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Abstract

The accumulation of visceral adipose tissue (VAT) is strongly associated with cardiovascular disease and diabetes. In contrast,
individuals with increased subcutaneous adipose tissue (SAT) without corresponding increases in VAT are associated with a met-
abolic healthy obese phenotype. These observations implicate dysfunctional VAT as a driver of disease processes, warranting
investigation into obesity-induced alterations of distinct adipose depots. To determine the effects of obesity on adipose gene
expression, male mice (n = 4) were fed a high-fat diet to induce obesity or a normal laboratory diet (lean controls) for 12-14 mo.
Mesenteric VAT and inguinal SAT were isolated for bulk RNA sequencing. AT from lean controls served as a reference to obe-
sity-induced changes. The long-term high-fat diet induced the expression of 169 and 814 unique genes in SAT and VAT, respec-
tively. SAT from obese mice exhibited 308 differentially expressed genes (164 upregulated and 144 downregulated). VAT from
obese mice exhibited 690 differentially expressed genes (262 genes upregulated and 428 downregulated). KEGG pathway and
GO analyses revealed that metabolic pathways were upregulated in SAT versus downregulated in VAT while inflammatory sig-
naling was upregulated in VAT. We next determined common genes that were differentially regulated between SAT and VAT in
response to obesity and identified four genes that exhibited this profile: elovi6 and kcnj15 were upregulated in SAT/downregu-
lated in VAT while trdn and hspb7 were downregulated in SAT/upregulated in VAT. We propose that these genes in particular
should be further pursued to determine their roles in SAT versus VAT with respect to obesity.

NEW & NOTEWORTHY A long-term high-fat diet induced the expression of more than 980 unique genes across subcutaneous
adipose tissue (SAT) and visceral adipose tissue (VAT). The high-fat diet also induced the differential expression of nearly 1,000
AT genes. We identified four genes that were oppositely expressed in SAT versus VAT in response to the high-fat diet and pro-
pose that these genes in particular may serve as promising targets aimed at resolving VAT dysfunction in obesity.

adipose tissue; obesity; RNA sequencing; subcutaneous adipose; visceral adipose

INTRODUCTION

Adipose tissue (AT) is now recognized as much more than a
storage site for lipids and its role as an endocrine/paracrine tis-
sue is now well-accepted. Although this clearly affords AT to
play major roles in systems physiology, it also implicates AT
dysfunction as a potential central piece in the development of
metabolic disorders. As such, visceral obesity, the accumula-
tion of abdominal intraperitoneal adipose tissue, is strongly
associated with the development of diabetes and cardiovascu-
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lar disease (1-4). The metabolic unhealthy obese phenotype,
accompanied by chronic inflammation, insulin resistance, and
adipose tissue (AT) dysfunction, is often observed in individu-
als with elevated visceral adipose tissue (VAT). In contrast,
those that possess increased subcutaneous adipose tissue
(SAT) without corresponding increases in VAT denote the met-
abolic healthy obese phenotype and are not associated with
similar inflammatory and metabolic deficits (1, 5-7).

These observations point to a differential role for spa-
tially distinct AT in potentially underlying these metabolic
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phenotypes and warrant an investigation into the relative versus VAT with obesity relative to SAT and VAT from
AT gene expression alterations that occur in obesity, par- lean mice as we propose that these genes in particular may
ticularly with the accumulation of VAT. In doing so, we offer future therapeutic potential.

may reveal novel targets and pathways that may better

prevent obesity-associated diseases in those afflicted with

VAT dysfunction. Here, we profiled and analyzed gene MATERIALS AND METHODS

expression in SAT and VAT from obese C57BL/6J mice on
a long-term (i.e., 12-14 mo) high-fat diet relative to lean
control counterparts maintained on a normal laboratory All animal experiments were approved by the Institutional
diet to identify differentially expressed genes (DEGs) in Animal Care and Use Committees at the University of
these distinct ATs via bulk RNA sequencing. We identified Delaware. Eight male C57BL/6J mice at 10 wk old were divided
significant DEGs and associated pathways and assessed into two diet groups: an age-matched lean control group main-
gene ontology. Our major goal was to identify genes that tained on a normal laboratory rodent diet and an obese group
were up/downregulated in opposite directions in SAT fed a high-fat Western diet. The high-fat diet (purchased from
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Figure 1. SAT and VAT gene expression in mice following a long-term high-fat diet versus a normal laboratory diet as assessed by RNA sequencing. A: sche-
matic of experimental design for RNA sequencing and data analyses using SAT and VAT from lean and obese mice. Following 12—14 mo on respective diets,
obesity-induced changes in AT gene expression were determined by assessing pairwise fold changes in gene expression relative to lean AT gene expres-
sion. KEGG pathway and GO term analyses, and the identification of DEGs with opposite AT expression patterns, followed in the same format. The schematic
was generated using BioRender. B: body weights of lean and obese mice at the conclusion of the diet regimen (n = 4 mice/group; *P < 0.001 using a one-
tailed Student’s t test). C: representation of the dissection method used to target inguinal SAT (iISAT) and mesenteric VAT (mVVAT) depots in the present study.
The targeted AT depots are outlined with a white dashed line (top). TAT not used in the present study. Note: the inset depicting the isolated bowel is to further
highlight the targeted VAT depot. mVAT was isolated directly from the intact bowel for these studies. Also shown are images of the isolated iISAT and mVAT
(middle) and corresponding gross weights (g) of isolated SAT and VAT from lean and obese mice (bottom; n = 4 mice/group; *P < 0.001 and 0.00001,
respectively using a one-tailed Student’s t test). Scale bar is 5 mm. Note: left and right isolated iSAT depots from each mouse were weighed together and
represent a single data point per mouse. D: Venn diagram showing a comparison of expressed genes from SAT and VAT of lean and obese mice (n = 4
mice/group). The number of expressed genes that are common or unique to a specific AT are represented by a percentage relative to the total number of
detected genes. AT, adipose tissue; DEGs, differentially expressed genes; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

