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ABSTRACT

Background: Canine adipose-derived stem cells (cADSCs) exhibit various differentiation 
properties and are isolated from the canine subcutaneous fat. Although cADSCs are 
valuable as tools for research on adipogenic differentiation, studies focusing on adipogenic 
differentiation methods and the underlying mechanisms are still lacking.
Objectives: In this study, we aimed to establish an optimal method for adipogenic 
differentiation conditions of cADSCs and evaluate the role of peroxisome proliferator-
activated receptor gamma (PPARγ) and estrogen receptor (ER) signaling in the adipogenic 
differentiation.
Methods: To induce adipogenic differentiation of cADSCs, 3 different adipogenic medium 
conditions, MDI, DRI, and MDRI, using 3-isobutyl-1-methylxanthine (M), dexamethasone 
(D), insulin (I), and rosiglitazone (R) were tested.
Results: MDRI, addition of PPARγ agonist rosiglitazone to MDI, was the most significantly 
facilitated cADSC into adipocyte. GW9662, an antagonist of PPARγ, significantly reduced 
adipogenic differentiation induced by rosiglitazone. Adipogenic differentiation was also 
stimulated when 17β-estradiol was added to MDI and DRI, and this stimulation was inhibited 
by the ER antagonist ICI182,780.
Conclusions: Taken together, our results suggest that PPARγ and ER signaling are related 
to the adipogenic differentiation of cADSCs. This study could provide basic information for 
future research on obesity or anti-obesity mechanisms in dogs.

Keywords: Dogs; canine adipose-derived stem cells; adipogenesis; PPAR gamma;  
estrogen receptor

INTRODUCTION

Adipose-derived stem cells (ADSCs) are adult stem cells (ASCs) that have self-regenerative 
ability, long-term viability, and multipotency [1]. ADSCs are easy to access and plentiful, and 
therefore can be obtained in large quantities [2]. Bone marrow stem cells (BMSCs), also a 
type of ASCs, are difficult to obtain and available in small amount [3]. Therefore, ADSCs are 
considered as a potential alternative for BMSCs and serve as an attractive model [4]. ADSCs 
undergo differentiation, including adipogenic, osteogenic, chondrogenic, myogenic, and 
neurogenic differentiation, into various cell types and have potential therapeutic applications 
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in various fields [5,6]. In particular, studies on the control of the adipogenic differentiation 
of ADSCs suggest their therapeutic application for the management of obesity and aging 
diseases [4,7].

Adipogenesis refers to the complex process of differentiation from pre-adipocytes into 
adipocytes [7]. Various hormones and nutritional signals, including glucocorticoids and 
insulin, influence adipogenesis in vivo and in vitro [8]. In vitro, 3T3-L1 pre-adipocyte is the 
representative cell line for adipogenic differentiation [9]. For adipogenesis studies using 3T3-L1 
cells, 3-isobutyl-1-methylxanthine (IBMX), dexamethasone, and insulin are commonly used as 
differentiation inducers [10]. In the present study, we used rosiglitazone and 17β-estradiol (E2) 
as adipogenic differentiation inducers. Rosiglitazone is a thiazolidinediones (TZD) that acts 
as a peroxisome proliferator-activated receptor gamma (PPARγ) agonist [11]. Rosiglitazone 
increases insulin sensitivity by binding to PPARγ ligand, resulting in the stimulation of 
adipogenic differentiation through upregulating of the expression of adipogenesis-related 
genes, including CCAAT/enhancer-binding protein alpha (C/EBPα) and PPARγ [11]. E2, an 
active form of estrogen, functions by binding to estrogen receptor (ER) α and ERβ [12]. 
Estrogen affects cell proliferation, differentiation, and metabolism in various tissues such as 
the adipose, cartilage, bone, and muscle tissues [13]. Whether estrogen stimulates adipogenic 
differentiation during adipogenesis is, however, unknown [13-16].

Obesity refers to the excessive accumulation of fat in the body and may be caused by multiple 
factors such as environmental factors, genetics, imbalance energy expenditure and intake, 
and endocrine system change [17]. As observed in obese humans, obese dogs have a high risk 
of disease including orthopedic and respiratory diseases, endocrine and metabolic disorders, 
and dyslipidemia, which may degrade the quality of life [18].

