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ABSTRACT

Objective Human white adipose tissue (AT) is

a metabolically active organ with distinct depot-

specific functions. Despite their locations close to the
gastrointestinal tract, mesenteric AT and epiploic AT
(epiAT) have only scarcely been investigated. Here, we
aim to characterise these ATs in-depth and estimate their
contribution to alterations in whole-body metabolism.
Design Mesenteric, epiploic, omental and abdominal
subcutaneous ATs were collected from 70 patients with
obesity undergoing Roux-en-Y gastric bypass surgery.
The metabolically well-characterised cohort included
nine subjects with insulin sensitive (IS) obesity, whose

AT samples were analysed in a multiomics approach,
including methylome, transcriptome and proteome

along with samples from subjects with insulin resistance
(IR) matched for age, sex and body mass index (n=9).
Findings implying differences between AT depots in these
subgroups were validated in the entire cohort (n=70) by
quantitative real-time PCR.

Results While mesenteric AT exhibited signatures
similar to those found in the omental depot, epiAT was
distinct from all other studied fat depots. Multiomics
allowed clear discrimination between the IS and IR states
in all tissues. The highest discriminatory power between
IS and IR was seen in epiAT, where profound differences
in the regulation of developmental, metabolic and
inflammatory pathways were observed. Gene expression
levels of key molecules involved in AT function, metabolic
homeostasis and inflammation revealed significant
depot-specific differences with epiAT showing the
highest expression levels.

Conclusion Multi-omics epiAT signatures reflect
systemic IR and obesity subphenotypes distinct from
other fat depots. Our data suggest a previously
unrecognised role of human epiploic fat in the context of
obesity, impaired insulin sensitivity and related diseases.

INTRODUCTION
The role of white adipose tissue (AT) in obesity

2 Lucas Massier
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Significance of this study

What is already known on this subject?

> Adipose tissue (AT) is a complex organ
contributing to metabolism beyond its role as a
storage for excess fat.

» AT distribution contributes to metabolic
sequelae of obesity with visceral fat
accumulation being associated with less
favourable metabolic and clinical traits.

» Visceral AT depots exhibit specific features
regarding their development, composition,
metabolism and immunological functions,
warranting a critical approach accommodating
these characteristics to elucidate their
individual contributions to clinical phenotypes
and disease development.

» Among visceral ATs, mesenteric ATs and
epiploic ATs (epiAT) have not been deeply
characterised in the context of obesity, insulin
resistance (IR) and type 2 diabetes (T2D).

unanswered. One concept which arose from
previous studies is the classification of human
obesity as either insulin sensitive (IS) or insulin
resistant (IR).! These phenotypes have been linked
to different patterns of whole-body AT distribu-
tion.? Visceral fat accumulation has been associated
with less favourable metabolic and clinical traits.?
Ample research comparing mainly subcutaneous
AT (scAT) and omental AT (omAT) suggests several
AT-depot-specific signatures related to develop-
ment, cellular and extracellular matrix composi-
tion, metabolism, inflammation and immunological
functions.*® It thus seems promising to further
subdivide visceral AT into different subdepots and
investigate their characteristics in association with
clinical phenotypes.

Despite their location along the small and the
large intestines, mesenteric AT (mesAT) and epip-

doi:10.1136/ and systemic insulin signalling has already been loic AT (epiAT) are two depots rarely assessed in
gutjnl-2021-324603 extensively studied, yet many questions remain studies of human AT. MesAT has been investigated
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Significance of this study

What are the new findings?

» EpiAT exhibited unique features leading to a clear
separation of epiAT samples from other studied visceral ATs
(omental and mesenteric) in all omics layers (methylome,
transcriptome and proteome).

» EpiAT was characterised by an upregulation of several genes
and proteins belonging to catabolic pathways, short chain
fatty acid (SCFA) production as well as branched-chain
amino acids degradation, and displays a unique methylation
signature suggesting a distinct developmental origin of this
particular depot.

» EpiAT showed the strongest separation between insulin
sensitive (IS) and insulin resistant (IR) states in obesity,
displaying the most marked differences between these two
states in transcriptome and proteome signatures.

» IR in epiAT was associated with an upregulation of various
infection and inflammatory pathways, including pathogenic
Escherichia coli infection, macrophage and toll-like
associated as well as chemokine signalling, whereas IS was
associated with increased fatty acid and SCFA metabolism,
suggesting a potential sentinel role of this depot in mediating
signals from the gut.

» Several key driver proteins’ underlying modules associated
with IR in epiAT were associated with characteristic clinical
features and AT gene expression related to obesity and
T2D, suggesting a precursory role in metabolic disease
development.

How might it impact on clinical practice in the foreseeable

future?

» Within visceral AT, specific AT depots such as epiAT may
drive the clinically emerging subphenotypes of IR and T2D in
obesity.

» EpiAT is a potentially underrated depot contributing to
metabolic health and disease in obesity, which needs to be
accounted for in further studies.

in the context of inflammatory bowel disease, where it expands
and becomes fibrotic and inflamed, a phenomenon termed
‘creeping fat’.” 8 However, it has also been shown to exhibit
unique metabolic features compared with other visceral AT
locations.” The epiAT, also referred to as appendices epiploicae,
consists of 50-100 lobules along the human colon, each approx-
imately 2—5 cm in size.'® This tissue had only been sporadically
studied, mostly in the context of mesenterial infarction,'! before
recently a possible link to obesity was proposed.'? Since it is not
present in rodents and its harvest from the human colon is rarely
performed, studies in epiAT remain few and are limited by small
sample sizes as well as a lack of in-depth characterisation.

