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Summary 
In as early as 1997, the World Health Organization officially 
recognized obesity as a chronic disease. The current epidemic of 
obesity and overweightness has aroused great interest in the 
study of adipose tissue formation. The transcription factor 
peroxisome proliferator-activated receptor γ (PPARγ) binds to the 
target gene promoter regulatory sequences, acting as a key 
factor in regulating the differentiation of preadipocytes in the 
adipose tissue, and plays an important role in regulating the 
adipocyte metabolism. A further understanding of the structure 
and expression characteristics of PPARγ, in addition to its 
mechanisms of action in adipocyte differentiation, may be applied 
to control obesity and prevent obesity-related diseases. In this 
article, recent studies investigating the effect of regulating PPARγ 
on adipocyte differentiation are reviewed. In particular, the 
structural characteristics, expression patterns, and molecular 
mechanisms of PPARγ function in adipocyte differentiation are 
considered. 
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Introduction 
 

The current epidemic of obesity and overweight 
has caused a surge of interest in the study of adipose 
tissue formation. Recent studies have shown that 
adipocytes are not only the site of lipid storage, but also 
the source of many adipose-derived secretory factors that 
can affect and regulate the metabolism of adipose tissue, 
other tissues, and consequently the whole organism 
(Divella et al. 2016). Therefore, it is of great clinical 
significance to study the regulatory mechanisms of 
adipocyte proliferation and differentiation to control the 
formation of adipocytes and regulate immune function. 

The proliferation and differentiation of 
adipocytes are complex processes controlled by multiple 
genes, in which peroxisome proliferator-activated 
receptor γ (PPARγ) is the main regulator. Defects in 
PPARs have been linked to lipodystrophy, obesity, and 
insulin resistance as a result of impaired adipose tissue 
expansion and functionality. We believe a greater 
understanding of PPARs has a significant potential for 
improving health outcomes and interventions related to 
obesity, diabetes, and diet. 
 
PPARγ 
 
PPARγ subtypes 

PPARs were first discovered in 1990, and they 
belong to the steroid, thyroid, and retinoic acid receptor 
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superfamily. The name of this group of nuclear receptors 
was derived from their ability to stimulate the 
proliferation of peroxisomes in rats (Issemann and Green 
1990). In humans, three nuclear isoforms were discovered 
(PPARα, PPARβ/δ, and PPARγ) that differ in tissue 
distribution and specific function. PPARα is mainly 
expressed in the liver, kidney, heart, brown adipose tissue 
(BAT), and muscle, and is closely linked to the lipid 
metabolism (Kersten et al. 2000). PPARβ/δ is expressed 
in most cell types, most widely in the brain, adipose 
tissue and skin, and plays roles in fatty acid oxidation and 
energy balance (Peters et al. 2000). PPARγ is the most 
widely studied subtype; it is expressed predominantly in 
adipose tissues, both white and brown (Vella et al. 2016). 
PPARγ is a key transcriptional regulatory factor for 
adipocyte production in humans, directly regulating 
adipocyte differentiation and the expression of genes 
related to lipid metabolism (Zhang and Li 2010). PPARγ 
is also expressed in monocytes, macrophages (including 
foam cells), cardiomyocytes, vascular smooth muscle 
cells, and endothelial cells, among others (Sato et al. 
2005). A large number of in vitro and in vivo experiments 
have shown that PPARγ exerts anti-inflammatory effects 
by inhibiting the transcription of pro-inflammatory genes. 
Accordingly, activation of PPARγ signaling reduces the 
levels of a large number of inflammatory factors (Peng  
et al. 2015), thereby playing a protective role against 
tissue injury, including the lungs and brain (Victor et al. 
2006). 

The human PPARγ gene is located at position 
3p25 of chromosome 3 and contains nine exons that are 
transcribed to generate four isomers. To date, seven diverse 
mRNA transcripts of PPARγ (γ1-γ7) have been identified, 
which are differentially generated based on initiation and 
alternative splicing of five exons in the terminal region and 
six exons in the open reading frame (Kvandova et al. 
2016). PPARγ1 is expressed only in cardiac and skeletal 
muscle cells, vascular smooth muscle cells, and endothelial 
cells, while PPARγ2 and PPARγ4 isoforms are primarily 
expressed in adipocytes, macrophages, and the colon 
(Kvandova et al. 2016). PPARγ3 is expressed in 
adipocytes and the colon. The N-terminal of human 
PPARγ2 protein has 28 amino acid residues, 13 longer 
than the N-terminal of PPARγ1. Moreover, the ability of 
PPARγ2 to induce adipocyte formation is higher than that 
of PPARγ1 (Aprile et al. 2014). 
 
