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Investigation into the underlying molecular mechanisms
of white adipose tissue through comparative
transcriptome analysis of multiple tissues
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Abstract. Adipose tissue has a primary role in lipid and
glucose metabolism as a storage site for fatty acids, and also
functions as an endocrine organ, producing large numbers
of hormones and cytokines. Adipose dysfunction triggers a
number of obesity-associated health problems. The aim of
the present study was, therefore, to investigate the molecular
mechanisms of white adipose tissue (WAT). The GSE9954
microarray data were downloaded from the Gene Expression
Omnibus. Adipose-specific genes were identified through
limma package analysis, based on samples of WAT and
17 other types of non-adipose tissue obtained from mice.
Process and pathway enrichment analyses were performed
for these genes. Finally, protein-protein interaction (PPI)
and co-expression networks were constructed and analyzed.
In total, 202 adipose-specific genes were identified, which
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were involved in key biological processes (including fat cell
differentiation and lipid metabolic process) and one key
pathway [namely, the adenine monophosphate-activated protein
kinase (AMPK) signaling pathway]. Construction of the PPI
network and further molecular complex detection revealed the
presence of 17 key genes, including acetyl-CoA carboxylase
a, peroxisome proliferator-activated receptor (PPAR) y and
leptin, that were involved in the AMPK, PPAR and insulin
signaling pathways. In addition, amine oxidase copper
containing 3 and adrenoceptor beta 3 were communication
hubs in the co-expression network of adipose-specific genes.
In conclusion, the present study promotes our understanding
of the underlying molecular mechanisms of WAT, and
may offer an insight into the prevention and treatment of
obesity-associated diseases caused by adipose dysfunction.

Introduction

The worldwide prevalence of obesity has almost tripled since
1975 (1). According to the most recent data reported by the
World Health Organization (updated in October 2017),
mortality associated with being overweight or obese as
opposed to being underweight is greater in the vast majority
of countries (1). Adipose tissue serves a primary role in lipid
and glucose metabolism as a storage site for fatty acids, and
produces a large number of hormones and cytokines as an
endocrine organ (2). Adipose tissue dysfunction triggers a
number of obesity-associated metabolic derangements, such
as type 2 diabetes, insulin resistance and cardiovascular
diseases (2,3).

Cellular heterogeneity is a characteristic feature of
adipose tissue, which contains several types of cells, including
adipocytes, preadipocytes, fibroblasts, endothelial cells
and multipotent stem cells (4). Adipocytes are the major
component of adipose tissue and are considered to be the
cornerstone of the steady-state control of systemic metabo-
lism. Their main function is to control the energy balance by
mobilizing triglycerides during times of energy starvation
and storing triglycerides during periods of excessive energy.
Preadipocytes undergo proliferation and differentiation, even-
tually forming mature adipocytes. This process determines
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the ability of adipose tissues to expand throughout the lifespan
of humans (4), leading to central obesity (5). Adipocytes are
replaced via the constant generation of new adipocytes, with
renewal of nearly 50% of adipocytes in the human subcuta-
neous adipose tissue every 8 years (6). At the cellular level,
an increase in the number and volume of adipocytes can
fundamentally lead to hyperplastic and hypertrophic obesity,
respectively (7). In severely obese individuals, the increase in
the number of adipocytes is more prominent in comparison
with the increase in the volume of adipocytes (8).

As the most abundant tissue in the body, white adipose
tissue (WAT) serves a variety of physiological roles, mainly
associated with metabolic and endocrine functions (9). The
metabolic functions of WAT include the storage and mobiliza-
tion of energy. Energy is stored in the body in the form of
triglycerides through lipogenesis, while the stored triglycerides
are hydrolyzed through lipolysis to meet the body's continuing
energy needs (10). Specific enzymes acquired during adipocyte
differentiation contribute to the two aforementioned processes,
which are regulated by several pathways, including the insulin,
adrenergic and atrial natriuretic hormone pathways (11). In
addition, WAT is an endocrine organ that produces an abun-
dance of peptides, proteins and lipids (9). Factors including
hormones, cytokines, extracellular matrix components and
fatty acid-derived products can act systemically in WAT and
other tissues to influence metabolic homeostasis (9). Over the
past several decades, a large number of studies have addressed
the function of fat- and obesity-associated diseases. However,
details regarding the molecular mechanisms of adipose tissue
remain unclear. To thoroughly investigate the role of adipose
tissue in energy homeostasis and obesity-associated diseases
caused by adipose dysfunction, it is necessary to understand the
key genes required for maintaining the normal physiological
functions of WAT.