This study aims at identifying depot-specific AT patterns of
methylome, transcriptome and proteome as well as uncovering
possible key drivers and pathways associated with IR, with
focus on to the understudied epiAT. We present an extensive
characterisation of four human ATs (abdominal subcutaneous,
omental, mesenteric and epiploic) from patients with obesity
and with or without impaired glucose metabolism. Starting from
a multiomics-based comparison of these depots in IS obesity, we
subsequently compared each depot between age-matched, sex-
matched and body mass index (BMI) matched patients with IS
and IR. AT differences and associations to the phenotype were

then validated in a larger cohort, adding anthropometric, clinical
and immunohistochemistry data.

METHODS

Study subjects and AT samples collection

This study included 70 patients with obesity at the Leipzig
University Medical Center. All subjects gave their written
informed consent before participating in this study. AT was
collected during laparoscopic Roux-en-Y gastric bypass surgery.
ScAT was collected from the incision of the first trocar in the
left paramedian mid-abdomen, omAT from the mid of the pars
libera of the greater omentum, mesAT from the mesenterium
of the mid-jejunum, close to the bowel wall, and epiAT was
sampled from the appendices epiploicae of the transverse colon
(figure 1).

Blood, immunohistochemistry and gene expression analyses
were performed in all subjects and routinely assessed clinical
and anthropometric data were recorded (table 1). Based on
clinically pre-diagnosed type 2 diabetes (T2D), subjects were
divided into two groups (T2D and no T2D (nT2D)) for further
analyses. To rule out IR as a confounding variable in multiomics
AT comparisons, only subjects without IR (=IS) were consid-
ered. Assignment from the nT2D to the IS subgroup was based
on following criteria: glycated haemoglobin (HbAlc) <5.8%
(39.89 mmol/mol), homeostatic model assessment of insulin
resistance (HOMA-IR) <2.5 and no diabetes medication. All
other subjects were considered IR, regardless of whether T2D
had previously been diagnosed or not. Nine subjects met the
IS subgroup requirements and were included in the multiomics
analyses. Systemic and AT inflammatory statuses were explored
via routine measurements of metabolic markers and immunohis-
tochemistry methods described in online supplemental methods.
Circulating adipokines and apolipoproteins were measured by
mass spectrometry as described previously.”® Fluorescence acti-
vated cell sorting (FACS) analysis was performed on the stromal
vascular fraction (SVF) of AT samples from seven subjects
with a previously established 13-colour panel, using a Fortessa
Cell Analyzer equipped with 405-nanometre, 488-nanometre,
561-nanometre and 640-nanometre lasers and Diva software
(BD Biosciences). Data analysis was performed with the Flow]Jo
software (Tree Star, Ashland, Oregon, USA).' Isolation of the
SVF is described in online supplemental methods.

Quantification of AT depots from body donors

For quantification of visceral AT depots, epiAT and omAT were
obtained from 51 body donors at the Institute of Anatomy at
Leipzig University and the Institute of Anatomy and Cell Biology
at Martin Luther University in Halle-Wittenberg, Germany.
During their lifetime, body donors gave informed and written
consent to the donation of their bodies for teaching and research
purposes. As part of the body donor programme, regulated by
the Saxonian Death and Funeral Act of 1994 (third section,
paragraph 18 item 8), institutional approval for the use of the
postmortem tissues of human body donors was obtained from
both participating institutes. Clinical characteristics of the body
donors, including age, weight, BMI, causes of death and comor-
bidities, are listed in online supplemental table S1. Dissections
were performed by two board certified anatomists (either MG
or MKriiger). Appendices epiploicae were collected from the
ascending colon to the sigmoid colon. The omentum majus (pars
libera) was dissected from the transverse colon. As an internal
reference, the donor’s spleen was also dissected. All tissues were
weighed and discarded subsequently.
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Figure 1
fraction.

Methylation studies

Methylome analyses were performed in a subcohort consisting
of nine IS subjects, matched to nine IR subjects by sex, age
and BMI (online supplemental table S2). Raw data of 866 150
CpG sites were extracted using Illumina GenomeStudio with
the Infinium MethylationEPIC V.1.0 B4 Manifest File (Illu-
mina), followed by normalisation using the preprocessQuan-
tile function in minfi.

Proteomics
Proteome analyses were performed in the same subcohort used
for methylation studies (online supplemental table S2). MesAT
was omitted from these analyses due to limited sample avail-
ability. Samples were prepared” and liquid chromatography
and tandem mass spectrometry (MS) analysis was performed as
described previously.'®

MS raw data were processed using MaxQuant V.1.6.2.10. The
database search was performed against the UniprotKB/Swissprot
protein database of Homo sapiens (6 March 2019) and settings
were used as stated before.'®

Transcriptomics

Transcriptome analyses were performed in a subcohort consisting
of nine IS subjects, matched to 15 IR subjects by sex, age and
BMI (online supplemental table S3). Raw data of 47 323 probes
were extracted; background correction and quantile normalisa-
tion were performed in R using lumi.

All quantitative real-time PCR (qPCR) experiments were run
on a LightCycler 480 System (Roche, Basel, Switzerland) using
TagMan probes (online supplemental table S4) as previously
described.”

Data analysis and statistics

A detailed description of the bioinformatics methods and soft-
ware used in this publication is provided in the online supple-
mental methods. Briefly, all data were analysed using R V.3.6.0

Collection sites and study design. AT, adipose tissue; BMI, body mass index; FACS, fluorescence activated cell Sorting; SVF, stromal vascular

and SPSS V.25 and all figures were generated using R followed by
formatting in Adobe Illustrator 2020 (Adobe, California, USA).

