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Anti‑obesity effects of heat‑transformed 
green tea extract through the activation 
of adipose tissue thermogenesis
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Abstract 

Background:  Adipose tissue thermogenesis is a potential therapeutic target to increase energy expenditure and 
thereby combat obesity. The aim of the present study was to investigate the thermogenic and anti-obesity effects of 
heat-transformed green tea extract (HTGT) and enzymatically modified isoquercetin (EMIQ).

Methods:  Immortalized brown pre-adipocytes and C3H10T1/2 cells were used for in vitro analyses. A high-fat diet 
(HFD)-induced obesity mouse model and CIDEA-reporter mice were used for in vivo experiments. The effects of HTGT 
and EMIQ on mitochondrial metabolism were evaluated by immunoblot, mitochondrial staining, and oxygen con‑
sumption rate analyses. In vivo anti-obesity effects of HTGT and EMIQ were measured using indirect calorimetry, body 
composition analyses, glucose tolerance tests, and histochemical analyses.

Results:  Co-treatment with HTGT and EMIQ (50 μg/mL each) for 48 h increased brown adipocyte marker and mito‑
chondrial protein levels (UCP1 and COXIV) in brown adipocytes by 2.9-fold, while the maximal and basal oxygen con‑
sumption rates increased by 1.57- and 1.39-fold, respectively. Consistently, HTGT and EMIQ treatment increased the 
fluorescence intensity of mitochondrial staining in C3H10T1/2 adipocytes by 1.68-fold. The combination of HTGT and 
EMIQ (100 mg/kg each) increased the expression levels of brown adipocyte markers and mitochondrial proteins in 
adipose tissue. Two weeks of HTGT and EMIQ treatment (100 mg/kg each) led to a loss of 3% body weight and 7.09% 
of body fat. Furthermore, the treatment increased energy expenditure by 8.95% and improved glucose tolerance in 
HFD-fed mice.

Conclusions:  The current study demonstrated that HTGT and EMIQ have in vivo anti-obesity effects partly by increas‑
ing mitochondrial metabolism in adipocytes. Our findings suggest that a combination of HTGT and EMIQ is a promis‑
ing therapeutic agent for the treatment of obesity and related metabolic diseases.
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Background
Obesity is characterized by excess accumulation of adi-
pose tissue due to an imbalance between calorie intake 
and energy expenditure, and is a risk factor for the devel-
opment of type 2 diabetes and other metabolic diseases 
[1–3]. The steady increase in obesity and obesity-related 
metabolic diseases affirms the need for new approaches 
in the development of anti-obesity therapeutics.

Adipose tissue is categorized as brown adipose tissue 
(BAT) and white adipose tissue (WAT). Extra energy 
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intake is stored as triglycerides in the lipid droplets of 
adipocytes, primarily in WAT. WAT mobilizes free fatty 
acids into the circulation via lipolysis, the process by 
which triglycerides are hydrolyzed, in response to sys-
temic energy demands [4]. Lipolysis is mainly regulated 
by the beta-adrenergic receptor and its downstream 
cAMP-dependent protein kinase A (PKA) signaling path-
ways. PKA, directly and indirectly, activates lipolytic 
enzymes, including hormone-sensitive lipase (HSL) and 
adipose triglyceride lipase (ATGL) [4].

In contrast, BAT is a specialized thermoregulatory 
organ that dissipates energy as heat via uncoupling pro-
tein 1 (UCP1) expression [3]. WAT can recruit brown-
like adipocytes (beige adipocytes) and this process is 
called “browning of WAT” [3, 5]. Thus, the activation and 
recruitment of BAT metabolism are regarded as a thera-
peutic target to increase energy expenditure and thereby 
combat obesity. Browning of WAT can be induced by 
cold exposure and activation of the beta-adrenergic sign-
aling pathway [5]. In addition to these canonical activa-
tors of thermogenesis, several phytochemicals, including 
components in green tea extract (GTE) and enzymati-
cally modified isoquercitrin (EMIQ), have the potential 
to induce UCP1 expression and thermogenic programs in 
adipose tissue [6].

Clinical and preclinical studies support the anti-obe-
sity effects of GTE [7–9]; it reduced the body weight 
and body mass index of obese individuals in clinical tri-
als [10–12]. Heating processes can modify the chemical 
composition of the GTE [13, 14]. Several studies have 
demonstrated that heating increases the concentra-
tion of catechins, such as gallocatechin and gallocat-
echin gallate, while it lowers epicatechin levels such as 
EGCG. Rats fed a diet containing heat-treated tea cat-
echins showed decreased visceral fat, hepatic triacylg-
lycerol, serum triacylglycerol, and fatty acid synthase 
activity, suggesting its anti-obesity effect [15]. However, 
the effects of heat-modified green tea extract on adi-
pose tissue thermogenesis or browning of WAT have 
not been investigated.

