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INTRODUCTION

White adipose tissue (WAT) is highly vascularized, and WAT 
microcirculation plays an important role in regulating metabolic 
and endocrine functions by exchanging oxygen, nutrients, and 
wastes with adipocytes [1]. Inadequate perfusion in WAT was 
hypothesized to cause WAT malfunction including hypoxia, as 
well as angiogenesis and inflammation [2-5]. Indeed, adipose tis-
sue blood flow (ATBF) is increased after oral glucose ingestion 

in lean healthy subjects, whereas the responsiveness of ATBF to 
nutritional stimuli is blunted in obese and insulin-resistant sub-
jects [6-8]. Therefore, it is important to understand the underly-
ing mechanism of vascular reactivity to develop a novel therapeu-
tic strategy for treating obesity.

WAT is densely innervated by the sympathetic nervous system, 
and its activation is essential for lipolysis in WAT [9-11]. Activa-
tion of -adrenergic receptor (-AR) signaling mediates a post-
prandial increase in ATBF as well as lipolysis in the subcutaneous 
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ABSTRACT Dynamic changes in adipose tissue blood flow (ATBF) with nutritional sta-
tus play a role in the regulation of metabolic and endocrine functions. Activation of 
the sympathetic nervous system via -adrenergic receptors (-AR) contributes to the 
control of postprandial enhancement of ATBF. Herein, we sought to identify the role 
of each -AR subtype in the regulation of ATBF in mice. We monitored the changes 
in visceral epididymal ATBF (VAT BF), induced by local infusion of dobutamine, salbu-
tamol, and CL316,243 (a selective 1-, 2-, and 3-AR agonist, respectively) into VAT 
of lean CD-1 mice and global adipose triglyceride lipase (ATGL) knockout (KO) mice, 
using laser Doppler flowmetry. Administration of CL316,243, known to promote li-
polysis in adipocytes, significantly increased VAT BF of CD-1 mice to a greater extent 
compared to that of the vehicle, whereas administration of dobutamine or salbuta-
mol did not produce significant differences in VAT BF. The increase in VAT BF induced 
by 3-AR stimulation disappeared in ATGL KO mice as opposed to their wild-type 
(WT) littermates, implying a role of ATGL-mediated lipolysis in the regulation of VAT 
BF. Different vascular reactivities occurred despite no significant differences in vessel 
density and adiposity between the groups. Additionally, the expression levels of the 
angiogenesis-related genes were significantly higher in VAT of ATGL KO mice than in 
that of WT, implicating an association of ATBF responsiveness with angiogenic activ-
ity in VAT. Our findings suggest a potential role of 3-AR signaling in the regulation 
of VAT BF via ATGL-mediated lipolysis in mice.
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adipose tissue (SAT) of humans [12-16]. -ARs are a class of G 
protein-coupled receptors that are classified into three subtypes: 
1-AR, 2-AR, and 3-AR. Each -AR participates in various 
functions including regulation of heart rate, smooth muscle re-
laxation, and lipolysis [17,18]. Despite the diverse actions of each 
-AR subtype, the exact role of each -AR subtype in regulating 
ATBF in WAT remains unclear.

WAT is characterized as SAT and visceral adipose tissue (VAT) 
based on the anatomical sites and has depot-specific character-
istics such as adipokine secretion, lipolysis, inflammation, and 
angiogenesis [19]. Increased VAT mass is strongly associated with 
the occurrence of metabolic syndrome, including cardiovascular 
disease and type 2 diabetes compared to SAT mass. Despite the 
important role of VAT in metabolic processes, studies on vascular 
reactivity in VAT have received less attention [14,20-24]. It is re-
quired to understand the mechanisms underlying the regulation 
of VAT BF in the development of obesity.

In this study, we sought to identify the effect of each -AR 
subtype on vascular reactivity in VAT of mice via monitoring 
changes in blood flow during local infusion of each -AR subtype 
agonist using laser Doppler flowmetry. Additionally, we sought to 
investigate the association of 3-AR stimulation-induced altera-
tion in VAT BF with lipolysis using global adipose triglyceride 
lipase (ATGL) knockout (KO) mice. Furthermore, we sought to 
provide evidence for the relationship between lipolysis and angio-
genesis in VAT of ATGL KO mice. This study suggests that 3-
AR activation plays an important role in the control of vascular 
reactivity, presumably via ATGL-mediated lipolysis in VAT of 
mice.

