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Abstract
Objectives: Activation of β3-adrenoceptor (ADRB3) is essential in the process of human adi-
pose tissue browning, but obese subjects suffered from reduced ability of brown adipose tis-
sue activation. The present study aims to detect the adipocyte ADRB3 expression in over-
weight individuals and the relationship between adipocyte ADRB3 expression and adiposity 
in adults. Methods: Visceral adipose tissue samples were obtained from 85 subjects who un-
derwent abdominal surgery. ADRB3 mRNA and protein expression levels in mature adipo-
cytes and adipose tissue stromal vascular cells were examined by quantitative real-time PCR 
and Western blot assay, respectively. UCP-1mRNA expression levels in mature adipocytes 
were examined by quantitative real-time PCR. Results: The data revealed that ADRB3 mRNA 
(p = 0.021) and protein (p = 0.025) expression levels in mature adipocytes were significantly 
higher in the normal-weight than in the overweight group. Similar results were also found for 
ADRB3 mRNA (p = 0.041) and protein (p = 0.025) expressions of stromal vascular cells. An in-
verse correlation was verified between mature adipocyte ADRB3 mRNA expression and BMI 
(r = –0.362, p = 0.012). UCP-1 mRNA expression levels in mature adipocytes were higher in 
the normal-weight group compared with the overweight group (p = 0.045). Conclusion: Ad-
ipocyte ADRB3 expression levels were down-regulated before the onset of obesity, which in-
dicated that the reduction of ADRB3 expression might be the cause of compromised adipose 
tissue browning and obesity rather than the result. Thus, the interference of the ADRB3 path-
way in adipocytes may provide a potential treatment target for obesity.
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Introduction

Obesity is an important global public health problem, which is an independent risk factor 
of diabetes, hypertension, hyperlipidemia, ischemic heart disease and some cancers, and 
there are still no effective therapeutic strategies yet [1]. Brown adipose tissue (BAT) can 
dissipate chemical energy in the form of heat through the activation of uncoupling protein 1 
(UCP1), thereby preventing the development of obesity. Classical brown adipocytes mainly 
reside in infants and young children, and rarely in human adults. But when exposed to cold 
stimuli, some adipocytes in white adipose tissue can express high levels of UCP1 and are 
termed as beige or brite adipocytes [2, 3]. Adipose tissues with UCP1-positive adipocytes in 
human are known as human brown adipose tissue (hBAT) [4]. β3-adrenoceptor (ADRB3) is 
a dominant signaling pathway in the process of adipose tissue browning, and some researchers 
have focused on adipose tissue browning in mice [5] and humans [6, 7] by activating ADRB3 
in order to treat obesity. But the increase of hBAT activity during the process of sympathetic 
nerve stimulation is lower in obese patients compared with non-obese individuals [8]. This 
is due to the reduced ADRB3 function as shown in a few animal [9, 10] and one human [11] 
study; however, these studies recruited humans and animals with severe obesity and thus 
cannot explain the causal relationship between ADRB3 disfunction / adipose tissue browning 
disability and obesity. The present study proposed that compromised adipocyte ADRB3 
function may appear before the onset of obesity, which would reduce adipose tissue response 
to browning stimuli, which result in decreased hBAT activation and eventually contribute to 
the development of obesity. To verify the above-mentioned hypothesis, the present study is 
designed to investigate adipocyte ADRB3 expression in overweight individuals, and its rela-
tionship to adipose tissue browning and adiposity. 

Material and Methods

Participants
Omental adipose tissue samples (2–6 g) were collected from 85 patients who underwent abdominal 

surgery. Entry criteria were age between 20 and 75 years and BMI between 18 and 29.9 kg/m2. Patients who 
have suffered from cancer, thyroid diseases, diabetes, and serious infectious diseases as well as those who 
have been taking thyroxine, insulin, thiazolidinedione, lipid-lowering agents and GLP-1 analogues in last 3 
months were excluded. Height, weight, systolic blood pressure and diastolic blood pressure were measured 
before surgery. Fasting (8–10 h) blood samples were collected from all participants. Low-density lipoprotein 
cholesterol (LDLC) was calculated with the Friedewald formula, and triglycerides (TG) were determined by 
conventional enzymatic assays. BMI was calculated as weight (kilograms) divided by height (meters) squared. 
Participants were divided into two subgroups according to BMI: normal-weight group (NW group; BMI <  25 
kg/m2) and overweight group (OW group; (25 ≤ BMI <  30 kg/m2) [12]. This study was conducted in terms 
of Declaration of Helsinki and approved by the local Ethical and Research Committee of Jinan Central Hospital 
(Shandong, China). All participants signed informed consent.