PPARγ activation by ligands 

PPARγ is a ligand-dependent transcription 

factor. The ligands of PPARγ are mainly a variety of free 
fatty acids (FFA) and their derivatives, which can be 
divided into natural and synthetic ligands. Natural ligands 
mainly come from food and metabolic products of the 
body, including long-chain polyunsaturated FFA such as 
linoleic acid, linolenic acid, and arachidonic acid, as well 
as some arachidonic acid derivatives, and prostaglandins 
(PG), including l, 5-deoxyprostaglandin J2, and pros-
taglandin A. The specificity of natural ligands is low; 
however, specificity is higher for synthetic ligands. 
Synthetic ligands include the insulin-sensitizing 
thiazolidinediones (TZD), such as troglitazone and 
pioglitazone, and non-steroidal anti-inflammatory drugs, 
such as indomethacin and niflumic acid (Hallenborg et al. 
2016). 

Following complex formation with a ligand, 
PPARs become activated and bind to the retinoid 
X receptor (RXR) to form a PPAR-RXR transcriptional 
complex (Gearing et al. 1993). Similar to other nuclear 
receptor proteins, the PPARs and RXRs have a standard 
blueprint with four structural and functional elements 
(Fig. 1) (Liu et al. 2016). 1) Non-ligand-dependent 
transcriptional activation domain (NLD); region A/B, in 
which the activation function-1 motif (AF-1) domain is 
the target for phosphorylation, and phosphorylation of 
AF-1 inhibits PPAR activity. 2) DNA-binding domain 
(DBD); region C, in which the highly conserved zinc-
finger structure promotes the binding of the receptor to 
the DNA sequence in the promoter region of the target 
gene. 3) Transcriptional activity regulatory domain (HD); 
region D, the binding of the nuclear factor to the binding 
site of its cofactor affects the activity of PPAR. 
4) Ligand-binding domain (LBD); region E/F, located at 
the c-terminal ligand-binding region forms a heterodimer, 
and AF-2 accelerates the binding with a cofactor, and 
ultimately assists in the transcription process. 
 
The regulatory mechanism of PPARγ 

Zinc fingers in the DBD bind to peroxisome 
proliferator response elements on the target gene 
promoter to regulate transcription and inhibit or activate 
the expression of target genes. Peroxisome proliferator 
response elements exist in the promoters of several genes 
related to glucose and lipid metabolism, such as fatty acid 
synthase, pyruvate carboxylase, and glucose transporter 4 
(El-Jack et al. 1999). The phosphorylation state of 
PPARγ is regulated by its AF-1 domain (Lee and Kim 
2015). PPARγ interacts with several other signaling 
pathways, including Janus kinase-signal transducer and 
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activator of transcription (JAK-STAT), nuclear factor  
κ-light-chain-enhancer of activated B cells (NF-κB), and 
activator protein 1 (AP-1). PPARγ competitively binds to 
the synergistic activation factors CBP and P300 to inhibit 
AP-1 and STAT activity, blocking the production of 
associated pro-inflammatory cytokines (interleukin-6  
(IL-6), tumor necrosis factor α (TNFα)). PPARγ can also 
directly bind to the P50/P56 subunit of NF-κB, forming 
an inhibitory transcriptional complex that inhibits the 

expression of NF-κB-dependent genes (Hong et al. 
2003). The exact mechanisms of interactions between 
PPARγ and other signaling pathways remain to be fully 
elucidated. PPARγ is a nutrient sensor that regulates 
several homeostatic functions, such as glucose and lipid 
metabolism, by regulating the uptake, utilization, 
oxidation, and storage of FFA, in addition to its role in 
modulating inflammatory pathways. 

 
 

 
 
Fig. 1. Schematic representation of the domain structures of PPARγ in humans. AF-1, N-terminal ligand-independent transcriptional 
activation domain (A/B); DBD, DNA-binding domain (C); HD, transcriptional activity regulatory domain (D); LBD/AF-2, ligand-binding 
domain/activation function 2 (E/F). 
 
 
Adipocyte differentiation 
 
Origin of adipocytes 

Mesenchymal stem cells (MSCs) (Fig. 2) are 
non-hematopoietic pluripotent stem cells with high self-
renewal and multidifferentiation potential in the 
mesoderm. Under certain conditions, they differentiate 
into specific somatic cells of each hypoderm (Goudarzi  
et al. 2018). 

