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Summary
Background Obesity is associated with enhanced inflammation. However, investigation in human subcutaneous eBioMedicine 2022;77:

white adipose tissue (scWAT) is limited and the mechanisms by which inflammation occurs have not been well elu- 103909
cidated. Marine long chain omega-3 polyunsaturated fatty acids (LC n-3 PUFAs) have anti-inflammatory actions and Z;;)I;shed online 2 March

may reduce scWAT inflammation. https://doi.org/10.1016.

. . . . e .. ) . ebiom.2022.103909
Methods Subcutaneous white adipose tissue (scWAT) biopsies were collected from individuals living with obesity

(n=45) and normal weight individuals (n=39) prior to and following a 12-week intervention with either 3 g/day of a
fish oil concentrate (providing 1.1 g eicosapentaenoic acid (EPA) + 0.8 g docosahexaenoic acid (DHA)) or 3 g/day of
corn oil. SCWAT fatty acid, oxylipin, and transcriptome profiles were assessed by gas chromatography, ultra-pure lig-
uid chromatography tandem mass spectrometry, RNA sequencing and qRT-PCR, respectively.

Findings Obesity was associated with greater scWAT inflammation demonstrated by lower concentrations of special-
ised pro-resolving mediators (SPMs) and hydroxy-DHA metabolites and an altered transcriptome with differential
expression of genes involved in LC n-3 PUFA activation, oxylipin synthesis, inflammation, and immune response.
Intervention with LC n-3 PUFAs increased their respective metabolites including the SPM precursor 14-hydroxy-

Abbreviations: 11 12-DHET, 11 12-dihydroxy-eicosatrienoic acid; 12 13-DiHOME, 12 13-dihydroxy-octadecenoic acid; 13-0x0-ODE, 13-
oxo-octadecadienoic acid; 14 15-DiHETE, 14 15-dihydroxy eicosatetraenoic acid; 15-HETTE, 15-hydroxyeicosatrienoic acid; 18:1n-7,
vaccenic acid; 18:1n-9, oleic acid; 18:2n-6, linoleic acid; 18:3n-3, a-linolenic acid; 20-COOH-AA, 20-COOH-arachidonic acid; 2-AG,
2-arachidonyl glycerol; 9-HpODE, 9-hydroperoxy-octadecadienoic acid; 9-HOTTE, 9-hydroxy-octadecatrienoic acid; 9-oxo-ODE, 9-
oxo-octadecadienoic acid; AA, 20:4n-6, arachidonic acid; ACE2, angiotensin-converting enzyme-2; AE, adverse event; ALOXg, the
gene encoding 5-lipoxygenase; ALOX15, the gene encoding 15-lipoxygenase; ALOX12, the gene encoding 12-lipoxygenase; BMI,
body mass index; COX, cyclooxygenase; CYP1B1, cytochrome P450-1B1; DiIHETE, dihydroxy-eicosatetraenoic acid; diHOME, dihy-
droxy-octadeacenoic acid; DHA, 22:6n-3, docosahexaenoic acid; DPA, 22:5n-3, docosapentaenoic acid; EPA, 20:5n-3; EpPOME, epox-
yoctadecaenoic acid; FA, fatty acid; FAME, fatty acid methyl ester; FDR, false discovery rate; GCGR, glucagon receptor2; GPR, G-
protein coupled receptor; HDHA, hydroxy-docosahexaenoic acid; HDPA, hydroxy-docosapentaenoic acid; HETE, hydroxy-eicosate-
traenoic acid; HX, hepoxilin; IL-6, interleukin-6; IL-8, interleukin-8; LC n-3 PUFA, long-chain omega-3 polyunsaturated fatty acid;
LDL-C, low-density lipoprotein cholesterol; LOX, lipoxygenase; LPS, lipopolysaccharide; LT, leukotriene; LX, lipoxin; MaR, mare-
sin; NFAT, nuclear factor of activated T-cells; NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells; OAS, 2/-5"-oli-
goadenylate synthetase; PD, protectin D; PG, prostaglandin; PPAR, peroxisome proliferator activated receptor; PTGS1, the gene
encoding cyclooxygenase-1; PTGS2, the gene encoding cyclooxygenase-2; Rv, resolvin; SARS-CoV-2, severe acute respiratory syn-
drome coronavirus-2; scWAT, subcutaneous white adipose tissue; SLC27Az2, the gene encoding very long-chain fatty acid Co-A syn-
thetase; SPE, solid phase extraction; SPM, specialised pro-resolving mediator; Th, T-helper cell; TG, triglyceride; TGM2,
transglutaminase-2; TNF-o, tumour necrosis factor-alpha; TREM, triggering receptor expressed on myeloid cells; TX, thrombox-
ane; VWAT, visceral white adipose tissue; WAT, white adipose tissue
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DHA in normal weight individuals and decreased arachidonic acid derived metabolites and expression of genes
involved in immune and inflammatory response with a greater effect in normal weight individuals.

Interpretation Downregulated expression of genes responsible for fatty acid activation and metabolism may contrib-
ute to an inflammatory oxylipin profile and limit the effects of LC n-3 PUFAs in obesity. There may be a need for per-
sonalised LC n-3 PUFA supplementation based on obesity status.
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Sciences (Lumina quaeruntur LQ2oo0111901).
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Research in context

Evidence before this study

Obesity increases the risk of developing conditions such
as hyperlipidaemia, diabetes, and cardiovascular dis-
ease, and has negative consequences on the immune
system. Inflammation is part of the immune response;
however, chronic inflammation accompanying obesity
results in dysregulated responses linking adipose tissue
and the immune system. The pathogenesis of adipose
inflammation in humans is understudied; current litera-
ture focuses on circulating markers of inflammation and
metabolic health is often overlooked when attempting
to elucidate the link between obesity and inflammation.
Marine derived long chain omega-3 polyunsaturated
fatty acids (LC n-3 PUFAs) are anti-inflammatory but
their effects on obesity-associated scWAT inflammation
are understudied. Comprehensive investigation of mul-
tiple aspects of tissue physiology and inflammation in
human scWAT in obesity in comparison to normal
weight individuals and in response to LC n-3 PUFA is
lacking.

Added value of this study

Here we report a comprehensive evaluation of scWAT
inflammation in human obesity prior to metabolic com-
plications. We identify and describe novel alterations to
FA composition and subsequent oxylipin profile, includ-
ing decreased levels of specialised pro-resolving media-
tors (SPMs), increased expression of genes associated
with inflammatory and immune signalling, including
SARS CoV-2 pathogenesis, and altered response to the
effects of LC n-3 PUFAs on these parameters. LC n-3
PUFA intervention decreased pro-inflammatory oxylipin
levels and inflammatory and immune gene expression
in SCWAT to a greater extent in normal weight individu-
als in comparison to those living with obesity. In addi-
tion, LC n-3 PUFA intervention increased EPA and DHA
metabolites including the precursor to the SPM mare-
sin-1, 14-hydroxy-DHA, in normal weight individuals
only. We, for the first time, identify differences in the

expression of genes involved in fatty acid handling in
individuals living with obesity, including SLC27A2, which
is required for the metabolism of DHA to further bioac-
tive signalling molecules. We describe this as one mech-
anism by which the effects of DHA are impaired in
individuals living with obesity, in addition to potential
differences in LC n-3 PUFA membrane incorporation
and contribution following intervention.

Implications of all the available evidence

Our findings describe for the first time, alteration to the
scWAT oxylipin and transcriptome profile in human
obesity, providing insight into the progression of
inflammation through oxylipin signalling and gene
expression which links scWAT, the immune system, and
whole-body homeostasis. Furthermore, our findings
highlight the importance of metabolic health in the pro-
gression of obesity-associated inflammation. LC n-3
PUFAs have been shown to have anti-inflammatory
actions in humans but we describe for the first time,
anti-inflammatory actions of these lipids in scWAT
through modulation of oxylipin signalling and immune
and inflammatory gene expression. Furthermore, we
describe altered response to the effects of LC n-3 PUFAs
in human obesity (compared to normal weight). These
findings provide novel insights into altered inflamma-
tory signalling in scWAT and responses to LC n-3 PUFA
intervention in obesity, potential mechanisms by which
these occur, and links negative effects of obesity on the
immune system with scWAT pathophysiology.