820 Physiol Genomics « doi:10.1152/physiolgenomics.00080.2024 - www.physiolgenomics.org


http://www.physiolgenomics.org

@ DIFFERENTIALLY EXPRESSED ADIPOSE GENES WITH OBESITY

Inotiv; Cat. No. TD.88137) contains (by weight) 17.3% protein,
48.5% carbohydrates, 21.2% fat, and 0.2% cholesterol. This cor-
responds to 15.2%, 42.7%, and 42% kcal, respectively, from the
macronutrients present in the high-fat diet. In contrast, the
standard rodent diet (Lab Diet, Prolab RMH 3000; Cat. No.
5P00) contains 26.1% kcal from protein, 14.4% kcal from fat,

59.5% kcal from carbohydrates, and 0.02% cholesterol.
Respective diets, beginning at 10 wk old, and water were given
ad libitum. The corresponding diets were maintained for 12—
14 mo. Mice were euthanized between 62 and 70 wk of age.
The mice were housed at the University of Delaware Life
Sciences Research Facility animal vivarium under standard
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Figure 2. A long-term high-fat diet induces differential gene expression in SAT versus VAT. Volcano plots reveal changes in gene expression with obe-
sity in SAT (A) and VAT (B). Obesity-induced alterations in gene AT expression are denoted as the log fold change (FC) relative to AT from lean mice
(n = 4 mice/group). Red denotes significantly upregulated genes, whereas blue denotes significantly downregulated genes. The top five up- and down-
regulated genes are labeled in the plots in both A and B. Heat maps reveal the top 20 genes significantly up- or downregulated in SAT (C) and VAT (D)
relative to an average CPM for all 8 (i.e., 4 lean, 4 obese) SAT or VAT samples for a given gene with the logCPM for each gene being normalized to
library size. Red indicates scaled levels of upregulation and blue indicates scaled levels of downregulation. For a gene to be considered significant,
FDR < 0.5 and —1.5 > logFC > 1.5. AT, adipose tissue; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.
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12-h light and dark cycles. Mice were euthanized using CO,
asphyxiation followed by cervical dislocation.

Adipose Isolation, Total RNA Extraction, and RNA-Seq
Library Preparation

Inguinal SAT and mesenteric VAT were isolated from four
lean and four obese mice generating 16 adipose samples (i.e.,
8 SAT and 8 VAT samples total) for bulk RNA-seq processing
and analysis. Both left and right inguinal SAT depots were iso-
lated and combined to generate a single sample of SAT per
mouse. Visible vasculature was manually dissected and
removed from AT, which was stored in liquid nitrogen until
all samples were ready for downstream processing and RNA
sequencing. Adipose tissue samples were submitted to the UD
Sequencing and Genotyping Center (RRID:SCR_012230) for
RNA sequencing. Total RNA extraction was performed using
the Qiagen RNeasy Universal kit (Qiagen, Germantown, MD)
as per manufacturer’s guidelines. Quality analysis was per-
formed and high-quality RNA was verified using a Fragment
Analyzer 5200 (Agilent, Santa Clara, CA). Poly-A RNAseq
library preparation was done using Perkin Elmer NEXTFLEX
Rapid Directional RNAseq 2.0 and NEXTFLEX Poly(A) Beads
2.0 library preparation kits (Perkin Elmer, Waltham, MA) as
per manufacturer’s guidelines using 1 ug of total RNA as
library preparation input.

RNA-Seq Analysis

mRNA was sequenced on an Illumina NextSeq 2000
(Illumina, San Diego, CA) producing paired-end 101 bp

sequence reads. Sequence data were analyzed by the
University of Delaware Bioinformatics Data Science Core
Facility (RRID:SCR_017696) using a customized version of
the MAPRseq pipeline (8). Sequence reads were assessed for
quality using FastQC (v0.11.9; Babraham Bioinformatics)
and trimmed using TrimGalore! (v0.11.9) to remove illu-
mina sequencing adapters, poly-G sequence at read ends,
and sequences not meeting a quality threshold of Q30.
After trimming, reads that did not meet the desired
threshold of 75 bp were discarded. Accepted reads were
aligned to the mouse genome (GRCm39 refseq Annotation
109) using HiSat2 (v2.2.0) (9), mapping quality was
assessed using RseQC (v4.0.0) (10), and counts for gene
features were determined using HTseq (v0.13.5) (11)
Features not occurring at CPM >1 in three samples were
removed and differential gene expression analysis was
performed with EdgeR (v3.34.0) (12) using generalized lin-
ear models to assess contrasts while controlling for paired
samples from the same individual. Significantly differen-
tially expressed features were determined using the
Quasi-likelihood F test with FDR correction (q < 0.05).
The Venn diagram for detection of unique gene expres-
sion was generated using Venny 2.1 software and is repre-
sented as a percentage relative to the total percent of
expressed genes (CPM > 1).