METHODS

Animals

All experimental mice were maintained individually in stan-
dard mouse cages with a 12 h light/dark cycle in an environ-
mentally controlled room (humidity 50% ± 10%, temperature 
22°C ± 2°C) and had ad libitum access to water and regular chow 
diet (5L79 diet; LabDiet, St. Louis, MO, USA). A total of 43 of 
seven-week-old male CD-1 mice were obtained from Orient Bio 
(Seongnam, Korea) to investigate the effect of the -adrenergic 
receptor (-AR) subtype-selective stimulation on changes in vis-
ceral epididymal adipose tissue blood flow (VAT BF). After one 
week of acclimatization, the mice were randomly divided into 
three groups to monitor changes in VAT BF during local infusion 
of selective 1-AR agonist (dobutamine, D0676; Sigma-Aldrich, 
St Louis, MO, USA), selective 2-AR agonist (salbutamol, S8260; 
Sigma-Aldrich), and selective 3-AR agonist (CL316,243, C5976; 
Sigma-Aldrich) into VAT.

To identify the role of lipolysis induced by 3-AR subtype 
stimulation in the regulation of VAT BF, we compared changes in 
VAT BF during local infusion of the 3-AR agonist, CL316,243, 
into VAT of male global ATGL KO mice and wild-type (WT) lit-
termate mice. Global ATGL KO mice were generated by breeding 
heterozygous ATGL mice on a C57BL/6 background. Ten-week-
old homozygous male ATGL KO mice and their WT littermates 
were used for this study. All experiments were performed under 
fed conditions. All experimental procedures followed the guide-
lines for the ethical use of animals, issued by the Institutional 
Animal Care and Use Committee of Korea University, and were 

Fig. 1. Effects of -adrenergic receptor subtypes on the regulation of visceral adipose tissue blood flow (VAT BF) in CD-1 mice. (A) Experimen-
tal timeline diagram. After stabilizing VAT BF for 5 min, vehicle and agonists (10–4 and 10–2 M) were infused into VAT a rate of 0.5 l min–1 for 10 min, 
respectively. Arrows represent the time point of the switch in the agonist delivery. (B) Changes in VAT BF induced by stimulation of dobutamine, a 
selective 1-adrenergic receptor agonist. (C) Changes in VAT BF induced by stimulation of salbutamol, a selective 2-adrenergic receptor agonist. (D) 
Changes in VAT BF induced by stimulation of CL316,243, a selective 3-adrenergic receptor agonist. *p < 0.05.
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approved by the same committee.

VAT BF measurement using laser Doppler flowmetry

Mice were anesthetized using an intraperitoneal injection of 
ketamine/xylazine mixture (ketamine: 115 mg/kg body weight, 
ketamine hydrochloride, Yuhan, Seoul, Korea; Rompun: 17 mg/
kg body weight, xylazine hydrochloride, Bayer Korea, Seoul, Ko-
rea). During the VAT BF experiment, a rectal temperature probe 
was inserted into mice and placed on a heating pad to maintain 
body temperature at 36.5°C. The flow probe of a laser Doppler 
flowmeter (Type N18 and BLF22; Transonic Systems Inc., Ithaca, 
NY, USA) was placed on the surface of VAT, and the changes in 
VAT BF were recorded at the same site during the experiment. 

From time point zero, vehicle (normal saline) or each agonist was 
delivered sequentially into VAT at a rate of 0.5 l min–1 for 10 min 
using a customized injector adjacent to the flow probe. Changes 
in VAT BF by local infusion of each selective -AR agonist were 
performed as dose-response (10–4 and 10–2 M) experiments in 
male CD-1 mice (Fig. 1A). The effect of selective 3-AR agonist 
CL316,243 on the alteration of VAT BF in ATGL KO mice was 
tested by local infusion at a concentration of 10–2 M (Fig. 3E). The 
analog signals were digitized and displayed using a data process-
ing program. The average rate of tissue perfusion (arbitrary units) 
was recorded using a data analysis LabScribe2 software (iWorx 
Systems Inc., Dover, NH, USA).

