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Abstract

Dietary consumption of long-chain omega-3 polyunsaturated fatty acids (n-3 PUFA) may protect 

against cardiometabolic disease through modulation of systemic and adipose inflammation. 

However it is often difficult to detect the subtle effects of n-3 PUFA on inflammatory biomarkers 

in traditional intervention studies. We aimed to identify novel n-3 PUFA modulated gene 

expression using unbiased adipose transcriptomics during evoked endotoxemia in a clinical trial of 

n-3 PUFA supplementation. We analyzed adipose gene expression using RNASeq in the 

fenofibrate and omega-3 fatty acid modulation of endotoxemia (FFAME) trial of healthy 

individuals at three timepoints: before and after n-3 PUFA supplementation (n=8; 3600mg/day 

EPA/DHA) for 6 weeks compared with placebo (n=6), as well as during a subsequent evoked 

inflammatory challenge (LPS 0.6 ng/kg I.V.). As expected, supplementation with n-3 PUFA vs. 

placebo alone had only modest effects on adipose tissue gene expression e.g., increased expression 

of immediate early response 2 (IER2). In contrast, the transcriptomic response to evoked 

endotoxemia was significantly modified by n-3 PUFA supplementation, with several genes 

demonstrating significant n-3 PUFA gene-nutrient interactions e.g., enhanced transcriptional 

responses in specific immune genes IER5L, HES1, IL1RN, CCL18, IL1RN, IL7R, IL8, CCL3 and 

others. These data highlight potential mechanisms whereby n-3 PUFA consumption may enhance 

the immune response to an inflammatory challenge. In conclusion, unbiased transcriptomics 

during evoked inflammation reveals novel immune modulating functions of n-3 PUFA nutritional 

intervention in a dynamic pathophysiological setting.

Address for Correspondence and Reprints: Jane F Ferguson, Division of Cardiovascular Medicine, 2525 West End Suite 300-A, 
Nashville, TN 37203, USA. Phone: +1(615)875-9896. jane.f.ferguson@vanderbilt.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author contributions to manuscript
Designed research (JFF, MPR); Conducted research (JFF); Analyzed data (JFF, CX, YH, ML); Wrote paper (JFF, MPR); Have 
primary responsibility for final content (JFF, MPR).

No authors declare a conflict of interest

HHS Public Access
Author manuscript
J Nutr Biochem. Author manuscript; available in PMC 2017 April 01.

Published in final edited form as:
J Nutr Biochem. 2016 April ; 30: 126–132. doi:10.1016/j.jnutbio.2015.12.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

n-3 PUFA; inflammation; LPS; RNASeq; evoked endotoxemia; adipose tissue

INTRODUCTION

Inflammation plays a central role in the human homeostatic response to environmental 

stimuli in the setting of pathogenic infection and injury as well as during chronic dietary and 

lifestyle stresses.[1] The ability to regulate an appropriate inflammatory response for a 

specific stimulus is crucial to maintain health and prevent the development and progression 

of disease. Obesity and diet-related adipose tissue inflammation is an important factor in 

chronic inflammatory cardiometabolic diseases.[2, 3]

Dietary components which modulate inflammation are of great interest in disease prevention 

and treatment. Long-chain omega-3 polyunsaturated fatty acids (n-3 PUFA) have been 

extensively studied for their anti-inflammatory and cardio-protective effects.[4–6] 

Supplementation with n-3 PUFA is thought to confer benefit against inflammatory 

cardiometabolic disease. However studies remain inconclusive and conflicting, likely due to 

the challenges inherent in human nutritional intervention studies,[7] population and context 

specific effects, and genetic differences between individuals in their responsiveness to 

dietary components.[8] In vitro studies have shown n-3 PUFA can reduce inflammation in 

adipocytes and macrophages.[6] It is thought that n-3 PUFA might exert disease protection 

through tissue-specific anti-inflammatory effects in adipose tissue,[9] yet anti-inflammatory 

effects in clinical and population studies are weak or inconsistent.[10]

Due to the subtle effects of nutritional interventions in the resting state, application of 

evoked phenotype modeling to nutrigenomic studies may have increased power to detect the 

effects of nutritional interventions that are most relevant to dynamic human 

pathophysiologies.[11, 12] We and others apply low-dose systemic lipopolysaccharide 