Adipocyte differentiation can be divided into 
two stages. First, in the decisive stage, MSCs receive 
external signals and start to differentiate into precursor 
adipocytes. Specific molecular mechanisms are still 
unknown (Chu and Tao 2017). Second, terminal 
differentiation (the differentiation of precursor adipocytes 
into mature adipocytes), includes three stages: The 
proliferative, differentiative, and mature stages. During 
the proliferative stage, fusion and contact inhibition of the 
precursor adipocytes are followed by the entrance into the 
cell cycle. CCAAT enhancer-binding protein (C/EBP) 
family β and δ subtypes are expressed, and cell differen-
tiation is initiated. In the terminal differentiative stage, 
resting cells move into the growth stage, and transcription 
factors such as PPARγ and C/EBPα are expressed at high 
levels, activating the expression of related genes. Cells 
then accumulate lipid droplets and become mature 
adipocytes. The mature adipocyte stage is marked by the 

cell being filled with a single large fat droplet, high 
expression of adipocyte marker genes, and secretion of 
cytokines that are involved in insulin sensitivity, energy 
balance regulation, and other processes (Tong and 
Hotamisligil 2001). 
 
Differences between three types of adipocytes 
 
White adipocyte cells (WACs) 

WACs are thought to originate in the lateral 
mesoderm from non-myogenic factor 5 (Myf5)-expressing 
precursors. WACs contain large and stable lipid droplets 
and few mitochondria, and are found throughout the 
body, mainly under the skin and around internal organs. 
WACs store energy in the form of triglycerides and have 
endocrine functions. For example, WACs secrete FFA 
and adipocytokines, such as leptin, adiponectin, TNFα 
and IL-6, which act on distal tissues, including the brain, 
liver and muscle to regulate food intake, energy 
homeostasis and insulin sensitivity (Rosen et al. 2006). 
White adipose tissue (WAT) is therefore referred to as an 
active endocrine organ. 
 
Brown adipocyte cells (BACs) 

BACs and skeletal muscle cells originate from 
the same paraxial mesodermal cells that specifically 
express Myf5. Myf5 stimulates the gene
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Fig. 2. Schematic of adipocyte differentiation. MSCs, mesenchymal stem cells; Myf5, myogenic regulatory factor 5; PPARγ, peroxisome 
proliferator-activated receptor γ; C/EBP, CCAAT enhancer-binding protein; PGC-1α, PPARγ coactivator-1α; MyoD/MyoG, 
myodifferentiation factor; WACs, white adipocyte cells; Beige, beige adipose tissue; BACs, brown adipocyte cells; β3-AR, β3-adrenergic 
receptors; NPY, neuropeptide Y; PRMD16, positive regulatory domain zinc-finger protein 16; FGF-21, fibroblast growth factor 21; VEGF, 
vascular endothelial growth factor. 
 
 
transcription profile, promoting muscle differentiation, 
which partly explains the high metabolic activity of 
classic BACs (Seale et al. 2008). 

BACs contain lipid droplets that are small, 
abundant, and dispersed throughout the cytoplasm. These 
cells contain a large number of mitochondria, consistent 
with their function of burning fat and generating heat. BAT 
is mainly distributed around the spine, collarbone, and 
adrenal glands. Extremely high mitochondrial content, 
dense vascular network and extensive nerve supply enable 
BAT to have important metabolic functions (Qian et al. 
2015). Uncoupling protein 1 (UCP1) is a specific brown 
fat cell marker, which exists in the mitochondrial intima 
and regulates the thermogenesis of BAT by uncoupling the 
oxidative phosphorylation of ATP synthesis. Through this 
uncoupling, BAT protects against the cold and also burns 
excess fat and sugar, preventing the body from storing 
excess fat. Thus, both WACs and BACs play critical roles 
in maintaining whole-body energy homeostasis 
(Pellegrinelli et al. 2016). 

Beige 
In 1992, Cousin et al. found that if rodents are 

exposed to a cold environment for a prolonged time, 
BAC-like cells are found in their subcutaneous WAT. 
Like typical BACs, these adipocytes display many small 
lipid droplets and mitochondria scattered inside the cell 
and can generate heat. However, without external 
stimulation, BAC-like cells are not found in the normal 
subcutaneous WAT. This special type of adipose tissue is 
called the “beige adipose tissue” (Cousin et al. 1992). 

The three types of adipocytes differ in gene 
expression patterns. Specifically, WACs express 
transcription factor 21 (TCF21), BACs express zinc-
finger protein of the cerebellum 1 (ZIC1), and beige 
adipocytes express homeobox C9 (HOXC9), 
transmembrane protein 26 (TMEM26), cluster of diffe-
rentiation 137 (CD137), and T-box transcription factor l 
(TBX1) (Walden et al. 2012). 