A weighted gene correlation network analysis (WGCNA)
was performed on the integrated transcriptome and proteome
data as described previously.'®

Data distribution was assessed using histograms and the
Kolmogorov-Smirnoff test. Differences between tissues were
analysed using paired approaches, where complete cases were
identified for each variable, either by paired t-test or Wilcoxon
signed-rank test, depending on the distribution of the data.
Differences between patient groups within one tissue were deter-
mined by Student’s t-test or non-parametric Mann-Whitney U
test, based on data distribution. For correlation analysis, Spear-
man’s rank correlation was employed, with exemption of
WGCNA, which uses Pearson on log2-transformed data.

RESULTS

Subject and AT characterisation

In this study, we analysed data from 70 subjects with obesity,
mainly categorised by the presence or the absence of IR and T2D
(figure 1). Clinical diagnosis of T2D (without significant differ-
ences in mean BMI or lifestyle habits) corresponded to elevated
levels of several circulating metabolic parameters (fasting plasma
glucose, HbA1c and triglycerides) and inflammatory parameters
(tumor necrosis factor alpha (TNF-a) and high sensitive C reac-
tive protein), consistent with the concept of subclinical inflam-
mation in T2D (table 1)."

T2D was further associated with increased adipocyte diameter
and macrophage counts in all analysed tissues (figure 2A-C).
This was similar between epiAT and the more commonly studied
omAT and scAT. A characteristic finding for epiAT was the rela-
tive increase in the fraction of very small adipocytes (<30 um)
in both T2D and nT2D subjects. While macrophage infiltration
was similarly increased in T2D in all AT, macrophage infiltra-
tion was significantly lower in epiAT compared with omAT
(figure 2C). Additionally, we performed FACS analysis of the
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Table 1 Cohort characteristics

nT2D n T2D n P value
Age (years) 44.8+11 39 51.9+11.4 31 0.01
Sex (female/male) 29/10 39 2219 31 0.75*
BMI (kg/m?) 47.0+5.7 39 492473 31 0.15
FPG (mmol/L) 5.4+1.1 39 7.3+2.0 31 2.7x107°
FPI (pmol/L) 1243+102.7 36 185.7+£167.8 29 0.09
HOMA-IR 44+3.8 36 9.7+121 29 0.03
HbA1c (mmol/mol) 36.2+5.0 38 49.7+124 30  3.0x107°
Lipid markers
HDL-cholesterol (mmol/l)  1.2+0.4 37  1.0+0.3 29 0.7
LDL-cholesterol (mmol/l) ~ 3.0+0.9 37  2.4+08 29 0.01
Triglycerides (mmol/l) 1.3+0.7 37 2.1+2.0 29 0.03
Body fat (%) 48.5+9.1 37  44.8+9.4 25 0.2
Blood cells
Leucocytes (x107 /L) 7.9+2.3 39 83x22 31 038
Erythrocytes (Gpt/L) 4.8+0.4 39 4.7+05 31 0.15
Thrombocytes (Gpt/L) 279.0+66.2 39  2645+68.7 31 0.38
Inflammation
LBP (pg/mL) 11.523.9 34 13.645.6 30 0.09
TNF-o. (pg/mL) 1.420.5 35 2.0x1.1 30 0.005
IL-6 (pg/mL) 3.3+3.1 35 5.0+4.2 30 0.06
hsCRP (mg/L) 7.3+7.1 39 13.6+12.8 30 0.02
Lifestyle
Tobacco (yes/no) 20/9 29 112 13 029
Alcohol (yes/no) 20/9 29 5/5 10 0.28
Mean=SD.

Student's t-test, except sex, tobacco and alcohol.

Bold values indicate significant p-values.

*x2? test.

BMI, body mass index; FPG, fasting plasma glucose; FPI, fasting plasma insulin;
HbA1¢, glycated haemoglobin; HDL, high-density lipoprotein; HOMA-IR,
homeostatic model assessment of insulin resistance; hsCRP, high sensitive C
reactive protein; IL-6, interleukin 6; LBP, lipopolysaccharide binding protein; LDL,
low-density lipoprotein; nT2D, no type 2 diabetes; T2D, type 2 diabetes; TNF-c,
tumor necrosis factor alpha.

SVF in seven subjects to determine differences in specific cell
populations. According to our gating strategy (online supple-
mental figure S1A), epiAT had lower adipocyte progenitors
compared with both scAT (p=0.031) and omAT (p=0.1).
Quantification of immune cell populations showed significantly
more CD45 + cells in both visceral depots (p,, . =0.031,
Poese=0-047) (figure 2D), whereas scAT had higher amounts of
CD45— cells (p=0.016 vs epiAT) and epithelial cells (p=0.016
vs epiAT) (online supplemental figure S1B, table S5). Expression
of genes involved in AT biology and inflammation revealed that
key markers, such as PPARG, ADIPOQ and SREBP1 were signifi-
cantly higher in epiploic compared with other tissues, whereas
no differences were observed for adipocytokines, IL6 and TNFA
(figure 2E; online supplemental table S6). To embed these find-
ings into the wider biological concept of systemic metabolism, we
examined the mass of epiAT compared with commonly studied
omAT. We were able to quantify the mass of epiAT and omAT
in a cohort of 51 body donors, whereas an MRI-based approach
failed to robustly quantity epiAT due to extremely thin perito-
neal coverings and the lack of separation from omAT (online
supplemental figure S1C). Accordingly, epiAT appears to be a
major fat depot with a mean weight of 121.5 g, amassing to 66%
of the omentum majus (182.6 g) (figure 2F). While both epiAT
and omAT masses correlated with BMI, this correlation was

strongest and more significant in the epiploic depot (r*=0.47 vs
0.36, respectively) (figure 2G).