High-throughput molecular biology techniques, represented
by gene chip technology, can provide large-scale gene expres-
sion data through the measurement of transcript abundance in
diverse tissues or cells (12). The Gene Expression Omnibus
(GEO) database stores originally submitted records obtained
using common commercial arrays, such as Affymetrix,
Agilent, Illumina or NimbleGen (12). Recently, there has
been impressive progress in identifying and detailing nodes
through various microarray data analyses of adipose tissue or
adipocytes, and subsequent experimental verification (13,14).
However, few studies have attempted to identify the key genes
in adipose tissue based on the comparative analysis of multiple
tissues.

In view of the extremely close association between adipose
tissue and obesity, the identification of fat-driven genes is
particularly important. In obese individuals, intra-abdominal
fat accumulation is more strongly associated with the
development of related diseases as opposed to subcutaneous
fat accumulation (15). Therefore, in the present study, the
mRNA expression profiles of epididymal adipose tissue (a
type of WAT) were compared with 17 types of non-adipose
tissues in order to identify adipose-specific genes in WAT.
These genes were then extensively analyzed using several
bioinformatics methods, including process and pathway
enrichment analyses, protein-protein interaction (PPI)
network construction, molecular complex detection (MCODE)
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Table I. Differentially expressed genes in adipose tissue
compared with 17 non-adipose tissues.

Upregulated Downregulated

Group genes genes
Adipose vs. adrenal gland 2,149 2,266
Adipose vs. bone marrow 3,402 3,231
Adipose vs. brain 3,494 3,550
Adipose vs. diaphragm 3,073 3,568
Adipose vs. eye 3,137 3,031
Adipose vs. heart 3,143 2,890
Adipose vs. kidney 2,446 2,260
Adipose vs. liver 3,032 2,180
Adipose vs. lung 1,706 1,986
Adipose vs. muscle 2,891 2,565
Adipose vs. pituitary gland 2,783 3,136
Adipose vs. salivary gland 3212 2,906
Adipose vs. seminal vesicle 2,843 2,671
Adipose vs. small intestine 3,152 2,551
Adipose vs. spleen 2,894 3,095
Adipose vs. testis 4,992 3916
Adipose vs. thymus 3,098 3,060
Adipose vs. all 17 tissues 215 4

analysis and co-expression network analysis. These analyses
attempted to provide a more in-depth understanding of
adipose performance at the molecular level, and to identify
the key genes required for the function of WAT and metabolic
disorders caused by adipose dysfunction.

Materials and methods

Microarray data. mRNA expression profiles from the
GSE9954 data series were downloaded from the GEO
database (16). The GSE9954 data series (Affymetrix Mouse
Genome 430 2.0 Array; Affymetrix, Inc., Santa Clara, CA,
USA) included the profiles of 58 wild-type tissue samples
obtained from 10-12-week-old C57BL/6 male mice, including
3 epididymal adipose, 3 liver, 3 diaphragm, 3 salivary gland,
3 spleen, 4 muscle, 3 brain, 3 lung, 3 kidney, 3 adrenal gland,
4 bone marrow, 5 pituitary gland, 3 seminal vesicle, 3 thymus,
3 testis, 3 heart, 3 small intestine and 3 eye tissue samples.

Identification of differentially expressed genes (DEGs). The
impute (Imputation for microarray data; www.bioconductor.
org/packages/release/bioc/html/impute.html) (17) and limma
(Linear Models for Microarray Data; www.bioconductor.
org/packages/release/bioc/html/limma.html) (18) packages were
used to identify DEGs between adipose and non-adipose tissues.
The thresholds used in DEG screening were an adjusted P-value
of <0.05 and a llog fold-change (FC)I of >0.5. All the packages
used in the present study were deployed in the R programming
language (version 3.3.3; https://www.r-project.org/).