In recent years, there is an increase in the awareness about obesity in companion dogs. 
However, only a few reports have focused on the obesity mechanism in dogs using 
canine cells. The present study aimed to examine the optimal adipogenic differentiation 
conditions for cADSC and evaluate the effect of rosiglitazone and estrogen on the adipogenic 
differentiation of cADSCs.

MATERIALS AND METHODS

Materials
Canine adipose-derived stem cells (cADSCs) were kindly provided by Prof. Oh-kyeng 
Kweon, Seoul National University [19,20]. Dulbecco's modified Eagle's medium (DMEM) 
and Dulbecco's phosphate-buffered saline (PBS) were purchased from CORNING 
(USA). Fetal bovine serum (FBS), antibiotic-antimycotic (Anti-Anti), 0.5% trypsin-
ethylenediaminetetraacetic acid (EDTA), and insulin were obtained from Gibco BRL (USA). The 
compound IBMX, dexamethasone, rosiglitazone, E2, and GW9662 (PPARγ antagonist) were 
provided by Sigma (USA), while ICI182,780 (ER antagonist) was supplied by Tocris (USA).

Cell culture and adipogenic differentiation
Cells were maintained in the growth medium, 10% FBS-DMEM with 1% Anti-Anti at 37°C in a 
5% CO2 incubator. When cells were approximately 70% confluent, the medium was removed 
and cells were washed with PBS. The cells were trypsinized with 0.25% trypsin-EDTA and 
subcultured. cADSCs were used until passage 7.
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For adipogenic differentiation, 1 × 105 cells/well were seeded into six-well plates. After 2 days, 
cADSCs were induced with three different adipogenic medium conditions (day 0), 3-isobutyl-
1-methylxanthine + dexamethasone + insulin (MDI), dexamethasone + rosiglitazone + insulin 
(DRI), and 3-isobutyl-1-methylxanthine + dexamethasone + rosiglitazone + insulin (MDRI) 
(Fig. 1). Adipogenic medium was changed every 2 or 3 days for 7, 14, and 21 days. Cultures 
were maintained at 37°C in a 5% CO2 incubator.

PPARγ inhibition
For PPARγ antagonist studies, cADSCs were seeded at 1 × 105 cells/well into 6-well plates. 
After 2 days (day 0), adipogenic differentiation was induced with MDRI in the absence or 
presence of 10 µM GW9662, a known PPARγ antagonist. The medium was replaced every 2 or 
3 days for 14 and 21 days, and the cultures were maintained at 37°C in a 5% CO2 incubator.

ER inhibition
For ER antagonist studies, cADSCs were plated in six-well plates at a density of 1 × 105 
cells/well. At 100% confluence (day 0), adipogenic differentiation was induced with MDIE 
(500 µM IBMX, 1 µM dexamethasone, 10 µg/mL insulin, and 10 nM E2) and DRIE (1 µM 
dexamethasone, 200 nM rosiglitazone, 10 µg/mL insulin, and 10 nM E2) in the absence or 
presence of 10 µM ER antagonist ICI182,780. The medium was replaced every 2 or 3 days for 
14 and 21 days. Cultures were maintained at 37 °C in a 5% CO2 incubator.

Oil Red-O staining
In brief, 1 × 105 cells/well were plated into six-well plates and differentiation was induced as 
per the protocols described above. After 7, 14, and 21 days, cADSCs were stained with an Oil 
Red-O working solution for 30 min. After washing 4 times with distilled water, the stained 
cells were photographed using an ECLIPSE Ts2 microscope (Nikon, Japan). To quantify 
staining, the stained lipid droplets were eluted with 100% isopropanol and the absorbance 
was measured at 500 nm wavelength with an Epoch Microplate Spectrophotometer (BioTek 
Instruments, Inc., USA).
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Fig. 1. Schematic diagram of the treatment schedule and the medium to induce adipogenic differentiation of cADSCs. 
cADSC, canine adipose-derived stem cell; qRT-PCR, quantitative real-time reverse-transcription polymerase chain reaction; FBS, fetal bovine serum; DMEM, 
Dulbecco's modified Eagle's medium; IBMX, 3-siobutyl-1-methylxanthine; MDI, 3-isobutyl-1-methylxanthine + dexamethasone + insulin; DRI, dexamethasone + 
rosiglitazone + insulin; MDRI, and 3-isobutyl-1-methylxanthine + dexamethasone + rosiglitazone + insulin.