In this study, we investigated the synergistic anti-obe-
sity effects of a combination of HTGT and EMIQ using 
in  vitro adipocytes and HFD-induced obesity mouse 
model.

Methods and materials
Materials
Heat transformed green tea (HTGT: Lot #. 180426) 
was produced as described previously [16]. Briefly, 
dried leaf of green tea was extracted with 50% ethanol 
and heated at 115  °C for 5  h to facilitate the conver-
sion of epigallocatechin gallate to gallocatechin gallate 

(GCG). Enzymatically-modified isoquercitrin (EMIQ: 
Lot #. 20191102) were prepared by enzymatic hydroly-
sis of rutin, followed by transglycosylation reaction [17]. 
HTGT and EMIQ were provided by Amorepacific Corp. 
Gallocatechin gallate (GCG) and mirabegron were pur-
chased from Sigma (USA).

Cell culture
Brown adipocyte cell line was established by immor-
talization of preadipocytes obtained from interscapular 
BAT of mice as previously described [18]. Immortalized 
preadipocytes were cultured in growth medium (Dul-
becco’s modified Eagle’s medium (Welgene, South Korea) 
supplemented with 10% fetal bovine serum (Gibco, USA) 
and 1% penicillin/streptomycin (Thermo Fisher, USA)) 
at 37  °C in a humidified atmosphere with 5% CO2. For 
adipocyte differentiation, confluent preadipocytes were 
exposed to differentiation medium containing 2.5  mM 
of isobutylmethylxanthine (IBMX, Cayman, USA), 1 μM 
of dexamethasone (Cayman, USA), 10  μg/mL of insu-
lin (Sigma, USA), 125  μM of indomethacin (Cayman, 
USA) and 1 nM of triiodothyronine (T3, Cayman, USA) 
for 3 days followed by maintenance medium containing 
insulin (10 μg/mL) and T3 (1 nM) for 3 days.

C3H10T1/2 (ATCC, USA) cells were cultured 
in growth medium. For adipogenic differentiation, 
C3H10T1/2 cells were exposed to DMEM containing 
20 ng/mL of bone morphogenetic protein 4 (BMP4, R&D 
systems, USA) for 2 days, differentiated in differentiation 
medium for 3 days, and exposed to maintenance medium 
for 3 days.

Animals
6-week-old male C57BL/6 mice (JA Bio, South Korea) 
and Cell death-inducing DNA fragmentation factor-like 
effector A (CIDEA) reporter mice (Cideatm1(Luc2/tdTomato)

Yjl/KMPC) were used for in  vivo experiments following 
approved protocols by Institutional Animal Care and 
Use Committees of Seoul National University (SNU-
200904-7-3, SNU-201221-3). CIDEA reporter mice were 
obtained as described previously [19]. All experiments 
were performed at Animal Center for Pharmaceutical 
Research in Seoul National University, where mice were 
housed at 22 ± 1 °C, 12-h light/12-h dark cycle condition 
with free access to food and water.

Mice were divided into the following three groups: a 
mirabegron (Mira) group, a co-treatment of HTGT and 
EMIQ group (H + E) and a vehicle group (CTL). Mira-
begron (10  mg/kg) was treated intraperitoneally once 
daily for 2  weeks as previously described with minor 
modification [20]. Combination of HTGT and EMIQ 
was dissolved in distilled water and treated orally at 
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high dose (100 + 100 mg/kg) or low dose (50 + 50 mg/
kg) once daily for 2  weeks. Control groups were 
received vehicle orally once daily for 2 weeks.

For diet-induced obesity mouse model, mice were 
fed with a 60% fat diet (D12492, Research Diets, USA) 
for 8 weeks. Then mice were intraperitoneally adminis-
tered with mirabegron (10 mg/kg) or orally treated with 
combination of HTGT and EMIQ (100 + 100  mg/kg) 
once daily for 2  weeks. Vehicle treated control group 
was included.

