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Abstract: Myricetin is a biologically active natural polyphenol with beneficial effects on metabolic
health. This study aimed to examine the effects of myricetin on the expression levels of genes
involved in lipolysis and mitochondrial respiration in adipocytes and the anti-obesity potential of
myricetin. The results indicated that myricetin reduced triglyceride (TG) content and increased
mitochondrial content and oxygen consumption rate (OCR) in adipocytes in vitro. To determine
anti-obesity effect of myricetin, C57BL6/] mice were fed a high-fat diet (HFD) for eight weeks and
then treated with myricetin (10 mg/kg) for 2 weeks. The in vivo treatment of myricetin reduced body
weight by 11%. Furthermore, it improved the glucose tolerance, and increased fatty acid consumption
of HFD-fed mice. Myricetin treatment increased Sirt3 expression and reduced the acetylation of
mitochondrial proteins in adipose tissue. Finally, the knockdown of Sirt3 in adipocytes reduced the
myricetin-induced increase in mitochondrial oxygen consumption rate by about 27% compared to
controls. Our results indicated that myricetin exerted anti-obesity effects through the upregulation of
Sirt3 expression and mitochondrial metabolism in adipose tissue.
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1. Introduction

We are currently in the midst of a worldwide epidemic of obesity and its related metabolic
diseases [1]. Obesity is defined as excess body fat mass, whereas metabolic syndrome has been
described as an adipose tissue disease with impaired energy homeostasis and chronic inflammation [2].
Thus, it is important to understand the mechanisms that promote and maintain metabolically healthy
adipose tissue.

Adipose tissue is a specialized organ that can store excess energy as triglycerides (TGs) and mobilize
TGs into free fatty acids during negative energy balance, such as fasting and calorie restriction [3].
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It is well established that the mobilization of free fatty acids is primarily regulated by the sympathetic
activation of protein kinase A (PKA)-dependent cytosolic lipases [3].

In general, adipose tissue can be categorized into anabolic white adipose tissue and catabolic
brown adipose tissue [3]. In contrast to white adipose tissue, brown adipose tissue contains a high
level of mitochondria and uniquely expresses uncoupling protein 1 (UCP1) for heat production [3].
Importantly, the mitochondrial content of white adipose tissue can be increased by thermogenic
stimuli [2]. Thus, the upregulation of mitochondrial energy metabolism in adipose tissue has been
considered as a therapeutic strategy to increasing energy expenditure [4].

Myricetin is a naturally occurring polyphenol in diverse plants, fruits, and teas [5], offering
potential metabolic health benefits for the treatment of insulin resistance and type 2 diabetes in rodents
model [6-8]. The biological effects of myricetin are reported to be mediated by several cellular signaling
pathways that can mimic the effects of calorie restriction, such as the mammalian target of rapamycin
(mTOR) pathway [9], 5’adenosin monophosphate-activated protein kinase (AMPK) signaling [10],
and Sirtuin regulation [11]. Thus, the anti-obesity and anti-diabetic potential of myricetin underlie its
beneficial effects on metabolism [12]; however, the role of myricetin in adipocyte lipid metabolism has
not been fully investigated.

Sirtuins are nicotinamide adenine dinucleotide (NAD+) dependent enzymes with deacetylating,
desuccinylating, and demalonylating activities, and an ability to increase mitochondriogenesis and
mitochondrial respiration [13]. Seven sirtuin genes have been identified in mammals, [13], with
distinct subcellular locations conferring a different enzymatic ability and biological influence on each
encoded protein [13]. SIRT1 was shown to de-acetylate PGCl-alpha, and increase mitochondrial
biogenesis and metabolism, whereas mitochondrial Sirt3 participates in the control of fatty acid
metabolism [14]. Thus, it has been suggested that the regulation of the sirtuin genes may have a role in
lipid metabolism of adipose tissue [15]; however, the role of myricetin on sirtuin activity in adipose
tissue remains unknown.

Here, we investigated the effect of myricetin on the TG content, expression levels of genes
involved in lipolysis, and mitochondrial respiration. We employed a high-fat diet (HFD)-fed mouse
model to determine the anti-obesity effects of myricetin. The current study demonstrated that
myricetin increased mitochondrial oxidative metabolism in adipose tissue through the upregulation of
Sirt3 expression.

