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glucose intolerance test, blood lipid profile and BAT activa-
tion using PET-CT were assessed.
Results After myricetin treatment for 14 weeks, systemic 
insulin resistance and hepatic steatosis were significantly 
improved in db/db mice with body weight reduction and 
myricetin led to decreased adipocity, improved plasma 
lipid profiles and increased energy expenditure. Myricetin 
activated BAT by upregulating thermogenic protein expres-
sion and activating mitochondrial biogenesis, eventually 
increasing heat dissipation in skin after cold exposure. In 
iWAT, myricetin induced beige formation, increased ther-
mogenic protein expression and activated mitochondrial 
biogenesis. Consistently, thermogenic gene expression was 
upregulated when myricetin was introduced in  C3H10T1/2 
cells during brown adipocytes differentiation. Moreo-
ver, the expression level of adiponectin was significantly 
increased in  C3H10T1/2 cells, adipose tissues and plasma 
after myricetin treatment.
Conclusions These results highlight that myricetin pre-
vents obesity and systemic insulin resistance by activating 
BAT and increasing adiponectin expression in BAT.

Keywords Myricetin · Brown adipose tissue · Inguinal 
white adipose tissue · Obesity

Abbreviations
BAT  Brown adipose tissue
iWAT  Inguinal white adipose tissue
PGC1-α  Peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha
PGC1-β  Peroxisome proliferator-activated receptor 

gamma coactivator 1-beta
UCP1  Uncoupling protein-1
CHO  Cholesterol
TG  Triacylglyceride

Abstract 
Purpose Myricetin, a dietary flavonoid, is effective in the 
treatment of obesity and insulin resistance by increasing 
glucose transport and lipogenesis in adipocyte and dimin-
ishing systemic inflammation in obesity. However, it has 
not been revealed yet whether myricetin is associated with 
brown adipose tissue (BAT) activation that tightly mediates 
systemic energy metabolism. Therefore, this study assessed 
whether myricetin activated brown adipose tissue in db/db 
mouse.
Methods Myricetin (400 mg/kg) in distilled water was fed 
daily by oral gavage to leptin receptor-deficient db/db male 
mice at 4 weeks of age for 14 weeks. Body weight change, 
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LDL  Low-density lipoprotein
HDL  High-density lipoprotein
ATP5A  ATP synthase, H + transporting, mitochondrial 

F1 complex, alpha 1
UQCRC2  Cytochrome b-c1 complex subunit 2
SDHB  Succinate dehydrogenase [ubiquinone] iron–

sulfur subunit, mitochondrial
SIRT1  NAD-dependent deacetylase sirtuin-1
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
TH  Tyrosine hydroxylase
dio2  Dopamine and iodothyronine deiodinase types 

2
TBX1  T-box transcription factor TBX1
TMEM26  Transmembrane protein 26

Introduction

The prevalence of obesity is associated with adverse health 
outcomes such as type 2 diabetes, fatty liver disease, stroke, 
cardiovascular diseases, and certain types of cancer [1, 2]. 
The pharmacological approaches to the treatment of obe-
sity have been focused on reducing food absorption and/or 
depressing appetite. Now, Food and Drug Administration 
(FDA) recommends only five drugs (orlistat, phentermine/
topiramate, bupropion/naltrexone, liraglutide, and lorca-
serin) for obese patients [3]. However, pharmacological 
treatment for obesity can cause side effects including head-
ache, insomnia, nausea and respiratory infections and its 
outcome has not been satisfied yet [3].

Since it had been reported that human adults have func-
tional BAT [4–6], BAT activation has received great atten-
tion as an alternative therapeutic option for the treatment 
of obesity and insulin resistance (IR) due to its importance 
on energy metabolism. BAT is characterized by multilocu-
lar lipid droplets and higher number of mitochondria that 
uncouples fuel oxidation from ATP to generate heat [7]. 
BAT is the main organ to produce non-shivering thermo-
genesis (NST) and maintain whole-body temperature [8]. 
Multiple lines of evidence have demonstrated that cold-
induced NST reverses obesity and improves insulin sensi-
tivity by activating BAT [9, 10]. Recently, our group dem-
onstrated that BAT transplantation suppresses body weight 
gain and ameliorates IR by activating endogenous BAT in 
obese mice [11, 12]. Furthermore, we also reported that 
BAT transplantation ameliorates anovulation, hyperandro-
genism and polycystic ovary with an improvement of IR in 
polycystic ovary syndrome (PCOS) that is a complex endo-
crinopathy [13]. In addition, BAT activity has a negative 
correlation with BMI and the percentage of body fat [5, 14] 
highlighting an important role of BAT in energy balance.