Immunoblot analysis
Immunoblot analysis was performed as previously 
described [21]. For the protein extraction, cells were 
lysed using RIPA Lysis and Extraction Buffer (Thermo 
Fisher, USA) containing SIGMAFAST Protease Inhibi-
tor (Sigma, USA) and PhosSTOP phosphatase inhibi-
tor (Roche, Switzerland). Adipose tissues were lysed 
using PRO-PREP Protein Extraction Solution (iNtRON 
Biotechnology, South Korea) containing SIGMAFAST 
Protease Inhibitor and PhosSTOP phosphatase inhibi-
tor. Protein concentration was measured using Pierce 
BCA Protein Assay Kit (Thermo Fisher, USA) and Mul-
tiSkan GO spectrophotometry (Thermo Fisher, USA) 
at 562 nm. Proteins were separated on 12% SDS–PAGE 
gel and subsequently transferred to Immun-Blot PVDF 
membrane (Bio-Rad, USA). Membranes were placed in 
blocking buffer (5% bovine serum albumin or 5% pow-
dered skim milk in TBST) for 1  h at room tempera-
ture and then incubated with primary antibody at 4  °C 
overnight. Subsequently, membranes were washed and 
incubated with secondary antibody for 1 h at room tem-
perature. The primary antibodies are listed in Additional 
file  1: Table  S1. Horseradish peroxidase-conjugated 
secondary anti-mouse and anti-rabbit (Thermo Fisher, 
USA) were used. Blots were detected with Fusion Solo 
chemiluminescence imaging system (Vilber Lourmat, 
France) and analyzed with EvolutionCapt software (ver-
sion 17.03). Intensities of band were quantified with 
National Institutes of Health Image J software (version 
1.52a).

Fluorescence staining of mitochondria and neutral lipid
Cells were incubated with MitoTracker Red CMXRos 
(1:3000; Thermo Fisher, USA) [22] and BODIPY™ 
493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-
3a,4a-Diaza-s-Indacene; 1:5000; Thermo Fisher, USA) 
[23] diluted in growth medium for 15  min at 37  °C for 
mitochondria and neutral lipid staining. Images were 
acquired by LSM800 confocal microscope (Zeiss, Ger-
many) and analyzed with Zen software (version 3.0).

Oxygen consumption rates
Oxygen consumption rates (OCRs) were measured as 
previously described [24] with minor modification using 
Seahorse Bioscience XFp Analyzer (Agilent, USA). For 
the measurement of OCRs, cells were incubated in XF 
DMEM base medium (pH 7.4; Agilent, USA) containing 
25 mM D-glucose (Sigma, USA) and 4 mM L-glutamine 
(Sigma, USA) at 37  °C. XFp Cell Mito Stress Test Kit 
(Agilent, USA) was used (2.5 μM of oligomycin, 0.5 μM 
of FCCP and 0.5 μM of rotenone/antimycin A) [21]. Basal 
and maximal respiration was calculated by subtraction of 
non-mitochondrial respiration. Proton leak related OCR 
was calculated by subtracting rotenone/antimycin A 
induced OCR from the oligomycin A-induced OCR [24]. 
OCRs were normalized with protein concentrations. The 
data were analyzed by Agilent Wave software (version 
2.6.0.31).

Bioluminescence imaging
In vivo bioluminescence imaging was performed as 
described previously [19]. Briefly, the region of interest of 
CIDEA reporter mice was shaved with an electric razor. 
D-luciferin (150 mg/kg, i.p., Goldbio, USA) were injected 
to CIDEA reporter mice and anesthetized with isoflurane 
gas (5% isoflurane gas and 2% isoflurane gas was used for 
induction and maintenance respectively). 10  min after 
the injection, bioluminescence signals were detected with 
Ami-X imaging systems (Spectral Instruments Imaging, 
USA). Images were acquired and quantified with Aura 
software (version 2.2.1.1).

Ex vivo triphenyl tetrazolium chloride assay
Ex vivo 2,3,5-triphenyl tetrazolium chloride (TTC, 
Sigma, USA) staining was performed to assay mitochon-
drial electron transport activity of adipose tissues [25]. 
Briefly, each tissue was minced to approximately 30  mg 
and incubated in PBS with 2% TTC for 15 min at 37 °C. 
Sequentially, tissues were fixed with 10% formalin for 
30 min at room temperature. For the formazan product 
extraction, each tissue samples were separately trans-
ferred into 95% ethanol and incubated at 4 °C overnight. 
The absorbance of extracted solutions was measured 
using MultiSkan Go spectrophotometry (Thermo Fisher, 
USA) at 485 nm and the values were normalized with tis-
sue weights.