Multiomics analyses reveal depot-specific differences in AT
signatures

To delineate depot-specific characteristics independent from the
metabolic state, multiomics comprising analyses of methylome,
transcriptome and proteome were performed in a subgroup
consisting of nine IS subjects (figure 1; online supplemental
table S2). Principal component analysis (PCA) showed segrega-
tion between scATs and ATs classified as visceral depots (mesAT,
omAT and epiAT) (figure 3A-C, online supplemental figure
S2A). Among the latter, epiAT samples clustered separately
from other ATs in all analysed omics layers, whereas mesAT was
closely related to omAT (figure 3A and B; online supplemental
tables $7,8), leading us to focus on multiomics signatures of
epiAT.

Multiomics reveal a unique signature for epiAT

To investigate unique features of epiAT, we analysed all omics
layers in the IS subgroup (online supplemental table S2). Based
on the transcriptome, 30 genes had an epiAT-specific expres-
sion, different from all other analysed ATs. Many genes were
only differentially expressed either versus scAT (309 genes),
omAT (400 genes) or mesAT (506 genes). Upregulated genes
compared with scAT included ITLN1 (aka omentin), MSLN,
ANXASL1 and KLK11, whereas EGFL6, NRCAM and TBX15
were less abundantly expressed in epiAT. Compared with omAT,
PPP1R1B, OLFM4 and lipopolysaccharide binding protein (LBP)
were among the most upregulated, whereas ISL1, CLDN1 and
NELL?2 were less expressed in epiAT (figure 3D; online supple-
mental table S8).

This was further corroborated in proteome analyses, where
epiAT contained several highly abundant proteins, compared
with both scAT and omAT. Enriched proteins included ones
related to structural stabilisation like LIMCH1, MAP4 and
MARCKS and proteins less abundant in epiAT included FMOD,
SNRPD1 and THOP1, related to basic structural and functional
remodelling (figure 3E; online supplemental table S8).

Genes upregulated in epiAT were mostly specific to adipo-
cytes and were less likely to be immune cell related, as identi-
fied by bulk sequencing of FACS-sorted AT cell populations.?
This observation was more pronounced compared with omAT
(figure 3F). Accordingly, gene set enrichment analysis of tran-
scriptome data using Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways revealed upregulation of catabolic pathways,
including tricarboxylic acid cycle and pyruvate metabolism, short
chain fatty acids (SCFA) production as well as branched-chain
amino acids (BCAA) degradation. In contrast, calcium signalling
and cell adhesion pathways were downregulated compared with
omAT (figure 3G; for further results on pathway enrichment
between epiAT, scAT and mesAT, see online supplemental figure
S2C,D).

Multiomics findings are supported by epiAT gene expression

Selected targets (p-value and fold-change based), validated
within the entire cohort using qPCR, included increased Leptin,
HOXDS8 and HOXA10 expression as well as downregulated
IRX3 in epiAT (figure 3H). Since Leptin expression is depen-
dent on adipocyte size, and the latter was relatively reduced in
epiAT, increased Leptin expression in epiAT was, furthermore,
validated and confirmed in isolated epiAT adipocytes from 14
subjects (online supplemental figure S2E). We also performed
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Figure 2 General characterisation of epiAT and mesAT adipose tissue (AT) in comparison to omAT and scAT. (A) Depot differences in adipocyte

size and (B) differences between patient groups (nT2D and T2D) for individual depots, showing mean percentage of adipocytes over all patients in
increments of 10 pm (large images, Student’s t-test) and overall mean diameter per individual (small image, Wilcoxon signed-rank test); colour of
significance levels indicate differences compared with epiAT of the respective depot. (C) AT macrophages indicated as count per 100 adipocytes;
significance levels above plot indicate tissue differences (Wilcoxon signed-rank test) and below differences between patient groups (Mann-Whitney U
test). (D) FACS analysis of AT SVF (n=7) for immune cell populations and adipocyte progenitors (paired t-test). (E) Expression of central AT metabolic
genes, indicated as mean+SEM,; asterisks indicate significance levels between patient groups (Mann-Whitney U test); p values for comparisons
between tissues are given below plot (Wilcoxon signed-rank test). (F) Fat-depot-specific mass of epiAT and omAT in g (Wilcoxon signed-rank test).

(G) Correlation of fat depot mass with BMI (Pearson); significance levels are indicated as *p<0.05; **p<0.0

1; * k%

p<0.001. AT, adipose tissue; epiAT,

epiploic AT; FACS, fluorescence activated cell sorting; mesAT, mesenteric AT, nT2D, no type 2 diabetes; omAT, omental AT; qPCR, quantitative real-time
PCR; scAT, subcutaneous AT; SEM, standard error of the mean; SVF, stromal vascular fraction; T2D, type 2 diabetes.
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of transcription proteins.

expression analyses of further genes related to lipid metabo-
lism, inflammation and adipokine signalling in the entire cohort.
Results support an overall higher expression of adipokines
(progranulin and chemerin) and CEBPA, but no increase in
expression of inflammatory markers, except for CASP1 (online
supplemental table S6). Most differentially expressed genes
(DEGs) were enriched in adipocytes and adipocyte progenitor
cells (online supplemental figure S2F).

EpiAT exhibits a distinct developmental origin

Methylation analyses revealed 43 differentially methylated regions
(DMRs) between epiAT and all other ATs. Of these, 33 were cis
to at least one of a total of 45 different genes. Thirty two of those
were known to be protein coding genes, including FABP4, LRAT as
well as 12 genes with homeobox domains and 14 other develop-
mental genes (online supplemental table S9).