As a third type of adipocyte, brown adipocytes in white 
adipose tissue (WAT), called brite/beige cells, are recruited 

in WAT by cold exposure or β3-adrenoceptor agonist treat-
ment and they express uncoupling protein-1 (UCP1), one 
of the specific markers of brown adipocyte [15]. The gene 
signatures of beige cells have a similarity with those of 
classical BAT rather than WAT [15] and the recruitment 
of beige cells in WAT also increases energy metabolism, 
leading to the improvement of metabolic disorders [16, 17]. 
Therefore, activation of brown adipocytes and beige for-
mation may provide a new promising strategy for clinical 
application to treat obesity and metabolic diseases.

Myricetin is a dietary flavonoid that is abundant in 
plants such as berries, tea, fruits, wines and vegetables 
[18]. Myricetin has various biological functions including 
antioxidant, cytoprotective, antiviral, antimicrobial, anti-
inflammatory, and antiplatelet activities [19]. Additionally, 
myricetin stimulates glucose transport in rat adipocytes 
and enhances insulin-stimulated lipogenesis [20]. Moreo-
ver, myricetin treatment ameliorates hyperglycemia in dia-
betic rat [20], and normalizes the carbohydrate metabolic 
products and renal function markers in streptozotocin and 
cadmium-induced diabetic nephrotoxic rats [21]. Recently, 
it has been reported that myricetin improves IR in diet-
induced obese mouse by diminishing the level of serum 
inflammatory cytokines [22]. Although BAT activation is 
commonly associated with the reduction of body fat, it has 
not been studied yet whether myricetin has BAT activation-
mediated anti-obesity effect.

In the present study, we revealed that myricetin activated 
BAT in db/db mice. Consequently, myricetin protected 
against body weight gain without change of diet consump-
tion and improved IR, glucose tolerance and hepatic steato-
sis in db/db mice. In addition, myricetin also induced beige 
formation in inguinal white adipose tissue (iWAT). Collec-
tively, our results show that myricetin-mediated BAT acti-
vation and beige formation contribute to the improvement 
of adverse metabolic phenotypes in db/db mice.

Materials and methods

Mice

C57BLKS/J-Leprdb/Leprdb (db/db) male mice were pur-
chased from the Biomedical Research Institute of Nanjing 
University. Mice were housed under constant environmen-
tal condition in the Office of Laboratory Animal Welfare-
certified animal facility with a 12-hour light–dark cycle. 
Food and water were provided ad  libitum. Mice were 
treated with myricetin (400 mg/kg, Aladdin Inc, Shanghai, 
China) in distilled water daily by oral gavage from 4 weeks 
of age for 14 weeks (N = 10) [23]. Control mice (Cont) 
were treated with same volume of vehicle (distilled water) 
daily by oral gavage from 4 weeks of age for 14 weeks 
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(N = 10). After 14 weeks of treatment, mice were killed 
and then BAT and iWAT were snap frozen in liquid nitro-
gen and stored at −80 °C for molecular analysis or formalin 
fixed for histologic analyses. Ethical approval was obtained 
for all animal procedures from the Institutional Animal 
Care and Use Committee of Institute of Zoology, Chinese 
Academy of Sciences and all procedures complied with the 
NIH Guide for the Care and Use of Laboratory Animals.

Body composition

Mice were weighed every week. At 18 weeks of age, body 
composition was analyzed by a desktop NMR analyzer 
(MesoQMR 23-060H-I, Niumag Corporation, China) 
according to the manufacturer’s instruction.