There are various hypotheses on the origin of 
beige adipose tissue. One widely accepted theory 
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proposes that classical BACs and skeletal muscle cells 
are derived from the Myf5-positive precursor lineage, and 
WACs and beige adipocytes are derived from Myf5-
negative lineages. However, Myf5- and non-Myf5-
expressing lineages are all found in WAT (Sanchez-
Gurmaches et al. 2012). Expression of beige adipocyte-
specific genes is also closely related to the location of the 
adipocytes within the tissue. Analysis of samples from 
human adult neck subcutaneous adipose tissue biopsies 

showed that, from the shallowest to the deepest tissue, the 
shallowest fat contains only WACs, while cells in the 
middle may be beige, and BACs are located in the muscle 
sheath. Furthermore, the deeper they observed into the 
biopsy sample, the higher the expression of the BAC-
specific genes they found (Sanchez-Gurmaches et al. 
2012). This diversity in the origin of beige adipocytes 
suggests that beige, white, and brown adipocytes cannot 
be distinguished solely by Myf5 expression (Table 1). 

 
Table 1. Comparison of the characteristics of the three types of adipocytes in humans. 
 

Characteristic WACs BACs Beige 

Distribution Subcutaneous, perivisceral 
Baby shoulder blade, around the 

kidneys 
Adult neck, clavicle, armpit, 

around the spine, within WACs 
Content Majority of the body Few and decreases with age Few 
Origin Myf5 Myf5+ Myf5+/Myf5- 
Molecular marker TCF2l ZIC1 HOXC9, TMEM26 
Function Store energy Generate heat Generate heat 
Gene transcription PPARγ2, C/EBPβ PPARγ2, C/EBPβ, PRDM16 PPARγ, PRDM16, PGC-1α 

 
BACs, brown adipose cells; WACs, white adipocyte cells; Beige, beige adipose tissue; C/EBPβ, CCAAT enhancer-binding protein β; 
HOXC9, homologous box C9; Myf5, myogenic factor 5; PPAR, peroxisome proliferator-activated receptor; PRDM16, positive regulatory 
domain zinc-finger protein 16; TCF21, transcription factor 21; TMEM26, tumor microenvironment metastasis 26; ZIC1, zinc-finger 
structure of cerebellum 1. 
 
 
Key factors in adipocytes differentiation 
 
PGC-1α 

PPARγ coactivator-1α (PGC-1α) belongs to the 
PGC1 family and is a major transcriptional coactivator of 
mitochondrial synthesis and oxidative metabolism genes 
in most cells, including BAC and skeletal muscle cells. It 
promotes the expression of UCP1 and stimulates 
mitochondrial biosynthesis (Puigserver et al. 1998). In 
vitro experiments have demonstrated that the 
overexpression of PGC-1α in MSC blocks the 
differentiation of MSC into adipocytes. When PGC-1α is 
overexpressed in MSC, the expression of mitochondrial 
biosynthesis, respiration, and thermogenesis genes in 
MSC increase, suggesting that PGC-1α mediates the 
differentiation of MSC into BACs (Liu et al. 2004). 
 
 
C/EBPs 

CCAAT/enhancer-binding protein (C/EBPs) has 
three subtypes: C/EBPα, C/EBPβ, and C/EBPδ. C/EBPβ 
coexpression with positive regulatory domain zinc-finger 
protein 16 (PRDM16) induces differentiation of fibro-
blasts into BACs. In the absence of C/EBPβ, the 
differentiation of fibroblasts into BACs, induced by 

PRDM16, is blocked, UCP1 expression is decreased, and 
skeletal muscle-specific gene expression is enhanced 
(Kajimura et al. 2009). Animal experiments have shown 
that high expression of C/EBPβ improves the sensitivity of 
cAMP, leading to an upregulation of PGC-1α and UCP1, 
which in turn leads to an increase in the number of beige 
adipocytes (Karamitri et al. 2009). Follow-up studies 
showed that C/EBPβ and C/EBPδ adjust the promoter 
element of their adjacent gene, and thereby 
transcriptionally activate C/EBPα. Upon activation, 
C/EBPα leads to PPARγ expression. Furthermore, PPARγ 
activity is dependent on histone acetylation 1 (HDAC1), as 
protease enzymatic degradation dissociates HDAC1 from  
a complex of C/EBPβ associated with the C/EBPα, thus 
promoting the expression of C/EBPβ and C/EBPα (Birsoy 
et al. 2008). Thus, C/EBPs and PPARγ mutually promote, 
and activate the PGC-1α signaling pathway through 
cAMP, promoting browning/beiging of adipose tissue. 
 