Consistent with the notion that developmental genes might
play a role in the differential development of various ATs,” we
observed higher expression of HOXA10, HOX11AS, HOXA13 and
HOXD3 in epiAT compared with all other ATs (figure 4A; online
supplemental table S8). Tissue-specific differences in the expres-
sion of developmental genes were mirrored by similar alterations
in the methylation profile of the same samples. Analysing gene-
related DMRs, we found a total of 54. Among those, 15 showed
a significantly differential methylation at the promoter region, 36

in the gene body and 3 in both. Again, we observed an enrichment
of homeobox genes with these HOX genes, including HOXA13,
HOXC10, HOXD3, HOXD8 and HOXD12, being hypermethyl-
ated in epiAT (figure 4B; online supplemental table S9).

Integrative pathway signatures segregate epiAT from omAT
Since more significant changes were observed between omAT and
epiAT compared with scAT and epiAT (figure 3D,E), we further
focused on signatures to distinguish these ATs. The comparison
of identified proteins and genes in the IS subgroup revealed 1929
overlapping candidates, out of which 46 were significantly altered
in both omics layers (online supplemental figure S3A). Subsequent
pathway analyses with differentially abundant proteins and genes
between omAT and epiAT were conducted using IPA and revealed
several enriched pathways. Catabolic metabolism processes such as
fatty acid B-oxidation, oxidative phosphorylation, triglycerol degra-
dation and degradation of BCAA were upregulated, whereas glycol-
ysis and gluconeogenesis were downregulated (figure 4C; online
supplemental table S10). Furthermore, PPAR signalling was down-
regulated despite increased expression levels of PPARG in epiAT. In
addition, pathways related to inflammatory processes such as inter-
leukin 2 (IL-2), IL-6, IL-8, chemokine signalling as well as pathways
involved in cell proliferation like janus kinase/signal transducer and
activator of transcription proteins and angiopoietin signalling were
enriched in epiAT (figure 4C; online supplemental table S10).
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EpiAT does not display increased browning capacity

The catabolic and oxidative character of epiAT, as well as the
significant reduction of IRX3 expression, which is known to
repress beiging of AT,* suggested that epiAT might be a thermo-
genic type of fat. Despite this, UCP1 qPCR and UCP1 staining in
paraffin embedded tissue were unable to detect relevant expres-
sion of UCP1 in epiAT (data not shown). Additionally, we used
the recently published ProFAT tool,® which allows prediction of

browning capacity based on transcriptional profiles (figure 4D),
and compared expression profiles of further markers genes from
recent human studies** * (online supplemental figure S3B,C).
We compared our findings with a published dataset on human
scAT and perithyroid AT, the latter containing white and brown
adipocytes and displaying increased browning capacity.”® All
data suggested that browning capacity of epiAT is comparable
to other visceral AT depots, whereas it is increased compared
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Figure 6 Analyte-based data integration characteristic for IR epiAT. (A) Visualisation of integrative sparse discriminant analysis to maximise
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with scAT. Furthermore, we observed an expected decrease in
browning capacity in patients with IR (figure 4D).

Systemic IR is best reflected by epiAT signatures

After establishing that epiAT is a distinct compartment exhib-
iting unique features in comparison to other AT depots in IS
subjects, we aimed to characterise changes in its biological
profile regarding IR in a matched subcohort. Notably, transcrip-
tome and proteome analyses allowed the separation of IR and
IS states in all AT. EpiAT showed the strongest segregation of

the two states (figure SA-C; online supplemental tables S7,8)
by means of transcriptome and proteome signatures. We thus
proceeded to characterise the signature of epiAT in IR.

Multiomics reveal specific candidates of IR in epiAT

Transcriptome analyses revealed 204 DEGs in epiAT between
IS and IR subgroups, representing the highest number of DEGs
compared with omAT and scAT (online supplemental table S8).
In IR obesity, epiAT was characterised by higher expression of
MMP9, LBP and APOC1, whereas IS obesity was associated with
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Figure 7  Effects of IR on epiAT. (A) gPCR replication of candidate genes (based on adjusted p value and fold change) in the age-matched, sex-
matched and BMI-matched cohort comparing patients with or without IR. (B) Adipocyte-specific expression of candidate genes in an independent
cohort of 14 subjects (N,,,=7 and Nm=7). (C) Correlation of expression values with clinical data in the complete study cohort. (D) Selected key
drivers of the IR epiAT based on WGCNA, filtered for absolute gene significance >0.4, absolute module membership >0.4, connectivity >0.1 and
indicating observed changes for each key driver in the different ATs. Their connectivity was visualised as cytoscape network with colouring based on
log2(FC) for IR vs IS in epiAT. (E) Correlation of key drivers with selected clinical parameters and (F) correlation of key drivers in epiAT with circulating
adipokines and apolipoproteins. Heatmaps are coloured by Pearson; *p<0.05; **p<0.01; ***p<0.001. ATs, adipose tissues; BMI, body mass index;
EpiAT, epiploic AT; FC, fold change; IR, insulin resistence; IS, insulin sensitive; nT2D, type 2 diabetes; gPCR, quantitative real-time PCR; T2D, type 2

diabetes; WGCNA, weighted gene correlation network analysis.
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higher expression of ADHFE1, RNASE4, CIDEA, ADIPOQ and
DAPK2 among others (figure 5A). Transcriptome-based KEGG
pathway analysis showed that IR was associated with upregula-
tion of various infection and inflammatory pathways, including
pathogenic Escherichia coli infection, antigen processing, B cell
and toll-like receptor signalling as well as chemokine signalling,
whereas IS was associated with increased fatty acid and SCFA
metabolism (online supplemental figure S4A).