Introduction

Obesity affects over 13% of the adult population world-
wide' and increases the risk of developing conditions
such as type-2 diabetes and cardiovascular disease.” #
Furthermore, the negative consequences of obesity on
the immune system have been recently highlighted dur-
ing the severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) pandemic.’ 7 Inflammation is a vital
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part of the immune response; however, obesity is
accompanied by a state of chronic low-grade inflamma-
tion in which responses are dysregulated.® This obesity-
associated chronic inflammation links adipose tissue
and the immune system.

The fatty acid (FA) composition of cells resident in
adipose tissue influences both the innate and the adap-
tive immune system and inflammatory signalling in the
tissue through a range of diverse mechanisms.® One
mechanism by which this occurs is metabolism of poly-
unsaturated FAs (PUFAs) into bioactive lipid signalling
molecules termed lipid mediators which include oxyli-
pins and endocannabinoids.’® Oxylipins can be synthes-
ised and secreted by adipose resident cells, including
both immune cells and adipocytes.”™"" Altered produc-
tion of, and sensitivity to, such oxylipins contributes to
the adipose tissue inflammation that occurs in
obesity."*'* We previously reported altered endocanna-
binoid concentrations in subcutaneous WAT (scWAT)
in individuals with obesity in comparison to normal
weight individuals.”

Oxylipins elicit a range of both pro- and anti-inflam-
matory actions. Pro-inflammatory actions of oxylipins
synthesised from the omega-6 PUFA arachidonic acid
(AA) include promoting infiltration and activation of
immune cells,™ *® altering lipid metabolism,” and pro-
moting WAT expansion and remodelling.”® The two
most bioactive long chain omega-3 PUFAs (LC n-3
PUFAs), eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA), can be oxidised to form a group of oxy-
lipins termed specialised pro-resolving mediators
(SPMs)."?*° These have anti-inflammatory actions and
have been reported to regulate the infiltration of leuko-
cytes, block interleukin (IL)-1 induced activation of
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) and decrease the expression of pro-inflam-
matory cytokines.>" ** We previously reported EPA and
DHA to increase the concentrations of two endocanna-
binoids, eicosapentaenoyl ethanolamide and docosahex-
aenoyl ethanolamide, in scWAT in normal weight
individuals but that this effect of LC n-3 PUFAs is
impaired in individuals with obesity.” It has been sug-
gested that deficiency of SPMs in obesity may contrib-
ute to dampened immunity and poor response to viral
infections® but reports of altered concentrations of
SPMs in WAT in human obesity are limited, as
highlighted by Pal et al.>*® and Han et al.>”

In addition to potentially influencing oxylipin forma-
tion, EPA and DHA elicit their actions via altering the
activity of transcription factors to modulate inflamma-
tion and other processes in WAT.>**° Furthermore,
EPA and DHA can bind to receptors such as peroxisome
proliferator activated receptors (PPARs)*° to regulate
the expression of genes associated with lipid accumula-
tion in WAT}"** and to G-protein coupled receptor
(GPR)-120 to regulate inflammation and insulin sensi-
tivity.?* Therefore, EPA and DHA have the potential to
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reduce inflammation in adipose tissue but investigation
of this in human scWAT is limited, as highlighted in a
recent review by Dewhurst-Trigg et al.>*

Obesity is accompanied by several pathophysiologi-
cal changes in adipose tissue, but the mechanisms
behind these have not been well elucidated with reports
predominantly focussing on circulating markers of
inflammation. In addition, the metabolic health of indi-
viduals living with obesity is often overlooked when try-
ing to understand the link between obesity and adipose
tissue inflammation which can also be said for assess-
ing the effects of LC n-3 PUFAs.>> 37 The earlier stages
of obesity in which metabolic complications have not
yet manifested, may offer a window for therapeutic
intervention in that the adipose tissue may have a
greater degree of normal function and be responsive to
manipulation, for example by different PUFAs. Further
to this, comprehensive investigation of scWAT assess-
ing multiple aspects of tissue physiology and inflamma-
tion in obesity in comparison to normal weight
individuals and in response to LC n-3 PUFAs is
lacking.**

In this study we combine whole tissue FA, oxylipin,
and transcriptome profiling to investigate obesity associ-
ated scWAT inflammation, to identify potential mecha-
nisms by which this occurs in humans, and to assess
responses to LC n-3 PUFA intervention.

Methods

Participants

50 healthy normal weight individuals (BMI 18.5 to 25
kg/m?) and 50 individuals living with obesity (BMI 30
to 40 kg/m?, waist circumference > 94 ¢cm males and
> 8o cm females) aged 18-G5 years were recruited into a
double blind placebo (comparator oil) controlled trial
(Supplemental Figure 1) at the University of Southamp-
ton, UK. Prior to scWAT collection at week-o, 16 indi-
viduals withdrew leaving 39 normal weight individuals
and 45 individuals living with obesity. The House of
Commons Library Obesity Statistics briefing paper for
2021 estimates 28% of adults (age 18 years and above)
in the UK to be obese. The age group most likely to be
overweight or obese is age 65—74 years and the preva-
lence of overweight and obesity is above 70% for all age
groups aged 45 years and above.*® The cohort recruited
as part of the current study is reflective of the wider UK
population of adults living with obesity without diag-
nosed diabetes and or other diagnosed metabolic com-
plications. Individuals outside the defined BMI, age or
waist circumference categories, diagnosed with meta-
bolic disease (e.g. diabetes, cardiovascular disease) or
chronic gastrointestinal problems (e.g. inflammatory
bowel disease, celiac disease, and cancer), using pre-
scribed medicine to control blood lipids, blood pressure
or inflammation, consuming more than one serving of
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oily fish per week (140 g cooked), taking fish oil or other
oil supplements, who were pregnant or planning to
become pregnant during the study period, or were par-
ticipating in another clinical trial were not eligible for
the study.

Study design

Fasted blood and an abdominal scWAT biopsy (~1 g)
were collected at study entry (week-o) and following 12
weeks intervention (week-12) during which participants
were randomised to consume either 3 g of a fish oil con-
centrate (EPAXGooo (Epax Norway AS, Alesund, Nor-
way) providing 1.1 g EPA + 0.8 g DHA) or 3 g of corn oil
(providing 1.65 g linoleic acid and 0.81 g oleic acid) per
day (Supplemental Figure 1). Full composition of the
intervention oils is detailed in Supplemental Table 1;
both oils were provided in one g softgel capsules. Blind-
ing, randomization, and supplement packaging were
completed by the Research Pharmacy at Southampton
General Hospital, Southampton, United Kingdom, by
individuals independent of the researchers involved in
the study. Treatment group blinding was maintained
until completion of statistical analysis of all data.

Adverse events

Among the 39 normal weight participants, there were
32 adverse events (AEs) during the 12-week intervention
period; of these 21 were not related to any study proce-
dure or the oil treatments, 1 was possibly related to oil
treatment (headache), and 10 were certainly related to
study procedures (all related to bruising, bleeding, pain
or mild infection at the site of the wound induced to col-
lect one of the two adipose tissue biopsies). Among the
45 participants living with obesity, there were 30 AEs
during the 12 week intervention period; of these 19
were not related to any study procedure or the oil treat-
ments, 2 were possibly related to oil treatment (indiges-
tion, headache), 1 was possibly related to a study
procedure (arm pain in the area of cannulation for blood
collection) and 8 were certainly related to study proce-
dures (all related to bruising, bleeding, pain or mild
infection at the site of the wound induced to collect one
of the two adipose tissue biopsies). None of these partic-
ipants withdrew from the study as a result of the AE.