2. Materials and Methods

2.1. Animals

All animal experiments were conducted at Yonsei University and were carried out in in strict
compliance with the guidelines for humane care and use of laboratory animals specified by the Ministry
of Food and Drug Safety. All animal protocols were approved by the Institutional Animal Care and Use
Committees at Yonsei University (IACUC-201803-704-01). Mice were housed at 22 °C and maintained
on a 12-h light/12-h dark cycle with free access to food and water. Six C57BL mice (6-weeks old,
male) were purchased from Central Lab Animal Inc (Seoul, Korea). For the HFD experiments, 60% fat
diet [16,17] (Research Diets # D12492, protein: 20% kcal, fat: 60% kcal, carbohydrate: 20% kcal, energy
density: 5.21 kcal/g) was introduced at 6 weeks of age and continued for 8 weeks. Mice fed with a
high fat diet (HFD) for 8 weeks were treated with myricetin dissolved in saline by intraperitoneal
injection (Sigma, St. Louis, MO, USA, 10 mg/kg body weight) once a day for a period of 2 weeks.

For glucose tolerance test, mice were given D-glucose (2 g/kg body mass, sigma) by intraperitoneal
injection, and glucose concentrations were measured at indicated time points. Metabolic measurement
was obtained using indirect calorimetry system (PhenoMaster, TSE system, Bad Homburg, Germany),
as described previously [18]. Serum TGs and free fatty acid (FFA) were measured by using commercially
available TG colorimetric assay kit (Cayman Chemical, Ann Arbor, MI, USA) and FFA quantification
colorimetric kit (WAKO), according to the manufacturer’s instructions.
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Subcellular fractionation was performed as described previously [19]. Briefly, from adipose tissue
homogenates in fractionation buffer (containing 3 mM HEPES (pH7.4), 210 mM mannitol, 70 mM
sucrose and 0.2 mM EDTA), cells and debris pellets were removed after centrifugation at 500x g for
10 min. The Mitochondria Isolation Kit for Tissue (Thermo Scientific, Waltham, MA, USA) was used to
obtain mitochondrial fraction.

2.2. Cell Cultures

The C3H10T1/2 cells (ATCC (Manassas, VA, USA)) were cultured, as previously described [20].
Briefly, the cells were cultured in growth medium (Dulbecco’s modified Eagle’s medium (DMEM:
Sigma) supplemented with 10% fetal bovine serum (FBS, Gibco Thermo Fisher Scientific, Waltham,
MA, USA) and 1% penicillin/streptomycin (Thermo Fisher, Waltham, MA, USA), and then exposed
to adipogenic differentiation medium (DMEM supplemented with 10% FBS, BMP4 (20 ng/mL,
R&D system, Minneapolis, MN, USA), indomethacin (0.125 mM, Cayman, Ann Arbor, MI, USA),
isobutylmethylxanthine (2.5 mM, IBMX, Cayman), dexamethasone (1 uM, Cayman, Ann Arbor, MI,
USA), insulin (10 pg/mL, Sigma, St. Louis, MO, USA) and triiodothyronine (I3, 1 nM, Cayman,
Ann Arbor, MI, USA) for 3 days. For the maintenance of adipogenic differentiation, the cells were
exposed to DMEM containing 10% FBS, 10 ug/mL insulin (Sigma, St. Louis, MO, USA) and 1 nM
triiodothyronine (T3, Cayman, Ann Arbor, MI, USA) for 3 days.

Fully differentiated adipocytes were exposed to DMEM supplemented with 10% FBS overnight
and then treated with indicated concentration of myricetin (purity > 95%; Sigma). The cells were
cultured in Earle’s balanced Salt Solution (EBSS, Thermo Fisher, Waltham, MA, USA) for nutrient
starvation. The cells were treated with 1mM 8-bromoadenosine 3’5’-cyclic monophosphate (8-Br-cAMP)
for PKA activation. Intracellular TG content was determined using a commercially available TG
colorimetric assay kit (Cayman, Ann Arbor, MI, USA) according to the manufacturer’s instructions.
Mitochondrion-labeling in live cells was performed using red-fluorescent mitochondrion-selective
probe MitoTracker Red CMXRos (Thermo Fisher, Waltham, MA, USA). For Sirt3 knockdown, siRNA
targeting Sirt3 (Sigma, St. Louis, MO, USA) was transfected into adipocytes differentiated from
C3H10T1/2 cells, using Lipofectamin2000 (Thermo Fisher, Waltham, MA, USA).

2.3. Gene Expression Analysis

Quantitative real time polymerase chain reaction (qRT-PCR) was performed, as previously
described [20]. Briefly, RNA was extracted using the TRIzol® reagent (Invitrogen, Carlsbad, CA,
USA), and RNA was reverse transcribed using a cDNA synthesis kit (High-capacity cDNA Reverse
Transcription kit; Applied Biosystems, Foster City, CA, USA). cDNA was subjected to qPCR by using
iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA and CFX Connect Real-time system (Bio-Rad,
Hercules, CA, USA) for 45 cycles and fold change for all samples was calculated using the 2 DACt
method. Peptidylprolyl Isomerase A (PPIA) was used as a housekeeping gene for mRNA expression
analysis. Primers used for qRT-PCR were described previously [20].