RNA extraction and cDNA synthesis
On day 14 of adipogenic differentiation, cADSCs were harvested and the total RNA was 
extracted with the easy-spin total RNA extraction kit (iNtRON Biotechnology, Korea). The 
concentration of extracted RNA was quantified 50 ng/µL using a Take3 Micro-Volume plate 
(BioTek Instruments, Inc.). cDNA was synthesized with a thermal cycler (Takara Bio Inc., 
Japan) using the GoScript Reverse Transcriptase (Promega, Madison, WI, USA).

Quantitative real-time reverse-transcription polymerase chain reaction (qRT-
PCR)
qRT-PCR was performed using a QuantStudio 3 Real-Time PCR Instrument (Thermo Fisher 
Scientific, USA). All reactions were performed in total volume of 20 uL containing 5.5 µL 
cDNA template, 10 µL TB Green® Premix Ex Taq II (Takara Bio Inc.), 1 µL of 10 pmol forward 
primer, 1 µL of 10 pmol reverse primer, and 2.5 µL diethylpyrocarbonate-treated water. 
Primers were purchased from Macrogen (Korea) and their sequences are shown in Table 1.

Statistical analysis
All results are presented as the mean ± standard error of mean (SEM) of at least three separate 
experiments. The data were analyzed by one-way analysis of variance (ANOVA), followed by 
Tukey's post-hoc tests using GraphPad Prism 5 software (Graph Pad Software Inc., USA). The 
p values less than 0.05 were considered statistically significant.

RESULTS

MDRI induced the highest lipid accumulation for 21 days in cADSCs
We first investigated the lipid accumulation of ADSCs cultured in the three different 
adipogenic media, MDI, DRI, and MDRI, for 7, 14, and 21 days by Oil Red-O staining (Fig. 2).  
Almost no staining was observed in cells from MDI, DRI, and MDRI conditions at day 7 
of differentiation, similar to undifferentiated (UD) cells. In contrast, the staining of cells 
significantly increased under MDI, DRI, and MDRI conditions than UD condition on day 
14 and 21 of differentiation. More lipid droplets were observed at day 21 than at day 14. In 
particular, treatment with MDRI significantly increased the lipid droplet staining by 5.8-fold 
as compared with UD condition, and this effect was higher than that observed under MDI 
and DRI conditions. Although the level of lipid accumulation was similar in MDI and DRI 
conditions, the lipid droplet size was larger under DRI condition.

Rosiglitazone induced adipogenesis via PPARγ signaling in cADSCs
To confirm whether rosiglitazone, a PPARγ agonist, induces adipogenic differentiation 
via PPARγ, we induced adipogenic differentiation of cADSCs with MDI and MDRI in the 
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Table 1. Primer sequences used for qRT-PCR
Gene Forward (5′-3′) Reverse (5′-3′) Gene bank No.
PPARγ ACACGATGCTGGCGTCCTTGATG TGGCTCCATGAAGTCACCAAAGG NM_001024632.2
C/EBPα AGTCAAGAAGTCGGTGGACAAG GCGGTCATTGTCACTGGTGAG XM_022407214.1
FABP4 ATCAGTGTAAACGGGGATGTG GACTTTTCTGTCATCCGCAGTA XM_845069.5
LEPTIN CTATCTGTCCTGTGTTGAAGCTG GTGTGTGAAATGTCATTGATCCTG NM_001003070
LPL ACACATTCACAAGAGGGTCACC CTCTGCAATCACACGGATGGC XM_005635734.3
β-actin GCCAACCGTGAGAAGATGACT CCCAGAGTCCATGACAATACCAG AF021873
qRT-PCR, quantitative real-time reverse-transcription polymerase chain reaction; PPARγ, peroxisome proliferator-
activated receptor gamma; C/EBPα, CCAAT/enhancer-binding protein alpha; FABP4, fatty acid-binding protein 4; 
LPL, lipoprotein lipase.



absence or presence of GW9662. At 21 days of adipogenic differentiation, we assessed lipid 
accumulation by Oil Red-O staining (Fig. 3A). Addition of rosiglitazone to MDI increased 
the number and size of stained lipid droplets as compared with MDI condition. In contrast, 
addition of GW9662 to MDRI visibly reduced the number and size of stained lipid droplets. 
The quantification value was in line with these results (Fig. 3B).