Indirect calorimetry and body composition
After the mice were acclimatized to the system for 
2 days, VO2, VCO2, energy expenditure (EE), food intake 
and activity were monitored by PhenoMaster (TSE sys-
tem, Germany) for the next 3  days. During measure-
ment, mice were kept under condition of 24  °C and 
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12-h light/12-h dark cycle with food and water provided 
ad libitum [26]. Fat mass and lean mass of the mice were 
measured using nuclear magnetic resonance (NMR) 
scanning EchoMRI-700 (Echo Medical System, India) 
[26]. Measurement was conducted for 3 min per mouse 
to minimize the stress of the animals, and no anesthesia 
was performed.

Histology and immunohistochemistry
Hematoxylin and eosin (H&E) staining was performed 
using paraffin sections as previously described [21]. 
Briefly, adipose tissues were fixed using 10% forma-
lin (Sigma, USA) for 24  h and subjected to paraffin 
embedding. Subsequently, tissue blocks embedded 
in paraffin were sectioned into 5  μm thick slice. After 
deparaffinization, sections were stained using ClearView 
H&E Y alcoholic solution (BBC biochemical, USA). For 
immunostaining, deparaffinized sections of adipose tis-
sue were incubated with anti-UCP1 antibody (1:400; 
UCP11-A, Alpha Diagnostic International, USA) at 4  °C 
overnight and then with goat anti-rabbit Alexa Flour 488 
(1:500; Thermo Fisher, USA) as a secondary antibody for 
1 h at room temperature. Nuclei were stained with DAPI 
(Sigma, USA). LSM800 confocal microscope (Zeiss, Ger-
many) was used to acquire images and the data were ana-
lyzed with Zen software (version 3.0).

Glucose tolerance test
Glucose tolerance tests were performed [27] with 
16-week-old mice. Mice were fasted for 12 h before the 

test, without limiting access to water, and then intra-
peritoneally injected with 20% D-glucose (2 g/kg, Sigma, 
USA). Glucose concentrations in blood were measured at 
indicated time using Gluco Doctor Top meter and strip 
(Allmedicus, South Korea).

Fecal lipid extraction
The modified Folch’s extraction method was used for 
fecal lipid extraction as previously described [28]. 
Feces of mice were collected for 3  days and fecal lipids 
were extracted from 1  g of feces per mouse using 
chloroform:methanol solution (2:1) [28]. The solution 
was air-dried for 3 days.

Statistical analysis
Statistical analyses were performed using Prism 7 (ver-
sion 7.00). Data are presented as mean ± standard errors 
of the means (SEMs). Unpaired t-test was used to deter-
mine statistical significance between 2 groups.

Results
HTGT upregulated brown adipocyte marker expression 
and mitochondrial content in adipocytes in vitro
Immortalized brown preadipocytes were differentiated 
into adipocytes and then treated with GTE or HTGT. 
Immunoblot analysis was performed to examine the 
expression levels of the brown adipocyte marker, UCP1, 
and mitochondrial protein, cytochrome c oxidase subu-
nit 4 (COXIV). GTE increased the protein levels of 
UCP1 by 1.94 ± 0.07-fold and COXIV by 1.35 ± 0.06-fold 

Fig. 1  HTGT upregulated mitochondrial content in brown adipocytes. A Immunoblot analysis of adipocytes differentiated from immortalized 
brown preadipocytes treated with vehicle (CTL), GTE (100 μg/mL), or HTGT (100 μg/mL) for 48 h (n = 6). B Immunoblot analysis of adipocytes 
differentiated from immortalized brown preadipocytes treated with vehicle (CTL) or GCG (10 μM) for 48 h (n = 6)
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Fig. 2  Co-treatment with HTGT and EMIQ synergistically increased mitochondrial content and activity in adipocytes in vitro. A Immunoblot 
analysis of adipocytes differentiated from immortalized brown preadipocytes treated with vehicle control (CTL), HTGT (100 μg/mL), EMIQ (100 μg/
mL), or combination of HTGT and EMIQ (H + E, 50 μg/mL + 50 μg/mL) for 48 h (n = 6). B Immunoblot analysis of adipocytes differentiated from 
immortalized brown preadipocytes treated with vehicle control (CTL) or different ratio of combination of HTGT and EMIQ (1:1 (50 μg/mL + 50 μg/
mL), 1:3 (25 μg/mL + 75 μg/mL), 3:1 (75 μg/mL + 25 μg/mL)) for 48 h (n = 6). C Oxygen consumption rate (OCR) analysis of adipocytes differentiated 
from immortalized brown preadipocytes treated with vehicle control (CTL) or combination of HTGT and EMIQ (H + E, 50 μg/mL + 50 μg/mL) for 
48 h (n = 3). D MitoTracker staining of adipocytes differentiated from C3H10T1/2 cells treated with vehicle control (CTL) or HTGT (100 μg/mL), EMIQ 
(100 μg/mL), combination of HTGT and EMIQ (H + E, 50 μg/mL + 50 μg/mL) for 48 h (Size bar = 50 μm) (n = 3)
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(Fig.  1A), while HTGT increased UCP1 by 2.08 ± 0.07-
fold and COXIV by 4.0 ± 0.06-fold. The effects of HTGT 
were significantly greater than those of GTE (Fig.  1A), 
and the GCG levels in HTGT were higher than those in 
GTE. Therefore, we hypothesized that GCG is one of the 
bioactive components responsible for the higher thermo-
genic activity of HTGT. Indeed, GCG treatment signifi-
cantly increased UCP1 and COXIV expression in brown 
adipocytes by 1.6 ± 0.05 -fold and 2.3 ± 0.12-fold, respec-
tively (Fig. 1B).