Isolation of Human Mature Adipocytes and Stromal Vascular Cells
Adipose tissues were minced and digested with 1 mg/mL collagenase in 37  ° C shaking H2O bath for 

15–30 min. Then, the digested tissues were filtered through 250 micron mesh and left to settle for 5 min. The 
floating mature adipocytes were collected from the top layer. The remaining cell suspension was spun down 
by centrifugation at 2,000 rpm (10 min), and stromal vascular (SV) cells were obtained in the pellet. Cells 
were washed twice in PBS and stored at –80  ° C for RNA and protein extraction.

RNA Isolation and Quantitative Real-Time PCR
Total RNA was extracted from the mature adipocytes and SV cells using the TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA) following the manufacturer’s recommendations. RNA was dissolved in nuclease-free 
water and quantified using spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA (1 
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μg) was reverse-transcribed using the Reverse Transcription Reaction Kit (TaKaRa Bio Inc., Kusatzu, Japan) 
and quantitative real-time PCR (qRT-PCR) was performed on the ABI 7,500 Sequence Detection system 
(Applied Biosystems, Foster City, CA, USA). The relative mRNA expression levels were calculated using the 
2–ΔΔCt method after standardization to18S mRNA levels. The qRT-PCR reactions were performed using 
ADRB3 primers: 5′-TACTCTGCGCTGGCTTTTGA-3′ (forward), and 5′-AAGGCTCAAGCTCACTCCC-3′ (reverse); 
UCP-1 primers: 5′-AACGAAGGACCAACGGCTTTC-3′ (forward), and 5′-CACAGTCCATAGTCTGCCTTG-3′ 
(reverse); and 18S [13] primers: 5′-GCAATTATTCCCCATGAACG-3′ (forward) and 5′-GGCCTCACTAAAC-
CATCCAA-3′ (reverse).

Western Blot Analysis
Mature adipocytes and SV cells were homogenized in RIPA lysis buffer and protease inhibitor. Protein 

concentrations were determined by BCA Protein Assay kit (Thermo Fisher Scientific). The total 50 μg protein 
of each sample was separated by 10% SDS-PAGE and transferred onto PVDF membranes (0.45 μm pore size, 
Merck Millipore, Burlington, MA, USA). The membranes were blocked in non-fat milk for 1 h at room temper-
ature and then incubated overnight at 4  ° C with specific primary antibodies consisting of anti-ADRB3 (1: 500, 
Abcam, Cambridge, UK) and anti-GAPDH (1: 4000, Proteintech Group, Rosemont, IL, USA), which was followed 
by incubation with appropriate secondary anti-rabbit/mouse IgG conjugated with HRP(Beijing Zhongshan 
Gold Bridge Biotechnology, Beijing, China) for 1 h at room temperature. The protein bands were detected 
using the Chemiluminescent HRP Substrate present in FluorChemE system (Cell Biosciences, Santa Clara, CA, 
USA) and analyzed with Image J software.

Statistical Analysis
SPSS version 22.0 (IBM, Armonk, NY, USA) was used for statistical analysis. Normal distribution data 

were expressed as mean ± SD and analyzed statistically using the nonpaired Student’s t test. The non-normal 
distribution variables were presented as median (interquartile range) and log-transformed before analysis. 
ADRB3 and UCP-1 expression levels of the NW and OW groups were compared using the nonpaired Student’s 
t test. Correlations of ADRB3 mRNA with age and BMI were tested by univariate correlation analyses. 
Stepwise multiple linear regression analysis was performed to find correlation between independent vari-
ables (gender, age and ADRB3 mRNA) and BMI. p < 0.05 was considered statistically significant. 