Metabolic assessment

For glucose tolerance tests (GTT), mice were fasted for 
16 h (17:00–9:00) with free access to drinking water. Blood 
glucose level was determined using an Accu-Chek glu-
cose monitor (Roche Diagnostics Corp, Pleasanton, CA, 
USA) immediately before, 15, 30, 60 and 120  min after 
intra-peritoneal glucose injection (1.0  g/kg). For insulin 
tolerance test (ITT), mice were fasted for 4 h (9:00–13:00) 
and human insulin (0.8 units/kg, Humulin; Eli Lilly) was 
injected intraperitoneally. Blood glucose level was deter-
mined immediately before, 15, 30, 45 and 60  min after 
insulin injection.

Oxygen consumption and physical activity

Metabolic rate was measured by indirect calorimetry with 
an open flow system (Sable, FoxBox, North Las Vegas, 
USA) as described previously [24]. Briefly, mice were 
adapted to the system for 20–24 h and then  VO2 and  VCO2 
were measured during next 24 h. Heat production and RER 
were calculated as described previously [11]. Voluntary 
activity of each mouse was measured using optical beam 
technique (Opto-M3; Columbus Instruments, Columbus, 
OH, USA) over 24  h and was expressed as 24-h average 
activity. During measurement, mice were maintained at 
24 °C under 12-h light/dark cycle with free access to food 
and water.

Positron emission tomography-computed tomography 
(PET-CT)

PET/CT imaging was acquired with the Siemens Inveon 
Dedicated PET (DPET) System and Inveon Multimodality 
(MM) System (CT/SPECT) (Siemens Preclinical Solutions, 
Knoxville, TN, USA) at the Institute of Laboratory Animal 
Sciences, Chinese Academy of Medical Sciences. Before 

the experiment, the db/db mice were fasted overnight and 
then each mouse was anesthetized with isoflurane. Subse-
quently, each mouse was injected with about 800 mCi 18F-
FDG intravenously. The db/db mice were subjected to PET/
CT analysis 1 h after the 18F-FDG injection using Inveon 
Acquisition Workplace (IAW) software. A 10-min CT 
X-ray for attenuation correction was scanned with a power 
of 80 kv and 500  mA and an exposure time of 1100  ms 
before the PET scan. After that, PET scan was performed 
within the remaining 10  min. The images were recon-
structed with the three-dimensional ordered-subsets expec-
tation maximum (OSEM). The three-dimensional regions 
of interest (ROIs) were drawn over the guided CT images 
and the 18F-FDG absorption rate was expressed as the per-
cent of the injected dose per gram of body weight (%ID/g) 
using Inveon Research Workplace (IRW) (Siemens) soft-
ware. We quantified BAT activity using the standardized 
uptake value (SUV), which was determined by dividing 
the relevant ROI concentration by the ratio of the injected 
activity to the body weight.

Core body temperature and infrared thermography

Mice were exposed to cold chamber (6 °C) for up to 4  h 
with free access to food and water. The rectal probe con-
nected to digital thermometer (Yellow Spring Instruments, 
Yellow Spring, OH, USA) was used to measure the core 
body temperature after cold exposure. Skin temperature 
was measured by the infrared digital thermographic camera 
(E60: Compact Infrared Thermal Imaging Camera; FLIR; 
West Malling, Kent, UK) and images were analyzed using 
the FLIR Quick Report software (FLIR ResearchIR Max 
3.4; FLIR; West Malling).

Plasma lipid profile

After euthanization with Avertin (240  mg/kg, Sigma, 
USA), blood was taken from heart and then plasma was 
collected to detect the level of cholesterol (CHO), triacyl-
glyceride (TG), low-density lipoprotein (LDL) and high-
density lipoprotein (HDL) using ELISA kits (NanJing Jian 
Cheng Bioengineering Institute).