Within the proteome, a total of 303 proteins were differen-
tially abundant between IR and IS obesity subgroups in epiAT.
NNT, CD47 and SEC61A1, which have known associations
with T2D development,””’ were more abundant in IR epiAT,
whereas LIMCH1, PECR and TUSCS were less abundant
(figure 5B, online supplemental table S8). Comparing proteome
and transcriptome data, a total of 2067 overlapping candidates
were reliably quantified in both, out of which 13 were signifi-
cantly altered in IR, including ADIPOQ, RAC2 and MARCHF2
(figure 5C). The significantly altered candidates were used for
pathway enrichment analyses using IPA. A reduced metabolic
activity in IR compared with IS epiAT was observed based on
downregulated fatty acid B-oxidation, cholesterol biosynthesis
and tricarboxylic acid cycle (figure 5D; online supplemental
table S10). In contrast, we detected an upregulation of inflamma-
tory processes, such as IL-8 and mechanistic target of rapamycin
(mTOR) signalling as well as macrophage-associated pathways.

Genes associated with increased IR are mostly specifically
expressed in M1 macrophages and CD8 + T cells. In contrast,
genes that are related to IS are mostly expressed by adipocytes
(figure SE). Changes in M1 macrophages can be linked to an
increase of this cell type in IR, which goes along with a decrease
of M2 macrophages. We do not observe altered counts of T cells,
indicating that the observed differences are likely due to altered
transcription profile rather than increased amount of T cells or
other cells (online supplemental figure S4B). Comparing methyl-
ation levels between patient groups in all tissues, we found only
one significantly hypermethylated DMR in IR epiAT close to the
CYP2E1 and SPRN genes (online supplemental table S9).

IR and IS are reflected in multiomics signature of EpiAT

To identify correlated proteins, transcripts and methylated genes
that could define IR, we applied sparse projection to latent
structures—discriminant analysis. The identified features maxi-
mising the covariance clearly discriminate IS and IR in epiAT
(figure 6A, upper panel). The corresponding analytes from the
different omics layers (figure 6A, lower panel) were moreover
strongly correlated (figure 6A,B).

The KEGG pathways, which were most strongly altered in
each of the omics layers were chemokine signalling and leuco-
cyte transendothelial migration (figure 6C). Within the chemo-
kine signalling pathway, key molecules, including tyrosine kinase
SRC and GTPase Rac2, were congruently regulated on transcrip-
tome and proteome levels, whereas various chemokine recep-
tors were co-regulated, based on transcriptome and methylation
levels (figure 6C). Within the leucocyte transendothelial migra-
tion pathway, components of the nicotinamide adenine dino-
cleotide phosphate (NADPH) enzyme complex were similarly
regulated in different omics layers, which is in line with results
from the IPA analysis (figure 6C, online supplemental table S10.
We generalised this approach by indicating the number of over-
lapping analytes for four individual pathways (online supple-
mental figure SSA-D), as well as all significant KEGG pathways
(online supplemental figure SSE). About half of the analytes in
the significantly enriched KEGG pathways (541 of 1110) were

regulated in at least one of the omics layers. Of these ~20% (121
of 541) overlapped with at least one further layer. Focusing on
findings revealing alterations in multiple omics layers, we found
that ~55% of proteins were also regulated on the transcriptional
level, about 40% of DMR (25% of those located in gene body
and even 60% of those located in promoter regions) were linked
to changes in the expression level, and about 10% of the genes
with epigenetic differences (gene body or promoter) were also
differentially expressed and showed altered protein abundances
between IR and IS in epiAT.

RNASE4 and ADHFFET in epiploic adipocytes characterise
systemic IS

Subsequently, three candidate genes based on p-value and fold-
change (ADHFE1, RNASE4 and MMP?9), in addition to ADIPOQ
as a positive control, were validated by qPCR confirming results
obtained from transcriptome array data. Using the strictly
matched transcriptome cohort (online supplemental table S2),
differences between both patient groups for ADHFE1, RNASE4
and MMP9 were observed (figure 7A), confirming array data
results. All genes were expressed in isolated adipocytes, showing
the same differences between patients with and without T2D in an
independently collected cohort (figure 7B, online supplemental
table S11). Gene expression was correlated with clinical markers
in the original cohort comprising 70 individuals, showing strong
associations. Especially, RNASE4 and ADHFE1 were negatively
correlated with HbAlc and circulating triglycerides, but posi-
tively correlated with the expression of PPARG and SREBP1C in
epiAT (figure 7C).

WGCNA identifies key drivers for IR in epiAT
To further identify novel key drivers associated with IR in epiAT,
a WGCNA was conducted clustering co-abundant targets to
modules, thus reducing the complexity of the data. For this
purpose, genes and proteins were integratively analysed. Overall,
we identified 14 modules containing co-abundant transcripts and
proteins, which were correlated to the different AT and IS status
before running a module-wise pathway enrichment analysis
using IPA (online supplemental figure S6A, table S10). Briefly,
the IS state in epiAT was associated with decreased inflammation
(yellow module) and increased leptin signalling (blue module),
whereas IR could be linked to increased IL-10 and chemokine
receptor activation (salmon module) as well as decreased fatty
acid B-oxidation (magenta module) (online supplemental figure
S6B). Potential key driver characteristics for IS in epiAT were
selected based on absolute gene significance, module member-
ship =0.4 and intramodular connectivity =0.1, and were found
to be assigned to the yellow module, including ZYX, CYP27A1
and SLC16A3 (online supplemental figure S6C, table $12).
Applying the same settings, key drivers for the IR epiAT were
identified, mainly belonging to the salmon and blue modules
(figure 7D). We observed COPB2, NNT, CD151, SACMIL,
AOC3 and HACD3 to be upregulated in IR. Additionally,
weaker effects were observed for the genes IDO1, CCL18, LY96
(alias MD2) and CD209. Notably, all these genes are involved
in immunological processes, as indicated by the gene ontology
(GO) enrichment available in the stringApp®® (online supple-
mental figure S6B).