Results

Subject Characterization 
85 subjects with an average age of 55 years (43 females, 42 males) were included in this 

study. Because of the limited amount of adipose tissue samples provided by surgery, we 
cannot get all ADRB3 mRNA and protein expression data of mature adipocytes and SV cells 

Table 1. Clinical and laboratory parameters analysis of ADRB3 in mature adipocyte group

ADRB3 mRNA ADRB3 protein

NW group OW group NW group OW group

N 22 25 11 14
Gender, m/f 10/12 14/11 8/3 9/5
Age, years 58.59±12.11 58.12±10.31 58.09±15.64 58.43±11.61
BMI, kg/m2 22.88±1.49 27.53±1.48# 22.51±2.19 27.18±1.64#

DBP, mm Hg 78.73±11.11 84.64±8.87 78.73±11.56 85.07±9.73
SBP, mm Hg 126.23±16.14 142.28±21.44* 125.45±14.35 137.93±20.43
LDLC, mmol/L 2.66±0.95 3.13±0.60 2.61±1.09 2.78±0.75
TG, mmol/L 1.10±0.37 1.39±0.70 1.12±0.34 1.42±0.84

Data show as mean ± SD for continuous variables. # p < 0.001, * p < 0.05 compared with OW group.
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from each sample. ADRB3 mRNA and protein expression levels in mature adipocytes were 
examined from 47 and 25 specimens, respectively (Table 1). ADRB3 mRNA and protein levels 
of SV cells were analyzed from 40 and 46 specimens, respectively (Table 2). UCP-1 mRNA 
expression levels in mature adipocytes were examined from 35 specimens (Table 3). The NW 
group and OW group were well-matched by age and gender.

ADRB3 mRNA and Protein Expression Levels in Mature Adipocytes
ADRB3 mRNA and protein expression levels in mature adipocytes were detected by 

qRT-PCR and Western blot. The data showed that ADRB3 mRNA expression levels of mature 
adipocytes in the NW group were significantly higher compared with the OW group (p = 
0.021) (Table 4; Fig. 1A); similar results were achieved for ADRB3 protein expression levels 
in mature adipocytes (p = 0.025) (Table 4, Fig. 1B, C). 

ADRB3 mRNA and Protein Expression Levels in SV Cells
ADRB3 mRNA and protein expression levels in SV cells were examined by qRT-PCR and 

Western blot. The data showed that the ADRB3 mRNA expression levels in SV cells were 
higher in the NW group than in the OW group (p = 0.041) (Table 4; Fig. 2A), similar results 
were achieved for ADRB3 protein expression levels in SV cells (p = 0.025) (Table 4; Fig. 2B, 
C).

Table 2. Clinical and laboratory parameters analysis of ADRB3 in SV cells group

ADRB3 mRNA ADRB3 protein

NW group OW group NW group OW group

N 20 20 23 23
Gender, m/f 7/13 9/11 12/11 14/9
Age, years 57.40±13.59 58.95±10.06 54.22±15.68 55.83±13.87
BMI, kg/m2 22.84±1.83 27.69±1.57# 22.77±1.78 27.73±1.61#

DBP, mm Hg 80.80±12.42 86.60±7.37 77.70±9.95 84.39±6.97*
SBP, mm Hg 129.40±19.26 141.60±19.94 124.61±13.51 136.39±19.33*
LDLC, mmol/L 2.39±0.71 3.30±0.47# 2.48±0.84 2.78±0.77
TG, mmol/L 1.02±0.38 1.37±0.58* 1.19±0.45 1.39±0.73

Data show as mean ± SD for continuous variables. # p < 0.001, * p < 0.05 compared with OW group.

NW group OW group

N 17 18
Gender, m/f 9/8 11/7
Age, years 57.18±11.93 58.28±11.62
BMI, kg/m2 22.86±1.33 27.61±1.47#

DBP, mm Hg 77.82±12.14 84.11±9.30
SBP, mm Hg 124.53±16.89 143.67±23.63*
LDLc, mmol/L 2.72±1.02 3.06±0.63
TG, mmol/L 1.10±0.36 1.33±0.73

Data show as mean ± SD for continuous variables. # p < 0.001, * p < 
0.05 compared with OW group.