Differential Expression Gene Analyses

Pairwise differential expression analyses were run
using EdgeR for the following diet treatment and adipose

Table 1. The top 20 significant DEGs in SAT with the Gene ID, gene name, log, fold change with obesity compared
with lean (—1.5 > logFC > 1.5), FDR P value (P < 0.05), and gene function

Gene ID Gene Name log, (Fold Change) FDR PValue Gene Function
SAT ENSMUSGO00000025202 scd3 5.16 0.0022 Enables palmitoyl-CoA 9-desaturase activity and stearoyl-

CoA 9-desaturase activity.

ENSMUSGO00000027761 aadac 4.24 0.0004 Enables serine hydrolase activity and triglyceride lipase
activity

ENSMUSG00000003549  ercct 3.90 0.0013 Enables TFIID-class transcription factor complex binding
activity and promoter-specific chromatin binding activity

ENSMUSGO00000037411 serpinel 3.80 0.0001 Enables serine-type endopeptidase inhibitor activity

ENSMUSGO00000086006 gm13293 3.77 0.0002 ncRNA

ENSMUSGO0000070498 tmem132b 3.75 0.0001 Transmembrane protein

ENSMUSGO00000031936  hephl1 3.74 6.87E-06 Predicted to enable ferroxidase activity

ENSMUSG00000031710 ucpt 3.61 0.0020 Enables long-chain fatty acid binding activity

ENSMUSG00000045441  gprin3 3.38 0.0015 Predicted to be involved in neuron projection
development

ENSMUSGO00000079625  tm4sf19 312 0.0013 Predicted to be integral component of membrane

ENSMUSG00000022762 ncam2 —-5.59 9.77E-05 Predicted to enable identical protein binding activity.
Predicted to be involved in cell adhesion

ENSMUSGO00000047222  rnase2a —-5.39 3.82E-05 Predicted to enable ribonuclease activity

ENSMUSGO00000031980  agt —4.78 7.00E-05  Enables type 1 angiotensin receptor binding activity and
type 2 angiotensin receptor binding activity

ENSMUSG00000052974  cyp2f2 —4.75 2.77E-06 Predicted to enable heme binding activity and monooxy-
genase activity

ENSMUSG00000025479  cyp2el —4.26 7.09E-08 Enables monooxygenase activity

ENSMUSGO0000030737  slco2bt —3.65 0.0003 Predicted to enable bile acid transmembrane transporter
activity and sodium-independent organic anion trans-
membrane transporter activity

ENSMUSG00000045776  Irtm1 —3.56 5.90E-05 Predicted to enable roundabout binding activity and hepa-
rin binding activity

ENSMUSGO0000050276  mrgprg —3.49 0.0009 Predicted to enable G protein-coupled receptor activity

ENSMUSG00000019787 trdn —-3.43 7.96E-05 Predicted to enable transmembrane transporter binding
activity.

ENSMUSG00000053168  90306719P08rik —3.30 8.82E-06 RIKEN cDNA 9030619P08 gene

DEGs, differentially expressed genes; SAT, subcutaneous adipose tissue.
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depot comparisons: SAT from obese mice relative to SAT
from lean mice and VAT from obese mice relative to VAT
from lean mice. Upregulated and downregulated genes in
AT are denoted as positive or negative base 2 logarithmic
fold change (logFC) values relative to gene expression of
AT from lean control counterparts. A gene was consid-
ered to be differentially expressed using an adjusted false
discovery rate (FDR) < 0.05 and an absolute fold change
of —1.5 > logFC > 1.5. Volcano plots were generated using
Python, and the heatmaps generated using R. Venn
diagrams were generated using Venny 2.1 software.
Unknown genes were not included for representation in
the present study.

KEGG Pathway, Gene Ontology, and Pathway-Pathway
Network Analyses

Pathways analysis was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
(https://www.kegg.jp/), as described previously (13, 14), using
DEG with an adjusted FDR < 0.05, and —1.5 > logFC > 1.5.
Gene ontology (GO) is a system of functional classification
of genes that includes the biological process (BP), cellular
component (CC), and molecular function (MF). GO analy-
sis was performed using The Database for Annotation,
Visualization and Integrated Discovery (DAVID) (15) with
FDR < 0.05 using DEG with an adjusted FDR < 0.05, and
—1.5 > logFC >1.5. Pathway-pathway network analyses
were generated using the ClueGo plugin within Cytoscape
(16) with P value set to < 0.05. The pathway-pathway net-
works were based on enriched KEGG pathways and GO
terms from the identified DEGs in SAT and VAT following
the long-term high-fat diet.

RESULTS

Long-Term High-Fat Diet Induces Expression of Unique
Genes in SAT and VAT

Male C57BL/6J mice were fed either a high-fat diet to
induce obesity or a normal laboratory diet (lean controls) for
12-14 mo before the isolation of SAT and VAT. A schematic
detailing the general workflow of AT isolation before RNA
sequencing and analysis is shown in Fig. 1A. As expected,
mice fed the high-fat diet weighed significantly more than
lean controls at the conclusion of the long-term diet regimen
(44.3+2.1 gvs. 61.8+1.3 g; P < 0.001), exhibiting an average
~40% increase in body weight (Fig. 1B). We targeted specific
SAT and VAT depots for comparison in this study with each
individual mouse providing two inguinal SAT depots and a
mesenteric VAT depot for analysis. The top panel of Fig. 1C
denotes the respective targeted depots in a representative
dissection of a 14-mo-old mouse fed the standard laboratory
diet. The two inguinal SAT depots are depicted in dashed
outlines in the dissected mouse with images of the isolated
SAT tissues shown below (Fig. 1C, top and middle, respec-
tively). We did not isolate and collect the upper, pectoral
SAT (denoted by + in the image) for these studies. We simi-
larly depict the targeted mesenteric VAT depot in the same
representative dissection and further show an inset of
isolated bowel to better reveal the VAT of interest. It is im-
portant to note that this particular representation is for
clarity only and VAT is isolated from the intact bowel to
avoid bacterial contamination that would occur with com-
plete removal of the gut. The isolated mesenteric VAT is
depicted below the representative dissection image. We did
not use epididymal VAT (denoted by + in the dissection