In addition, we assessed the mRNA expression of adipogenic factors by qRT-PCR at 14 days 
of adipogenic differentiation. PPARγ and C/EBPα are essential adipogenic transcription 
factors that regulate terminal differentiation process and stimulate adipogenesis-related 
gene expression. Addition of rosiglitazone to MDI significantly enhanced PPARγ mRNA 
expression by 2.1-fold as compared to MDI condition (Fig. 4A). GW9662 significantly 
suppressed PPARγ mRNA expression under MDRI condition to the level observed under MDI 
condition (Fig. 4A). C/EBPα mRNA expression showed a trend similar to that of PPARγ mRNA 
expression (Fig. 4B). MDRI treatment significantly upregulated FABP4, LPL, and LEPTIN 
mRNA expression as compared with MDI condition (Fig. 5A-C). FABP4, LPL, and LEPTIN are 
regulated by PPARγ and C/EBPα, and their expression was inhibited by GW9662 (Fig. 5A-C). 

5/13https://vetsci.org https://doi.org/10.4142/jvs.2021.22.e53

Optimization of adipogenic differentiation conditions for cADSCs

Re
la

tiv
e 

lip
id

 a
cc

um
ul

at
io

n

UDA B

7 days

14 days

21 days

MDI DRI MDRI

UD M
DI DR

I
M

DR
I

0

6

4

2

5

3

1

7

UD

*
*

*

* *

*

M
DI DR

I
M

DR
I

UD M
DI DR

I
M

DR
I

7 days
14 days
21 days

Fig. 2. Differentiation of cADSCs into adipocytes according to the differentiation medium. cADSCs were induced to adipogenic differentiation with MDI, DRI, and 
MDRI conditions for 7, 14, and 21 days. (A) Oil Red-O staining images. Scale bar indicated 50 µm. (B) Quantification of the stained lipid droplets. The results are 
presented as mean ± SEM. 
cADSC, canine adipose-derived stem cell; MDI, 3-isobutyl-1-methylxanthine + dexamethasone + insulin; DRI, dexamethasone + rosiglitazone + insulin; MDRI, and 
3-isobutyl-1-methylxanthine + dexamethasone + rosiglitazone + insulin; UD, undifferentiated; SEM, standard error of mean. 
*p < 0.001 vs. UD.
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Fig. 3. Effect of rosiglitazone on the adipogenic differentiation of cADSCs. cADSCs were induced to adipogenic 
differentiation under MDI, MDRI, and MDRI + GW9662 conditions for 21 days. (A) Oil Red-O staining images. Scale 
bar indicates 50 µm. (B) Quantification of the stained lipid droplets. The results are presented as mean ± SEM. 
cADSC, canine adipose-derived stem cell; MDI, 3-isobutyl-1-methylxanthine + dexamethasone + insulin; MDRI, 
and 3-isobutyl-1-methylxanthine + dexamethasone + rosiglitazone + insulin; SEM, standard error of mean. 
*p < 0.001 vs. MDI, †p < 0.001 vs. MDRI.



Taken together, these results show that rosiglitazone induces adipogenic differentiation in 
cADSCs via PPARγ.