Table 3. Clinical and laboratory 
parameters analysis of UCP-1in 
mature adipocyte group
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The Relationship between ADRB3 mRNA Expression in Mature Adipocytes and BMI
Correlation analysis showed that ADRB3 mRNA levels in mature adipocytes were nega-

tively correlated with age (r = –0.307, p = 0.036) and BMI (r = –0.362, p = 0.012) (Fig. 3). 
Stepwise multiple linear regression analysis on BMI (dependent variable) that entered 
gender, age, and mature adipocytes ADRB3 mRNA levels (logarithmic transformation data) 
as independent variables revealed that the ADRB3 mRNA expression level was still negatively 
correlated with BMI even after excluding the effect of age (Table 5). We did not find any statis-
tically significant relationships between ADRB3 (both mRNA and protein) expression levels 
and BMI in SV cells.

UCP-1 mRNA Expression Levels in Mature Adipocytes
UCP-1 mRNA expression levels in mature adipocytes were detected by qRT-PCR. The 

results showed that the expression levels of UCP-1 mRNA in mature adipocytes were higher 
in the NW than in the OW group (p = 0.045) (Table 4; Fig. 4).

Discussion

The hBAT activity is increasing through transdifferentiation from white adipocytes to 
beige adipocytes or de novo differentiation of precursor cells to beige adipocytes when 
exposing to the cold or other stimuli [14, 15]. Exposure to the cold [16–18] or selective ADRB3 
agonists [7] resulted in higher resting metabolic rate and hBAT activity in healthy individuals 
as measured via 18F-FDG/PET-CT, in whom the ADRB3 pathway was considered as a dominant 
signaling pathway to promote the activation or differentiation of beige adipocytes [17, 19, 
20]. ADRB3 belong to G protein-coupled receptors and are abundant in adipose tissue, espe-
cially in the BAT [17, 21]. Trp64Arg polymorphisms of ADRB3 genes are associated with a 
variety of body weight [22, 23]. A prospective study [24] showed that ADRB3 function is an 
important predictor of long-term changes in body weight. 

hBAT activation capacity was reduced in obese subjects [12, 16]. Furthermore, it was 
demonstrated that the reduced ADRB3 expression in adipose tissue of obese rats [9, 10] 

Table 4. ADRB3 and UCP-1 expression analysis in adipocytes

NW group OW group p value

ADRB3 mRNA expression in mature adipocyte 1.33 (0.31, 2.60) 
(n = 22)

0.41 (0.16, 0.71) 
(n = 25)

0.021

ADRB3 protein expression in mature adipocyte 1.32 (1.14, 2.01) 
(n = 11)

0.72 (0.56, 1.12) 
(n = 14)

0.025

ADRB3 mRNA expression in SV cells 1.00 (0.38, 2.54) 
(n = 20)

0.47 (0.11, 1.25) 
(n = 20)

0.041

ADRB3 protein expression in SV cells 0.79 (0.66, 1.24) 
(n = 23)

0.72 (0.43, 0.76) 
(n = 23)

0.025

UCP-1 mRNA expression in mature adipocyte 0.82 (0.36, 2.71) 
(n = 17)

0.56 (0.19, 1.12) 
(n = 18)

0.045

The variables were analyzed using Student’s t test, after logarithm transformation. Data were showed as 
median (interquartile range) for non-normal distribution variables.
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increased after weight loss following Roux-en-Y gastric bypass surgery [25]. Moreover, 
treatment with ADRB3 agonists caused a noticeable increase of adipose tissue browning and 
UCP-1 protein level in lean rather than in obese mice [26, 27]. Taking both results together, 
one may presume that the decreased adipose tissue browning in obese rats was associated 
with a down-regulated expression of ADRB3 in adipose tissue. There was also study in humans 
showing that ADRB3 expression levels in adipose tissue were significantly reduced in severely 
obese subjects (BMI > 40 kg/m2) in a Caucasian population [11]. However, the results 
mentioned above mainly came from data of obese / severely obese animals or humans, which 
cannot indicate a causal relationship between adipose tissue ADRB3 expression and obesity. 
The present study therefore focused on a pre-obesity population and investigated the adipose 
tissue ADRB3 expression levels in overweight individuals. 