Table 2. The top 20 significant DEGs in VAT with the Gene ID, gene name, log, fold change with obesity compared
with lean (—1.5 > logFC > 1.5), FDR P value (P < 0.05), and gene function

Gene ID Gene Name log, (Fold Change) FDR P Value Gene Function
VAT ENSMUSGO00000079625 tm4sf19 5.68 0.0004 Predicted to be integral component of membrane

ENSMUSG00000028238 atp6v0d2 533 1.69E-05 Predicted to enable proton transmembrane transporter
activity

ENSMUSG00000039691 tspaniO 4.88 0.0012 Enables enzyme binding activity

ENSMUSGO0000030117 gdf3 473 0.0025 Secreted ligand of the TGF-f (transforming growth factor-
beta) superfamily of proteins

ENSMUSG00000040627 aicda 4.7 0.0012 Enables cytidine deaminase activity

ENSMUSG00000031710 ucpl 4.49 4.16E-05 Enables long-chain fatty acid binding activity

ENSMUSG00000091679 vmn2r96 434 0.0043 Predicted to enable G protein-coupled receptor activity

ENSMUSG00000037482 erv3 432 0.0055 NA

ENSMUSGO0000079625 tm4sf19 4.20 0.0035 Predicted to be integral component of membrane

ENSMUSG00000037411 serpinel 410 4.10E-05 Enables serine-type endopeptidase inhibitor activity.

ENSMUSG00000045776 Irtm1 —4.22 9.27E-06 Predicted to enable roundabout binding activity and hepa-
rin binding activity

ENSMUSG00000049350 zg16 —4.22 0.0074 Enables peptidoglycan binding activity

ENSMUSG00000011034 sic5al —3.93 0.0374 Enables glucose transmembrane transporter activity

ENSMUSG00000025479 cyp2el —-3.89 1.18E-05 Enables monooxygenase activity

ENSMUSG00000020532 acaca —3.53 0.0010 Enables acetyl-CoA carboxylase activity

ENSMUSG0O0000030737 slco2b1 —3.21 0.0006 Predicted to enable bile acid transmembrane transporter
activity and sodium-independent organic anion trans-
membrane transporter activity

ENSMUSG00000033720 sfxn5 -3.07 0.0169 Predicted to enable citrate transmembrane transporter
activity

ENSMUSG00000002588 ponl —-2.97 0.0014 Enables arylesterase activity

ENSMUSG00000072769 gm10419 —2.94 0.0006 NA

ENSMUSG00000052974 cyp2f2 —2.92 0.0006 Predicted to enable heme binding activity and monooxy-

genase activity

DEGs, differentially expressed genes; VAT, visceral adipose tissue.
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image) in this study. As expected, both AT depots isolated
from the mice fed the high-fat diet were significantly greater
in mass compared with respective AT from lean controls
(Fig. 1C, bottom). Isolated inguinal SAT and mesenteric VAT
from lean and obese mice were then processed for total RNA
that was then subjected to RNA sequencing and analysis. We
detected a total of 13,192 AT genes in samples from the eight
male mice with 8,788 (66.6%) of the genes being commonly
expressed in all four groups (i.e., SAT and VAT from lean or
obese mice; Fig. 1D). In AT isolated from lean mice, SAT
exhibited an expression of 306 (2.3%) unique genes while
VAT expressed 582 (4.4%) unique genes. The high-fat diet
induced the expression of 169 (1.3%) unique genes in SAT,
whereas a remarkable 814 (6.2%) unique genes were
induced in VAT (Fig. 1B). The high-fat diet also induced
the expression of 105 (0.8%) genes in both SAT and VAT
that were not detected in AT of lean controls. These data
suggest that SAT and VAT undergo differential gene
expression remodeling in response to long-term high-fat
diet.

Long-Term High-Fat Diet Induces Differential Gene
Expression in SAT Versus VAT

We next determined AT genes that were differentially
up- or downregulated in response to the long-term high-
fat diet. Volcano plots reveal that relative to lean control
mice, 308 genes were differentially expressed in SAT
from obese mice (Fig. 2A). This includes 164 significantly
upregulated genes and 144 significantly downregulated
genes (FDR < 0.05. —1.5> logFC >1.5). In contrast, 690
genes were differentially expressed in VAT from obese
mice with 262 significantly upregulated genes and 428
significantly downregulated genes (FDR < 0.05. —1.5>
logFC >1.5) (Fig. 2B). Of these differentially expressed
genes (DEGSs), the top 20 significantly up- and downregu-
lated genes with the greatest fold change are shown in the
heat maps for each AT type (Fig. 2, C and D). The func-
tions of these specific DEGs are shown in Tables 1 (SAT
DEGs) and 2 (VAT DEGS).