Estrogen induced adipogenesis via ER in cADSCs
To investigate whether estrogen induces adipogenic differentiation via ER, cADSCs were 
induced to adipogenic differentiation in MDIE and DRIE conditions in the absence or 
presence the ER antagonist ICI182,780. The molecule E2 is a potent estrogen and functions 
by binding to the ER. Lipid accumulation was measured using Oil Red-O staining after 21 
days of adipogenic differentiation. We observed that the addition of E2 to MDI produced 
sufficient lipid droplets, while the number of stained lipid droplets visibly reduced when 
ICI182,780 was added to MDIE condition (Fig. 6A). The quantification value was also 
consistent with these results (Fig. 6C). The adipogenic differentiation of cADSCs was induced 
by DRIE and inhibited by ICI182,780 (Fig. 6B and D).
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Fig. 4. Effect of rosiglitazone on the mRNA gene expression of transcription factors related to adipogenic 
differentiation of cADSCs. cADSCs were induced to adipogenic differentiation in MDI, MDRI, and MDRI + GW9662 
conditions for 14 days. Expression of (A) PPARγ and (B) C/EBPα mRNAs was quantified by qRT-PCR. The results are 
presented as mean ± SEM. 
cADSC, canine adipose-derived stem cell; MDI, 3-isobutyl-1-methylxanthine + dexamethasone + insulin; MDRI, 
and 3-isobutyl-1-methylxanthine + dexamethasone + rosiglitazone + insulin; PPARγ, peroxisome proliferator-
activated receptor gamma; C/EBPα, CCAAT/enhancer-binding protein alpha; qRT-PCR, quantitative real-time 
reverse-transcription polymerase chain reaction; SEM, standard error of mean. 
*p < 0.05, †p < 0.001 vs. MDI, ‡p < 0.05, §p < 0.001 vs. MDRI.
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Fig. 5. Effect of rosiglitazone on the mRNA expression of gene expressions related to adipogenic differentiation of 
cADSCs. cADSCs were induced to adipogenic differentiation under MDI, MDRI, and MDRI + GW9662 for 14 days. 
Expression of (A) FABP4, (B) LPL, and (C) LEPTIN mRNAs was quantified by qRT-PCR. The results are presented as 
mean ± SEM. 
cADSC, canine adipose-derived stem cell; MDI, 3-isobutyl-1-methylxanthine + dexamethasone + insulin; MDRI, 
and 3-isobutyl-1-methylxanthine + dexamethasone + rosiglitazone + insulin; FABP4, fatty acid-binding protein 4; 
LPL, lipoprotein lipase; qRT-PCR, quantitative real-time reverse-transcription polymerase chain reaction; SEM, 
standard error of mean. 
*p < 0.01, †p < 0.001 vs. MDI, ‡p < 0.05, §p < 0.001 vs. MDRI.



At 14 days of adipogenic differentiation, we examined the mRNA expression of adipogenic 
transcription factors by qRT-PCR. Addition of E2 to MDI condition significantly upregulated 
PPARγ and C/EBPα mRNA expression as compared with MDI condition and this effect was 
attenuated in the presence of ICI182,780 (Fig. 7A and B). In contrast, while addition of E2 
to DRI significantly stimulated PPARγ mRNA expression as compared with DRI conditon 
(Fig. 7C), no difference was observed in C/EBPα mRNA expression (Fig. 7D). However, PPARγ 
and C/EBPα mRNA expression was significantly suppressed by ICI182,780 (Fig. 7C and D). 
Furthermore, we assessed the mRNA expression of adipogenesis-related genes. In the MDIE 
condition, FABP4 and LPL mRNA expression were effectively stimulated by E2 and inhibited 
by ICI182,780 (Fig. 8A and B), whereas LEPTIN mRNA expression was not significantly 
different (Fig. 8C). In the DRIE condition, only FABP4 mRNA expression was significantly 
upregulated by E2 (Fig. 8D). ICI182,780 significantly suppressed expression of adipogenesis-
related genes excepted for LPL (Fig. 8D-F). These results suggest that estrogen stimulates 
adipogenic differentiation via ER in cADSCs.

DISCUSSION

ADSCs are considered as effective treatment models because they can be differentiated into 
adipocytes, osteoblasts, myocytes, and chondrocytes [1]. Basic studies with ADSCs isolated 
from donors such as human, murine, and canine to understand their characterization 
and potential have been widely conducted for many years [2-4]. Some in vitro studies that 
investigated the control of several differentiation processes of ADSCs suggested therapeutic 
applications such as tissue, bone, cartilage, and cardiovascular regeneration and improved 
our understanding of the underlying mechanisms [21].

Obesity refers to the excessive accumulation of fat. There has been a growing interest health 
problems related to companion dogs, especially obesity [22]. Similar to obese humans, obese 
dogs have a high risk of secondary diseases. However, cADSCs have been rarely employed to 
study the mechanism underlying obesity in dogs.
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Fig. 6. Effect of estrogen on the adipogenic differentiation of cADSCs. cADSCs were induced to adipogenic differentiation in MDIE and DRIE condition for 21 
days. Oil Red-O staining images of (A) MDIE condition and (B) DRIE condition. Scale bar indicates 50 µm. Quantification of the stained lipid droplets of (C) 
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condition, DRI, DRIE, and DRIE+ICI182,780. 
*p < 0.001 vs. MDI or DRI, †p < 0.001 vs. MDIE or DRIE.