Sample preparation

Abdominal scWAT biopsies were collected by surgical
removal and stored as previously described.” ~5 mL of
heparinised blood was collected and stored on ice.
Plasma was prepared by centrifugation (19oo x g,
10 min, room temperature) and stored at —80°C until
analysis. Plasma triglyceride (TG), cholesterol, high
density lipoprotein cholesterol (HDL-C), non-esterified
fatty acid (NEFA), insulin and glucose concentrations
were measured as previously described.” Low density

lipoprotein cholesterol (LDL-C) concentrations were cal-
culated using the Friedewald formula. HOMA2-IR was
calculated as follows: (((insulin mmol/L) x (glucose IU/
L)) / 22.5) corrected for variations in hepatic and periph-
eral glucose resistance, increases in insulin secretion
curve for plasma glucose concentrations above
10 mmol/L, and the contribution of circulating proinsu-
lin (University of Oxford, Oxford, UK).

Anthropometry

Height was measured by a Seca stadiometer (Seca,
Hamburg, Germany), weight and body composition
measurements were made using bioelectrical imped-
ance apparatus (TANITA BC-418), and waist and hip
circumference measurements were made using a tape
measure as previously described.”

Fatty acid composition

Total lipids were extracted from frozen scWAT, red
blood cells and plasma and were processed to obtain FA
methyl esters (FAMEs) as previously described.”??
FAMEs were separated by gas chromatography on a
BPX-70 fused silica capillary column (30 m x 0.2 mm x
0.25 im; manufactured by SGE) in a HP689o gas chro-
matograph fitted with a flame ionisation detector. Run
conditions were as described elsewhere.>®

Oxylipin analysis

FA metabolites were extracted from ~100 mg of liquid
N, frozen scWAT as previously described.” FA metabo-
lites were separated on a Thermo Dionex Ultimate
3000 RSLC (Dionex Corporation, Sunnyvale, CA) liquid
chromatograph fitted with a Kinetex® UPLC column 1.7
Hm particle size, C18 stationary phase, 100 A pore size,
150 x 2.1 mm (Phenomenex, Torrance, CA) with mobile
phase composition A =70% H,0, 30% acetonitrile and
0.02% acetic acid; B = 50% acetonitrile and 50% isopro-
panol, and identified on an AB SCIEX SelexION
QTRAP 5500 (AB SCIEX, Framingham, MA) triple
quadrupole mass spectrometer selecting for electro-
spray in both positive and negative modes.*° Deuterated
internal standards were used to orientate the resulting
UPLC-MS outputs and identify correct FA metabolite
peaks using Analyst software (version 1.6.2 2013, AB
SCIEX, Framingham, MA). The limit of detection was
> o.1 pg for all metabolites. Calibration curves were cre-
ated for the quantification of FA metabolites; however,
availability of standards was limited so data are
expressed as absolute concentration (pg/mg tissue) for
those that could be quantified against calibration curve
data, and as proportion (% of total metabolites mea-
sured) for those without calibration curve data.
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Gene expression

RNA sequencing. RNA was isolated from scWAT and
stored in RNAlater® using the RNeasy lipid tissue mini
kit™ (QIAGEN, Hilden, Germany). The kit protocol
was carried out twice to yield RNA from ~150 mg of
scWAT in total from each participant, yielding an aver-
age of 2.47 Hg of total RNA determined by Nanodrop
2000 (Thermo Scientific, Waltham, MA). A subset of
40 samples (20 paired week-o and week-12 normal
weight, 20 paired week-o and week-12 obese, best
matched for age and sex) were extracted to obtain RNA
with an RNA integrity (RIN) score of 6.5 to be
sequenced. Sequencing was performed on a Hiseq2000
platform with 5 samples per lane in a total of 8 lanes
(SE50) with a total of 20 million reads. RNA-Seq reads
were aligned to the hg38.0 reference genome using
TopHat*' (open source, Johns Hopkins University, Cen-
ter for Computational Biology, Baltimore, MD) and a
read count table produced using HTSeq** (open source,
Huber group, Heidelberg, Germany). The read counts
were normalised in EdgeR** (open source, Bioconduc-
tor.org). The normalised counts per million (CPM) were
used to evaluate gene expression. The results from this
subset were validated via qRT-PCR of RNA extracted
from the whole cohort which showed the subset to be
representative of the whole cohort.

Real-time quantitative PCR. Reverse-transcription was
performed to obtain cDNA using the GoScript Reverse
Transcription System (Promega, Southampton, UK) and
gene expression was quantified with RT-qQPCR using
Applied Biosystems 7500 qRT-PCR (Applied Biosystems,
Waltham, MA) using 4 ng cDNA per 20 ul reaction with
QuantiNova Probe PCR kit (QIAGEN, Hilden, Germany)
and custom double dye tagman style primers (Primer
Design, Southampton, UK). Primer sequences for genes
validated by qRT-PCR and housekeeping genes are
detailed in Supplemental Table 2. RT-qPCR data were
analysed using the comparative AACt approach against
three housekeeping genes to obtain fold change values.

COX-2 activity

Total protein was extracted from ~50 mg scWAT homo-
genised in lysis buffer (1% NP-40 in PBS + protease
inhibitor cocktail (1:200)). Supernatant was collected
following centrifugation and the protein concentration
determined using the Pierce™ BCA Protein Assay Kit
(Fisher Scientific, Loughborough, UK) following the
manufacturer’s instructions. Cyclooxygenase (COX)-2
activity was measured using the COX Activity Assay kit
(Abcam, Cambridge, UK) according to the man-
ufacturer’s instructions and the plate read in loop mode
at Ex/Em 520/ 580—640onm for 30 min. Delta RFU
(30 min data—o min data) data were calculated against

www.thelancet.com Vol 77 Month March, 2022

a standard curve and adjusted to mg protein used to
give activity in pU/mg.

Statistics

Sample size was calculated considering the typical dis-
tribution and expected response of circulating cytokines,
not reported here (20% decrease in IL-6 following fish
oil intervention) and participant drop out of 20%.” A
sample size of 25 participants per group (BMI and treat-
ment subgroup) was determined to be able to detect
changes in circulating cytokines at > 80% power and a
5% level of significance with consideration for 20%
loss.” Not all data were normally distributed, and some
could not be normalised with log,, transformation.
Appropriate non-parametric tests were performed on
these data, and non-normal data are reported as median
and interquartile range (IQR).

The limit of detection was > o.1 pg for all oxylipins; sig-
nals were determined to be genuine above this level and if
30% greater compared to background signals. Oxylipin
data were evaluated by Mann-Whitney U test to identify dif-
ferences in FA metabolite composition of individuals living
with obesity in comparison to normal weight individuals,
and by Wilcoxon test with data split by BMI and selected
by treatment to compare paired post intervention data
(week-12) with study entry (week-o).

RNA-sequencing data were analysed by pair-wise
comparison in EdgeR (open source, Bioconductor.org)
to obtain the false discovery rate, fold change and signif-
icance of the data. Upper limits for FDR and P value
(<0.05, both) were applied to the data. The significance
of RT-qPCR fold change data was evaluated by Mann
Whitney-U test to identify differences in gene expres-
sion of individuals living with obesity in comparison to
normal weight individuals at study entry, and by Wil-
coxon test to compare paired post intervention data with
study entry data.

Participant characteristic data were normally distrib-
uted and data from normal weight individuals and indi-
viduals living with obesity were compared using
univariate general linear model analysis. Oxylipin data
were not normally distributed and subsequent analysis
of correlations between oxylipin data, HOMA2-IR, and
expression of enzymes encoding COX and LOX were
assessed by Spearman's correlation.

Data can be openly accessed in GEO under accession
code GSE162653.