Co‑treatment with HTGT and EMIQ increased 
mitochondrial content and metabolism in adipocytes
Next, the synergistic effects of HTGT and EMIQ, a 
known thermogenic inducer were investigated [29, 30]. 
The synergistic effects of co-treatment on brown adipo-
cyte marker expression and mitochondrial content were 
determined by immunoblot analyses. Single treatment 
with just HTGT (100  μg/mL) or EMIQ (100  μg/mL) 
upregulated UCP1 (Fig. 2A. 1.68 ± 0.04-fold-increase by 
HTGT; 1.60 ± 0.02 fold-increase by EMIQ) and COXIV 
(1.61 ± 0.097-fold-increase by HTGT; 1.86 ± 0.06-fold-
increase by EMIQ). The combination of HTGT and 
EMIQ had additive effects in brown adipocytes 
(2.91 ± 0.12 fold-increase in UCP1, 2.93 ± 0.11-fold-
increase in COXIV) (Fig.  2A). Various ratios were 
tested to find the most effective ratio of the mixture, 

and found that a 1:1 ratio of the combination exhibited 
the greatest upregulation of UCP1 and COXIV expres-
sion (Fig.  2B: (1:1) 3.10 ± 0.04 fold-increase in UCP1, 
3.66 ± 0.09 fold-increase in COXIV; (1:3) 1.62 ± 0.02 fold-
increase in UCP1, 2.22 ± 0.06 fold-increase in COXIV; 
(3:1) 1.69 ± 0.05 fold-increase in UCP1, 1.97 ± 0.11 fold-
increase in COXIV). Based on the western blot results, 
the combination of HTGT and EMIQ in a 1:1 ratio was 
used in all subsequent experiments. Next, effects of 
HTGT and EMIQ co-treatment on mitochondrial oxygen 
consumption rates were examined. This functional analy-
sis indicated that co-treatment increased mitochondrial 
metabolism, including basal, maximal and proton leak-
related respiration (Fig.  2C). Moreover, co-treatment 
with HTGT and EMIQ (HTGT 50 μg/mL, EMIQ 50 μg/
mL) increased mitochondrial membrane potential in 
white adipocytes differentiated from C3H10T1/2 cells, as 
demonstrated by MitoTracker staining (Fig. 2D).

Co‑treatment with HTGT and EMIQ reduced lipid content 
in adipocytes
Differentiated adipocytes from immortalized brown 
preadipocytes were treated with HTGT, EMIQ, or a 
combination of the two reagents. BODIPY was used 
to stain neutral lipid, mainly triglyceride in adipo-
cytes. BODIPY staining indicated that single and com-
bination treatment with HTGT and EMIQ reduced 

Fig. 3  Co-treatment with HTGT and EMIQ increased lipolysis in adipocytes in vitro. A Representative images and quantification of boron 
dipyrromethene fluorophore (BODIPY) staining of adipocytes differentiated from immortalized brown preadipocytes treated with vehicle control 
(CTL), HTGT (100 μg/mL), EMIQ (100 μg/mL), combination of HTGT and EMIQ (H + E, 50 μg/mL + 50 μg/mL) for 24 h (Size bar = 50 μm) (n = 3). B 
Immunoblot analysis of adipocytes differentiated from immortalized brown preadipocytes treated with vehicle control (CTL) or combination of 
HTGT and EMIQ (H + E, 50 μg/mL + 50 μg/mL) for 24 h (n = 6)
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lipid content in adipocytes (Fig.  3A). As lipolysis is a 
major mechanism for reducing lipid content in adipo-
cytes, HSL, a lipase involved in cytosolic lipolysis, was 
examined. In addition to the expression levels, phos-
phorylation of HSL at serine 660 was evaluated as an 
indication of HSL activation. Although HTGT and 
EMIQ did not affect the expression levels of HSL, the 
treatment increased the levels of phosphorylated HSL 
(serine 660) in adipocytes by 4.45 ± 0.13-fold com-
pared to CTL groups (Fig.  3B), indicating its lipolytic 
effects.