Process and pathway enrichment analyses. For the functional
annotation of the DEGs, process and pathway enrichment
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Figure 1. Hierarchical clustering analysis of adipose-specific genes in 58 samples from 18 tissue types included in the GSE9954 data series. Each row repre-
sents one gene, with a total of 202 adipose-specific genes. Each column represents one tissue sample (GEO sample number), including 3 epididymal adipose,
3 liver, 3 diaphragm, 3 salivary gland, 3 spleen, 4 muscle, 3 brain, 3 lung, 3 kidney, 3 adrenal gland, 4 bone marrow, 5 pituitary gland, 3 seminal vesicle,
3 thymus, 3 testis, 3 heart, 3 small intestine and 3 eye tissue samples. Relative gene expression is indicated according to the color scale, where red indicates
elevated expression and blue indicates reduced expression. Gene expression values were transformed into log,-based values (distribution range, 6 and 14).

analyses were performed using the online software DAVID
(https://david.ncifcrf.gov/) (19) and KOBAS (http://kobas.cbi.
pku.edu.cn/) (20,21). The Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were used as ontology sources. Significant enrichment
was considered at P<0.01.

PPI network and module analysis. The assessment of PPI infor-
mation and the construction of a functional protein association
network were performed using the Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING) database (version 10.5;
http://string-db.org/) (22). To evaluate the intensity of interaction
among the input genes, the genes were mapped in STRING
using a combined score (experimentally validated interactions)
of >0.4 as the cut-off criterion. Next, the PPI network was
constructed and visualized with Cytoscape software (version
3.6.0; http://www.cytoscape.org/) (23). The MCODE plug-in
(http://apps.cytoscape.org/apps/mcode) (24) was used to scan
the PPI network in order to identify densely connected regions.

Gene co-expression network analysis. Weighted gene
co-expression network analysis (WGCNA) can be used
to describe the network of gene expression estimates
based on a correlation (25). Highly connected nodes in
the co-expression network are often considered as key
components affecting the expression of the whole network.
In the current study, co-expression network analysis was
performed using the WGCNA package (https://cran.r-project.
org/web/packages/ WGCNA /index.html) (25), with a threshold
for weight set at >0.6.

Results

Identification of adipose-specific genes. First, the raw data
of GSE9954 in text format were downloaded from the GEO
database. Gene expression values were normalized and
imputed using the packages impute and limma in R. The gene
expression profiles of adipose tissue were compared with those
of 17 other types of non-adipose tissues in order to identify
DEGs, employing an adjusted P-value of <0.05 and a llogFCl
of >0.5 as the cut-off criteria. The overlap of these comparative
results revealed 219 DEGs which were commonly upregulated
(215) or downregulated (4) in adipose tissue compared with
all the other tissues (Table I). Next, 13 genes that could not
be recognized were excluded, and the remaining 202 common
upregulated genes were considered to be adipose-specific genes.
These included several important genes, such as acetyl-CoA
carboxylase a (Acaca), peroxisome proliferator-activated
receptor y (Pparg) and leptin (Lep), as well as adiponectin,
C1Q and collagen domain containing (Adipoq), and fatty
acid synthase (Fasn). Employing the heatmap package in the
R programming language, a heat map of the adipose-specific
genes was developed using gene expression data from the
58 samples of 18 tissue types included in the data series (Fig. 1).

Process and pathway enrichment analyses. To investigate
the role of the adipose-specific genes in WAT, process
and pathway enrichment analyses were performed. The
top 20 significant GO biological processes were selected by
DAVID online software (Fig. 2A). According to the results,
adipogenesis-associated biological processes, including brown
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A Term  Count P-value
GO:0050873~brown fat cell differentiation|E_] 10| 3.49E-11
GO:0045444~fat cell differentiation[l_] 12| 3.73E
GO:0006629~lipid metabolic process (23
GO:000663 |~fatty acid metabolic process|B_] 14| 5.
GO:0050872~white fat cell differentiation [[£] 6 3.
GO:0030199~collagen fibril organization 2] 72
GO:0030198-extracellular matrix organization [JI] 9
GO:0042593~glucose homeostasis|[IL] 9| 5.
GO:0006633~Fatty acid biosynthetic process|IZ] 7
GO:0045600~positive regulation of fat eell differentiation ] 6
GO:0043206~extracellular fibril organization|[] 4
GO:0008152~metabolic process|lL_] 15
GO0019395-~ : acid oxidation D 4{86.
GOo0019433~triglyeeride catabolic process ] 4| IEY2E-04
GO:0007160~cell-matrix adhesion (I] ooz
GO:003321 1~adiponectin-activated signaling pathway |[ 3 (00 456
GO:0008203~chol | bolic process|iE]
GO:0019915-lipid storage|[]
GO:0043588~skin development [
GO:0001503~ossification |l
c Pathway  Count  P-value
mmu04152~AMPK signaling pathway [BE| 14 2.49E-14
mmu04923~Regulation of lipolysis in adipocytes|BE_] 11| 5.39E-14
mmu04910-Insulin signaling pathway (B 11| 4.51E-10
mmud3320-PPAR signaling pathway (] 8| 2.77E-08
mmu04151-PI3K-Akt signaling pathway [IBEZ_] 13| 5.43E-08
mmu003561~Glycerolipid metabolism | 6 1L04E-06