(LPS) administration (endotoxemia) as a model to study the inflammatory and metabolic 

impact of activation of innate immunity in humans and have described the response to LPS 

in healthy volunteers; the evoked transient systemic inflammation, adipose inflammation 

and insulin resistance resembles the chronic abnormalities seen in human cardiometabolic 

disease.[13–15] Furthermore, we have shown that LPS induces tissue-specific 

transcriptomic changes, of relevance to both inflammatory responses and to cardiometabolic 

disease risk.[16, 17]

The fenofibrate and omega-3 fatty acid modulation of endotoxemia (FFAME) Study 

recruited healthy volunteers (N=80) to a University of Pennsylvania Clinical and 

Translational Research Center (UPenn CTRC) protocol.[13] Subjects were randomized to 

supplementation with n-3 PUFA or placebo, and completed an endotoxin challenge (LPS 

0.6ng/kg) after 6–8 weeks treatment. Treatment with “high”-dose n-3 PUFA (3600mg/day 

EPA/DHA) led to a significant reduction in the febrile response to LPS, and a trend towards 

decreased cytokine response.[13] We hypothesized that treatment with n-3 PUFA would 

also alter the transcriptomic response to LPS in adipose tissue, and selected a subset of 

individuals (n=16) for adipose tissue transcriptomic analysis using RNA sequencing 

Ferguson et al. Page 2

J Nutr Biochem. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(RNASeq). We sequenced RNA from adipose tissue biopsies at 3 timepoints in all 

individuals: before intervention, following ~6 weeks of supplementation with n-3 PUFA 

(3600mg EPA/DHA, n=8) or placebo (n=6), and then following evoked endotoxemia (LPS 

0.6 ng/kg), to identify novel immune-responsive genes altered by n-3 PUFA 

supplementation.

SUBJECTS AND METHODS

The FFAME Study: Human very low-dose endotoxemia

The FFAME Study recruited healthy volunteers (N=80) to an inpatient endotoxemia 

protocol at the University of Pennsylvania (UPenn), clinicaltrials.gov NCT01048502 as 

described.[13] Subjects were randomized to double-blind placebo-controlled treatment arms: 

placebo (corn oil), fish-oil derived omega-3-acid ethyl ester eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA) (Lovaza, GlaxoSmithKline; 465mg EPA + 375mg DHA) 

supplemented at either “low-dose” (1/day, 900mg) or “high-dose” (4/day, 3600mg), or 

fenofibrate (Tricor, Abbott Laboratories) 145 mg/day. Each capsule contained α-tocopherol 

(4mg) as an antioxidant. The fenofibrate and n-3 PUFA arms of the trial were analyzed and 

reported separately.[13, 18] The treatment period ranged from 6 to 8 weeks, to allow for 

scheduling of the baseline and inpatient visits. The median treatment time was 48 days. All 

subjects completed an inpatient lipopolysaccharide (LPS) challenge at the UPenn Clinical 

and Translational Research Center (CTRC). Following overnight acclimatization, 0.6ng/kg 

U.S. standard reference endotoxin (lot No. CCRE-LOT-1+2; Clinical Center, Pharmacy 

Department at the National Institutes of Health, Bethesda, MD) was administered. Subjects 

remained confined to their bed during the post-LPS phase. Samples of gluteal subcutaneous 

adipose tissue were obtained at randomization, post-treatment pre-LPS, and four hours 

following LPS, as previously described.[16] The four hour post-LPS adipose biopsy was 

chosen based on our previous work highlighting significant tissue expression changes, 

concurrent with the systemic inflammatory response.[16] Adipose biopsies were snap-frozen 

for subsequent RNA extraction. The trial was conducted with the approval of the UPenn 

Institutional Review Board, and all participants provided written informed consent.

FFAME Transcriptomic sub-study

We previously reported that high, but not low-dose EPA/DHA significantly reduced the 

inflammatory response to LPS.[13] To interrogate this difference further, a subset of 

FFAME study participants were selected from the “high-dose” n-3 PUFA (3600mg/day 

EPA/DHA; n=8) and placebo (n=8) groups for in-depth adipose transcriptomic analyses 

using high-throughput RNA sequencing (RNASeq). Based on our previous work, [17] this 

number is well-powered to detect differences in gene and lincRNA expression. To minimize 

variation attributable to race or sex differences, we only included individuals of European 

Ancestry, 50% female, with high quality RNA. As described below, 2 subjects were 

removed from the placebo group during RNASeq quality control (QC) analysis. This 

included one male and one female subject, maintaining sex balance between the groups. 