Fig. 2. Distribution and colocalization of -adrenergic receptor subtypes in visceral epididymal fat (VAT) of mice. (A) Comparison of the expres-
sion levels of Adrb1, Adrb2, and Adrb3 in VAT of CD-1 male mice fed a normal chow diet at 8 weeks of age. The ΔCt method (2–ΔCt) was used to calcu-
late the relative expression level of each gene. (B–D) Comparison of the expression levels of Adrb1 (B), Adrb2 (C), and Adrb3 (D) between fractionated 
adipocytes and stromal vascular fraction (SVF) in VAT of C57BL/6N male mice fed a normal chow diet at 9 weeks of age. The relative mRNA expression 
was calculated using the ΔΔCt method (2–ΔΔCt). (E, F) Representative images of double immunofluoresnce staining of whole-mount VAT using ADRB1, 
ADRB2, or ADRB3 antibodies with PECAM1 antibodies (E) or BODIPY (F) dye in C57BL/6N male mouse fed a normal chow diet at 8 weeks of age. White 
arrowheads indicate localization of ADRB2 in PECAM1+ vessels. Images are shown at a magnification of ×500. Scale bars, 20 m. *p < 0.05.
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Body composition analysis

Body fat and lean mass were measured using a nuclear mag-
netic resonance spectrometer (LF90 Minispec; Bruker Optics, 
The Woodlands, TX, USA).

Quantitative RT-PCR

Total RNA was extracted from VAT using TRIzol reagent (In-
vitrogen, Carlsbad, CA, USA), and cDNA was synthesized using 
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). The 
cDNA was mixed with relevant probes (Taqman Gene Expres-
sion Assays and TaqMan Gene Expression Master Mix; Applied 
Biosystems, Foster City, CA, USA). Real-time quantitative PCR 
was conducted using an ABI 7500 Real-Time PCR system (Ap-
plied Biosystems). Expression of each gene was normalized to the 
constitutively expressed Rpl32 gene, and relative expression was 
quantified. The ΔCt values were obtained by performing the cal-
culation Ct (a target gene) – Ct (a reference gene) in each sample. 
The ΔCt method (2–ΔCt) was used to calculate the relative expres-
sion level of each gene (Fig. 2A). The ΔΔCt method (2–ΔΔCt) was 
presented as the fold changes of gene expression in a target group 
(stromal vascular fraction or ATGL KO mice) relative to a refer-
ence group (adipocytes or WT mice), normalized to a reference 
gene. The relative gene expression was set to 1 for reference group 
(Figs. 2B–D, 4A, and 5F). Primers used for qRT-PCR are listed in 
Supplementary Table 1.

Western blot analyses

Total proteins of VAT were obtained by homogenizing using 
RIPA lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA). Protein extracts were separated by electrophoresis and 
transferred to PVDF membrane. The membranes were blocked 
with 10% skim milk for 1 h, and then incubated overnight with 
primary antibodies diluted at a ratio of 1: 1000 for ADRB3 
(ab94506; Abcam, Cambridge, MA, USA), ATGL (2138; CST, 
Beverly, MA, USA), p-HSL Ser563 (4139; CST), HSL (4107; CST) 
and -actin (4967; CST) at 4°C. Corresponding secondary anti-
body was incubated for 2 h and the membrane were developed 
with PicoEPD western reagent (Elpis Biotech, Daejeon, Korea).