2.4. Western Blotting

Western blotting was performed, as previously described [20]. The following primary antibodies
were used for western blot analysis: anti-UCP1 (rabbit, Alpha Diagnostic International, San Antonio,
TX, USA), cytochrome c oxidase subunit IV (COX 1V, rabbit, Cell Signaling, Danvers, MA, USA),
Total OXPHOS Rodent WB Antibody Cocktail (mouse, Abcam, Boston, MA, USA), phospho-
hormone-sensitive lipase (HSL) (Ser563, rabbit, Cell Signaling, Danvers, MA, USA), HSL (rabbit,
Cell Signaling, Danvers, MA, USA), Sirtuin Antibodies (rabbit, Cell Signaling, Danvers, MA, USA),
Acetylated Lysine (rabbit, Cell Signaling, Danvers, MA, USA) and o/ 3 tubulin (rabbit, Cell Signaling,
Danvers, MA, USA)
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2.5. Analysis of Mitochondrial Function

Oxygen concentrations and oxygen consumption rates were measured by the Oxygraph plus
system (Hansatech, Norfolk, UK) with chart recording software, or Seahorse XF Analyzers [20]. OCRs
were normalized according to protein concentrations. Uncoupled respiration was calculated by
subtraction of the KCN-induced OCR from the oligomycin A-induced OCR. ATP related respiration
was calculated by subtraction of the oligomycin A-induced OCR from the basal OCR.

2.6. Statistical Analysis

GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA) was used for the statistical
analysis. Data are presented as mean =+ standard errors of the means (SEMs). Statistical significance
between two groups was determined by unpaired ¢-test. Comparisons among multiple groups were
performed using a two-way analysis of variance (ANOVA), with Bonferroni post hoc tests to determine
p values.

3. Results

3.1. Myricetin Reduced Triglyceride Content in Cultured Adipocytes In Vitro

We first examined the lipid content of adipocytes differentiated from C3H10T1/2 cells after
myricetin treatment. Nutrient starvation medium was used as a positive control that stimulates
lipid consumption [20]. As shown in Figure 1, myricetin treatment for 24 h reduced the content of
neutral lipids by 32.6 &+ 0.05%, as indicated by a reduction in the intensity of Boron dipyrromethene
fluorophore (BODIPY) staining (Figure 1A,B). The biochemical analysis of TGs further confirmed that
myricetin treatment significantly reduced the lipid content in adipocytes by 36.9 = 0.06%, compared
with controls (Figure 1C).
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Figure 1. Effects of myricetin on lipid content in adipocytes differentiated from C3H10T1/2
cells. (A) Boron dipyrromethene fluorophore (BODIPY) staining in adipocytes differentiated from
C3H10T1/2 cells treated with myricetin (10 uM) for 24 h. Nutrient starvation medium (starvation)
was used as positive controls. Size bar = 40 pm (B) Quantification of BODIPY intensity of (A).
(C) Intracellular triglyceride (TG) levels. (n = 3, means + SEM, * p < 0.05, ** p < 0.01, *** p < 0.001)

3.2. Myricetin Treatment Increases Mitochondrial Content and Mitochondrial Respiration in Adipocytes

PKA-dependent lipolysis is a well-known catabolic pathway that is governed by cytosolic
lipases, such as, monoacylclycerol lipase, HSL and adipose triglyceride lipase (ATGL), HSL is a rate-
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limiting enzyme and the phosphorylation of HSL can be mediated by PKA downstream. Therefore,
we examined phosphorylation of HSL. We included the 8Br-cAMP treated condition as positive
controls that stimulate PKA-dependent lipolysis [20]. As expected, 8Br-cAMP significantly increased
the phosphorylationof HSL compared with the control condition. However, nutrient starvation and
myricetin did not affect the levels of HSL activation (Figure 2A). In contrast, mitochondrial content
was upregulated by starvation and myricetin treatment, as indicated by immunoblotting for enzymes
of the mitochondrial oxidative phosphorylation system (Figure 2B). Myricetin treatment did not affect
the expression levels of fatty acid synthase (FAS), an enzyme responsible for de novo lipogenesis, and
ATGL (Figure 2C).
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Figure 2. Invitro effects of myricetin on protein kinase A (PKA) signaling and mitochondrial
content in adipocytes. (A—C) Immunoblot analysis of phosphor form of hormone sensitive lipase (p-
hormone-sensitive lipase (HSL)), HSL, mitochondrial enzymes involved in oxidative phosphorylation,
fatty acid synthase (FAS), and adipose triglyceride lipase (ATGL) in adipocytes differentiated from
C3H10T1/2 cells treated with vehicle controls (CON), starvation medium (Starv.), 8Br-cAMP (1 mM)
and myricetin (10 uM) for 24 h. (n = 4, means & SEM, * p < 0.05, ** p < 0.01, *** p < 0.001).