For all data, significance level was set as <o.o50.

Ethics

All procedures involving human subjects were approved
by the National Research Ethics Service South Central-
—Berkshire Research Ethics Committee (submission
no. 11/SC/0384). The trial was conducted according to
the principles of the Declaration of Helsinki, and all
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"Normal weight (n = 39) "Obese (n = 45) p Normal range

Sex M/F 10/28 12/33

Age 31.68 +14.79 44,55 £ 12.14 <0.001

BMI (kg/m?) 2225+ 1.79 34.80 + 2.87 <0.001
Waist (cm) 7541 +£7.00 10842 + 11.87 <0.001

Hip (cm) 9292 +5.23 117.74 £ 821 <0.001

Body fat (%) 2263 +743 41.52 £ 6.84 <0.001

Body fat mass (kg) 13.73 + 4.40 4045 + 7.67 <0.001

Lean mass (kg) 48.25 £ 10.40 57.53 +£12.02 0.001
TG (mmol/L) 0.79 £0.29 1.32£0.70 <0.001 < 1.7 mmol/L
NEFAs (mmol/L) 0.48 £0.21 0.60 + 0.22 0.245 < 0.72 mmol/L
TC (mmol/L) 442 +1.04 5.24 +0.92 <0.001 < 5.0 mmol/L
HDL-C (mmol/L) 1.57 +£0.39 149 £037 0.295 > 1.0 mmol/L
LDL-C (mmol/L) 2.69 +0.90 349+078 <0.001 < 3.0 mmol/L
Glucose (mmol/L) 477 £042 5.6+ 1.05 <0.001 <7.0 mmol/L
Insulin plu/L 548 +2.74 13.03 £ 6.69 <0.001 2.6-24.9 plU/L
*HOMA2-IR 0.73+£0.35 1.64 £0.79 <0.001 <19
“Adipose-IR 2843 + 2097 7110 + 3320 < 0.001

Table 1: Anthropometric and metabolic characteristics in normal weight and individuals living with obesity reproduced from Fisk et al.”

' Mean + SD.

> P obtained from univariate general linear model analysis by comparison of obese and normal weight data.

3 HOMA2-IR = HOMA2-IR = (((insulin mmol/L) x (glucose IU/L)) / 22.5) corrected for variations in hepatic and peripheral glucose resistance, increases in

insulin secretion curve for plasma glucose concentrations above 10 mmol/L, and the contribution of circulation proinsulin.
4 Adipose-IR = (NEFAs mmol/L) x (insulin pIU/L).

participants gave written informed consent prior to
enrolment. The study is registered at www.isrctn.com
(study ID: ISRCTN9G6712688).

Role of funding source

The research was funded by the European Commission
Seventh Framework Programme (Grant Number
244995) and the Czech Academy of Sciences (Lumina
quaeruntur LQ2oo111901). The funding sources had no
role in study design, data collection, data analyses, inter-
pretation, or writing of the manuscript.

Results

Anthropometric and metabolic characteristics of
participants

To evaluate obesity-associated inflammation in human
SCWAT, we recruited 100 individuals, characterising
them as normal weight (n = 50) or living with obesity
(n = 50) based upon their BMI and waist circumference.
Diagnosed metabolic or inflammatory conditions were
exclusion criteria for recruitment to the study but to
gain further insight into the metabolic health of individ-
uals recruited to the study, a range of anthropometric
and metabolic parameters were measured. Sixteen indi-
viduals withdrew from the study prior to their first clini-
cal visit resulting in scWAT biopsies being collected
from 39 normal weight individuals and 45 individuals

living with obesity. The anthropometric and metabolic
characteristics of these individuals are detailed in
Table 1. Individuals living with obesity had significantly
greater BMI, % body fat, body fat mass (kg), waist and
hip circumference, and higher blood concentrations of
TG, total cholesterol, LDL-C, glucose, and insulin in
comparison with normal weight individuals (Table 1).
Despite individuals living with obesity having signifi-
cantly higher blood concentrations of TG, glucose, and
insulin, and higher HOMA2-IR scores, these were gen-
erally still within the clinically defined ‘normal range’
(Table 1). As individuals living with obesity recruited to
the study did not exhibit hypertriglyceridemia and had
HOMA2-IR scores within the normal range, they were
defined as living with obesity in which metabolic syn-
drome is yet to manifest.

Obesity is associated with a dysregulated oxylipin
profile indicative of enhanced inflammation and
inhibited resolution

Profiling of human scWAT FA composition revealed
significantly altered proportions of several PUFAs in
individuals living with obesity in comparison to normal
weight individuals at week-o. Significantly higher pro-
portions of the n-6 PUFAs dihomo-gamma-linolenic
acid (20:3n-6) and AA (20:4n-6), and the n-3 PUFAs
EPA (20:5n-3) and docosapentaenoic acid (DPA; 22:5n-
3), as well as significantly lower proportions of the
n-3 PUFAs alphalinolenic acid (18:3n-3) and
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Figure 1. Fatty acids and fatty acid-derived mediators in scCWAT at study entry (week-0) in individuals living with obesity (n=45) in

comparison to normal weight individuals (n=39).

Data are shown according to the significance (P) of the proportional difference at study entry ((normal weight week-0) —

sity week-0)). Significance is defined as P < 0.05, Mann-Whitney U

eicosatetraenoic acid (20:4n-3) were observed in individ-
uals living with obesity (Figure 1). The proportions of
EPA and DHA were significantly correlated with
markers of insulin resistance. The proportion of EPA
was positively correlated with adipose-IR (p 0.248,
P = 0.043) and the proportion of DPA with HOMA2-IR
and adipose-IR (p 0.258, P = 0.038, and p 0.342,
P = 0.005 respectively, Spearman’s rank order correla-
tion, data not shown). Comparison of the full FA com-
position of scWAT in individuals living with obesity in
comparison to normal weight individuals from this
cohort is previously described.”

Oxylipin profiling of whole scWAT was employed to
assess inflammatory lipid signalling in obesity. 111 FA
metabolites were identified in human scWAT; 33 of
these were significantly altered in individuals living
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with obesity in comparison to normal weight individu-
als (Figure 1). Dysregulation of oxylipins derived from
n-3 and n-6 PUFAs was observed in individuals living
with obesity at study entry. There were lower propor-
tions of 9-hydroperoxy-octadecadienoic acid (9-
HpODE), 9-oxo-octadecadienoic acid (9-oxo-ODE), 13-
oxo-octadecadienoic acid (13-oxo-ODE), 12,13-dihydroxy-
octadecenoic acid (12,13-DiHOME), 20-COOH-arachi-
donic acid (20-COOH-AA), 11,12-dihydroxy-eicosatrie-
noic acid (11,12-DHET), u-leukotriene (LT) D,, lipoxin
B, (LXB,), hepoxilin A; (HXA,), 9-hydroxy-octadecatrie-
noic acid (9-HOTTE), resolvin (Rv) E1, 8-HDHA, 14-
HDHA, 15-HDHA, 17-HDHA, 20-HDHA, and RvD2,
and lower concentrations of 4-HDHA and 11-HDHA in
individuals living with obesity (Figure 1). In addition,
there were lower proportions of 14:0-EA and 16:1-
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Oxylipin P P'
9-HpODE -0.253 0.038
9-oxo0-ODE -0.348 0.004
13-ox0-ODE -0.377 0.002
6-keto-PGF,, -0.260 0.034
11,12-DHET -0.303 0.013
14,15-DiHETE -0.286 0.019
17,18-DIHETE -0.313 0.010
HXA; -0.320 <0.001
12-HETE -0.306 0.012
12-HEPE -0.240 0.051
4-HDHA -0.252 0.004
8-HDHA -0.247 0.044
11-HDHA -0.315 0.009
13-HDHA -0.369 0.002
14-HDHA -0.256 0.036
17-HDHA -0.276 0.024
20-HDHA -0.343 0.005
Table 2: Correlations between oxylipins in scWAT and HOMA2-
IR scores.
! Coefficient and P value obtained using Spearman’s rank order corre-
lation, significance is deemed P < 0.05.

glycerol and higher concentrations of prostaglandin
(PG) F,, (Figure 1) in individuals living in obesity.