PRDM16 

PRDM16 is highly expressed in BAT and is not 
only the determinant gene of BAC directional 
differentiation but also the “on/off” gene for thermogenesis 
initiation and regulation of skeletal muscle and BAT 
differentiation. Therefore, PRDM16 determines the 
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direction of differentiation for Myf5-expressing precursor 
cells (Harms et al. 2014). High expression of PRDM16 
induces the differentiation of precursor cells to BACs and 
the expression of BAC-specific genes (including UCP1 
and PGC-1α) by inhibiting the expression of MyoD and 
MyoG in myoblasts (Iida et al. 2015). 

The PLDLS motif exists in the suppression 
domain of PRDM16, which is an evolutionarily 
conserved sequence consisting of five consecutive amino 
acids (AA 804-808). The C-terminal binding protein 
(CtBP) binds to the PLDLS motif to form 
a PRDM16/CtBP complex, and binds to specific genes in 
WACs to inhibit their expression. PGC-1α transposable 
CtBP binds to PRDM16 and forms a PRDM16/PGC-1α 
transcriptional complex that activates BAC-specific 
genes, including PGC-1α (Shingo Kajimura et al. 2008). 
PRDM16 promotes the expression of BAC-specific genes 
by recruiting related proteins (PPARα/γ, C/EBPβ and 
MED1) to the promoter or enhancer region of these 
genes. PRDM16 binding sites are found in the promoter 
regions of BAC-specific genes (Harms et al. 2015). The 
transcription complex formed by the combination of 
PRDM16 with C/EBPβ induces the expression of PPARγ 
and PGC-1α, and PRDM16 subsequently binds to PPARγ 
and PGC-1α, promoting the expression of UCP1 
(Kajimura et al. 2009). These studies confirm that 
PRDM16 is the main regulator of BAC formation, by 
activating BAC-related genes and inhibiting the 
expression of WAC-related genes (Kajimura et al. 2008). 
 
PPARγ 

PPARγ plays an irreplaceable role in regulating 
the differentiation of WAT and BAT. MSCs expressing 
PPARγ2 differentiate into WACs, and MSCs expressing 
PPARγ2 and C/EBPβ, or PPARγ2-C/EBPβ-PRDM16 
differentiate into BACs. No single cytokine has been found 
to promote adipocyte differentiation when PPARγ is 
knocked out (Lee and Ge 2014). PPARγ knockout mice 
result in the loss of adipogenic differentiation, which 
manifests as adipose atrophy and insulin resistance (Barak 
et al. 1999). Many of the key adipocyte-producing 
signaling pathways eventually also function through 
PPARγ and CEBPs. For example, the dephosphorylated 
Rb protein and Cyclin D3-Cdk6 complex enhance the 
transcription activity of PPARγ through phosphorylation, 
while Cyclin D1 inhibits its transcriptional activity (Rosen 
and MacDougald 2006). Cytokines, such as TNFα and  
IL-1, phosphorylate the AF-1 domain of PPARγ and inhibit 
adipocyte differentiation (Dapeng and Lixing 2010). 

In their study, Ohno et al. (2012) found that 
complete PPARγ receptor agonists, such as rosiglitazone, 
binds and stabilizes the PPARγ LBD, promoting the 
accumulation of PRDM16. The process of adipocyte 
differentiation involves a very complex transcriptional 
regulatory network, and many mechanisms are still 
unknown and need further exploration. 
 
Bone morphogenesis proteins (BMPs) 

BMPs are a class of multifunctional growth 
factors, all of which belong to the transforming growth 
factor β (TGFβ) superfamily except for BMP1. Kang  
et al. (2009) found that five BMPs (BMP2, 4, 6, 7, and 9) 
effectively induce MSCs to form adipocytes in vivo and 
in vitro. In addition, BMP4 and BMP7 also promote the 
transformation of WACs into BACs. 

BMP7 increases the expression of transcriptional 
regulators PRDM16, PGC-1α, PPARγ, and C/EBPs. In 
animal experiments, embryos with the depletion of BMP7 
show a BAC deficiency, and adipocytes stimulated by 
BMP7 show a strong browning ability in vitro (Schulz  
et al. 2011). Continuous secretion of BMP7 promotes the 
browning of subcutaneous WACs and reduces the degree 
of obesity in mice (Townsend et al. 2014). Also, BMP7 
acts on human preadipocytes to promote the transcription 
of UCP1, and the expression of the beige adipocyte-
specific genes CD137 and TMEM26 (Okla et al. 2015). 
 