To examine the mitochondrial metabolism of adipocytes, we measured the oxygen consumption
rate (OCR) of adipocytes treated with myricetin or vehicle (Figure 3A,B). As shown in Figure 3,
both the basal mitochondrial respiration rate and the ATP-linked respiration rate were increased
by myricetin treatment. In addition to PKA-dependent lipolysis, UCP1-dependent, non-shivering
thermogenesisin brown adipocytes accounts for lipid consumption. As brown adipocytes can be
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characterized by UCP1 expression and an increase in the content of mitochondria, we examined the
expression of brown adipocyte markers. The expression levels of UCP1 and other brown adipocyte
markers such as deiodinase 2 (Dio2), and elongation of very long chain fatty acids protein 3 (Elovl3))
were not upregulated (Figure 3C). The expression levels of mitochondrial marker, Cox8b, and a
transcription factor that induces mitochondrial biogenesis, Ppargcla, were slightly upregulated in
myricetin treated groups (Figure 3C). In addition, mitochondrial labeling was performed by using
MitoTracker, which is a mitochondrion-specific fluorescence probe and mitochondrial membrane
potential indicator. As shown in Figure 3D, myricetin treatment increased mitochondrial membrane
potential in differentiated adipocytes from C3H10T1/2 cells compared to control conditions. Thus,
these data suggest that the upregulation of brown adipocyte marker expression did not appear to
contribute to the loss of lipids, rather, the increase in mitochondrial content and metabolic activity was
mediated by the independent expression of thermogenic genes.

>

-e— Control B

.q% 250 -= Myricetin Mitochondrial ATP-linked

k] N o

1< —_ Respiration respiration

& 2004 OllgomycmA FCCP KCN 'ag)

g 5200 150
- o
S £ 150 2150 **
S= e g 100

< |

Q o £100

> 100 €

= = 50 %0

L 0- S

5
E_ ol— 0
0 Control Myricetin  Control Myricetin
1
Time
UCP1 Dio2 Elovi3 Cox8b PCG1a

o 18 3 2 3 ok
gz 2
0310 2 2 *
5L 1
g 05 1 1 1

0 0 0 0

CON  Starv. Myricetin ON  Starv. Myricetin CON  Starv. Myricetin Starv. Myricetin CON  Starv. Myricetin
Control Myricetin Mitotracker

Relative Ratio
(to CON)

Control Myricetin

Figure 3. In vitro effects of myricetin on mitochondrial respiration and brown adipocyte specific marker

expression in adipocytes. (A) Analysis of oxygen consumption rate (OCR) of adipocytes differentiated
from C3H10T1/2 cells treated with vehicle controls (CON), and myricetin (10 uM) for 24 h with a series
of treatments of indicated drugs (Oligomycin, Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP), and potassium cyanide (KCN)). Arrows indicate the time of the treatments. (B) Comparisons
of basal mitochondrial respiration and ATP-linked respiration between cells treated with myricetin
and vehicle controls. (two-tailed unpaired t-test). (C) Quantitative PCR analysis of the genes involved
in mitochondrial respiration and brown adipocyte specific markers in adipocytes differentiated from
C3H10T1/2 and treated with myricetin (10 uM) for 24 h (D) MitoTracker staining of adipocytes
differentiated from C3H10T1/2 cells treated with myricetin (10 uM) for 24 h and vehicle controls (1 = 3,
means £ SEM, * p < 0.05, ** p < 0.01, *** p < 0.001). Size bar = 20 pm.
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3.3. Myricetin Increased Sirt1, Sirt3, and Sirt5 Expression in Adipocytes

The sirtuin family has been reported as a regulator of mitochondrial function and mitochondrial
biogenesis. As myricetin affects mitochondrial content and mitochondrial OCR in adipocytes, we
examined the expression of sirtuin proteins in adipocytes as potential indicators of the downstream
mechanisms of the effects of myricetin. As shown in Figure 4, western blotting analysis indicated
that Sirt6 and Sirt7 expressions were not affected; however, slight upregulation of Sirtl was observed.
Furthermore, the expression levels of mitochondrial sirtuins, Sirt3 and Sirt5, were significantly
upregulated by myricetin treatment (Figure 4A-C). These data suggested that the induction of
mitochondrial sirtuins by myricetin was related to the increase in mitochondrial respiration.