Co‑treatment with HTGT and EMIQ increased brown 
adipocyte marker expression in adipose tissue in vivo
Next, in  vivo effects of co-treatment with HTGT and 
EMIQ on adipose tissue browning were examined. 
CIDEA reporter mice were used to determine the most 
effective treatment dosage. CIDEA reporter mice were 
previously developed to monitor CIDEA expression 
through fluorescence and luminescence signals [19]. 
The effects of high-dose (HTGT + EMIQ: 100  mg/
kg each) and low-dose (HTGT + EMIQ: 50  mg/kg 
each) administration were compared, and mirabegron 

Fig. 4  Co-treatment with HTGT and EMIQ induced browning of adipose tissue in vivo. A In vivo bioluminescence imaging of CIDEA reporter mouse 
treated with vehicle control (CTL), mirabegron (Mira, 10 mg/kg), or combination of HTGT and EMIQ (H + E, 200 mg/kg (100 mg/kg + 100 mg/kg) or 
100 mg/kg (50 mg/kg + 50 mg/kg)) for 2 weeks (n = 6). B Quantification of bioluminescence in dorsal brown adipose tissue (BAT), lateral inguinal 
white adipose tissue (iWAT) and ventral iWAT from (A) (n = 6)

(See figure on next page.)
Fig. 5  Co-treatment with HTGT and EMIQ upregulated mitochondrial content and activity in adipose tissue in vivo. A, B Immunoblot analysis 
of brown adipose tissue (BAT) and inguinal white adipose tissue (iWAT) treated with vehicle (CTL), mirabegron (Mira, 10 mg/kg), or combination 
of HTGT and EMIQ (H + E, 200 mg/kg, 100 mg/kg each) or 100 mg/kg (50 mg/kg each)) for 2 weeks (n = 6). C Representative images UCP1 
immunostaining of paraffin sections from iWAT of mice treated with vehicle (CTL), mirabegron (Mira, 10 mg/kg) or combination of HTGT and EMIQ 
(H + E, 100 mg/kg each) for 2 weeks (Size bar = 50 μm). D Triphenyltetrazolium chloride staining of BAT, iWAT and gonadal white adipose tissue 
(gWAT) from mice treated with vehicle (CTL), mirabegron (Mira, 10 mg/kg) or combination of HTGT and EMIQ (H + E, 200 mg/kg (100 mg/kg each) 
for 2 weeks (n = 6)
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Fig. 5  (See legend on previous page.)
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Fig. 6  Co-treatment with HTGT and EMIQ protected mice from high-fat diet-induced obesity. A Schematic diagram of experimental design and 
treatment schedule. B Body weight monitoring of high-fat diet (HFD) fed mice treated with vehicle control (CTL), mirabegron (Mira, 10 mg/kg) 
and combination of HTGT and EMIQ (H + E, 100 mg/kg each) (n = 6). C Body weight change of HFD fed mice treated with vehicle control (CTL), 
mirabegron (Mira, 10 mg/kg) and combination of HTGT and EMIQ (H + E, 100 mg/kg each) during 2 weeks of treatment (n = 6). D Body composition 
of fat and lean of HFD fed mice treated with vehicle control (CTL), mirabegron (Mira, 10 mg/kg) and combination of HTGT and EMIQ (H + E, 100 mg/
kg each) (n = 6). E Hematoxylin and eosin (H&E) staining of brown adipose tissue (BAT), inguinal white adipose tissue (iWAT) and gonadal white 
adipose tissue (gWAT) obtained from HFD fed mice treated with vehicle control (CTL), mirabegron (Mira, 10 mg/kg) and combination of HTGT and 
EMIQ (H + E, 100 mg/kg each) (Size bar = 50 μm) (n = 6)
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(10  mg/kg), a well-known beta-3 adrenergic receptor 
(β3-AR)  agonist, was used as a positive control. Two 
weeks of treatment with a combination of HTGT and 
EMIQ increased the bioluminescence intensities of 
BAT and iWAT. The increase in the high-dose treated 
group was greater than in the low-dose group; particu-
larly, the levels of BAT in the high-dose group showed 
an increase comparable with that of the mirabegron-
treated group (Fig.  4A, B). In particular, high and low 
doses of co-treatment increased the bioluminescence 
intensity of BAT by 2.98 ± 0.14- and 2.51 ± 0.08-fold, 
respectively (Fig.  4B). In lateral and ventral iWAT, 
there were 2.7 ± 0.07- and 2.65 ± 0.03-fold increase 
by high dose, while 2.39 ± 0.06- and 2.34 ± 0.02-fold 
increase by low dose, respectively (Fig.  4B). Consist-
ent with in  vivo imaging results, immunoblot analysis 
indicated a greater effect of high-dose treatment on 
browning and mitochondrial contents compared to 
low doses (Fig.  5A, B). Therefore, we used a combina-
tion of HTGT and EMIQ at a high dose in subsequent 
experiments.