Browning of WAT 
 

Because browning of WAT changes the energy 
balance from energy storage to energy expenditure, it has 
become a new target for the treatment of increasingly 
severe and prevalent obesity, as well as metabolic 
syndromes (Frontini et al. 2013). The transdifferentiation 
of white to brown adipocyte involves a transcriptional 
cascade. In this transcriptional network, PPARγ, 
PRDM16, and PGC-1α are the core regulatory 
transcription factors (Kinyui and Lei 2013). Most 
adipocyte differentiation transforming factors act directly 
or indirectly through these transcription factors. 
Furthermore, most key adipocyte-converting signaling 
pathways eventually converge on them as well. The roles 
of each of these factors are described below. 
 
Environmental factors 
 
Cold 

Cold temperatures stimulate not only BAC 
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proliferation but also browning of WAT (Zhang et al. 
2011). This is because the cold stimulates the transient 
receptor potential of peripheral sensory neurons, activates 
the sympathetic nervous system to release 
norepinephrine, and activates BAT through the PKA/p38 
MAPK signaling pathway. These signaling pathways also 
upregulate UCP-1 through transcription factors PGC-1α 
and C/EBPβ. Studies have shown that cold stimulation or 
β3 adrenaline receptor agonists promote subcutaneous 
adipose tissue cell reconstruction, especially the 
differentiation of beige adipose cells, and increase the 
number and proportion of beige adipocytes in the 
subcutaneous tissue, thereby increasing the ability of 
subcutaneous fat cells to produce heat (Boss et al. 2012). 
 
Hypoxia 

Under low oxygen concentrations, the expression 
of PGC-1α increases, and the combination of PGC-1α and 
PPARγ effectively promotes the transformation of WAT 
into BAT, consistent with the browning of white 
adipocytes under normal oxygen concentrations (Bostrom 
et al. 2012). In a previous study, Lu et al. exposed 3T3-L1 
adipocytes to transient hypoxia for 4 h/d, and found that 
transient hypoxia regulates adipocyte heat production, 
mitochondrial generation, and glucose and lipid 
metabolism through AMPK and its related genes, such as 
PGC-1α, PPARγ, and GLUT1 (Lu et al. 2015). 
 
Exercise 

During exercise, the activation of the central 
nervous system promotes the release of catecholamines. 
β-adrenergic receptor agonists promote UCP1 activation 
in acute (lipid breakdown) and chronic (mitochondrial 
synthesis, WAT browning) exercise states, increasing the 
expression and activity of mitochondrial synthesis genes, 
promoting the browning of subcutaneous white 
adipocytes and augmenting the WAT adipokine profile 
(Bostrom et al. 2012). Exercise also activates browning 
of white adipocytes by activating PGC-1α (Stanford et al. 
2013); however, this mechanism of action remains poorly 
understood (Fitzgibbons et al. 2014). 
 
Gene transcriptional regulation 
 
PPARγ agonists 

After treatment with the PPARγ agonist 
rosiglitazone, UCP1 and PGC-1α significantly increase in 
WAT in vivo, which indicates that PPARγ indirectly acts 
as a medium to promote browning of white adipose cells 

(Petrovic et al. 2010). However, PPARγ agonist-induced 
browning of white adipocytes is dependent on PRDM16. 

PPARγ not only activates BAC gene expression 
but inhibits WAC gene expression during the browning 
of adipocytes (Vernochet et al. 2009). Moreover, PPARγ 
stimulation stabilizes the expression of PRDM16 mRNA, 
and the induced PGC-1α interacts with PRDM16 to 
promote BAT specific gene expression (Ohno et al. 
2012). However, other studies have shown that PPARγ 
agonists induce brown-like cell phenotypes in 
undifferentiated preadipocytes, such as MSCs or poorly 
differentiated preadipocytes, but do not elicit brown-like 
changes in mature WACs (Corrales et al. 2018). 
 
PRDM16 

BAT from PRDM16 knockout mice completely 
loses its thermogenic function, while in vitro culture of 
BACs from PRDM16 knockout mice shows an almost 
complete loss of BAC characteristics (Seale et al. 2007). 
PRDM16 expression in white preadipocytes promotes 
differentiation into BACs, including the inhibition of white 
adipocyte-specific gene expression and increased 
expression of brown adipocyte-specific and mito-chondrial 
genes (Kajimura et al. 2015). PPARγ might act on 
PRDM16 to induce adipocyte precursors to differentiate 
toward BACs and regulate the expression of BAC-related 
thermogenic genes (Harms and Seale 2013). Furthermore, 
PRDM16-knockout mice are prone to obesity and insulin 
resistance, induced by a high-fat diet (Cohen et al. 2014). 
 