There were no differences between the groups in baseline characteristics (Table 1). An 

overview of the FFAME transcriptomic study is shown in Figure 1.
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RNA extraction and expression analysis

RNA from FFAME Study adipose tissue biopsies (3 samples per subject, 48 samples total) 

was extracted using the RNeasy total RNA kit (Qiagen Inc., Valencia, CA).[17] RNA 

concentration and quality was assessed using an Agilent BioAnalyzer (Agilent, Santa Clara, 

CA). Strand-specific poly-A RNA libraries (TruSeq RNA Sample Preparation Kit, Illumina, 

San Diego, CA) were prepared as described.[17] Libraries were sequenced on an Illumina 

HiSeq 2000 sequencer, with 6 samples per lane (~30 million 2×101 bp paired-end reads per 

sample after filtering).

Bioinformatics and statistical analysis

RNASeq data were aligned to the hg19 reference genome using STAR 2.3.0e[19] with 

default options. Reads were required to be uniquely mapped and read pairs were required to 

be mapped to the same chromosome with a mapping distance < 500 kb between two reads. 

Expression levels (Fragments Per Kilobase of transcript per Million mapped reads; FPKM) 

were estimated for all known protein-coding genes, as well as all described long intergenic 

non-coding RNA (lincRNA) using a composite set of 54,944 distinct autosomal lincRNAs 

derived from four published lincRNA datasets.[20–23] LincRNAs which overlapped 

between the four datasets were merged if one exon of a lincRNA overlapped at least 50% of 

an exon from another lincRNA. RNA-SeQC[24] was used to assess quality of each sample. 

All samples within the n-3 PUFA group passed QC, with expected number of reads. Within 

the placebo subjects, two subjects were removed for poor sequencing quality leaving 6 

subjects in the placebo group. For each protein-coding gene or lincRNA, the estimated 

expression level from pre-to post-treatment, or from pre-to post-LPS was compared within 

groups using the cuffdiff option in Cufflinks version 2.1.1. Gene-nutrient interaction 

analyses were carried out using linear regression models including interaction terms for 

treatment*time and treatment*LPS to detect the effects of supplementation alone, and 

supplementation effects on LPS response respectively. P values were adjusted for 

transcriptome-wide false discovery rate (FDR), with adjusted P<0.05 considered as 

significant. P values are reported after adjustment unless otherwise stated. P values for 

baseline group differences in clinical variables were obtained from independent samples T 

test (IBM SPSS Statistics 22). Functional enrichment and pathway analysis was carried out 

using DAVID.[25]

RESULTS

Supplementation for 6–8 weeks with n-3 PUFA or placebo in healthy individuals has 
limited effects on adipose tissue gene expression

Gene expression was analyzed by RNASeq in adipose tissue before and after 

supplementation with n-3 PUFA or placebo. Out of 79,763 genes and lincRNAs expressed at 

either time-point, less than 0.1% were significantly altered within groups over the treatment 

period. The majority were genes with very modest expression changes consistent with 

stochastic changes in expression over the 6–8 weeks (Supplement Table 1). Between-group 

interaction analysis of adipose tissue gene expression from the pre-to post-treatment period 

confirmed limited effect of supplementation on gene expression in healthy individuals. 

There were no gene-nutrient interactions that reached significance after FDR correction. 
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Within genes that had borderline significance for gene-nutrient expression (unadjusted 

P<0.05), IER2 (immediate early response 2) displayed evidence of gene-nutrient interaction 

(nominal P=0.01), and was significantly up-regulated in the n-3 PUFA group (P=0.02) and 

unchanged in the placebo group (P=0.2) (Figure 2).

