC, Chilton FH. Prospective clinical trial
examining the impact of genetic variation in FADS1 on the metabolism of
linoleic acid- and y-linolenic acid-containing botanical oils. Am ] Clin Nutr
2020;111:1068-78.

Metcalfe LD, Schmitz AA. The rapid preparation of fatty acid esters for gas
chromatographic analysis. Anal Chem 1961;33(3):363-4.

Ramon C, Littell JP, Natarajan R. Tutorial in biostatistics: modelling
covariance structure in the analysis of repeated measures data. Stat Med
2000;19:1793-819.

Cormier H, Rudkowska I, Lemieux S, Couture P, Julien P, Vohl MC. Effects
of FADS and ELOVL polymorphisms on indexes of desaturase and elongase
activities: results from a pre-post fish oil supplementation. Genes Nutr
2014;9(6):437.

Park JY, Paik JK, Kim OY, Chae JS, Jang Y, Lee JH. Interactions between
the APOA5-1131T >C and the FEN1 10154G >T polymorphisms on omega
6 polyunsaturated fatty acids in serum phospholipids and coronary artery
disease. J Lipid Res 2010;51(11):3281-8.

Chilton FH, Dutta R, Reynolds LM, Sergeant S, Mathias RA, Seeds
MC. Precision nutrition and omega-3 polyunsaturated fatty acids: a case
for personalized supplementation approaches for the prevention and
management of human diseases. Nutrients 2017;9(11):1165.

Lopez-Vicario C, Rius B, Alcaraz-Quiles ], Gonzalez-Périz A, Martinez-
Puchol AL Casulleras M, Duran-Giiell M, Ibarzabal A, Corcelles R, Laguna-
Fernandez A, et al. Association of a variant in the gene encoding for
ERV1/ChemR23 with reduced inflammation in visceral adipose tissue from
morbidly obese individuals. Sci Rep 2017;7(1):15724.

Pal A, Al-Shaer AE, Guesdon W, Torres MJ, Armstrong M, Quinn K, Davis
T, Reisdorph N, Neufer PD, Spangenburg EE, et al. Resolvin E1 derived
from eicosapentaenoic acid prevents hyperinsulinemia and hyperglycemia
in a host genetic manner. FASEB Journal 2020;34(8):10640-56.


https://practicalgastro.com/2019/09/02/immunonutrition-in-2016-bene-t-harm-or-neither/