Histologic analysis and immunohistochemistry

Tissues were fixed with 4% paraformaldehyde overnight 
at room temperature and then embedding and section-
ing were performed. Sections with 5-μm thickness were 
stained with hematoxylin and eosin (H&E) then images 
were acquired by microscope (DS-RI1, Nikkon, JP). The 
mean area of 50–100 random adipocytes from each animal 
was calculated as previously described [25]. To detect neu-
tral lipid, cryo-sectioned liver tissue was stained with 0.2% 
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(w/v) Oil-Red O (Sigma–Aldrich, St. Louis, MO, USA) 
for 10 min at RT after fixation. For UCP1 staining, tissue 
specimens were deparaffinized, boiled in sodium citrate 
buffer (10  mM sodium citrate, 0.05% Tween 20, pH 6.0) 
for 20 min, blocked with 5% normal goat serum for 60 min, 
incubated with anti-UCP1 antibody (1:400 dilution; Santa 
Cruz Biotechnologies) at 4 °C overnight and then incu-
bated with the HRP-conjugated secondary antibody for 1 h 
at room temperature. UCP1 signal was detected with DAB 
kit (ZSGB-BIO, Beijing, China) according to the manufac-
turer’s instruction and images were acquired by microscope 
(DS-RI1, Nikkon, JP).

RNA isolation and gene expression analysis

Total RNA was extracted from BAT and iWAT using TRI-
zol isolation reagent (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instruction. RNA concentration 
was spectrophotometrically determined using NanoDrop 
(Thermo Scientific). Two microgram of RNA from tis-
sue was reverse transcribed using murine leukemia virus 
reverse transcriptase and oligo (dT)16 primer. The result-
ing cDNAs from tissue samples were assayed in duplicate. 
qRT-PCR was conducted using 2X SYBR green PCR mas-
ter mix on a real-time PCR system (Applied Biosystems). 
Gene expression data was normalized to the housekeeping 
gene cyclophilin A and analyzed using the delta delta cycle 
threshold method (ΔΔCt) [26]. Primer sets are described in 
supplementary Table 1.

Western blot analysis

Tissues were dissolved in RIPA buffer [150  mM sodium 
chloride, 1.0% TritonX-100, 0.5% sodium deoxycholate, 
0.1% SDS, 50 mM Tris, protease and phosphatase inhibitor 
cocktail (Roche Diagnostics Corp, Pleasanton, CA, USA)]. 
Protein concentrations were determined using a BCA assay 
kit (Pierce Diagnostics Corp, Pleasanton, CA, USA). Pro-
tein was separated by 10 or 15% SDS-PAGE, transferred to 
PVDF membrane (Millipore Billerica, MA, USA), blocked 
in 5% skim milk in TBST (0.02 M Tris base, 0.14 M Nacl, 
0.1% Tween 20, pH 7.4), incubated with primary antibod-
ies for overnight at 4 °C and then incubated with second-
ary antibodies conjugated with HRP. Signals were detected 
with Super Signal West Pico Chemiluminescent Substrate 
(Pierce, Rockford, IL, USA) and were visualized and ana-
lyzed by densitometric scanning (Image Quant TL7.0, GE 
healthcare Bio-Sciences AB). Primary antibodies used in 
this study are anti-UCP1 (1:1000, Abcam), anti-OXPHOS 
(1:250, Abcam), anti-Sirt1 (1:1000, Abcam), anti-PGC1α 
(1:1000, Abcam), anti-GAPDH (1:1000, Cell Signaling 
Technology) and anti-tubulin (1:1000, Abcam).

Mitochondrial DNA (mtDNA) content quantification 
by quantitative real-time PCR

Total DNA (genomic and mtDNA) was isolated from tis-
sues using TIANamp Genomic DNA Kit (TIANGEN BIO-
TECH, China) according to the manufacturer’s protocol. 
DNA concentration was spectrophotometrically determined 
using NanoDrop (Thermo Scientific). Quantitative real-
time PCR was used to analyze the mtDNA copy number. 
COX-II was used as a mitochondrial genome marker gene 
and β-globin was used as a nuclear marker gene. Primer 
sequences are listed in supplementary Table 1.