LPS elicits significant changes in gene expression in both n-3 PUFA and placebo-treated 
individuals

As expected, there were substantially more DE genes following LPS. Of a total number of 

79,763 genes and lincRNAs expressed, there were 419 DE genes in the n-3 PUFA group, 

while in the placebo group there were 643 DE genes. Details of all genes significantly 

altered in either group are presented in Supplement Table 2. Of the DE genes, many 

overlapped, as would be expected given the known physiological effects of LPS on the 

inflammatory response.[13] Common to both groups, 184 genes were up-regulated, and 81 

genes were down-regulated. These broadly comprised genes that we have previously shown 

to be increased in adipose in response to LPS [16], with little difference between the groups 

for many known inflammatory response genes (e.g. CX3CL1, up 9.6-fold in placebo 

P=0.002, up 9.8-fold in n-3 PUFA, P=0.003; ICAM1, up 14.5-fold in placebo P=0.002, up 

13.4 fold in n-3 PUFA, P=0.003). Of 526 genes that were significantly altered in one group 

but not the other, 90% were changed in the same direction in both groups, and 

approximately half reached nominal significance (i.e. unadjusted P<0.05) in the other group.

Evidence for differential LPS response in n-3 PUFA compared with Placebo

There was evidence for attenuation of LPS-induced gene expression with n-3 PUFA 

supplementation. PPARG, a known n-3 PUFA responsive gene in adipose[26] was up-

regulated significantly post-LPS in the placebo group (2.2-fold P=0.002) and non-

significantly up-regulated in the n-3 PUFA group (1.3-fold, P=0.2). Similarly the fatty acid 

desaturase, FADS1, was significantly up-regulated in placebo (2-fold, P=0.02) but 

unchanged in n-3 PUFA (1.0-fold, P=0.99). Notably, the prostaglandin synthase gene 

PTGDS was significantly up-regulated post-LPS in the n-3 PUFA group (1.8-fold, P=0.01) 

but not in the placebo arm (1.1-fold, P=0.9). Interestingly, three genes were significantly DE 

in both groups but in different directions; CCL18, SERPINA1, and RGS2 were significantly 

down-regulated in response to LPS in placebo (down ~2-fold, P<0.05) but were significantly 

up-regulated in n-3 PUFA (up 2-fold, P<0.05). These genes are known for their role in 

immune system function.[27–29] A further 56 genes were also altered in opposite directions 

(with significance in at least one group). A summary of differentially-regulated genes with 

evidence for functionality is presented in Table 2.

Evidence for lincRNA modulation by n-3 PUFA

Expression of several lincRNAs was significantly altered by LPS, with modest evidence for 

differential regulation by n-3 PUFA. LincRNAs that were significantly up-regulated in the 

placebo group but not n-3 PUFA are shown in Table 3. Expression of these lincRNAs was 

generally lower than protein-coding genes (FPKM 0.2 – 3.1). These lincRNAs were 

identified by Hanguaer et al.[21] as novel non-coding transcripts, and their functions are not 

yet known.
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n-3 PUFA treatment alters the adipose transcriptional response to evoked endotoxemia

Interaction analyses revealed significant LPS-dependent gene-nutrient effects in 4 genes at 

P<0.001 (FDR significance threshold), with 416 genes reaching nominal significance at 

P<0.05. IER5L (immediate early response 5-like) displayed a significant gene-nutrient 

interaction (nominal P=0.0006) (Figure 3A). The related family member IER2 was identified 

as n-3 PUFA-modulated in the basal pre-LPS analysis. Expression of HES1 (hes family 

basic helix-loop-helix transcription factor 1) previously shown to be altered following EPA 

treatment in neural stem cells,[30] was also significantly altered (nominal P=4.8×10−5)

(Figure 3B).

Pathway analysis highlights n-3 PUFA effect on genes involved in immune response

We carried out pathway and functional analysis using DAVID, including all genes that were 

differentially regulated between n-3 PUFA and placebo, defined as genes that were 

significantly altered in one or both groups, and were altered in opposite directions (N=59 

genes). Of these genes, 86% were down-regulated in placebo, and unchanged or up-

regulated in n-3 PUFA. The differentially-regulated genes were predominately associated 

with immune response (Enrichment score 4.1; Benjamini-adjusted P=2.6×10−3), including 

APLN, IL1RN, IL7R, IL8, CCL3, FCGR3A, FCGR3B, FCN1, LCP1, TREM1. Further, there 

was significant enrichment for secreted proteins (Enrichment score 3.45, Benjamini-adjusted 

P=4×10−4), and proteins involved in signaling (Enrichment score 3.4; Benjamini-adjusted 

P=4.2×10−3). These genes are summarized in Table 2. Overall, these data support a pattern 

of reduced down-regulation of immune-related genes in adipose after n-3 PUFA 

supplementation during evoked inflammation, potentially altering the systemic 

inflammatory response through altered secretion of immune-related signaling proteins.