The induction of UCP1 expression in BAT by the high 
dose co-treatment was further validated by immunohis-
tochemical analysis (Fig. 5C). Additionally, TTC staining 
indicated upregulation of mitochondrial electron trans-
port in adipose tissue of mice treated with a combination 
of HTGT and EMIQ (Fig. 5D: 1.23 ± 0.03 fold-increase in 
BAT, 1.68 ± 0.04 fold-increase in iWAT, 2.89 ± 0.03 fold-
increase in gWAT).

Anti‑obesity effects of HTGT and EMIQ in high‑fat‑diet 
induced obesity mouse model
An HFD-induced obesity mouse model was used to 
assess the anti-obesity effects of HTGT and EMIQ. As 
shown in Fig.  6A, mice were treated with mirabegron 
or a combination of HTGT and EMIQ for 2 weeks after 
8  weeks of HFD feeding. During the 2  weeks of treat-
ment, mice treated with HTGT and EMIQ exhibited 
a significant reduction in body weight and fat mass 
(Fig.  6B–D). Moreover, co-treatment reduced the adi-
pocyte size in all the adipose tissue depots, which was 
observed using H&E staining (Fig. 6E), indicating protec-
tive effects against adipocyte hypertrophy. However, the 
treatment did not affect fecal fat content, suggesting that 

HTGT and EMIQ may not affect intestinal lipid absorp-
tion (Additional file 1: Fig. S1).

Furthermore, mice treated with HTGT and EMIQ 
exhibited greater VO2, VCO2 and energy expenditure 
(EE) (Fig. 7A). Combination treatment also elevated levels 
of brown adipocyte markers and mitochondrial proteins, 
including UCP1, COXIV and medium-chain acyl-CoA 
dehydrogenase (MCAD) in BAT and iWAT (Fig. 7B BAT: 
1.42 ± 0.02 fold-increase in MCAD, 1.40 ± 0.03 fold-
increase in COXIV; iWAT: 4.96 ± 0.51 fold-increase in 
UCP1, 2.09 ± 0.04 fold-increase in MCAD, 3.56 ± 0.37 
fold-increase in COXIV). In addition, improvements in 
glucose tolerance were observed in mice treated with 
HTGT and EMIQ, whose effect was comparable to that 
of mirabegron (Fig. 7C).

Collectively, these results indicate the therapeutic 
potential of HTGT and EMIQ in obesity-related diseases.

Discussion
Activation of adipose tissue thermogenesis has gained 
significant attention as a therapeutic target for obesity 
and related metabolic diseases [5, 26]. Therefore, great 
efforts have been made to develop reagents that can 
activate BAT and recruit brown adipocytes in WAT for 
anti-obesity therapeutics. In this regard, we aimed to 
determine the potent browning inducers among the phy-
tochemicals tested in this study. We demonstrated that a 
1:1 combination of HTGT and EMIQ potently increased 
brown adipocyte marker expression and mitochondrial 
content in adipocytes differentiated from immortalized 
brown pre-adipocytes, indicating that HTGT and EMIQ 
activate thermogenic metabolism of brown adipocytes. 
Moreover, in  vivo co-treatment with HTGT and EMIQ 
reduced body weight, increased energy expenditure, and 
improved glucose tolerance in a diet-induced obesity 
model.