Cell culture

Cell culture products and most other biochemical reagents 
were purchased from Sigma-Aldrich (St. Louis, MO, USA), 
unless otherwise specified.  C3H10T1/2 cells, the mouse mes-
enchymal stem cell line, were purchased from National 
Platform of Experimental Cell Resources (Sci-Tech, Shang-
hai, China).  C3H10T1/2 cells were grown to confluence in 
differentiation medium supplemented with 10% FBS, 850 
nM insulin and 1 nM 3,3′,5-triiodo-L-thyronine (T3) and 
then brown adipocytes differentiation was induced with dif-
ferentiation medium supplemented with 10% FBS, 0.5 mM 
isobutylmethylxanthine, 0.5 mM dexamethasone, 0.12 mM 
indomethacin, 850 nM insulin, 1 nM T3 for 2 days. After 
2 days of induction period, cells were changed back to dif-
ferentiation medium with vehicle (water) or myricetin (10 
uM) for 6 days [27]. After 6 days of differentiation, fully 
differentiated brown adipocytes were used for subsequent 
analysis.

Statistics

All results are expressed as means ± standard deviation 
(SD) using Prism software. To test normality, the Shap-
iro–Wilk test was performed and then, depending its out-
come, data were analyzed with using the Student’s t test, 
one-way ANOVA with Turkey’s post hoc tests or two-way 
ANOVA with Sidak’s multiple comparison test (body 
weight change, GTT and ITT). Statistical significance was 
set at P < 0.05.

Results

Myricetin suppresses body weight gain in db/db mice

To investigate whether myricetin prevents body weight 
gain, male db/db mice at 4 weeks of age were orally 
treated with vehicle or myricetin for 14 weeks. Myri-
cetin-treated db/db mice did not gain as much body 
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weight as control mice (Fig. 1a). This difference in body 
weight gain between groups emerged at 9 weeks after 
myricetin treatment (54.34 ± 1.41 vs 50.25 ± 0.75  g, 
p < 0.05) and the biggest difference was found at 14 
weeks after treatment (59.60 ± 1.34 vs 51.18 ± 1.16  g, 
p < 0.0001). To analyze the change of adiposity after 
myricetin treatment, body composition was measured 
with NRM analyzer. Total body fat mass of myricetin-
treated mice decreased ~27% compared with that of 
control mice (Fig.  1b). However, there was no change 
in diet consumption (Fig.  1c) between groups, suggest-
ing that myricetin does not effect on appetite of db/db 
mice. Morphologically, the size of adipocytes observed 
on H&E-stained tissue sections was smaller in BAT and 
iWAT from myricetin-treated mice than control mice 
(Fig.  1d) and iWAT included higher number of smaller 
adipocytes after myricetin treatment (Fig.  1e). These 
results indicate that myricetin suppresses body weight 
gain by reducing adiposity in db/db mice.

Myricetin prevents metabolic dysfunction in db/db mice

Db/db mice develop obesity-induced hyperlipidemia, fatty 
liver and IR [28]. Therefore, we tested whether myricetin-
mediated fat reduction prevented IR and liver steatosis in 
db/db mice. The results from GTT showed that plasma glu-
cose level at 15, 60 and 90 min after glucose injection and 
the value of area under the curve (AUC) were significantly 
decreased in myricetin-treated mice than in control mice 
(Fig. 2a, b). ITT and AUC further supported the significant 
improvement of insulin sensitivity after myricetin treatment 
(Fig. 2c, d). In addition, histological analysis of liver sec-
tions after H&E and Oil-Red-O staining showed the dra-
matic attenuation of lipid accumulation within liver from 
myricetin-treated mice (Fig.  2e), suggesting that myrice-
tin treatment could prevent hepatic steatosis. Concomi-
tantly, plasma levels of CHO and LDL were significantly 
decreased and HDL was significantly increased in myrice-
tin-treated mice (Table 1). However, the plasma level of tri-
glyceride (TG) was comparable between groups (Table 1). 
Taken together, these results demonstrate that myricetin 
prevents IR, attenuates hepatic steatosis and improves lipid 
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profiles, positively regulating whole body energy metabo-
lism and glucose homeostasis in db/db mice.