Proteome and transcriptome key driver AT profiles are
associated with IR

Lastly, we investigated whether the identified key driver proteins
were associated with clinical and AT gene expression data related
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to obesity and T2D. EpiAT signatures were different from omAT
and displayed a contrary set of correlations compared with
those seen in scAT (figure 7E). More importantly, most epiAT
key driver proteins were positively correlated with markers of
IR and glucose homeostasis. The strongest positive correlations
were observed for COPB2, NNT and SACM1L with HbA1lc and
fasting plasma insulin, while significant negative correlations
with adiponectin expression were found for CD151, AOC3 and
HACD3 (figure 7E). Gene key drivers, especially CD163L1 and
CTSC, were positively associated with circulating apolipopro-
teins E and C3, whereas most protein key drivers were nega-
tively correlated with the concentration of circulating visfatin
(figure 7F).

DISCUSSION

Our understanding of the role of AT has gradually shifted from
a mere energy storage to that of a highly active endocrine and
immune organ, contributing to overall metabolic health. AT
distribution has been linked to varying degrees of metabolic
disease, including IR, depending on the proportions of visceral
AT and scAT.’! Indeed, visceral ATs exhibit depot-specific
immune and metabolic differences compared with scAT,*? which
dictate their individual roles in health and disease. The mesAT,
located along the wall of the small intestine, has emerged as a
potential regulator of gut-associated inflammation® and meta-
bolic rate following bariatric surgery.”> Another gut-related AT
situated along the wall of the large intestine and occasionally
referred to as epiAT, remained, until now, largely unexplored. In
the present work, we, therefore, aimed at an in-depth characteri-
sation of these intraabdominal depots in comparison to the more
extensively studied depots in the context of IR by multiomics
and immunohistochemistry-based approaches in individuals
with obesity.

Positioning of epiAT in relation to other fat depots is a chal-
lenging question. The methylome is closer to omAT/mesAT and
transcriptome is somewhere between that of scAT and omAT,
whereas epiAT appears to be closely related to scAT based on the
proteome data. In contrast, mesAT was closely related to omAT.
Thus, we directed our attention towards in-depth analyses of
epiAT, which we show to constitute a relevant proportion of
visceral fat, approximating 66% of omAT mass. This was further
motivated by its location in proximity to the colon, which
harbours by far the most bacteria in the human body,** making
epiAT a potential sentinel between gut and host metabolism in
the context of increased intestinal permeability in obesity and
metabolic disease.*

EpiAT exhibits histological features of both omAT and scAT
regarding adipocyte size and macrophage infiltration, which was
further confirmed in all omics spaces owing to its intermediary
location along the first two principal components. This result is
supported by a marked difference in the expression and methyl-
ation patterns of various homeobox transcription factor genes,
which have been shown to play a role in the context of metabolic
disease, indicating a potentially distinct developmental origin of
epiAT. Our methylation analysis results confirm findings previ-
ously published on homeobox and other genes involved in adipo-
genesis and browning of white AT.*® *” Also, when comparing
epiAT in the IR versus the IS state, we found a hypermethylated
DMR close to CYP2E1, the gene product of which is associated
with oxidative stress and cellular damage in non-alcoholic fatty
liver disease (NAFLD), obesity and T2D.*® However, it should
be noted that most of these previous findings are either from
studies in mice, human peripheral blood leucocytes or other

AT biopsies and not from epiAT, where data until now remain
scarce.”® > Among the investigated depots, epiAT exhibits the
largest fraction of very small adipocytes, increased metabolic
activity of mainly catabolic pathways (triacylglycerol degrada-
tion, oxidative phosphorylation and fatty acid B-oxidation) and
higher expression of ADIPOQ and PPARG, suggesting an active
metabolic role,*® but not a key role in lipid storage. While initial
single features suggested a potential characteristic browning
behaviour in epiAT, we found that epiAT exhibited comparable
browning capacity to other visceral AT, which was increased
as compared with scAT. As in all other depots, capacity for
browning was markedly decreased in IR.

The unique signature of epiAT was further reflected in an
increased expression of genes related to antimicrobial response
such as ITLN1, LBP and OLFM4. Interestingly, OLFM4 may
link obesity to gastrointestinal inflammation, because OLFM4
" knockout mice exhibit increased resistance against E. coli and
Staphylococcus aureus infections.*! *? Similarly, increased expres-
sion of genes encoding components of the degradome (KLK11)
and more abundant proteins such as MAP4, implicated both
in mitochondrial health* and efficient T cell activation in the
context of adaptive immune response,** proposes an important
role of epiAT in the crosstalk between gut bacteria, intestinal
barrier and overall host immunity and metabolism.