In the present study, we performed adipogenic differentiation by developing optimal 
differentiation conditions using cADSCs to understand the obesity mechanism in dogs. 
cADSCs were induced to adipogenic differentiation in DMEM containing 10% FBS or 5% 
rabbit serum supplemented with MDI, DRI, MDRI, and MDI-indomethacin (M, IBMX; 
D, dexamethasone; R, rosiglitazone; I, insulin). While indomethacin is known to drive 
PPARγ expression and induce adipogenesis [23], we found it to be cytotoxicity under MDI-
indomethacin-induced adipogenesis condition (not shown). Although some studies have 
reported rabbit serum to enhance adipogenesis in vitro [24,25], we observed no significant 
difference in the results using rabbit serum instead of FBS (not shown).

We examined cADSCs that were induced with three adipogenic differentiation medium 
conditions, namely MDI, DRI, and MDRI, to investigate the optimal method for adipogenic 
differentiation. Among these conditions, MDRI-induced adipogenesis was the most effective 
for 21 days, and the effects of MDI and DRI were similar.

Addition of IBMX to DRI led to effective differentiation ability as compared with DRI condition. 
IBMX is important during the early stage of adipogenic differentiation [26]. IBMX is commonly 
used as differentiation inducers and increases intracellulatr cyclic adenosine monophosphate 
(cAMP), stimulating expression of C/EBPβ [27]. C/EBPβ and C/EBPδ induce expression of C/
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Fig. 7. Effect of estrogen on the mRNA expression of transcription factors related to adipogenic differentiation of 
cADSCs. cADSCs were induced to adipogenic differentiation under MDIE and DRIE condition for 21 days. (A) PPARγ 
and (B) C/EBPα mRNA expression in MDIE condition and (C) PPARγ and (D) C/EBPα mRNA expression in DRIE 
condition were quantified by qRT-PCR. The results are presented as mean ± SEM. 
cADSC, canine adipose-derived stem cell; PPARγ, peroxisome proliferator-activated receptor gamma; C/EBPα, 
CCAAT/enhancer-binding protein alpha; qRT-PCR, quantitative real-time reverse-transcription polymerase 
chain reaction; SEM, standard error of mean; MDI, 3-isobutyl-1-methylxanthine + dexamethasone + insulin; DRI, 
dexamethasone + rosiglitazone + insulin. 
*p < 0.05, †p < 0.01, ‡p < 0.001 vs. MDI or DRI, §p < 0.05, ∥p < 0.01, ¶p < 0.001 vs. MDIE or DRIE.



EBPα and PPARγ, known as regulating terminal differentiation procedure [28]. These previous 
studies support our results that MDRI induced better adipogenesis than DRI.

Unlike previous studies [27,28], we observe that DRI treatment induced adipogenic 
differentiation of cADSCs without IBMX. A previous study reported dexamethasone and 
rosiglitazone (D&R) to induce sufficient adipogenic differentiation. D&R increased the 
expression of PPARγ and C/EBPα, and this effect was attenuated by the glucocorticoid 
receptor (GR) antagonist RU486 and the PPARγ antagonist GW9662 [29]. These previous 
study demonstrated the validity of our results and confirm that DRI can induce adipogenesis 
without IBMX.