Myricetin increases energy expenditure in db/db mice

We next investigated whether myricetin treatment increases 
energy expenditure in db/db mice using indirect calo-
rimetry (TSE labmaster system), since decreased energy 
expenditure is one of predominant phenotypes of db/db 
mice [29]. After 24-h acclimation in chamber at 24 °C,  VO2 
and  VCO2 were measured for next 24 h under 12-h light/
dark cycle with free access to food and water. Notably, oxy-
gen consumption during 24 h and mean oxygen consump-
tion were significantly increased in myricetin-treated mice 

(Fig. 3a, b). Therefore, whole body mean energy expendi-
ture was increased in myricetin db/db mice (Fig.  3c). To 
analyze whether increased oxygen consumption after myri-
cetin treatment is mediated by increased physical activity, 
spontaneous physical activity of each mouse was meas-
ured for 24 h. However, there was no difference in physi-
cal activity between groups (Fig. 3d). These results suggest 
that increased energy expenditure by myricetin treatment is 
not associated with physical activity.

Myricetin activates BAT in db/db mice

It is well established that BAT activation increases energy 
expenditure [30]. Therefore, we hypothesized that myri-
cetin may increase energy expenditure by activating BAT 
in db/db mouse. To test our hypothesis, BAT activity was 
assessed with PET-CT. PET-CT images showed that 18F-
FDG uptake of BAT located within the dashed triangle 
was ~3 times higher in myricetin-treated mice than control 
mice (Fig.  4a, b), indicating that myricetin activates BAT 
in db/db mice. For further analysis, mice were placed in 
thermo-neutral (30 °C) and cold (6 °C) environments for 6 h 
and then core body temperature was measured. At thermo-
neutral (30 °C) environment, there was no change in aver-
age core body temperature between groups. However, it 
was significantly higher in myricetin-treated mice after 6 h 
of cold exposure (Fig. 4d). Infrared thermographic images 
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Table 1  Plasma lipid changes after myricetin treatment

All values represent means ± SD
CHO cholesterol, LDL low-density lipoprotein, HDL high-density 
lipoprotein, TG triglyceride
*P < 0.05 vs Cont

Control Myricetin

CHO (mmol/L) 2.11 ± 0.163 1.50 ± 0.229*
TG (mmol/L) 1.62 ± 0.375 1.19 ± 0.090
LDL (mmol/L) 0.31 ± 0.057 0.17 ± 0.023*
HDL (mmol/L) 1.77 ± 0.161 2.22 ± 0.107*
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acquired immediately after cold exposure also showed 
that myricetin-treated mice had higher skin temperature 
(Fig.  4c). These results support that myricetin activates 
BAT and thereby increases NST in db/db mice.

Myricetin activates thermogenic gene expression 
in BAT of db/db mice

Since myricetin induced BAT activation, we analyzed 
the protein level of thermogenic genes such as PGC1-α, 
UCP1 and mitochondrial oxidative phosphorylation 
(OXPHOS) in BAT from vehicle or myricetin-treated db/
db mice. UCP1 and OXPHOS-related protein (ATP5A, 
UQCR2 and SDHB) expressions were significantly 
higher in myricetin-treated db/db mice (Fig. 5a, b). Con-
sistently, immunohistochemical staining result reflected 

UCP1 upregulation in BAT from myricetin-treated db/
db mice than control mice (Fig.  5c). Myricetin also 
increased mtDNA copy number (Fig. 5d) and the expres-
sion levels of SIRT1 and PGC1α that are involved in 
modulating mitochondrial biogenesis (Fig.  5a, b). Since 
NST is mainly regulated by sympathetic nervous system 
and thyroid hormone [31, 32], we analyzed the expres-
sion levels of tyrosine hydroxylase (TH) that converts 
phenylalanine into dopamine and iodothyronine deiodi-
nase types 2 (dio2), which is the enzyme responsible for 
the conversion of T4 to T3. Both TH and Dio2 expres-
sions in BAT were all increased significantly after myri-
cetin treatment (Fig. 5e). Collectively, these results indi-
cate that myricetin-mediated mitochondrial biogenesis is 
associated with sympathetic nervous system and thyroid 
hormone, leading to the activation of BAT.
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Myricetin induces beige formation of iWAT

Since NST also induces beige formation in iWAT [33], we 
identified whether myricetin induces browning in iWAT. 
Interestingly, the expression levels of beige cell-specific 
maker genes such as TBX1, CD137 and TMEM26 were 
significantly upregulated (Fig.  6a) with a higher induc-
tion of mitochondria biogenesis regulation genes (UCP1, 
PGC1-α and OXPHOS) at protein level after myricetin 
treatment (Fig. 6b–d) [34]. mtDNA copy number (Fig. 6e), 
the protein expression of SIRT1 and PGC1α (Fig.  6b, c), 
and the expression level of TH and Dio2 (Fig. 6f) were all 
significantly increased in iWAT from myricetin-treated db/
db mice. However, plasma T3 and T4 concentration were 
not altered after myricetin treatment (Suppl. Figure 1), sug-
gesting that dio2 was locally expressed in BAT and iWAT. 
These results indicate that myricetin induces beige forma-
tion in iWAT.