Histological analyses

Whole-mount immunofluorescence analyses were performed 
as described with minor modifications [25]. Whole-mount tissues 
were incubated with primary antibody against PECAM-1 (1:200 
dilution, MAB1398Z; Millipore, Billerica, MA, USA), ADRB1 
(1:200 dilution, PA1-049; Thermo Fisher Scientific, Waltham, 
MA, USA), ADRB2 (1:200 dilution, ab182136; Abcam), and 
ADRB3 (1:200 dilution) for 60 h at 4°C. After six washes of 20 
min each, the tissues were incubated overnight with the species-
specific secondary antibody. The stained whole-mount tissues 
were subsequently incubated with a fructose solution as an opti-
cal clearing agent to diminish the amount of light scattering. The 
adipocytes and nuclei in whole-mount VAT were stained with 

Fig. 3. Changes in visceral adipose tissue blood flow (VAT BF) to 3-adrenergic receptor stimulation in wild-type (WT) and adipose triglycer-

ide lipase (ATGL) knockout (KO) mice. (A–D) Phenotype comparison of body weight (A), total fat mass (B), fat pad weights (C), and total lean mass 
(D) between WT and ATGL KO mice at 10 weeks of age. (E) Timeline diagram for the experiment on changes in VAT BF by stimulation of 3-adrenergic 
receptor agonist CL316,243. Arrows represent the time point of the switch in the agonist delivery. (F) Comparison of changes in VAT between the 
vehicle (n = 8) and CL316,243 (n = 8) infusion in WT mice at time point 30 min. (G) Comparison of changes in VAT between the vehicle (n = 4) and 
CL316,243 (n = 7) infusion in ATGL KO mice at time point 30 min. *p < 0.05.
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Fig. 4. Expression of 3-adrenergic 

receptor-mediated lipolysis associ-

ated mRNA and protein in visceral 

adipose tissue (VAT) of wild-type (WT) 

and adipose triglyceride lipase (ATGL) 

knockout (KO) mice. (A) Comparison of 
the gene expression of Adrb3, Pnpla2, 
and Lipe in VAT of WT and ATGL KO mice. 
The relative mRNA expression was calcu-
lated using the ΔΔCt method (2–ΔΔCt). (B) 
Western blot analysis of lipolysis associ-
ated proteins, including ADRB3, ATGL, 
HSL, and p-HSL Ser563. (C–E) The relative 
intensity of ADRB3 (C), ATGL (D), and 
phosphorylation of HSL on serine 563 
(E). Adrb3, beta-3 adrenergic receptor; 
Pnpla2, Patatin Like Phospholipase Do-
main Containing 2 known as ATGL; Lipe, 
Lipase E, Hormone Sensitive Type known 
as hormone-sensitive lipase (HSL). *p < 
0.05: WT (n = 7) vs. ATGL KO (n = 5) mice.
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C D E

Fig. 5. Comparison of adipose tissue vessel morphology and angiogenesis-related mRNA expression in visceral adipose tissue (VAT) of wild-

type (WT) and adipose triglyceride lipase (ATGL) knockout (KO) mice. (A) Representative images of vasculature and adipocytes of whole-mount 
VAT in WT and ATGL KO mice. Images are shown at a magnification of ×100. Scale bars, 100 m. (B, C) Quantitative total vessel area (B) and vessel 
density normalized to average adipocyte size (C) between WT and ATGL KO mice. (D, E) Quantification of mean area of adipocyte (D) and distribution 
of adipocyte size (E) between WT and ATGL KO mice. (F) Comparison of the expression levels of genes related to angiogenesis in VAT of WT and ATGL 
KO mice. The relative mRNA expression was calculated using the ΔΔCt method (2–ΔΔCt). Hif1a, hypoxia-inducible factor 1, alpha subunit; Vegfa, vascu-
lar endothelial growth factor A; Kdr, kinase insert domain protein receptor; Fgf1, fibroblast growth factor 1; Fgf2, fibroblast growth factor 2; Pecam1, 
platelet endothelial cell adhesion molecule 1. *p < 0.05.
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BODIPY (1:1,000 dilution, D-3835; Invitrogen) and DAPI (1:1,000 
dilution, D9542; Sigma-Aldrich). All images were captured under 
a confocal microscope (Zeiss confocal LSM 700 laser scanning 
microscope) at a magnification of ×100 or ×500.

Statistical analyses

Data were analyzed using GraphPad Prism 6.0 software 
(GraphPad Software Inc., San Diego, CA, USA) and expressed as 
mean ± standard error of the mean. Changes in VAT BF were an-
alyzed using two-way ANOVA followed by Bonferroni’s multiple 
comparison test. Student’s t-test was performed for data analysis 
between ATGL KO mice and WT littermates. p < 0.05 was con-
sidered statistically significant.