We were able to show that overweight individuals have reduced ADRB3 and UCP-1 
expression levels in mature adipocytes compared with normal-weight persons, and ADRB3 
mRNA expression levels in mature adipocytes were inversely correlated with BMI. The data 
indicated that mature adipocyte ADRB3 expression was down-regulated before the onset of 
obesity (BMI 25–30 kg/m2), which may lead to weak beige adipocytes activation and adipose 

Fig. 1. ADRB3 mRNA and protein expression levels in mature adipocytes. A ADRB3 mRNA expression levels 
were examined from 22 normal-weight and 25 overweight individuals by qRT-PCR. B, C ADRB3 protein ex-
pression levels were detected in 11 normal-weight and 14 overweight individuals by Western blot. Bands of 
∼45 kDa (ADRB3) and ∼36 kDa (GAPDH) were detected in all samples using specific antibodies. NW means 
normal-weight group; OW means overweight group. * p < 0.05.
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Fig. 2. ADRB3 mRNA and protein expression levels in SV cells. A ADRB3 mRNA expression levels were ex-
amined from 20 normal-weight and 20 overweight individuals by qRT-PCR. B, C ADRB3 protein expression 
levels were detected in 23 normal-weight and 23 overweight individuals by western blot. Bands of ∼45 kDa 
(ADRB3) and ∼36 kDa (GAPDH) were detected in all samples using specific antibodies. NW means normal-
weight group; OW means overweight group. * p < 0.05.

Fig. 3. Relationship between 
ADRB3 mRNA expression levels 
in mature adipocytes and BMI. 
ADRB3 mRNA expression levels 
were examined in 47 individuals, 
ADRB3 mRNA expression levels 
in mature adipocytes were nega-
tively associated with BMI (r = 
–0.362, p = 0.012). 
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tissue browning ability induced by the cold or ADRB3 agonists. Moreover, UCP-1 mRNA 
expression was also lowered, potentially influencing body weight in the future.

Differentiation of pre-adipocytes into beige adipocytes is an important way to increase 
hBAT activity [28, 29], and the ADRB3 signaling pathway also plays a role in this process. The 
present study also examined SV cell ADRB3 mRNA and protein expression in overweight indi-
viduals to explore whether a disorder of beige adipocyte differentiation was involved. The 
results showed that overweight individuals had obviously lower ADRB3 mRNA and protein 
expression levels in SV cells compared with normal-weight persons, which indicated that 
ADRB3 expression levels were decreased in some adipose-derived stem cells, resulting in a 
decline of differentiation into beige adipocytes, which can be induced by certain stimuli, and 
thus in a decreased hBAT activity.

The present study demonstrated that ADRB3 expression in mature adipocytes and SV 
cells were down-regulated at an overweight stage, before the onset of obesity, which reduced 
the activation of beige adipocyte and differentiation of pre-adipocytes to beige adipocytes 
induced by low temperature or other inducers, resulting in decreased activity of hBAT and, 
finally, in weight gain and overt obesity. Thus, we hypothesize that the down-regulation of 
ADRB3 expression in mature and SV cells may be the cause rather than the result of obesity 
and that adipocyte ADRB3 expression may be a potential interference target for obesity 
treatment.

One of strengths of the present study was that human adipose tissues were clinically 
collected from overweight adults. Thus, we were able to detect the molecular mechanisms 
before the onset of obesity. Secondly, ADRB3 and UCP-1 expression in mature adipocytes and 

BMI B SE β p value

Constant 24.99 0.405 – <0.001
ADRB3 mRNA –0.448 0.172 –0.362 0.012

Variables excluded in the multiple regression analysis were gender 
and age. Β, unstandardized coefficients; β, standardized coefficients; 
SE, standardized error. F = 6.774, p = 0.012.

Table 5. Stepwise multiple linear 
regression analysis results 
showed ADRB3 mRNA 
expression levels in mature 
adipocytes were independent 
correlates to BMI

Fig. 4. UCP-1 mRNA expression 
levels in mature adipocytes. UCP-
1 mRNA expression levels were 
examined in 17 normal-weight 
and 18 overweight individuals by 
qRT-PCR. NW means normal-
weight group; OW means over-
weight group. * p < 0.05.
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SV cells in adipose tissue of overweight subjects were analyzed separately for the first time, 
providing us with information of both beige adipocyte activation and differentiation. However, 
only abdominal visceral adipose tissue was included in present study, and it is known that 
human adipose tissue browning was closely associated with the anatomical site [4]. Further 
studies are needed to elucidate the specific molecular mechanism of ADRB3 signaling pathway 
and how it affects human adipose tissue browning and adipose tissue depot-specific charac-
teristics of ADRB3 expression.
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