Myricetin directly regulates thermogenic program 
and adiponectin expression in brown adipocytes

To investigate whether myricetin directly regulates mito-
chondrial biogenesis in brown adipocytes, myricetin was 

introduced during differentiation of murine  C3H10T1/2 
mesenchymal stem cell into brown adipocytes. Interest-
ingly, differentiated brown adipocytes with myricetin 
expressed significantly higher mitochondria biogenesis 
regulation genes (UCP1 and PRDM16) than that with 
vehicle (Fig. 7a, b). Activated brown adipocytes express 
adiponectin that enhances lipid oxidation and improves 
insulin action [11–13, 35]. We, therefore, investigated 
whether myricetin effects on adiponectin expression in 
differentiated brown adipocytes. Surprisingly, myricetin 
upregulated the expression level of adiponectin in dif-
ferentiated brown adipocytes (Fig.  7c) and the concen-
tration of secreted adiponectin in culture media was also 
increased (Fig.  7d). For further evaluation, we analyzed 
the expression level of adiponectin in BAT, epididymal 
WAT and iWAT from vehicle or myricetin-treated db/db 
mice. In all three fat pads, adiponectin expression was 
increased after myricetin treatment (Fig. 7e). In addition, 
the concentration of adiponectin was significantly higher 
in plasma from myricetin-treated db/db mice than vehi-
cle-treated db/db mice (Fig.  7f). In agreement with the 
data of Choi et al. [22], plasma level of TNFα that has a 
negative correlation with adiponectin was decreased after 
myricetin treatment.

Fig. 4  Myricetin increases 
BAT activity and thermogenesis 
of db/db mice. Representative 
PET/CT images of vehicle or 
myricetin-treated db/db mice 
(n = 5/group) at 12 weeks after 
vehicle or myricetin treat-
ment. Yellow dashed triangle 
represented the anatomical 
site of interscapular BAT (a). 
Bar graph represents mean 
uptake of 18F-FDG in BAT (b). 
Representative infrared thermal 
image after cold exposure (c) 
at 13 weeks after vehicle or 
myricetin treatment. After 4 h 
of exposure to cold (6 °C), core 
body temperature of vehicle or 
myricetin-treated db/db mice 
was measured (n = 10/group) 
(d). Bars represent means ± SD. 
*P < 0.05, **P < 0.01 vs Cont
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Discussion

In current study, we showed that 14 weeks of myricetin 
treatment improved obesity and insulin resistance with the 
reduction of hepatic steatosis in db/db mice. In addition, 
we revealed that the beneficial effects of myricetin in db/db 
mice were associated with BAT activation and beige for-
mation in iWAT. To the best of our knowledge, this is the 
first study that shows myricetin induces BAT activation and 
beige formation in WAT. Our result points out that myrice-
tin-induced BAT activation may be a new therapeutic strat-
egy for the treatment of obesity and its related metabolic 
syndromes.

Myricetin treatment decreases body weight gain 
and adipose tissue mass and prevents IR in high-fat 
and high-sucrose diet-induced obese mouse [22]. Con-
sistently, body weight and fat mass were significantly 
reduced in db/db mice after myricetin treatment in our 
study (Fig.  1a, b). In addition, the size of adipocyte in 
BAT and iWAT (Fig.  1d, e) was smaller after myricetin 
treatment. Since diet consumption (Fig.  1c) and physi-
cal activity (Fig.  3d) were comparable between groups, 