Several oxylipins were significantly correlated with
HOMA-2-IR and a number of these were dysregulated
in individuals living with obesity. 9-HpODE, 9-oxo-
ODE, 13-0x0-ODE, G-keto-PGF,,, 11,12-DHET, 14,15
dihydroxy eicosatetraenoic acid (14,15-DiHETE), 17,18-
DiHETE, HXA,, 12-hydroxyeicosatetraenoic acid (r2-
HETE), 12-HEPE, 4-HDHA, 8-HDHA, 11-HDHA, 13-
HDHA, 14-HDHA, 17-HDHA and 20-HDHA were all
negatively correlated with HOMA2-IR indicating lower
proportions of these oxylipins with increasing insulin
resistance (Table 2).

Role of enzymes involved in FA metabolism in the
oxylipin profile changes seen in obesity

The expression of genes encoding cytochrome P450
(CYP-450), cyclooxygenase (COX) and lipoxygenase
(LOX) enzymes, which are involved in the oxidation of
PUFAs to form oxylipins, was investigated to assess
their contribution to the differences in the oxylipin pro-
file observed at study entry between normal weight indi-
viduals and those living with obesity. The mRNA
expression of a cytochrome P450 gene CYP1B1, ALOXj5
(which encodes 5-LOX), and PTGS1 (which encodes
COX-1) was upregulated in individuals living with obe-
sity (Figure 2a). ALOX5 mRNA expression was posi-
tively correlated with body % and kg of body fat
(0 = 0.423, P <o0.001 and p = 0.457, P <0.001 respec-
tively, Spearman’s rank order correlation, data not

shown) and ALOX12 mRNA expression was negatively
correlated with % body fat (p = -0.263, P = 0.030,
Spearman’s rank order correlation, data not shown).

Correlations between the expression of COX, LOX,
and CYP genes and proportions of scWAT oxylipins
were assessed. In normal weight individuals, the pro-
portion of r7-HDHA positively correlated with the
expression of ALOX15, and the proportion of 11-HDHA
positively correlated with ALOX15 and CYCP1Bi1 expres-
sion (Table 3). In individuals living with obesity, 13-
HODE was positively correlated with the expression of
PTGS2, and PGD, was positively correlated with PTG S1
and negatively correlated with PTGS2 (Table 3). In indi-
viduals living with obesity, several oxylipins were nega-
tively correlated with the enzyme involved in their
synthesis which may suggest dysregulation in the
metabolism of FAs to signalling molecules in obesity.
LXA,, 15-HEPE, and RvE3 were negatively correlated
with ALOXi5 expression (Table 3). Furthermore, the
proportions of DHA-derived oxylipins, RvE2, RvD1,
RvD2, 4-HDHA, and 20-HDHA were negatively corre-
lated with expression of ALOX15 which is not directly
involved in the metabolism of DHA to these metabolites
(Table 3).

Obesity is associated with dysregulated expression of
inflammatory and immune response related genes
Sequencing of RNA extracted from human scWAT
identified 4461 differentially expressed genes in individ-
uals living with obesity compared with normal weight
individuals; 798 genes showed at least a two-fold signifi-
cant difference in expression (P <o.05, FDR <o0.05),
with 622 of these upregulated and 176 downregulated
in obesity (Supplemental Table 3). Examination of the
global difference between the two phenotypes was con-
ducted by principal component analysis for each sample
at study entry and its paired sample following oil treat-
ment and identified samples to cluster by obesity status
(Supplemental Figure 2). The top 10 upregulated genes
were EGLF6, MMPy, CCL22, MMP9, DCSTAMP,
URAD, LINCo1010, AADACL3, CHIT1, and SPP1 (P <
o.o01, Supplemental Table 3). The top 10 downregu-
lated genes were SLC27A2, RORB, SPX, CA3, CECR,
WDR8G6oAS1, KCNU1, ASPG, BMP3 and RASSFG (Sup-
plemental Table 3).

To understand the functional significance of the
changes, Ingenuity pathway analysis (Qiagen, Hilden,
Germany) was run to identify pathways and networks
enriched amongst the differentially expressed genes.
The majority of differentially expressed genes were asso-
ciated with inflammatory and immune responses and
the results indicated an upregulation of these processes
in the scWAT of individuals living with obesity com-
pared to those of normal weight. Twenty-five of the
most enriched inflammatory-associated canonical path-
ways in individuals living with obesity are depicted in
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Figure 2. a. Fold difference in gene expression in scWAT from individuals living with obesity (n=39) compared with normal weight
individuals (n=28) at study entry (week-0) (univariate general linear model) and fold change in both groups following 12-week fish
oil intervention (week-12 compared with week-0, paired samples T-test). Mean (+ SEM) * P = 0.050, **P < 0.030. b. Histogram of 25
canonical pathways associated with differential gene expression in scWAT from individuals living with obesity. NFAT, nuclear factor
of activated T cells; TREM1, triggering receptor expressed on myeloid cells. c. Network of differentially expressed genes in scWAT
from individuals living with obesity compared with normal weight individuals and association with canonical pathways (CP) and dis-
ease & function (Fx) pathways. Red = upregulated, green = downregulated. 2 x FC, FDR 0.05, P < 0.05.

Figure 2b. Upregulated genes in individuals living with ~ regulation of immune response, inflammatory signal-
obesity were enriched amongst dendritic cell matura-  ling including IL-6 and IL-8 signalling, triggering recep-
tion, nuclear factor of activated T-cells (NFAT) tor expressed on myeloid cells (TREM), B- and T-cell
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Oxylipin Enzyme encoding Normal weight Obese
o' P o' P!
13-HODE COX-2 0.144 0.511 0.331 0.039
PGD; COX-1 0.045 0.838 0.640 0.046
COX-2 -0.628 0.070 -0.349 0.029
LXAs 15-LOX -0.044 0.841 -0.397 0.012
15-HEPE 15-LOX 0.372 0.080 -0.346 0.001
RvE2 15-LOX 0.298 0.167 -0.365 0.022
RVE3 15-LOX -0.022 0.920 -0.442 0.005
RvD1 15-LOX -0.001 0.996 -0.345 0.029
RvD2 15-LOX 0.263 0.226 -0.494 0.001
4-HDHA 15-LOX 0.103 0.641 -0.434 0.006
COX-2 -0.222 0.308 -0.381 0.017
11-HDHA 15-LOX 0.465 0.026 -0.132 0.424
17-HDHA 15-LOX 0.510 0.013 -0.290 0.073
20-HDHA 15-LOX 0.370 0.082 -0.331 0.034
COX-2 -0.046 0.833 -0.331 0.054
Table 3: Correlations between expression of enzymes encoding LOX and COX enzymes and oxylipin proportions in scWAT from normal
weight individuals and individuals living with obesity.
' Coefficient and P value obtained using Spearman’s rank order correlation, significance is deemed P < 0.05. Normal weight individuals (n=39), individuals
living with obesity (n=45).

signalling, production of nitric oxide and reactive oxy-
gen species, and NF-«B and inflammasome pathways
(Figure 2b).