The current study demonstrated that HTGT had a 
significantly greater effect on the induction of UCP1 
expression than GTE. While the thermogenic activity 
of EGCG in human and rodent models is controver-
sial [18, 31], our previous studies reported that EGCG 
did not significantly affect UCP1 expression in white 
adipocytes [18]. As the heating process can increase 
GCG levels and reduce content in GTE, we speculated 

(See figure on next page.)
Fig. 7  Co-treatment with HTGT and EMIQ increased energy expenditure and improved obesity-induced metabolic dysfunction. A Indirect 
calorimetry analysis of high-fat fed (HFD) mice treated with vehicle control (CTL), mirabegron (Mira, 10 mg/kg) and combination of HTGT and EMIQ 
(H + E, 100 mg/kg each) (n = 4). B Immunoblot analysis of brown adipose tissue (BAT) and inguinal white adipose tissue (iWAT) obtained from HFD 
fed mice treated with vehicle control (CTL), mirabegron (Mira, 10 mg/kg) and combination of HTGT and EMIQ (H + E, 100 mg/kg each) (n = 6). C 
Intraperitoneal glucose tolerance test (GTT) of HFD fed mice treated with vehicle control (CTL), mirabegron (Mira, 10 mg/kg) and combination of 
HTGT and EMIQ (H + E, 100 mg/kg each) (n = 6)
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Fig. 7  (See legend on previous page.)
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that GCG might be one of the bioactive constituents 
responsible for thermogenic activity. Indeed, GCG 
increased UCP1 expression in adipocytes in vitro. Fur-
ther investigation of the in vivo thermogenic effects of 
GCG and other constituents of HTGT is required to 
characterize the molecular mechanisms underlying the 
thermogenic activity of HTGT.

In the present study, we demonstrated that the combina-
tion of HTGT and EMIQ exerts anti-obesity effects, com-
parable to those of mirabegron, a clinically available β3-AR 
agonist [32]. The β3-AR signaling pathway is one of the pri-
mary regulatory mechanisms involved in thermogenesis in 
adipose tissue. Its agonists have been investigated as poten-
tial anti-obesity drugs [29, 33–36]. Consequently, although 
mirabegron is commonly used to treat overactive bladder 
syndrome [32], clinical trials to evaluate its anti-obesity 
effects have been conducted recently [37]. However, it has 
also been suggested that mirabegron can accelerate athero-
sclerotic plaque development through UCP1-dependent 
lipolysis [38], suggesting potential adverse effects in meta-
bolic disorders.

We investigated the effects of a combination of HTGT 
and EMIQ on the browning of WAT. Previous studies indi-
cated that EMIQ downregulates adipocyte differentiation 
and, simultaneously upregulates fatty acid oxidation and 
WAT browning through the activation of AMP-activated 
protein kinase (AMPK) α in vivo [30]. Another study sug-
gested that quercetin increases WAT browning and BAT 
nonshivering thermogenesis by upregulating β3-AR, 
mitogen-activated protein kinase (MAPK), and AMPK 
pathways in an HFD-induced obesity model in mouse 
[39]. Further investigation is required to understand the 
molecular mechanisms underlying the anti-obesity effects 
of HTGT and EMIQ.

The in vivo browning effect was monitored using non-
invasive imaging of a CIDEA reporter mouse model. Non-
invasive molecular imaging approaches enable a more 
efficient dose–response assessment than conventional 
drug screening methods that require invasive tissue sam-
pling. In this study, 2 weeks of high-dose treatment dem-
onstrated greater induction of CIDEA expression in BAT 
and iWAT than low-dose treatment. Thus, the high dose 
was selected as the optimal dose to test in vivo anti-obesity 
effects in an HFD-induced obese mouse model. Although 
not investigated in this study, low-dose, long-term effects 
warrant further investigation as they are more relevant to 
the clinical application than short-term effects, consider-
ing the general consumption patterns of dietary supple-
ments [40].

In this study, we focused on the effects of HTGT and 
EMIQ on adipose tissue metabolism. Although adipose 
tissue is a central metabolic organ involved in the patho-
genesis of obesity-related metabolic diseases, the potential 

health benefits of HTGT and EMIQ treatment, such as 
insulin sensitivity and anti-inflammatory effects in other 
metabolic organs, need further investigation.

Combination treatment can amplify the effects of rea-
gents synergistically as multiple signaling pathways can be 
targeted simultaneously. Several non-canonical pathways 
for the induction of thermogenic programs have been 
identified; therefore, a combination treatment targeting 
these multiple molecular players in thermogenic programs 
would be a powerful strategy to combat obesity-related 
metabolic disorders. Metabolic syndrome is also associated 
with multiple pathologic events and conditions in various 
metabolic organs; thus, combination drug therapies would 
have greater efficacy than single medication therapies.

Conclusions
In summary, we investigated the synergistic anti-obe-
sity effects of a combination of HTGT and EMIQ using 
in  vitro adipocytes and an HFD-induced obesity mouse 
model. Our findings suggest that a combination of HTGT 
and EMIQ is a promising therapeutic agent for the treat-
ment of obesity and related metabolic diseases.
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