mmu01100-Metabolic pathways |21 4.39E-06

mmu(4974~Protein digestion and absorption|[£] 6|l 1.O3E-05
mmu04211~Longevity regulating pathway |IZ] 6f 1.45E-05
mmud4932-Non-alcoholic fatty liver disease (NAFLD) (2] 7|l 2.276-05
mmu0493 I~Insulin resistance ]~ 6{l 3.17E-05
mmud4920-Adipocytokine signaling pathway I£] 5/15.09E-05
mmul1212~Faty acid metabolism|E] 4000195
mmu04922~Glucagon signaling pathway |IE] 5([ELb00228
mmu03200-Pathways in cancer[[E]  9|lLH00262
mmul4022-cGMP-PKG signaling pathway [[I£] o|BEDDh0328
mmu03146~Amoebiasis (] 5 (00331

0407 1~Sphingolipid signaling pathway |[£] 5(MLD0DS58
mmu04024-cAMP signaling pathway |IZ] 6| D006

mmu04510~Focal adhesion|[] 6000742
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Figure 2. GO biological processes and KEGG pathways analyses of adipose-specific genes. (A) GO annotations of the adipose-specific genes with the top 20
enrichment scores for biological processes. (B) Interactions and overlap of associated molecules among the top 20 biological processes. (C) KEGG pathway
enrichment analysis of the adipose-specific genes with the top 20 enrichment scores. (D) Interaction and overlap of associated molecules among the top 20
pathways. Ellipses represent the most significantly enriched biological processes or pathways, while diamonds indicate the genes that act as a link hinge
between biological processes or pathways. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

fat cell differentiation, fat cell differentiation and white fat cell
differentiation respectively displayed the highest, second highest
and fourth highest significance, while lipid metabolic processes
were considered the central biological process category according
to the exchanges among the terms (Fig. 2B). Therefore, fat cell
differentiation and lipid metabolic processes are considered
to be key biological processes in WAT. Furthermore, the top
20 significant KEGG pathways were identified by KOBAS
online software (Fig. 2C). The highest statistical significance
was displayed by the adenine monophosphate-activated protein
kinase (AMPK) signaling pathway, which was simultaneously
considered as the central pathway according to the exchanges
among the pathways (Fig. 2D). Therefore, the AMPK signaling
pathway is considered to be a key pathway in WAT.

PPInetworkanalysisandmodule screening. The adipose-specific
genes were uploaded to the STRING database, and a total of
118 nodes and 336 edges were obtained with a combined score
of >0.4 (Fig. 3A). Acaca was the hub gene in the PPI network,
exhibiting the highest node degree (Fig. 3B). Further analysis of
the top 30 genes using the MCODE plug-in revealed two signifi-
cant modules: Module 1 (consisting of 17 genes) and module 2