Long-Term High-Fat Diet Induces Stark Differences in
AT DEG-Related Pathways

KEGG pathway analysis offers a connection between
genomic information with functional information that is
represented in a pathway (13, 14). The identified DEGs were
significantly enriched in 46 KEGG pathways (FDR < 0.05)
across SAT and VAT of obese mice relative to lean controls.
Only two pathways were enriched in SAT as compared
with 44 enriched pathways in VAT (Fig. 3A, Supplemental
Table S1). The upregulated pathways in SAT were Fatty acid
metabolism and the PPAR signaling pathway, each with fold
enrichments >10 (Fig. 3A). There were no significantly
downregulated pathways identified in SAT of obese mice.

The upregulated DEG in VAT were enriched in 24 pathways
with a majority being related to inflammation (the top 10
pathways with the greatest fold change are shown in
Fig. 3B). Of these, the intestinal immune network for IgA
production and asthma were the most influenced pathways,
each with fold enrichments >10. The downregulated VAT
DEGs were enriched in 20 pathways largely related to metab-
olism (the top 10 pathways with the greatest fold change are
shown in Fig. 3C, the most significantly influenced pathway
being propanoate metabolism, which approaches a fold
enrichment of 15). The remaining significantly enriched
pathways are detailed in the online Supplemental Table S1.

Long-Term High-Fat Diet Induces Stark Differences in
AT Biological Processes and Molecular Functions

We next used Gene Ontology (GO) as a system to function-
ally classify the identified DEGs in SAT and VAT. This provides
a more complete picture of the changing DEGs as they relate to
specific biological processes (BPs), cellular components (CCs),
and molecular functions (MFs) that may encompass several
altered DEGs. Specific GO terms within each major category
were detected using the DAVID database (15). The DEGs were
significantly enriched in 109 GO terms (FDR < 0.05) spanning
the three GO categories in SAT and VAT with obesity
(Supplemental Tables S2 and S3). There were far fewer GO
terms that were enriched in SAT (Supplemental Table S2) than
in VAT (Supplemental Table S3). Similar to the KEGG pathway
analysis, we did not identify significantly downregulated GO
terms in SAT of obese mice with an FDR < 0.05. These findings
were further supported when using the KEGG pathways and
GO terms in pathway-pathway network analyses generated
using ClueGo functionality in Cytoscape (16). This analysis
revealed a remarkable difference in the number of interrelated
pathways influenced in response to obesity with VAT exhibit-
ing a pronounced increase in the number of networks as com-
pared with SAT (Supplemental Fig. S1).

Similar to the KEGG pathway analysis, the upregulated
DEGs in SAT pertaining to BP were related to fatty acid bio-
synthetic processes and lipid metabolism, the most influ-
enced of which was monounsaturated fatty acid biosynthetic
process with a fold enrichment >150; the upregulated DEGs
in SAT of the CC were enriched in the ER membrane with
the most affected compartment being integral component
of endoplasmic reticulum membrane; and the upregulated
SAT DEGs related to MF were mainly involved with fatty
acid desaturase activity with palmitoyl-CoA 9-desaturase
activity having a fold enrichment >150 (Fig. 4A). The full
list of significantly enriched GO terms relevant to SAT
can be found in the online supplement (Supplemental
Table S2). Also similar to the KEGG pathways observed in
VAT following the long-term high-fat diet, the VAT DEGs
that were upregulated in BP were mainly related to inflam-
mation (Toll-like receptor 7 signaling pathway exhibited a
fold enrichment >80); the upregulated VAT DEGs of the CC

Figure 3. A long-term high-fat diet influences metabolic and inflammatory signaling in SAT and VAT. KEGG pathway enrichment analysis shows the influ-
enced signaling and metabolic pathways, as well as associated diseases, with which the significantly expressed DEGs in SAT (A) and VAT (B and C) are
associated (n = 4 mice/group). A: two upregulated pathways were identified in SAT, whereas 44 pathways were identified in VAT. The top 10 upregu-
lated (B) and downregulated (C) pathways are shown in VAT with obesity. Fold enrichment represents the percent of the genes from the RNA-sequenc-
ing data that belong to the pathway (FDR < 0.05). DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; SAT,

subcutaneous adipose tissue; VAT, visceral adipose tissue.
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Figure 4. A long-term high-fat diet influences biological processes and molecular functions associated with metabolism and inflammation in SAT and
VAT. GO terms incorporating biological processes (BPs), cellular components (CCs), and molecular functions (MFs) of the top upregulated DEGs in SAT
(A) and the top five GO terms for each category related to the upregulated (B) and downregulated (C) DEGs in VAT (FDR < 0.05) with obesity (n = 4
mice/group). The full list of up- and downregulated GO terms associated with VAT can be found in the online supplement. DEGs, differentially expressed

genes; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

were highly enriched in the immunological synapse with
fold enrichment approaching 20; and the upregulated VAT
DEGs of MF were mainly involved in CCR1 chemokine re-
ceptor binding with fold enrichment approaching 60
(Fig. 4B). Furthermore, the downregulated VAT DEGs of
BP were mainly involved in metabolic processes (both
mitochondrial acetyl-CoA biosynthetic process from pyru-
vate and acetyl-CoA biosynthetic process from pyruvate
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exhibited fold enrichments >30); the downregulated VAT
DEGs of the CC were mainly associated with the plasma
membrane, caveola, and lipid particles; and the downregu-
lated VAT DEGs of MF were mainly involved in pyridoxal
phosphate binding and NAD binding, each approaching
fold enrichments of 10 (Fig. 4C). The full list of significantly
enriched GO terms relevant to VAT can be found in the
online supplement (Supplemental Table S3).
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Long-Term High-Fat Diet Induces Differential
Expression of a Select Subset of AT Genes