Several genes that were differentially expressed in
scCWAT from individuals living with obesity were
observed to interact with each other and were associated
with key inflammatory and homeostatic processes in
scWAT including immune cell and cytokine signalling,
immune cell infiltration and development and hypoxia
(Figure 2¢). In addition to immune and inflammatory
processes, ~20% of differentially expressed genes in
individuals living with obesity were associated with lipid
and carbohydrate metabolism and signalling which
may contribute to an upregulation in the type 2 diabetes
signalling pathway (Figure 2b). A small number of
these genes can also be seen to interact with inflamma-
tory processes in the network depicted in Figure 2c.
These pathways include cytokine signalling (IL-6, -8,
and -10), acute phase response signalling, T-helper cell
(Th)-1 and Th2 activation pathway, role of NFAT in
immune response, dendritic cell maturation, phago-
some formation, and of current global interest, viral
response, role of pattern recognition receptors in
response to bacteria and viruses, and coronavirus patho-
genesis (associated with the upregulation of 2'-5"-oligoa-
denylate synthetase genes OAS2 and OAS3) (Figure 2¢).

Supplemental LC n-3 PUFAs increase scWAT LC n-3
PUFAs and modulate scWAT oxylipin profile in normal
weight individuals

In response to a 12-week LC n-3 PUFA intervention, the
proportion of EPA in scWAT significantly increased in

both normal weight and individuals living with obesity
(Figure 3a). The proportions of DPA and DHA also sig-
nificantly increased in normal weight individuals and
increased to a similar extent in individuals living with
obesity but this was not statistically significant
(Figure 3a). There was no effect of sex on response to
EPA, DPA or DHA (P > 0.487 normal weight individu-
als, P > o.230 individuals living with obesity, Mann-
Whitney U, data not shown). Changes (A) in the propor-
tions of LC n-3 PUFAs were negatively correlated with
markers of insulin resistance. A scWAT DPA and DHA
were negatively correlated with both HOMA2-IR
(p=-0.282, P = 0.023, and p=-0.375, P = 0.002 respec-
tively, Spearman’s rank order correlation, data not
shown) and adipose-IR (p=-0.357, P = 0.003 and
p=-0.423, P = <o.oo01 respectively, Spearman’s rank
order correlation, data not shown), and there was a
trend for A EPA to be negatively correlated with adi-
pose-IR (p=-0.224, P = 0.068, Spearman’s rank order
correlation, data not shown). EPA, DPA and DHA did
not change in scWAT in the corn oil group (Figure 3a).
Saturated and monounsaturated FAs were not altered
with either fish oil or corn oil intervention in either
group of individuals (P > 0.084 normal weight individ-
uals, P > o.123 individuals living with obesity, fish oil
intervention, and P > 0.060 normal weight individuals,
P > o.123 individuals living with obesity, corn oil inter-
vention, Wilcoxon signed ranks test, data not shown).
Several oxylipins were significantly altered by fish oil
intervention, predominantly in normal weight individu-
als (Figure 3a). The proportion of ethanolamides of myr-
istic, palmitic and palmitoleic acids (14:0-EA, 16:0-EA
and 16:1-EA) were significantly decreased in the scWAT
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Figure 3. a. Fatty acids and fatty acid-derived mediators in sCWAT in response to dietary oil intervention (week-12 vs week-0, Wil-
coxon signed ranks test). Significance is defined as P < 0.05 (depicted in yellow); +, increase with intervention, -, decrease with inter-
vention. Normal weight individuals (n=39), individuals living with obesity (n=45) b. Log fold change of scWAT genes in response to
dietary oil intervention (week-12 - week 0). All fold change data are statistically significant at P < 0.001 (pair-wise comparison in
EdgeR). Normal weight individuals (n=20), individuals living with obesity (n=20). c. Enriched GO (gene ontology) biological pro-
cesses in response to 12-week fish oil intervention in normal weight individuals and in those living with obesity (pair-wise compari-
son in EdgeR) Normal weight individuals (n=20), individuals living with obesity (n=20).

of normal weight individuals (Figure 3a). The propor-
tion of the 20:4n-6 (AA) metabolites 20-COOH-AA, 14-
15-DHET, and arachidonoyl ethanolamide (AEA), were
significantly decreased, and the AA metabolite 8-iso-
PGF,,, significantly increased in the scWAT of normal
weight individuals receiving fish oil (Figure 3a). We pre-
viously reported an increase in the EPA and DHA con-
taining endocannabinoids eicosapentaenoyl
ethanolamide and docosahexaenoyl ethanolamide with
fish 0il.” In addition to these, we further report a signifi-
cant increase in the proportion of the EPA glycerol ester,
20:5-glycerol, and the absolute concentration of the
hydroxy-DHA metabolite 14-HDHA, the precursor to
maresin 1 (MaR1), in normal weight individuals receiv-
ing fish oil (Figure 3a.)

Modulation of scWAT oxylipins by LC n-3 PUFAs is
altered in obesity

Fish oil intervention in individuals living with obesity
resulted in a decrease of AA metabolites in scWAT but
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no generation of LC n-3 PUFA metabolites. There was a
decrease in the proportion of the glycerol ester of palmi-
toleic acid, 16:1-glycerol, the AA metabolites LTE, and
HXA,, and in the absolute concentration of 12-HETE
and 2-AG in addition to a decrease in the proportion of
the EPA derived SPM RvE3 in individuals living with
obesity who received fish oil. The only metabolite simi-
larly changed in individuals living with obesity and in
normal weight individuals was the AA metabolite &-iso-
PGF,,, which increased (Figure 3a).

Corn oil increased the proportions of the linoleic acid
(LA) metabolite 12,13-EpOME, the dihomo-y-linolenic
acid metabolite, PGF,,, and the AA metabolites 2o0-
COOH-AA, PGE,, 20-COOH-LTB,, 16-HETE and 1-
20:4-glycerol in normal weight individuals (Figure 3a).
In individuals living with obesity, corn oil intervention
increased the proportions of the glycerol ester of palmi-
toleic acid, 16:1-glycerol, and of LA, 18:2-glycerol. The
corn oil supplement contained o.55 g of LA per capsule;
the proportions of LA and AA did not significantly
increase in the scWAT but the rise in LA, DGLA, and

1



Articles

12

AA metabolites is not surprising given the composition
of the oil. Corn oil proved to be a suitable control oil in
individuals living with obesity in that only 2 FA metabo-
lites were altered; its use in normal weight individuals
may be more questionable due to the increase in AA
derived metabolites. However, corn oil had a smaller
effect on the oxylipin profile than fish oil and had mini-
mal effects on the expression of sScWAT genes in both
groups of individuals (Fig 3.b, transcriptome data can
be openly accessed via GEO (https://www.ncbi.nlm.nih.
gov/geo/ ID: GSE162653).

LC n-3 PUFAs modulate inflammatory gene expression
in scWAT

In response to 12-week fish oil intervention, 51 genes
were differentially expressed in scWAT in normal
weight individuals (meeting significance criteria of <
o.05 and FDR < o.1). Of these, 26 genes had at least a
2-fold change in expression and 19 of these were associ-
ated with inflammatory and immune response
(Figure 3b). In response to 12-week fish oil intervention,
21 genes were differentially expressed in individuals liv-
ing with obesity (meeting significance criteria of < 0.05
and FDR < o.1). Eight of these had at least a 2-fold
change in expression and 7 of these were associated
with inflammatory and immune response (Figure 3c).
None of these genes, nor any gene associated with
inflammatory and immune response, was significantly
modulated in response to corn oil intervention.

The modulation of these genes was associated with
the overall downregulation of acute and chronic inflam-
matory response, humoral and innate immune
response, complement activation, immunoglobulin pro-
duction, B cell receptor signalling, cytokine mediated
signalling, and cytokine production in immune
response (Figure 3c). Furthermore, modulation of genes
in response to 12-week fish oil in normal weight individ-
uals was associated with upregulation of glucose
homeostasis (Figure 3c).

In relation to oxylipin metabolism, the expression of
the gene encoding PTGS:z significantly increased by 2.7-
fold in scWAT from individuals living with obesity in
response to 12-week fish oil intervention, but this was
not accompanied by a change in the activity of COX-2 in
these individuals or in normal weight individuals (P >
0.166, Paired T-test, data not shown).