(consisting of 8 genes) (Fig. 3C). Through KEGG pathway
analysis, module 1 was found to be significantly enriched for the
AMPK, PPAR and insulin signaling pathways, and module 2
was found to be significantly enriched in protein digestion and
absorption. Notably, the top 13 genes (76% of module 1 genes)
exhibiting the highest degrees in the PPI network were all clas-
sified into module 1. This analysis demonstrated that module 1
was the core cluster in WAT, and that the key genes in WAT
included 17 genes from module 1. These genes were Acaca,
Pparg, Lep, Adipoq, Fasn, lipase (Lipe), sterol regulatory
element-binding transcription factor 1 (Srebfl), diacylglycerol
O-acyltransferase 2 (Dgat2), patatin-like phospholipase domain
containing 2 (Pnpla2), complement factor D (Cfd), resistin
(Retn), fatty acid-binding protein 4 (Fabp4), cell death-inducing
DFFA-like effector ¢ (Cidec), CCAAT/enhancer-binding
protein a (Cebpa), solute carrier family 27 member 1 (Slc27al),
glycerol-3-phosphate acyltransferase mitochondrial (Gpam),
and ATP-binding cassette sub-family A member 1 (Abcal).

Co-expression network analysis. In the aforementioned
analysis, the key genes in WAT were screened based on
STRING database. However, in order to determine whether
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Figure 3. PPI network complex and MCODE module analysis of adipose-specific genes. (A) The PPI network was visualized using Cytoscape software
(isolated nodes were not included). Node size represents the node degree (a larger size indicates a higher degree). The width and transparency of the edge
represent the combined score of the edge (a wider or more opaque edge indicates a higher combined score). (B) Top 30 genes with the highest node degrees.
(C) MCODE module screening for the top 30 genes and pathway enrichment analysis for the modules. PPI, protein-protein interaction; MCODE, molecular
complex detection; AMPK, adenine monophosphate-activated protein kinase; PPAR, peroxisome proliferator-activated receptor.

other key candidate genes were excluded from these results,
co-expression analysis of the adipose-specific genes in the
58 tissue samples from 18 types of mouse tissues was further
performed using the WGCNA package of the R programming
language. Next, a co-expression network was constructed
and visualized using Cytoscape software, according to the
weight between the genes (Fig. 4A). Amine oxidase copper
containing 3 (Aoc3) and adrenoceptor beta 3 (Adrb3) were
the top 2 highly connected nodes in the network according
to the number of co-expressed genes. Furthermore, Aoc3 was
strongly positively correlated with the key genes Lep (Pearson's
correlation coefficient: r=0.956), Retn (r=0.935) and Cidec
(r=0.92), while a strong positive correlation of Adrb3 with
Lep (r=0.958), Retn (r=0.937) and Cidec (r=0.906) was also
observed (Fig. 4B). These results suggested that Aoc3 and
Adrb3 may serve an important role in WAT development, and

thus these two genes may be potential key candidate genes in
WAT.

Discussion

In the present study, to accurately investigate the underlying
molecular mechanisms of WAT, 202 adipose-specific genes
were identified through comparative transcriptome analysis
of multiple tissues. The expression level of these genes was
found to be higher in adipose tissue as compared with that
in the 17 other tissue types examined. This gene set contains
numerous well-known adipose marker genes, such as Acaca,
Pparg, Lep, Adipoq and Fasn. In addition, several other genes
were identified, of which the role in fat has not been widely
reported, such as Adamts2, Fstll, Fbnl and Sparc. Subsequent
analysis was based on the 202 adipose-specific genes.
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death-inducing DFFA-like effector c.

Process and pathway enrichment analyses were also
performed for the adipose-specific genes in the current study.
In WAT, the key biological processes are fat cell differentiation
and lipid metabolic process, while the AMPK signaling pathway
is the key pathway involved. During WAT development, fat
cell differentiation confers adipocytes and adipose tissue with
the typical functional properties associated with systemic
metabolism (26). Preadipocytes confer adipose tissue with
permanent functional plasticity for adipose expansion
through transformation into differentiated adipocytes (26).
A series of transcription factors cooperate with cell cycle
proteins, manage adipogenic gene expression and give rise to
adipocyte development during adipogenesis (27). In addition,
triacylglycerol synthesis and degradation-associated enzymes
acquire increasing activity and expression levels, triggered
by a cascade of transcription factors in the terminal phase of
differentiation (11). Glucose and fatty acid transporters and
insulin receptors also demonstrate increased levels (11). Beyond
the classical energy storage form of adipocytes, the synthesis of
adipocyte-secreted hormones and cytokines confers adipocytes
as extremely distinctive endocrine cells, which serve an
important role in various physiological activities (9,26). One
distinct characteristic of adipogenesis is the evident change in
morphology from a fibroblastic to spherical shape. In mature
adipocytes, single large lipid droplets ultimately occupy most
of the cell volume, and the nuclei and cytoplasm are pushed
to the periphery. Thus, fat cell differentiation confers lipid
metabolic abilities, including energy storage and mobilization
abilities, upon WAT (22). As an important regulator of energy
metabolism in WAT, AMPK activation inhibits fatty acid
synthesis by downregulating key lipogenic enzymes (28), while
promoting free fatty acid oxidation (29).