RESULTS

Effect of local -adrenergic receptor subtypes 
stimulation on VAT BF in mice

To identify the effect of each -adrenergic receptor (-AR) sub-
type on the regulation of visceral adipose tissue blood flow (VAT 
BF), we compared changes in VAT BF of CD-1 mice during local 
infusion of 1-, 2-, or 3-AR subtype-selective agonists into 
VAT. Local delivery of CL316,243, a selective 3-AR agonist, into 
VAT at a concentration of 10–4 M significantly increased VAT BF 
of CD-1 mice to a greater extent compared to that of the vehicle. 
However, local delivery of dobutamine, a selective 1-AR agonist, 
and salbutamol, a selective 2-AR agonist, into VAT did not alter 
VAT BF of CD-1 mice (Fig. 1B–D). These results suggest a selec-
tive role of 3-AR stimulation on VAT BF in mice.

Differential localization of -adrenergic receptor 
subtypes in VAT of mice

To determine the expression of each -AR subtype in VAT, we 
measured the expression levels of Adrb1, Adrb2, and Adrb3 in 
VAT of CD-1 mice or C57BL/6N mice. All three -AR subtypes 
were expressed in VAT of CD-1 and C57BL/6N mice. The expres-
sion level of Adrb3 was higher than that of Adrb1 and Adrb2 in 
VAT of CD-1 mice (Fig. 2A). To better understand the distribu-
tion of each -AR subtype in VAT, we compared the expression 
levels of Adrb1, Adrb2, and Adrb3 in mature adipocytes and 
stromal vascular fraction (SVF) obtained from VAT of C57BL/6N 
mice or performed a colocalization study in VAT using endothe-
lium or adipocytes markers. The expression level of Adrb1 be-
tween the adipocyte and the SVF was similar. Adrb2 was highly 
expressed in the SVF compared to the adipocytes. In contrast, 
Adrb3 was highly expressed in the adipocyte compared to the 
SVF (Fig. 2B–D). Consistent with the differential distribution 
of each -AR subtype, ADRB3 signals were mostly co-localized 

with the BODIPY+ adipocytes rather than the PECAM1+ vessels 
in VAT of the mice. In contrast, we detected co-localization of 
the ADRB2 with the PECAM1+ vessels. ADRB1 was expressed 
around the adipocyte nuclei, but rarely in the PECAM1+ vessels 
(Fig. 2E, F). These results indicated that the 3-AR subtypes were 
predominantly localized in adipocytes within VAT of the mice, 
implying a potential role of 3-AR-mediated lipolysis in the regu-
lation of VAT BF.

Effect of local 3-adrenergic receptor subtype 
stimulation on VAT BF in global ATGL KO mice

To investigate the role of 3-AR-mediated lipolysis in the 
regulation of VAT BF, we compared changes in VAT BF between 
ATGL KO and WT littermate mice at 10 weeks of age during 
local infusion of CL316,243 into VAT. ATGL, a target of 3-AR 
signaling, catalyzes the first step in the hydrolysis of triglycer-
ides [26,27]. Body weight and total fat mass were significantly 
higher in ATGL KO mice than in WT mice (Fig. 3A, B). The 
increase in total fat mass was mainly because of brown adipose 
tissue mass rather than WAT including visceral epididymal and 
subcutaneous inguinal adipose tissue (VAT and SAT) at the age 
of 10 weeks (Fig. 3C). However, no significant difference in lean 
mass was observed between WT and ATGL KO mice (Fig. 3D). 
Consistent with the changes observed in VAT BF of CD-1 mice, 
local infusion of CL316,243 into VAT significantly increased VAT 
BF of WT mice to a greater extent compared to that of the vehicle 
(Fig. 3F). However, the infusion of CL316,243 into VAT did not 
enhance VAT BF in ATGL KO mice (Fig. 3G). These results sug-
gest that changes in VAT BF induced by stimulation of the 3-AR 
subtype might be regulated via ATGL-mediated lipolysis.