In the present study, we investigated whether rosiglitazone stimulates adipogenesis via 
PPARγ signaling using a PPARγ antagonist. Rosiglitazone functions as a PPARγ agonist 
by binding to PPARγ ligand [30]. PPARγ is a major transcription factor during adipogenic 
differentiation and, cross-regulates with C/EBPα [31]. Moreover, PPARγ and C/EBPα regulate 
adipogenesis-related gene expression [32]. Our results show that MDRI medium with 
rosiglitazone significantly stimulated expression of PPARγ and C/EBPα as compared with 
MDI. The increased expression of PPARγ and C/EBPα subsequently stimulated the expression 
of fatty acid-binding protein 4 (FABP4), lipoprotein lipase (LPL), and LEPTIN, which are 
adipogenesis-regulated factors. These results are in accordance with previous studies [23,24]. 
Furthermore, the reduction in PPARγ expression by GW9662 led to the inhibition of MDRI-
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Fig. 8. Effect of estrogen on the mRNA gene expressions related to adipogenic differentiation of cADSCs. cADSCs 
were induced to adipogenic differentiation in MDIE and DRIE condition for 21 days. (A) FABP4, (B) LPL, and (C) 
LEPTIN mRNA expression in MDIE condition and (D) FABP4, (E) LPL, and (F) LEPTIN mRNA expression in DRIE 
condition were quantified by qRT-PCR. 
cADSC, canine adipose-derived stem cell; FABP4, fatty acid-binding protein 4; LPL, lipoprotein lipase; qRT-PCR, 
quantitative real-time reverse-transcription polymerase chain reaction; MDI, 3-isobutyl-1-methylxanthine + 
dexamethasone + insulin; DRI, dexamethasone + rosiglitazone + insulin. 
*p < 0.05, †p < 0.01, ‡p < 0.001 vs. MDI or DRI, §p < 0.05, ∥p < 0.01, ¶p < 0.001 vs. MDIE or DRIE.



induced adipogenic differentiation of cADSCs, thereby decreasing the expression of other 
adipogenesis-related genes. Previous study demonstrated that PPARγ is activated by binding 
to its ligand, and GW9662 is a selective ligand for PPARγ [33]. In addition, rosiglitazone 
effect was inhibited by GW9662 [34]. Therefore, we may conclude that rosiglitazone-induced 
adipogenesis was stimulated via PPARγ signaling.

We next investigated whether estrogen stimulates adipogenesis via ER, using the ER 
antagonist ICI182,780. Estrogen is a sex steroid hormone that mainly acts by binding to 
ERα and ERβ expressed on the adipose tissue [35]. In fact, the clear role of estrogen in 
adipogenesis remains controversial. Some studies have reported that estrogen inhibits 
adipogenesis in vitro and in vivo. Estrogen downregulated the expression of ERα, ERβ, C/EBPβ, 
and PPARγ in pre-adipocytes and mesenchymal stem cells (MSCs) [13,16,36] and increases 
the adipose tissue in an ERα knockout mouse model [37]. In contrast, some studies have 
reported the ability of estrogen to increase adipocyte number and lipid accumulation [14,38]. 
Moreover, in vitro studies have reported the estrogen-mediated upregulation in PPARγ, LPL, 
ERα, and ERβ mRNA expression in adipocytes [15,36].

In this study, the addition of estrogen to MDI and DRI differentiation conditions led to a 
lipid accumulation and upregulated adipogenesis-related gene expressions in cADSCs. This 
differentiation ability was suppressed by ICI182,780. These results are in line with those 
previously published showing that estrogen contributes to increased adipocyte number and 
lipid accumulation [39].

Several studies have reported the interaction between ER signaling and PPARγ [40,41]. These 
mechanisms support our results that PPARγ and FABP4 mRNA expression were stimulated by 
the addition of estrogen to MDIE and DRIE media.

ICI182,780 inhibited the expression of adipogenic-related genes, except LEPTIN, in MDIE 
condition but not LPL in DRIE condition. This indicates that ICI182,780 may be gene-
specific, as reported in a previous study [42]. Furthermore, the levels of C/EBPα, FABP4, and 
LEPTIN under DRIE condition were lower than those under DRI condition. These results are 
sufficient to suggest that estrogen stimulates adipogenic differentiation via ER.

In conclusion, MDRI condition showed the most effective adipogenic differentiation ability 
as compared to MDI and DRI conditions in cADSCs for 21 days. Rosiglitazone and estrogen 
could sufficiently stimulate adipogenic differentiation via PPARγ and ER signaling, and 
these effects were inhibited by the PPARγ antagonist GW9662 and ER antagonist ICI182,780, 
respectively. Our results suggest that PPARγ and ER are adipogenic differentiation-related 
signaling, and their agonists and antagonists can to be used as important molecules to study 
the mechanism of adipogenic differentiation in dogs (Fig. 9). This study provides the basis 
of obesity or anti-obesity mechanisms in dogs, however, further studies are warranted to 
demonstrate the ER-dependent mechanism of adipogenesis in cADSCs.
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