Having determined the signature characteristics for epiAT
in IS obesity, we further addressed its role in IR. Based on the
number of DEGs and proteins, epiAT showed a more clear sepa-
ration of disease states, compared with both scAT and omAT. In
this context, we found a downregulation of pathways involved
in mammalian downstream metabolism of gut-derived SCFA
propionate and butyrate in IR. These bacterial metabolites are
established markers of a gut-AT crosstalk and are generally asso-
ciated with improved metabolic health. Reduced degradation of
BCAA and simultaneously increased mTOR signalling further
supported BCAA-related dysmetabolism as a putative mechanism
for IR in epiAT.* This could lead to increased circulating BCAAs
promoting B-cell mitochondrial dysfunction, stress signalling
and subsequent apoptosis, further aggravating systemic IR and
impaired glucose tolerance in obesity.*

Although we neither observed differences in macrophage
infiltration nor expression of TNF or IL6 in epiAT between
IS and IR, upregulation of inflammatory pathways was more
pronounced in epiAT of individuals with IR. Pathways included
increased signalling of IL-8, mTOR and phagocytosis with
subsequent production of reactive oxygen species by macro-
phages, ultimately leading to increased stress signalling as seen
in IR obesity in several ATs.*” This was further substantiated
by co-regulation of several omics findings within chemokine
signalling and leucocyte transendothelial migration pathways.
Overall, correlation between proteome and transcriptome data
was rather low, suggesting additional mechanisms such as IR-de-
pendent regulations at a posttranscriptional level, may have an
impact on the observed differences.

Candidate DEGs, that is, ADHFE1, RNASE4 and MMP9
were validated via qPCR. Their marked differences between
matched IS and IR subjects were confirmed by strong correla-
tions with parameters of impaired glucose (eg, HbA1c) and lipid
metabolism (fasting triglycerides) in the entire cohort. While
MMP9 was increased in metabolically unhealthy obesity*® and
ADHFE1 expression was shown to be dependent on the differ-
entiation trajectory of AT,* its importance has not been eluci-
dated in human T2D yet. Nevertheless, ADHFE1 expression
was increased in the vasculature in mice with streptozotocin-
induced diabetes mellitus.’® RNASE4, on the other hand, is
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mainly expressed in the liver but was recently shown to be highly
secreted in adipose-derived mesenchymal stromal cells under
hypoxic stress.”’ Here, we show that RNASE4 is also highly
expressed in isolated adipocytes and that higher secretion from
adipocytes in obesity is linked to improved glucose metabolism,
as seen by its strong negative correlations with HOMA-IR and
HbAlc in our cohort.

We further performed integrated WGCNA analysis to identify
key drivers for IR in epiAT. A closer look at individual key drivers
for IR uncovered molecules either related to glucose metabo-
lism impairment or to cardiometabolic health via association to
adiponectin. Key drivers for impaired glucose metabolism included
NNT. Its expression in visceral AT has been previously linked to
parameters of obesity, fat distribution and glucose tolerance.”
Other abundant candidates in IR included HACD3 and AOC3.
HACD3 is involved in insulin signalling.”> AOC3 is primarily local-
ised on the surface of the adipocyte membrane and has been shown
to play a role in glucose trafficking and leucocyte migration during
inflammation.’* More importantly, elevation of AOC3- activity
(also known as VAP-1) has been proposed to contribute to renal
and vascular disease, as well as acute and chronic hyperglycaemia®®
and the long-term complications of hyperglycaemia and diabetes.*®
Admittedly, our study design does not allow to draw conclusions
regarding a causal role of epiAT in mediating systemic IR. However,
we hypothesise that the same mechanisms (eg, leaky gut) that cause
epiAT accumulation/ dysfunction may contribute to systemic IR.

Notwithstanding, we are aware of several limitations of this
study: Our cohort only consisted of subjects with obesity, whereas
healthy, lean subjects would have been a desirable control.
However, tissue collection according to the exact same protocol
as we described in this study was considered impractical and ethi-
cally questionable outside of bariatric surgery, since tissue collec-
tion from the intestines’ walls represents an avoidable surgical risk.
Considering females outnumber males in the omics datasets, we
cannot exclude that the results are skewed toward severity-related
omics markers more relevant in females. That being said, the ratio
of females and males remains constant when comparing tissues,
which makes the difference most likely related to underlying tissue
differences instead of sex-driven AT depots candidates. Consid-
ering the metabolic differences between females and males and
limited numbers of subjects in our dataset when dividing according
to sex, which lead to reduced power, we believe larger studies
should aim to answer this question in males versus females matched
for age and BMI. Moreover, AT is composed of several cell types.
Thus, although it could not be directly determined to what extent
each cell population contributed to the observed effects, the
combination of FACS analyses with prevalent human datasets on
cell population specific transciptomics allowed us to trace back
the expression of several key drivers of IS to the adipocytes frac-
tion of epiAT and show that differentially expressed genes in IR
stem from M1-polarised macrophages. We, moreover, found that
leptin mRNA levels are markedly higher in epiAT compared with
subcutaneous fat depots, whereas epiploic adipocyte size is lower.
This result is in contrast to our expectations from reports that
leptin expression (and secretion) correlates with adipocyte size’’
but could be confirmed in expression analyses of isolated adipo-
cytes suggesting another driver behind leptin expression in epiAT
beyond adipocyte size. We have to acknowledge that because of
limited biopsy amounts, we were not able to test whether leptin
secretion from isolated epiploic versus subcutaneous adipocytes
confirms this potentially unique feature of epiploic fat. Potential
leptin secretion differences between epiploic and subcutaneous fat
need to be studied in follow-up studies. Overall, future single cell
approaches may elucidate the contribution of individual AT cell.

While encouraging future studies to overcome the afore-
mentioned limitations, it should be noted that epiAT does
not occur in commonly used animal models.'® Neverthe-
less, we postulate that in vivo studies in humans and other
suitable species could shed light on how epiAT metabolism
reflects systemic IR and contributes to host pathologies.

In conclusion, we find heterogeneous AT signatures even
within the visceral fat depots, which may contribute to distinct
associations with obesity subphenotypes and the recently
described clinical clusters of diabetes.’® Our findings highlight
the underestimated role of epiAT in IR, inflammation, and meta-
bolic health.
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