Effect of absence of ATGL on -adrenergic receptor-
mediated lipolysis pathway

To investigate whether the absence of ATGL affects other sig-
naling molecules related to the -adrenergic receptor-mediated 
lipolysis pathway, we compared the expression levels of genes 
and proteins associated with lipolysis in VAT between WT and 
ATGL KO mice at 10 weeks of age. We confirmed the absence 
of ATGL gene and protein expression in VAT of ATGL KO mice 
(Fig. 4A, B, and D). The expression level of ADRB3 protein was 
higher in VAT of ATGL KO mice than in that of WT mice, al-
though that of Adrb3 was not different between WT and ATGL 
KO mice, presumably indicating a compensatory upregulation in 
ADRB3 expression (Fig. 4A–C). However, the expression levels 
of Lipe, encoding HSL, an enzyme that catalyzes the hydrolysis 
of diacylglycerol to monoacylglycerol, and the phosphorylated 
HSL on serine563, measured as the ratio of p-HSL Ser563:HSL, were 
not significantly different between WT and ATGL KO mice (Fig. 
4A, B, and E). The results indicated that the absence of ATGL 
did not cause a compensatory increase in HSL activity, presum-
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ably not affecting the deficiency of lipolysis in VAT of ATGL KO 
mice. Therefore, these findings suggest that the absence of ATGL-
mediated lipolysis contributes to the lower vascular reactivity in 
VAT of ATGL KO mice.

Effect of absence of ATGL-mediated lipolysis on 
angiogenic activity in VAT

To investigate the association of impaired VAT vascular reac-
tivity with VAT morphology in ATGL KO mice, we compared 
vessel density and adipocyte size in VAT between WT and ATGL 
KO mice (Fig. 5A). We found no significant differences in vessel 
density in VAT between WT and ATGL KO mice (Fig. 5B, C). 
The average size of VAT adipocytes was not significantly different 
between the groups. However, the fraction of bigger adipocytes 
tended to be higher and that of smaller adipocytes was lower in 
the VAT of ATGL KO mice than in VAT of WT mice (Fig. 5D, E).

Inadequate tissue perfusion results in less oxygen diffusion and 
increases the demand for tissue remodeling, including angiogene-
sis [2,5,28,29]. To determine whether impaired vascular reactivity 
promotes angiogenic activity in VAT, we compared the expres-
sion levels of angiogenesis-related genes in VAT between WT and 
ATGL KO mice. Consistent with the lower vascular reactivity in 
VAT of ATGL KO mice than in the VAT of WT mice, the expres-
sion levels of angiogenesis-related genes including Vegfa, Kdr, 
Fgf2, and Pecam1 were markedly higher in VAT of ATGL KO 
mice than in that of WT mice (Fig. 5F). These results suggest that 
the absence of ATGL-mediated lipolysis promotes angiogenesis in 
VAT, presumably by lowering VAT vascular reactivity.

DISCUSSION

The aim of this study was to identify the role of -AR subtypes 
in the regulation of adipose tissue blood flow (ATBF) in mice. 

-AR stimulation contributes to the postprandial enhancement 
of ATBF, which is hypothesized to regulate functional metabo-
lism by exchanging nutrients and wastes from adipocytes [1,12]. 
Given the role of ATBF in the maintenance of adipose tissue 
function, it was important to identify the mechanisms underly-
ing the regulation of ATBF to develop novel strategeis for treating 
obesity [2,3,5,29,30]. In this study, we showed that only 3-AR 
participated in the enhancement of VAT BF in mice, which might 
be associated with ATGL-mediated lipolysis.