The next goal was to identify genes upregulated in SAT and
downregulated in VAT, and vice versa, following the long-
term high-fat diet. Based on the pathological status associated
with VAT as opposed to SAT with obesity (2-4, 6, 7), we pro-
pose that identifying such differentially expressed AT genes
may offer promising therapeutic avenues. Surprisingly, only
four total genes exhibited such a profile with trdn and hspb7
downregulated in SAT/upregulated in VAT and elvol6 and
kenj15 upregulated in SAT/downregulated in VAT in response
to obesity and relative to lean controls (Fig. 5). When the strin-
gency of the logFC parameters was weakened from —1 >

logFC > 1to —0.5 > logFC > 0.5, this modestly increased the
number of AT DEGs significantly influenced in opposite
directions to 11, and all seven of the additional genes were up-
regulated in SAT/downregulated in VAT (Fig. 5 and Table 3).
Table 3 also details the FDR P value, fold change, and function
of each DEG oppositely expressed in SAT versus VAT in
response to the long-term high-fat diet.

DISCUSSION

AT plays a multifactorial role in metabolic and inflamma-
tory status and AT dysfunction is now predicted to be a cul-
prit in the progression of cardiovascular disease and
diabetes. VAT in particular has been a major focal point to

A B
-1 > logFC > 1 -0.5 > logFC > 0.5
VAT - upregulated VAT - upregulated
279 359 (20.58%) (xg.ssfs)
22%) (28.3%)
2
(&) (0.2%) o&, (.2‘) ©.1%) &)
476 257
& 0 0 0% e o A Ui
o o VAT -/downregulated
SAT - upregulated SAT - upreg\lated wnreg
VAY - d lated 243 162
J kS ownregulate s la

Downregulated SAT and Upregulated VAT
NM_029726 (Trdn)

NM_013868 (Hspb7)

Upregulated SAT and Downregulated VAT
NM 130450 (Elovl6)

XM_017316883 (Kcnj15)

Downregulated SAT and Upregulated VAT
NM_029726 (Trdn)

NM_013868 (Hspb7)

Upregulated SAT and Downregulated VAT
NM_008615 (Mel)

NM_ 130450 (Elovl6)

NM_007934 (Enpep)

NM_197985 (Adipor2)

NM_153150 (Slc25a1)

XM_017316883 (Kcnj15)

NM_033591 (Pcdhga8)

NM_031180 (KIb)

NM_053147 (Pcdhb22)

Figure 5. A long-term high-fat diet induces differential expression of four common genes in SAT versus VAT. Venn diagrams highlight the low number
of genes that are oppositely expressed in SAT versus VAT in response to the long-term high-fat diet using fold change (FC) stringency levels of —1 >
logFC > 1(A) and —0.5 > logFC > 0.5 (B). The boxes in each diagram reveal the overlapping genes with differential expression patterns and the tables
reveal that we detected 4 (A) versus 11 (B) specific DEGs that were expressed in this fashion (n = 4 mice/group). Each gene name in the table is accompa-
nied by its gene reference number. DEGs, differentially expressed genes; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.
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Table 3. The 11 genes that are oppositely expressed in SAT and VAT with obesity using a fold change threshold of

B0.5 > logFC > 0.5; FDR < 0.05

Gene ID Gene Name log2 (fold change) FDR PValue log2 (fold change) FDR Pvalue Gene Function

ENSMUSG00000019787 *trdn —3.43 7.96E-05 2.07 0.0060 Predicted to enable transmembrane
transporter binding activity

ENSMUSG00000006221  *hspb7 —2.22 0.0013 1.42 0.0034 Enables filamin binding activity.

ENSMUSG00000032418 mel 1.37 3.94E-05 —0.88 0.0287 Enables malate dehydrogenase (decar-
boxylating) (NADP +) activity.

ENSMUSG00000041220  *elovi6 1.06 0.0013 —1.19 0.0012 Enables acyltransferase activity

ENSMUSG00000028024 enpep 0.58 0.0021 —1.61 3.43E-05 Enables peptidase activity

ENSMUSGO00000030168  adipor2 0.62 0.0043 —-0.74 0.0186 Enables adiponectin binding activity;
identical protein binding activity; and
signaling receptor activity.

ENSMUSGO00000003528  s/c25a1 0.54 0.0088 —-0.78 0.0012 Predicted to enable citrate secondary
active transmembrane transporter
activity

ENSMUSG00000062609  *kcnj15 1.00 0.0203 —1.34 0.0463 Enables potassium channel activity.

ENSMUSGO00000103897  pcdhga8 0.94 0.0207 —-0.92 0.0463 NA

ENSMUSGO00000029195  kib 0.54 0.0219 —0.85 0.0312 Predicted to enable fibroblast growth
factor binding activity and fibroblast
growth factor receptor binding
activity.

ENSMUSGO0000073591 pcdhb22 >0.50 0.0226 —-0.74 0.0213 Predicted to be involved in cell
adhesion.

SAT VAT

SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

stringent threshold of —1 > logFC > 1.

date where, in contrast to SAT, VAT accumulation is strongly
associated with increased macrophage infiltration and
inflammation, increased adipocyte size, and decreased lipid
metabolism (17-22). Therefore, unveiling the gross transcrip-
tome changes that differ between SAT and VAT under obeso-
genic conditions may lead to a better understanding of VAT
dysfunction and offer an initial platform of potential targets
aimed at preventing or even reversing specific AT depot
dysfunction.