Discussion

Comprehensive evaluation of ‘physiological’ scWAT
and changes in obesity in the context of inflammation
and in response to LC n-3 PUFAs is lacking. The current
study provides evidence for altered n-3 and n-6 FA com-
position, altered oxylipins derived from these FAs, and
an altered transcriptome in scWAT from individuals liv-
ing with obesity compared to those of healthy weight.

These differences are indicative of enhanced inflamma-
tion and immune response with dysregulation of resolu-
tion (of inflammation) suggesting individuals living
with obesity have a reduced capability to self-resolve
inflammation which may contribute to a state of chronic
inflammation often observed in obesity. Furthermore,
sustained inflammatory and immune response
observed in individuals living with obesity may contrib-
ute to dysregulation in their ability to respond appropri-
ately to inflammatory and immune queues such as
pathogen attack with increased susceptibility and sever-
ity of infections in these individuals. In addition, the
current study reports modulation of scWAT oxylipin
and transcriptome profiles to promote anti-inflamma-
tory signalling and inhibit chronic inflammation and
immune response with LC n-3 PUFA intervention, but
that these actions of LC n-3 PUFAs are impaired in indi-
viduals living with obesity compared to normal weight
individuals.

Transcriptional changes in obesity were associated
with the upregulation of inflammatory and immune
responses, and changes to lipid and carbohydrate
metabolism which may indicate interruption of whole
tissue homeostasis occurring in these early stages of
obesity. Several genes involved in key tissue processes
including interleukin signalling, inflammatory tran-
scription factor activation, chemokine signalling, and
function of enzymes involved in oxylipin synthesis were
differentially expressed. An overview of such genes and
their actions in the scWAT of individuals living with
obesity is depicted in Figure 4. ‘Immune signalling and
response’ was dysregulated in individuals living with
obesity in which there was differential expression of
genes involved in B- and T-cell signalling (Figure 2b).

Dysregulation of immune responses in obesity-link to
SARS-CoV-2 susceptibility

A novel finding of the current study is the upregulation
of OAS2 and OAS3, genes that encode oligoadenylate
synthetases that synthesize 2’-5'-linked oligoadenylates,
in individuals living with obesity. These proteins are
involved in the coronavirus pathogenesis pathway
(Figure 3c) and have a role in activating RNase L leading
to the degradation of viral ssRNA.#* OAS variants have
been implicated in susceptibility to SARS-CoV-2.%
Analysis of biobank data has shown obesity to almost
double the risk of infection when adjusted for age, sex,
ethnicity, and socioeconomic status,*® and in the UK, of
13,503 individuals hospitalised with SARS-CoV-2,
70.2% of these were living with overweight and obesity,
and 36.2% of these with obesity.’ Adipose tissue has
been proposed to be a target for SARS-CoV-2 due to
high expression of angiotensin-converting enzyme 2
(ACE2), a SARS-CoV-2 receptor and this may link obe-
sity and increased risk of susceptibility to the
disease.”*” However, current literature does not report
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any changes to ACE2 expression in obesity*” and data from
the current study support this (Supplemental Table 4).

There has been some discussion that obesity pro-
motes deficiency of SPMs® and the current study pro-
vides important data to support this. Because of the role
of SPMs in supporting immunity, low levels of SPMs in
obesity may contribute to increased susceptibility to
infection.” There is strong literature supporting the
role for SPMs in improving outcomes to bacterial and
viral infection*?5° in mice’">* and in humans.>* Despite
deficiency of these SPMs, B cell signalling was upregu-
lated in individuals living with obesity in the current
study. This, in addition to greater expression of OAS
genes, suggests dysregulation of immune response in
individuals living with obesity. Chronic upregulation of
the immune system and interference from chronic
inflammatory signalling in these individuals may result
in failure to respond appropriately to challenges such as
bacterial and viral infections.

Dysregulation of the oxylipin profile in obesity
Deficiency of SPMs and the intermediates in their bio-
synthesis in the scWAT of individuals living with obe-
sity is a novel finding. We report decreased proportions
of SPMs, RvEr, RvD2 and LXB,, and a range of
hydroxy-DHA metabolites which are precursors to Rvs,
protectin D (PD) and MaRs.™ Hydroxy-DHA metabo-
lites have anti-angiogenic actions, inhibit platelet aggre-
gation and neutrophil infiltration, and promote
phagocytosis of dying cells by macrophages.’* *° 17-
HDHA is of particular interest as the precursor to RvD1
and has been reported to be decreased in WAT in obese
mice and in plasma in human obesity.” °° 14-HDHA,
the precursor to MaR1, has been previously observed at
lower concentrations in the plasma of obese humans in
comparison to lean,’® in individuals living with morbid
obesity accompanied by type-diabetes in comparison to
non-diabetic individuals living with mild obesity®® and
at lower concentrations in the adipose tissue of C57BL/
6 mice with diet-induced obesity in comparison to adi-
pose tissue from lean mice.** Altered concentrations of
SPMs in human obesity in comparison to normal
weight individuals have previously only been reported
in visceral WAT (VWAT) in which there was an increase
in several SPMs in obesity suggesting association
between obesity and adipose SPMs is depot specific.®’
The current study is the first to report decreased propor-
tions of SPMs and HDHAs in scWAT in human obesity
without accompanied metabolic complications in com-
parison to normal weight individuals (previous studies
reviewed by Pal et al. and Han at al.>252¢"),

Genetic regulation of the oxylipin profile in obesity
There was a lack of association between the altered oxy-
lipin profile and the expression of genes encoding

enzymes involved in the oxidation of FAs to form oxyli-
pins in individuals living with obesity. The mRNA
expression of 12-LOX was negatively correlated with
body fat % which is concordant with lower proportions
of 14-HDHA in individuals living with obesity; however,
greater expression of 5-LOX, COX-1 and CYP1B1 was
observed in individuals living with obesity which was
not concordant with the altered proportion of respective
pathway oxylipins in these individuals. Furthermore,
we report negative correlations between several DHA-
derived Rvs and HDHAs with the expression of 15-LOX
which is not involved in the biosynthetic pathways of
these oxylipins. We suggest this may reflect preferential
metabolism of DHA by 15-LOX resulting in lower pro-
portions of DHA-derived oxylipins produced via 5-LOX,
12-LOX, and COX enzymes.

What may have a greater influence on the oxylipin
profile is the expression of the very long-chain acyl-CoA
synthetase gene, SLC27Az2 which is responsible for con-
verting and ‘activating’ DHA to its acyl-Co-A ester
required for further metabolism to oxylipins.®* We pre-
viously reported 92% lower expression of SLC27A2 in
SCWAT of individuals living with obesity at study
entry.”> We reported that subsequent lower activation of
DHA by SLC27A2, may result in less conversion of
DHA to the DHA containing ethanolamide, providing a
mechanism for the impaired synthesis of DHA-ethano-
lamide following LC n-3 PUFA intervention in obesity."
In the current analysis, this lower expression of
SLC27A2 may contribute to lower proportions of Rvs
and HDHAs observed at study entry and may explain
the lack of formation of 14-HDHA in response to LC n-3
PUFA intervention in individuals living with obesity
(Figure 3a). The expression of SLC27A2 was also nega-
tively correlated with HOMA2-IR (p -0.394, P = 0.001,
Spearman’s rank order correlation, data not shown),
suggesting the metabolic health of the individual may
play a role in its expression and subsequent LC n-3
PUFA activation for the formation of DHA-derived oxy-
lipins.