PGC-1α 

Selective PGC-1α knockout from mice results in 
decreased heat production by subcutaneous WACs and 
decreased expression of mitochondria-related genes. This 
suggests that PGC-1α might easily induce the browning 
of subcutaneous WAT. In human subcutaneous WACs, 
overexpression of PGC-1α leads to the presence of BACs 
(Mazzucotelli et al. 2007). The expression of PGC-1α in 
BAT is dependent on cAMP. C/EBPβ combines with the 
cAMP response element at the proximal end of the 
promoter region of PGC-1α to promote the expression of 
PGC-1α and mediate the browning of white adipocytes 
(Karamanlidis et al. 2007). 
 
Cytokines 
 
Fibroblast growth factor 21 (FGF21) 

FGF21 is an endocrine factor that plays a key 
role in energy balance, glucose metabolism and lipid 
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metabolism. Numerous studies have shown that exercise 
can promote the secretion of FGF21 in the muscle tissue. 
FGF21 is primarily derived from the liver, but is also 
synthesized and released from WAT, and is, therefore, 
considered an adipokine (Kim et al. 2013). FGF21 is 
a key regulator of brown differentiation of white 
adipocytes. A study by Veniant et al. (2015) 
demonstrated that FGF21 induces the browning of WACs 
by inducing PGC-1α expression in mouse adipocytes. 
Human experiments have shown that BAT also secretes 
FGF21 and acts on itself to promote the browning of 
WACs (Hondares et al. 2014) 
 
Vascular endothelial growth factor (VEGF) 

VEGF is highly expressed in the adipose tissue 
and plays a role in angiogenesis and energy metabolism. 
Hypoxia is an inducer of VEGF expression. In addition, 
VEGF signaling pathway is essential for the induction of 
beige adipocyte genes, β3 adrenergic agonists, and 
PPARγ after exercise (Veikkola et al. 2000). 

VEGF-A-induced angiogenesis can achieve 
continuous and adequate oxygen and nutrient exchange 
during cellulite expansion, thereby improving adipose 
tissue function. Inhibition of VEGF-A-induced VEGFR2 
activation in the early stages of weight gain, induced by 
a high-fat diet leads to increased systemic insulin 
resistance. VEGF-B is co-expressed with the nuclear-
encoded mitochondrial gene, OXPHOS. PGC-1 regulates 
VEGF-B expression to coordinate FFA uptake and  
β-oxidation (Mehlem et al. 2016). VEGF-B knockout 
mice showed reduced lipid accumulation in the heart, 
muscle, and BAT, and increased lipid accumulation in 
WAT (Hagberg et al. 2010). This confirms the role of 
VEGF-B in the regulation of energy metabolism and 
differentiation of beige adipocytes. 

Mice lacking VEGF-A tend to utilize fat, while 
those lacking VEGF-B tend to accumulate fat (Lee et al. 
2014). Experiments in VEGF-B knockout mouse models 
have shown that the inactivation of VEGF-B leads to the 
expansion of WACs and increase in WAC-related gene 
expression, along with the whitening of BACs and 
a decrease in BAC-related gene expression. In contrast, 
inhibition of VEGF-A induces BAC development and 
expansion, increased energy expenditure, upregulation of 
BAC-related genes and downregulation of WAC-related 
genes. When VEGF-B knockout and VEGF-A inhibited 
are were crossed, VEGF-A and VEGF-B counteract their 
respective regulation of a large number of genes and 
effectively reverse each other's effects (Jin et al. 2018). 

Post-transcriptional regulation of genes 
 

Non-coding RNA (ncRNA) is a general term for 
all functional RNAs that are not translated into proteins. 
In recent years, many new types of ncRNA have been 
discovered, and the role of some ncRNAs in gene 
regulatory networks has been gradually recognized. 
Among them, microRNAs (miRNAs) are a class of 
ncRNAs commonly seen in eukaryotic cells, with 
a length of 18~25 nt, which play key roles in the 
regulation of cell proliferation, differentiation, and 
apoptosis (Guo et al. 2010). 