DISCUSSION

We present the first transcriptomic analysis of adipose tissue in a trial of n-3 PUFA 

supplementation during evoked adipose inflammation induced by experimental 

endotoxemia. Detection of tissue-specific gene expression changes resulting from n-3 PUFA 

supplementation is challenging. This study utilized an evoked phenotype model to enhance 

discovery of anti-inflammatory effects of n-3 PUFA on gene expression. We found that n-3 

PUFA treatment alone had limited effect on adipose tissue gene expression, and contrast this 

with significant n-3 PUFA-mediated effects on gene expression during evoked 

inflammation. In this manuscript we highlight adipose genes and pathways induced or 

repressed in inflammation that are modulated by n-3 PUFA supplementation and may 

represent candidates for nutrient targeting of inflammatory cardiometabolic stress in 

humans.

As expected, we detected few changes in adipose tissue gene expression following n-3 

PUFA supplementation. The dearth of clear differences in global gene expression between 

n-3 PUFA and placebo in the resting state, i.e. without the presence of disease or other 

stimulation, highlights the difficulty in detecting changes due to nutritional interventions, 

particularly in studies of biomarkers in the general population. IER2, immediate early 

response 2, was one gene with evidence of n-3 PUFA regulation in adipose tissue before 
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administration of LPS. While little is known about this gene, it is reported to promote tumor 

cell motility and metastasis,[31] and is up-regulated in adipose stromal cells following 

vitamin C treatment.[32] Remarkably, another IER family member, IER5L, has a significant 

n-3 PUFA-gene interaction in response to LPS. Immediate early genes are primary response 

genes that are rapidly up-regulated in response to external stimuli, without requiring protein 

synthesis, and have been particularly studied with respect to cancer.[33] As understudied 

immediate early response genes, IER2 and IER5L may be involved in a novel nutrient-

responsive gene pathway in adipose that warrants further mechanistic and translational 

study.

In the FFAME trial, both the n-3 PUFA and the placebo groups exhibited a robust 

inflammatory response to LPS, although we found that the physiological response to LPS 

was attenuated by n-3 PUFA treatment, with a reduced febrile inflammatory response.[13] 

In the present study, many common group only, many were altered in the same direction and 

were of nominal significance in the other genes were modulated by LPS in both groups, 

including inflammatory and cell adhesion genes CX3CL1, ICAM1 and many others. 

Furthermore, of genes reaching statistical significance for change in one group, indicating 

that endotoxemia has a similar broad effect on adipose in both placebo and n-3 PUFA. This 

is not surprising given that LPS induces a robust inflammatory response, and that the effects 

of n-3 PUFA may be more gene and pathway specific rather than driving global 

modification of innate immune function.

We observed specific effects of n-3 PUFA on LPS-induced adipose transcriptomic responses 

that were not apparent in the basal state, including inflammatory and key adipose metabolic 

genes. Relative to placebo, n-3 PUFA reduced the LPS-induction of PPARG but had no 

effect on its pre-LPS expression. PPARγ has been well-studied as a lipid-responsive nuclear 

transcription factor,[34] of particular importance in adipocyte function and cardiometabolic 

disease.[35–37] The fatty acid desaturase FADS1, a key enzyme in PUFA generation, was 

induced by LPS in the placebo group but not the n-3 PUFA group. This might reflect 

sufficient n-3 PUFA levels in adipose of the n-3 PUFA group thus abrogating the need for 

FADS1 induction and increased PUFA synthesis in states of inflammatory stress. In contrast, 

the prostaglandin synthase gene PTGDS, rate-limiting in the production of the arachidonic 

acid derived prostaglandin D2, which is required for integrated inflammatory and febrile 

responses to stress, was induced by endotoxemia only in the n-3 PUFA group but not in 

those receiving placebo. It is possible the lower proportional amount of arachidonic acid 

present in adipose following EPA and DHA supplementation resulted in lower 

bioavailability of the AA-derived prostaglandins, and that PTGDS was up-regulated in n-3 

PUFA to compensate for lower PGD2 precursor availability.