In this study, male C57Bl/6J mice were fed a high-fat diet
for 12-14 mo, which resulted in expected increases in body
weight as well as SAT and VAT mass. Although the SAT from
obese mice exhibited a 65.6% increase in mass compared
with SAT from lean controls, VAT showed a stark 123.2%
increase in mass relative to VAT from lean mice, immedi-
ately revealing differences in the response to the high-fat
diet between these AT depots. Our major goal in this study
was to examine the gene expression profiles via RNA
sequencing of SAT and VAT to identify AT-specific differen-
ces in response to obesity. Changes in gene expression in
response to the high-fat diet were assessed relative to lean
control mice maintained on a normal laboratory diet. Our
initial assessment identified more than 13,000 AT genes
with 1.3% and 6.2% being uniquely expressed in SAT and
VAT, respectively, in response to the long-term high-fat diet.
A total of 308 DEGs were identified in SAT, with 164 genes
being upregulated versus 144 downregulated while nearly
700 DEGs were identified in VAT with 262 being upregulated
versus 428 downregulated as compared with matched lean
control AT. The DEGs identified in SAT and VAT were signif-
icantly enriched in several pathways related to metabolism
(e.g., fatty acid metabolism, amino acid metabolism, carbo-
hydrate metabolism, TCA cycle) and inflammation (e.g., IgA
production, cytokines and cytokine receptors, and antigen
processing/presentation). Interestingly, SAT DEGs were only
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*Denotes one of four genes that remains significant after the more

enriched in two upregulated pathways driving lipid metabo-
lism and were not significantly associated with downregu-
lated pathways. The upregulated DEGs in SAT support a role
for enhanced metabolic activity related to lipid handling in
response to nutrient overload. In contrast, VAT from obese
mice was significantly associated with a total of 44 differen-
tially regulated pathways. Of note, in the upregulated path-
ways is the presence of several proinflammatory signaling
pathways whereas, in contrast to SAT, several metabolic
pathways are downregulated including the general “meta-
bolic pathways.” Together, these observations support the
existing notion that SAT maintains, or even enhances, the
metabolic phenotype while VAT loses metabolic capacity
and shifts to a proinflammatory phenotype. These findings
more broadly highlight the major impact of obesity on VAT,
whereas SAT appears minimally affected and may even
respond by upregulating lipid handling, potentially preserv-
ing AT function. Many of these findings from the KEGG
pathway analysis are further supported by the GO analyses
as they pertain to specific terms associated with BP and MF
categories.

These findings are in line with past studies, including
those comparing VAT and SAT (22-27). However, to our
knowledge, this is the first study to evaluate DEGs in distinct
AT with a focus on opposite expression patterns in response
to a long-term high-fat diet and obesity. The existence of dis-
tinct metabolic obese phenotypes, i.e., healthy versus
unhealthy wherein the latter is associated with accumula-
tion of VAT (1-7), indicates a dichotomy in AT dysfunction
driven by pathophysiological alterations specifically in VAT
but may also denote adaptations in SAT that preserve AT
function under obesogenic conditions. When identifying
genes in SAT versus VAT that were oppositely regulated fol-
lowing a long-term high-fat diet, we were surprised to find
only four genes that exhibited such a profile and that this
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was only modestly increased to 11 genes when reducing sta-
tistical stringency.

The two genes that were identified to be downregulated in
SAT and upregulated in VAT were trdn and hspb7. The trdn
gene, which encodes the protein triadin, is associated with
Ca?™ handling in the sarcoplasmic reticulum of muscle cells
through interactions with the ryanodine receptor (28, 29),
although its role in AT is not defined. Similar to our observa-
tions in VAT of obese mice, the expression of trdn was also
shown to be substantially upregulated in skeletal muscle of
Caucasian women with obesity, however, a specific role for
triadin was not investigated (30). Furthermore, a recent
study showed that TRDN was upregulated in SAT of humans
with morbid obesity and type II diabetes mellitus as com-
pared with nondiabetic, body mass index (BMI)-matched
individuals further implicating a role for triadin in disease
progression in AT (31). In contrast, Trdn expression was
shown to be significantly downregulated in brown adipose
tissue (BAT) of obese rats relative to lean controls, highlight-
ing potential AT-specific roles for triadin in health and dis-
ease (32). A speculative role for the upregulation of triadin
may be in the form of contributing to increased cytosolic
Ca?*, which could impact a variety of functions including
promoting apoptosis and/or the production of proinflamma-
tory adipokines, whereas its downregulation may afford pro-
tection against Ca?™ overload.

Heat shock protein b7 (HSPB7), encoded by hspb7, is a rel-
atively understudied heat shock protein that has been shown
to be protective against cardiomyopathies and cancer in pre-
clinical studies (33-35). The upregulation of hspb7 in VAT
may be indicative of a stress response in obesity, however,
the concomitant downregulation of this gene in SAT may
underly an alternative role for this gene in AT that promotes
AT dysfunction. Recent in vitro studies suggest a role for
HSPB7 in inhibiting adipogenesis which, in the context of
upregulated hspb7 we observed in VAT, may contribute to
AT dysfunction under obesogenic conditions and nutrient
overload (36). An earlier study showed that Hspb7 was upreg-
ulated in BAT and epididymal VAT of obese Zucker rats (37).
Although we did not investigate BAT in the present study,
the observation that Hspb7 similarly increases in a distinct
VAT depot using a different rodent model of obesity repre-
sents a compelling reason to understand the role of this gene
in mediating AT dysfunction.