the suppression of body weight gain may result from the 
reduction of adiposity. Additionally, myricetin-treated 
db/db mice showed higher oxygen consumption without 
a change in physical activity than vehicle-treated mice 
(Fig.  3a–d), suggesting that myricetin increased energy 
expenditure in db/db mice. BAT and beige formation are 
tightly associated with energy expenditure [6]. It is esti-
mated that BAT mass range from ~30 to 300 g in human 
contributes to 20% of daily resting energy expenditure 
(REE) [14, 36] and activated BAT of small mammals 
to protect against cold environment increases energy 
expenditure by dissipating heat through NST [37]. Nota-
bly, myricetin increased the protein expression levels 
of UCP1 and mitochondrial oxidative phosphorylation 
(OXPHOS) in BAT (Fig.  5a–c) and iWAT (Fig.  6b–d). 
Sirt1 regulates mitochondrial biogenesis through deacet-
ylation and activation of PGC-1α that interacts with the 
respiratory factors (NRF-1 and NRF-2), thereby induc-
ing the transcription of mitochondrial biogenesis-related 
genes [38, 39]. Myricetin increased mtDNA copy number 
with a higher induction of Sirt1 and PGC-1α at the pro-
tein level in BAT (Fig. 5a, b, d) and iWAT (Fig. 6b, c, e), 
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sion in BAT (a, b). Representative histologic images of UCP1-stained 

BAT (c). mtDNA copy number of BAT from db/db mice treated with 
vehicle or myricetin (n = 10) (d). The relative mRNA expression 
of TH and Dio2 in BAT (e). Bars represent means ± SD. *P < 0.05, 
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suggesting that myricetin treatment could increase mito-
chondrial biogenesis and thereby result in the improve-
ment of energy expenditure and thermogenesis. Further-
more, PET/CT image supported that BAT of db/db mouse 
was activated after myricetin treatment (Fig.  4a, b) and 
core body temperature and skin temperature were higher 
in myricetin-treated db/db mice than vehicle-treated mice 
after cold exposure (Fig.  4c, d). These results indicate 
that myricetin-mediated BAT activation and beige forma-
tion accounted for the improvement of energy expendi-
ture in db/db mice. Consequently, myricetin improved 
insulin sensitivity (Fig.  2a, d), plasma lipid profiles 
(Table 1) and hepatic steatosis (Fig. 2e), since activated 
BAT promotes clearance of excessive triglycerides in the 
plasma by increasing lipid uptake into BAT, subsequently 
improving energy metabolism and weight loss [40, 41]. 
NST is mainly regulated by sympathetic nervous sys-
tem and thyroid hormone [31, 32]. The expression lev-
els of TH and DiO2 were upregulated in BAT (Fig.  5e) 

and iWAT (Fig. 6f) after myricetin treatment, indicating 
that both sympathetic nervous system and thyroid hor-
mone may contribute to NST in myricetin-treated mice. 
Recently, our group reported that adiponectin expressed 
in the intact BAT after BAT transplantation ameliorates 
hyperglycemia, insulin sensitivity and energy expendi-
ture through autocrine and/or endocrine mechanisms in 
obese mice [11–13]. Interestingly, adiponectin mRNA 
expression was upregulated in differentiated brown adi-
pocyte and secreted adiponectin from differentiated 
brown adipocytes was increased after myricetin treatment 
(Fig.  7c, d). Adiponectin expression at the mRNA level 
was significantly increased in BAT, eWAT and iWAT 
after myricetin treatment (Fig. 7e) and plasma adiponec-
tin concentration was higher in myricetin-treated mice 
than vehicle-treated mice (Fig.  7f). These results may 
indicate that myricetin directly regulated adiponectin 
expression in brown adipocyte by unknown mechanism 
and myricetin-mediated adiponectin expression could be 
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another underlying mechanism for the improvement of 
obesity and systemic IR in db/db mice. Future studies 
are required to elucidate the contribution of myricetin to 
the induction of adiponectin in brown adipocytes. Also 
establishing the safety of chronic supplementation with 
high levels of myricetin should be tested in human for the 
therapeutic purpose. Collectively, our results in this study 
show that myricetin prevents obesity and systemic IR in 
db/db mice by activating BAT, recruiting beige cells and 
increasing adiponectin secretion in BAT.
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