During the cold-induced browning of WACs in 
mice, the expression of miR-196a is significantly 
increased, and the expression of HOXC8 is inhibited.  
As a WAC gene, HOXC8 inhibits the function of C/EBP 
binding and thus restricts the generation of BACs. 
Therefore, miR-196a/HOXC8/C/EBP can be targeted as  
a pathway for weight loss (Mori et al. 2012). Cold also 
increases the expression of miR-455 in mouse brown 
adipose cells. In vitro experiments have shown that  
miR-455 regulates the differentiation and thermogenesis 
of brown adipose cells. Mechanistically, miR-455 mainly 
activates AMPK (AMP-activated protein kinase) by 
acting on HIF1 (hypoxia-inducible factors-1), triggering 
the formation of mitochondria and BACs (Zhang et al. 
2015). miRNAs also bind to C/EBPs to regulate the 
production of BACs. Among them, miR-155 and C/EBP 
constitute a double closed-loop negative feedback 
mechanism and regulate the generation of BAT or beige 
adipose tissue (Chen et al. 2013). miR-378, on the other 
hand, regulates the browning of WACs by enhancing the 
binding of C/EBP to the GLUT4 promoter (Gerin et al. 
2010). Moreover, miR-133 restricts browning of 
adipocytes by inhibiting the transcription of PRDM16 
(Liu et al. 2013) and limits adipocyte differentiation by 
inhibiting the transcription of PPARγ (Lee et al. 2011). 
During exposure to cold, miR-27b expression in the 
adipose tissue is suppressed. Cell culture experiments 
have revealed that in preadipocytes undergoing browning, 
the suppression of miR-27b occurs at the same time as 
PRDM16, PPARγ and UCP1 increase, showing that  
miR-27b plays a negative regulatory role in the browning 
of WAT (Sun et al. 2014). 

Because microRNAs are a large family, only 
a small number of microRNAs have been confirmed to 
play a role in the browning of WACs. For example,  
miR-196a, miR-378 and miR-455 play positive 
regulatory roles in complex diseases such as obesity and 
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type 2 diabetes, while miR-155, miR-133, miR-133 and 
miR-27b play negative regulatory roles (Arias et al. 
2016) (Fig. 3). With the development of RNA detection 
technology, more non-coding RNAs will be identified, 
and their regulatory mechanisms in the energy 

metabolism and regulatory networks formed with the 
transcription factors will become more evident, providing 
new targets for the treatment of obesity and related 
metabolic diseases. 

 
 

 
 
Fig. 3. Role of miRNAs in the browning of white adipose tissue. WACs, white adipocyte cell; Beige, beige adipose tissue; PPARγ, 
peroxisome proliferator-activated receptor γ; PRDM16, positive regulatory domain zinc-finger protein 16; C/EBPβ, CCAAT/enhancer-
binding protein β.  
 
 
Problems during adipocyte differentiation 
 

At present, we have a comprehensive 
understanding of adipocyte differentiation; however, 
several important problems remain unsolved. The first 
problem is the origin of adipocytes, including the 
formation of adipocytes in the embryo, the source of the 
first cells of the adipose tissue, and distribution of these 
cells throughout the body. Answers to these questions 
could enable an effective reduction in the number of 
adipocytes or reductions in specific adipose tissue 
deposits, which could prevent excessive adipose tissue 
deposition. 

The second problem is that much work remains 
to be done to reveal how transcription factors promote 

adipocyte differentiation. Although many of the 
transcription factors necessary for adipocyte 
differentiation have been identified, such as PPARγ, the 
mechanisms of action remain unclear. Elaboration of the 
mechanism of action of known transcription factors, 
functional verification of known key transcription factor 
target genes, and the identification of new transcription 
factors are the focus of current research. 

Third, further research on the browning of 
WACs is necessary. BAT does not cause or promote 
metabolic disease. Instead, it consumes energy and 
reduces fat accumulation, making the browning of white 
adipocytes a new target in the treatment of metabolic 
diseases. However, browning of white adipocytes is very 
complex, involving the regulation of multiple genes and 
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pathways, and is affected by hypoxia, exercise, cold, and 
other conditions. Therefore, further studies into are 
required and the browning of white adipocytes is 
expected to be an effective means to alleviate the 
development of metabolic diseases. 
 
Conclusions 
 

WAT, BAT and beige adipose tissue regulate the 
energy storage and body metabolism under the control of 
PPARγ, UCP1 and PGC-1α, which are closely implicated 
in the occurrence and development of obesity and related 
metabolic diseases. This paper reviewed the PPARγ in 
white and brown adipocyte regulation and differentiation. 
Browning of white adipocytes is the result of the 
synergistic effect of various regulatory mechanisms. 
Among them, PPARs, PGC-1α, PRDM16 and C/EBPs 
play key roles in relevant gene transcription. Moreover, 

the regulation of nerve and endocrine functions are 
accomplished through the above-mentioned transcription 
factors. Consequently, the browning of white fat can 
significantly promote systemic energy consumption and 
improve carbohydrate and lipid metabolism. At present, 
there is still a need for in-depth and detailed basic 
research, so that the interactions of various regulatory 
pathways on the browning of WAT in humans can be 
more clearly defined, allowing browning of white 
adipocytes to become an effective treatment for obesity 
and metabolism-related diseases. 
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