We also identified two genes with the opposite expression
profile: both elovl6 and kcnj15 were upregulated in SAT and
downregulated in VAT with obesity. The latter encodes a K™
ion channel, Kir4.2, that was most recently shown to play a
pathological role in the kidney in response to low-dietary K"
(38). KCNJ15 has also been identified as a susceptibility gene
to type II diabetes mellitus though the focus to date has been
on pancreatic f cells where Kir4.2 function is proposed to in-
hibit glucose-stimulated insulin secretion (39, 40). These
findings would suggest a detrimental role for this gene in
obesity perhaps via inducing insulin resistance, however, a
role for this gene in AT is yet to be defined.

Similarly, elovl6 encodes the enzyme elongation of long-
chain fatty acids family member 6 (Elovl6), which has
been linked to insulin resistance (41, 42). Such evidence
has positioned Elovl6 as a candidate target in ameliorating
insulin resistance through preventing dysregulated lipid
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metabolism (43), however, tissue-specific roles remain
unclear and the use of global knockout mice may mask the
role of elovli6 in SAT. Indeed, while both genes that we
show to be upregulated in SAT and downregulated in VAT
have been associated with metabolic disease processes
and seemingly support studies showing dysfunctional SAT
with obesity (44-46), their AT-specific functions remain to
be determined. Based on the differential AT expression
patterns of these four genes (trdn, hspb7, elovl6, and
kcnj15), we propose a deeper investigation with respect to
distinct AT depots to determine if manipulating the
expression/function of these genes may resolve VAT dys-
function in obesity.

Previous studies have used bulk and single-cell (sc)/nu-
cleus RNA sequencing to evaluate AT gene expression pro-
files in humans and animal models under a variety of
conditions. Most recently, Norreen-Thorsen et al. (47)
showed using an integrative correlation analysis of bulk
RNA sequencing data, a method aimed at better evaluating
adipocyte genes to overcome technical challenges encoun-
tered when using scRNA sequencing methods, both sex
and AT depot-specific differences using human datasets with
males exhibiting a subset of unique, cell type-enriched genes.
However, obesity was not a focus. Although we did not
include female mice in the present study and were therefore
unable to detect sex differences in AT gene expression, the
aforementioned study highlights potential important differ-
ences as it pertains to the progression of conditions such as
cardiovascular disease with which men are more prone earlier
in life (48, 49). With regard to obesity, and in contrast to the
present study, several studies evaluated SAT or VAT inde-
pendently to determine obesity-induced gene alterations in
AT (23, 27, 44-46). Although our findings support those stud-
ies investigating VAT depots in both human and rodent mod-
els of obesity (23, 27), several of the studies identified
increased proinflammatory gene expression profiles in SAT of
women and children with obesity as well as in a porcine
model of obesity (44-46). These findings indicate that SAT
may serve as an additional source of AT dysfunction under
specific conditions or in different model systems, however,
the absence of VAT data in these studies does not allow for a
comparison in the degree of inflammation between the dis-
tinct AT depots. Furthermore, Massier et al. (24) recently inte-
grated the work of several studies in a meta-analysis
comparing SAT and VAT (omental and perivascular) and ele-
gantly detailed novel cellular proportions, subtypes, and dis-
tinct clusters of progenitor cells between AT types ultimately
highlighting cell-cell interactions and cellular relationships
that may also dictate distinct alterations to AT in obesity. In
summary, our present RNA-sequencing dataset offers a new
outlook on SAT versus VAT in response to long-term obesity
and nutrient overload and reveals genes that are differentially
expressed in the two AT types. We propose that these genes in
particular should be investigated further to determine their
role in VAT dysfunction and/or putative SAT adaptive
responses to poor nutrition and obesity.

Limitations and Further Considerations

There are limitations to address in the present study. First,
only male mice were used. Obesity is well-known to affect
men and women differently, especially with regard to body
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fat distribution, adipocyte function, and proclivity to insulin
resistance, and this could certainly impact gene expression
across SAT and VAT depots (50, 51). Furthermore, although
the lean controls were age-matched to the obese group in our
study, the final ages of the mice at euthanasia were between
14.5 and 16.5 mo. Therefore, the cohort of mice used in this
study can also be considered aged, however, a younger group
of mice were not included to make such comparisons. A simi-
lar study design including a young group of mice is warranted
to determine the impact of age, as well as a short-term diet
regimen, on the AT transcriptome.

We also propose several considerations for the findings in
the present study and future work. Here, we used a high-fat
diet containing 42% Kkcal from fat, however, several groups
have used a 60% kcal from fat diet as well as genetic models
to induce obesity across numerous studies. It is likely that
different diets, as well as time on a given diet, and distinct
models of obesity would differentially impact AT genes from
what we observed in this study. Future studies may build upon
this work both from the perspective of specific genes identified
and in magnitude of fold changes observed in ubiquitously
influenced genes across diet types/regimens and models.
Along these lines, it would be beneficial to provide a spectrum
of obesity using a large cohort of mice that would allow for cor-
relating gene expression profiles to specific physiological indi-
cators (e.g., body weight, AT weights, blood glucose/lipids,
etc.) as well as behavioral modifications that may be influ-
enced by high-fat feeding and obesity (e.g., food intake, physi-
cal activity/sedentary behavior, etc.). Such analyses may
improve our understanding of associated obesogenic variables
and the relationship to changes in AT gene expression in
response to obesity. Lastly, it should be considered that, in
light of the drastic differences we observed in VAT versus SAT
with regard to altered pathways and key nodes, targeting such
affected pathways may provide ample opportunity for future
research aimed at ameliorating AT dysfunction.
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