Altered response to LC n-3 PUFA intervention in
obesity

The proportion of EPA and DHA increased to a similar
extent in individuals living with obesity as in normal
weight individuals, despite the response of DHA not
being statistically significant in those living with obesity
(Figure 3a; change in FA shown in more detail in®). It
is important to note that individuals living with obesity
had ~3 times the amount of body fat as normal weight
individuals; for the proportion of EPA and DHA to have
increased to a similar extent, the absolute amount of
EPA and DHA in the tissue in individuals living with
obesity may be ~3 times greater than that of normal
weight individuals. This finding magnifies the apparent
dysregulation in LC n-3 PUFA metabolism in
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individuals living with obesity as we observe a lack of
response in oxylipin formation from these FAs in com-
parison to normal weight individuals despite the likely
higher abundance of the precursor FAs (Figure 3a).
Additional investigation of blood and plasma NEFAs
revealed that there were lower concentrations of non-
esterified LC n-3 PUFAs following fish oil intervention
in individuals living with obesity than in normal weight
individuals (Supplemental Table 5). There were no dif-
ferences in these or the concentration of total NEFAs at
study entry which may suggest there were no differen-
ces in the rate of lipolysis or specifically the release of
EPA and DHA during lipolysis in obesity. Lower con-
centrations of non-esterified EPA and DHA in conjunc-
tion with data reporting similar proportions of scWAT
EPA and DHA following fish oil intervention in individ-
uals living with obesity compared to normal weight indi-
viduals (Supplemental Table 5) may suggest retention of
these FAs within the tissue. This may reflect differential
storage of these lipids, changes to their liberation from
fat stores and cell membranes, or processes required for
metabolism to further bioactive molecules.

Metabolism of FAs residing in the membranes of
SCWAT cells is required for the generation of bioactive
FA metabolites. If EPA and DHA are not incorporated
into the cell membrane or their contribution in the
membrane is not increased in comparison to other FAs,
they will not be available or preferred for metabolism
and subsequent metabolites will not be generated. Alter-
natively, it may be that DHA is retained in the mem-
brane or not converted into is acyl-CoA ester which
would impair further metabolism. We report lower
expression of SLC27A2 which may contribute to reduced
acyl-Co-A ester formation, and subsequently impaired
generation of 14-HDHA in response to LC n-3 PUFA
intervention (Figs. 2a and 3a) in individuals living with
obesity. Therefore, altered storage, activation, and
metabolism of LC n-3 PUFAs in individuals living with
obesity may contribute to greater concentrations
retained within the scWAT and impaired generation of
EPA and DHA metabolites, compared to what is seen in
normal weight individuals.

We further report downregulated expression of
SCWAT genes involved in immune and inflammatory
signalling in response to LC n-3 PUFA intervention but
that these effects were impaired in individuals living
with obesity. Furthermore, the current study does not
provide evidence in support of LC n-3 PUFA modulated
expression of key inflammatory markers such as IL-18,
IL-6, tumour necrosis factor- alpha (TNF-«), and NF-kB
as previously reported in human derived lipopolysaccha-
ride (LPS) stimulated macrophages,®® and cultured DCs
and stimulated macrophages.® °° In addition to
immune and inflammatory responses, LC n-3 PUFA
intervention significantly upregulated glucagon recep-
tor2 (GCGR) and transglutaminase 2 (TGM2) which are
associated with decreased adipogenesis and may result
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in improved glucose tolerance and insulin sensitivity,®”
as well as accelerated clearance of apoptotic cells in
areas of inflammation.® These are key steps in the res-
olution of scWAT inflammation and dysfunction, again
suggesting a benefit of LC n-3 PUFAs in scWAT, espe-
cially in normal weight individuals.

LC n-3 PUFA intervention did not alter the propor-
tion of AA in scWAT, resulting in individuals living
with obesity still having a higher proportion of AA in
comparison to normal weight individuals following the
intervention. For LC n-3 PUFAs to elicit their actions,
they are incorporated into cell membranes where they
alter lipid raft formation and membrane fluidity, subse-
quently altering the activity of transcription factors, and
the synthesis and secretion of inflammatory signalling
molecules.*®29 It may be that despite incorporation of
LC n-3 PUFAs resulting in similar proportions of EPA
and DHA in the scWAT, this is not enough to alter the
n-6: n-3 ratio in individuals living with obesity to pro-
mote favourable metabolism of these FAs and subse-
quently we do not see the effects on LC n-3 PUFA
derived oxylipins or as great an effect on gene expres-
sion in these individuals in comparison to normal
weight individuals. The decrease in the proportion of
AA metabolites in individuals living with obesity, sug-
gests changes to the metabolism of AA in response to
fish oil intervention. We previously reported no changes
to the expression of genes or enzymes involved in AA
metabolism to oxylipins, so this may suggest displace-
ment of AA by EPA and DHA incorporation to scWAT
cell membranes. However, this incorporation may not
be enough to promote LC n-3 PUFA derived metabolites
as we observe a lack of increased generation of these in
obesity. As discussed above, this may also suggest
impaired incorporation of DHA to cell membranes or
retention of DHA in the membrane, which may in part
be due to impaired activation to its acyl-CoA ester
required for metabolism to SPMs. An overview of
SCWAT dysregulation and the effects of 12-week LC n-3
PUFA intervention is depicted in Figure s.

In summary, the current study provides novel evi-
dence for dysregulation of oxylipin and transcriptome
profiles in scWAT in obesity prior to manifestation of
metabolic syndrome as determined by circulating
markers. These new data suggest dysregulation of
immune response, enhanced inflammation, and declin-
ing ability to self-resolve inflammation in scWAT in
individuals living with obesity which may contribute to
the progression of obesity associated metabolic compli-
cation. We report both LC n-3 PUFA status and
response, as well as the oxylipin profile, to be associated
with HOMA2-IR indicating a link between n-3 PUFAs,
their oxylipins and metabolic health. We provide novel
evidence that scWAT is responsive to dietary manipula-
tion with LC n-3 PUFAs and that beneficial changes to
inflammatory state through the modulation of tissue
oxylipin and transcriptome profiles can be achieved
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within 12 weeks of LC n-3 PUFA intervention in normal
weight individuals. Furthermore, the current study pro-
vides novel evidence that the beneficial actions of LC n-3
PUFAs are impaired in individuals living with obesity;
this may, at least in part, be due to altered FA incorpo-
ration to cell membranes, activation, and metabolism as
a result of decreased expression of SLC27Azin individu-
als living with obesity. We further highlight the role of
adipose tissue and the potential impact of obesity in
viral responses and that OAS genes and SLC27A2 may
be novel targets for future therapeutic intervention. Fur-
thermore, these data may suggest personalisation of
EPA+DHA intake is required for individuals living with
varying stages of obesity and with declining metabolic
health.

Strength and limitations

The current study has several strengths. These include
its sample size, the compliance to the intervention
which was >90%, the careful phenotyping of the indi-
viduals, and the use of an intervention to potentially
modify scWAT oxylipin and transcriptome profiles
which generated highly novel data. We have shown that
12 weeks of 1.9 g of EPA + DHA daily was adequate to
increase EPA and DHA in human scWAT and to alter
oxylipin and transcriptome profiles in both normal
weight individuals and individuals living with obesity.
This dose of EPA + DHA is attainable amongst the gen-
eral population and could be achieved by diet (e.g. sev-
eral servings of fatty fish weekly) or a combination of
diet and supplementation.

A limitation of this study is that absolute quantifica-
tion of FAs was not determined so it is not possible to
determine whether individuals living with obesity
indeed have ~3 times greater EPA and DHA retained in
their scWAT following the intervention or not. In addi-
tion, full dietary data, including dietary fat intake, which
may have varied between the two groups, was not col-
lected, and could not be assessed as a possible contribu-
tor to differences in FA composition and oxylipin
profile at study entry. A target group size of 40 normal
weight individuals and 4o individuals living with obe-
sity was required for the study to be appropriately pow-
ered to detect changes in circulating cytokines (using
IL-6 as the primary outcome) at > 80% power and a 5%
level of significance. There was no formal power calcula-
tion for the outcomes described in the current paper,
and it is possible that the number of scWAT samples
analysed was a limitation for some of the outcomes
reported herein.

Data sharing statement
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