To identify the involvement of each -AR subtype with the 
regulation of ATBF in mice, we used each -AR subtype-selective 
agonist in separate experiments to evaluate the responsiveness of 
vascular reactivity in VAT of mice. We, for the first time, showed 
that only stimulation of 3-AR by CL316,243, a 3-AR-selective 
agonist, increased VAT BF in mice. Three -AR subtypes coexist 
in various tissues, such as the heart, adipose tissue, lung, bladder, 
and uterus. Notably, 1-AR, expressed in the heart, contributes 
to myocardial contractility. 2-AR, abundantly located in the 
airway and vascular smooth muscles, involves vasorelaxation. 3-
AR, predominantly expressed in the adipose tissue, is the major 
receptor that mediates lipolysis [31]. In this study, we detected the 
expression of all three -AR subtypes in VAT of mice. Addition-
ally, we showed that 3-AR were mainly expressed in adipocytes 
within VAT of mice while 2-AR in endothelium. Given the 
unique actions of each -AR subtype, it was surprising that only 
3-AR was involved in the regulation of ATBF, implying a role of 
3-AR-associated lipolysis in the -AR-mediated enhancement of 
ATBF (Figs. 1 and 2) [15,16].

Next, we investigated whether 3-AR-mediated lipolysis con-
tributed to the 3-AR stimulation-induced increase in VAT BF 
in mice. To test this hypothesis, we compared changes in VAT BF 
during the infusion of CL316,243 between WT and ATGL KO 
mice. We found that the 3-AR stimulation-induced increase in 
VAT BF was negated in ATGL KO mice, while it was consistently 
observed in WT mice (Fig. 3). Additionally, we confirmed that 

Fig. 6. Schematic diagram of the role of 3-adrenergic receptor-mediated lipolysis in the regulation of visceral adipose tissue blood flow. 
3-adrenergic receptor (AR) signaling contributes to -AR-mediated enhancement of visceral adipose tissue blood flow (VAT BF) in mice. Adipose tri-
glyceride lipase (ATGL) deficiency negates the enhancement of VAT BF induced by 3-AR stimulation, suggesting the role of ATGL-mediated lipolysis 
in the regulation of VAT BF. This process may contribute to VAT remodeling in the development of obesity. TAG, triacylglycerol; HSL, hormone-sensitive 
lipase; MGL, monoglyceride lipase.
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the absence of ATGL did not affect the activity of HSL, another 
key enzyme for lipolysis, in ATGL KO mice, implicating the ex-
clusion of the possibility of a compensatory increase in lipolysis 
(Fig. 4). Thus, the results indicated a potential role of ATGL-
mediated lipolysis in 3-AR stimulation-induced increase in VAT 
BF. In humans, the level of plasma norepinephrine in response 
to meal intake positively correlates with vascular reactivity in 
adipose tissue [7]. The postprandial enhancement of subcutane-
ous ATBF is lower in obese humans than in lean subjects; further, 
catecholamine-induced lipolysis is markedly lower in obese indi-
viduals [32,33]. Therefore, these studies support the link between 
lipolysis and vascular reactivity in this study.

In accordance with previous studies [34,35], we observed that 
global ATGL KO mice had greater body weight and total fat mass 
than WT mice, owing to the excessive lipid accumulation in the 
brown adipose tissue and heart of the former group. However, we 
did not observe significant differences in VAT and SAT masses 
between the two groups at 10 weeks of age (Fig. 3). Consistently, 
the average size of adipocytes and vessel density in VAT were not 
significantly different between WT and ATGL KO mice.

Given the effect of capillarization on ATBF in obesi-
ty [3,14,36,37], it is worth emphasizing that the difference in vas-
cular reactivity in response to 3-AR stimulation occurs indepen-
dently of the capillarization in the mice. Furthermore, we found 
that the expression levels of angiogenesis-related genes including 
Vegfa, Kdr, Fgf2, and Pecam1 were higher in the VAT of ATGL 
KO mice than in that of WT mice (Fig. 5). The responsiveness of 
ATBF is closely associated with the occurrence of angiogenesis in 
WAT [3]. Therefore, the low vascular reactivity due to the absence 
of ATGL-mediated lipolysis might increase angiogenic activity 
enough to meet the demand for oxygen and nutrients in the VAT 
of ATGL KO mice (Fig. 6).

In conclusion, our findings indicate that VAT 3-AR signaling 
might play an important role in regulating VAT BF via ATGL-
mediated lipolysis in mice. Further studies on the role of AT 
vascular reactivity via lipolysis in the development of obesity are 
required to help develop new strategies for a therapeutic approach 
to obesity.
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