Interestingly, of genes modulated in different directions between the n-3 PUFA and placebo 

groups following endotoxemia, most were down-regulated in placebo and up-regulated or 

unchanged in the placebo group. These were significantly enriched for genes and pathways 

known to be involved in innate and adaptive immunity and specifically encoded for proteins 

known or predicted to be secreted. This suggests that n-3 PUFA supplementation prior to 

inflammatory stress may lead to dis-inhibition of genes that are normally down-regulated 

during acute inflammation. Alternatively, n-3 PUFA may enhance the resolution phase of 
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inflammation. Expression of several lincRNAs, many of which modulate nuclear 

transcriptional networks in cis or trans, also differed between the two groups. While 

intriguing, the biological significance of these novel n-3 PUFA mediated inflammatory 

lincRNAs remains unknown.

This study has a number of strengths. We and others have shown that human experimental 

endotoxemia is a powerful model of innate immune activation of specific relevance to 

complex cardiometabolic and inflammatory disease.[38] Application of this model in a 

nutritional setting has considerable utility for novel discovery. Applying an immune 

stimulus in healthy individuals allows for the detection of genes involved in early response 

to inflammation, rather than in an established inflammatory disease setting, and is thus of 

particular relevance for disease prevention. We studied a clinically relevant n-3 PUFA 

supplementation dose (3600mg/day EPA/DHA) that is commonly used in practice for 

management of hypertriglyceridemia. Adipose tissue is of crucial relevance in obesity and 

cardiometabolic disease. We applied transcriptomics through high-throughput RNASeq to 

obtain high quality unbiased estimates of protein coding gene and lincRNA expression. This 

study also has limitations. The number of subjects studied was relatively small, however this 

study is the largest known study applying RNASeq to adipose tissue within the context of a 

nutritional intervention in humans. We also did not examine n-3 PUFA effects in other 

tissues. Findings of this small hypothesis-generating experimental trial in healthy individuals 

require replication and generalization in relevant clinical settings as well as functional 

studies to promote mechanistic understanding and clinical translation.

In conclusion, supplementation with a high-dose n-3 PUFA in healthy individuals has 

limited effects on gene expression in adipose tissue at rest, but modulates the adipose 

transcriptomic response during inflammatory stress. Our findings suggest that 

supplementation with n-3 PUFA before an inflammatory challenge modifies specific 

inflammatory and metabolic responses and reveals specific adipose genes and pathways as 

candidates for nutrient targeting of inflammatory and metabolic stress in human health and 

cardiometabolic stress.
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Figure 1. Overview of the FFAME Transcriptomic Study
European ancestry subjects receiving “high-dose” n-3 PUFA (3600mg/day EPA/DHA; n=8) 

vs. placebo (n=8) were selected for adipose tissue RNASeq at baseline (pre-treatment), after 

6–8 weeks supplementation (pre-LPS), and 4-hours following LPS (post-LPS).
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Figure 2. Expression of immediate early response 2 (IER2) was significantly up-regulated in 
adipose tissue after 6–8 weeks supplementation with n-3 PUFA (adj. P=5×10−5), with evidence 
for gene-nutrient interaction compared with placebo treatment (nominal P=0.01)
Expression measured as Fragments Per Kilobase of transcript per Million mapped reads 

(FPKM). * indicates significant difference from pre-post treatment P<0.05.
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Figure 3. There were significant gene-nutrient interactions for expression of several genes 
following LPS administration
(A) Immediate early response 5-like (IER5L) was significantly up-regulated in n-3 PUFA 

(adj. P=0.003) but not placebo (interaction nominal P=0.0006). (B) Hes family basic helix-

loop-helix transcription factor 1 (HES1) was significantly down-regulated in placebo (adj. 

P=0.003), but not in n-3 PUFA (interaction nominal P=4.8×10−5). Expression measured as 

Fragments Per Kilobase of transcript per Million mapped reads (FPKM). *** indicates 

significant difference from pre-post LPS P<0.005.
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