In order to explore key genes in WAT, the construction of
a PPI network of adipose-specific genes and further analyses
were conducted in the present study. It was observed that
Acaca, Pparg and Lep were hub nodes in the PPI network,

and that there were two modules in the PPI network.
Module 1 exhibited more highly interconnected nodes
with higher significance, and was predicted to be the core
cluster maintaining WAT development and performance.
In addition, module 1 mainly involved the AMPK, PPAR
and insulin signaling pathways. The 17 genes included in
module 1 are known to participate in the development and
various functions of WAT, including the transcriptional
regulation of adipogenesis (Pparg, Cebpa and Srebfl) (30),
endocrine functions of adipose tissue (Lep, Adipoq, Cfd,
Retn and Abcal) (31-33), de novo fatty acid synthesis
(Fasn and Acaca) (34), fatty acid transport (Fabp4 and
Slc27al) (35,36), triacylglycerol synthesis (Gpam, Dgat2
and Cidec) (37-39), and lipolysis and its regulation (Lipe
and Pnpla2) (40). Based on the aforementioned results,
the 17 key genes identified stand out and are reliable, as
demonstrated by further screening of the node degrees and
MCODE modules of the PPI network.

The STRING database contains known and predicted
interactions between proteins based on experiments, text mining,
database contents and bioinformatics methods. Therefore, the
current study next investigated whether there were any other key
genes in addition to these 17 key genes that were overlooked
due to their lack of priority in the STRING PPI network. To
identify other key candidate genes, a co-expression analysis of
adipose-specific genes was performed using the expression data
from 58 samples from 18 mouse tissues. The results revealed that
Aoc3 and Adrb3 were communication hubs in the co-expression
network. In particular, Aoc3 and Adrb3 were strongly positively
correlated with the key genes Lep, Retn and Cidec. Thus,
artificially altering the expression levels of Aoc3 and Adrb3, as
highly connected hubs, may influence the expression patterns of
numerous other adipose-specific genes or communicate changes
that occur elsewhere in the co-expression network, leading
to the dysfunction of adipose tissue. The Aoc3 gene encodes
the enzyme vascular adhesion protein (VAP-1), which is a



MOLECULAR MEDICINE REPORTS 19: 959-966, 2019

member of the semicarbazide-sensitive amine oxidase family
and primarily localizes to the cell surface on the adipocyte
plasma membrane (41). VAP-1 is associated with a number of
vascular diseases (42), and may be involved in adipogenesis
and obesity (43). Furthermore, the Adrb3 gene encodes a
beta-adrenergic receptor that responds to noradrenaline and
mediates lipolysis in adipocytes (44). Trp64Arg (rs 4994), a
single nucleotide polymorphism of Adrb3, is associated with
glucose homeostasis, insulin sensitivity and obesity (45). Based
on the aforementioned information, it can be suggested that
Aoc3 and Adrb3 may be key candidate genes for the function
of WAT.

In conclusion, 202 adipose specific genes were iden-
tified in the current study by systematic comparative
analysis of multiple tissues at the transcriptome level.
Several well-known genes, as well as other genes with few
studies reporting their role in fat, were identified. Thus, the
present study provided an important target list for future
WAT development studies. Subsequently, the function of
these genes as a whole was examined by functional enrich-
ment analysis, and construction of PPI and co-expression
networks. Key processes, pathways and genes that may serve
vital roles in the development and physiological function
of WAT were identified. Taken together, the current study
indicated several helpful targets for future research into the
molecular mechanisms and potential diagnostic biomarkers
of obesity-associated diseases caused by adipose dysfunc-
tion. However, further experiments at the molecular and
cellular levels are required to verify the function of the
identified genes.
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