A on s, Myricetin B 0.  Sit1/Tubulin 20 p-Sirt1/Tubulin
p-Sirt1 %§1.5A 15
————— —— — — g §1.0 - 10
[ =}
_ B~ 085 05
————————— 5] 0.0 0.0 .
Control Starvation Myricetin Control Starvation Myricetin
________ - 204  Sirt3/Tubulin 3.  Sirt5/Tubulin ,,
i3 g ==
T E1.51
&£ 2]
2810l
TESS =i 3] 19
0.0 T 0
S — PR Control Starvation Myricetin Control Starvation Myricetin
Sirt6
15 Sirt6/Tubulin 15 Sirt7/Tubulin
il @ £
Sirt7 o £1.04 — 104
28
T o
T 05 05
— —— — TUbUIin
0.0 : 0.0 T
Control Starvation Myricetin Control Starvation Myricetin
C Sirt1 Sirt3 Sirt5
5 5 * 5
o ¥ * * 4 ¥
H 4 4
o 3
053 3 3 *
322 2 2
@
xr 1 1 1
0 0 0
CON  Starv. Myricetin CON  Starv. Myricetin CON  Starv. Myricetin

Figure 4. Effect of myricetin on mitochondrial sirtuin expression in cultured adipocytes. (A,B) Inmunoblot
analysis and quantification of sirtuins in adipocytes differentiated from C3H10T1/2 cells treated with
vehicle controls (CON), starvation medium and myricetin (10 uM) for 24 h. (C) gPCR analysis of sirtuins in
adipocytes differentiated from C3H10T1/2 treated with myricetin (10 uM) for 24 h (n = 3, means + SEM,
*p <0.05,* p <0.01).

3.4. Myricetin Increase Mitochondrial Metabolism in Adipocytes through an Increase in Sirt3 Activity

For further examination of the effects of myricetin in a mouse model on obesity, we used a
HFD-fed mouse model (Figure 5A). There was no difference in food consumption among the groups.
After 2 weeks of myricetin treatment, mice body weight was significantly reduced (Figure 5B) and
diet-induced insulin resistance was corrected (Figure 5C). Also, myricetin treatment reduced respiratory
exchange rate (RER) in HFD mice (Figure 5D), indicating that myricetnin treatment increased fatty
acid consumption. These data suggested that myricetin treatment increased mitochondrial fatty acid
oxidation in vivo. In addition, serum TG and FFA levels were reduced by myricetin treatment compared
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to vehicle controls. Consistent with the in vitro data, Sirt3 and Sirt5 expression were upregulated in
mice treated with myricetin (Figure 6A). The effect on Sirt3 expression was more prominent in vivo.
The deacetylation of mitochondrial enzymes by Sirt3 has been identified as a mechanism through
which mitochondrial oxidative respiration is increased [14]. To determine the deacetylation activity of
Sirt3 on mitochondrial proteins, we examined the level of acetylated lysine of mitochondrial fraction
of adipose tissue. The acetylated form was reduced by myricetin treatment (Figure 6B). Finally, the
siRNA knockdown of Sirt3 expression in fully differentiated adipocytes from C3H10T1/2 cells reduced
mitochondrial oxygen consumption rates (Figure 6C,D). These data indicated that the induction of

Sirt3 by myricetin contributed to the upregulation of mitochondrial lipid catabolism and exerted
anti-obesity effects.
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Figure 5. Effect of myricetin on body weight and glucose tolerance of mice fed with a high fat diet.
(A) Study design for 8 weeks of high fat diet feeding and 2 weeks of myricetin treatment. (B-D) Body
weight (B), glucose tolerance test (C), and respiratory exchange rate (RER): dark, 12 h; light, 12 h (D) of
control high fat diet (HFD)-fed mice and HFD-fed mice treated with myricetin for 2 weeks. Analysis
of triglyceride (TG) (E) and free fatty acid (FFA) (F) levels in serum obtained from the HFD-fed mice
and HFD-fed mice treated with myricetin for 2 weeks (1 = 4, means + SEM, * p < 0.05, ** p < 0.01,
***p <0.001).
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Figure 6. Effect of myricetin on Sirt3 expression and lysine acetylation level in inguinal adipose tissue of
HFD-fed mice. (A) Immunoblot analysis of Sirt3, and Sirt5 in white inguinal adipose tissue of mice fed
with HFD for 8 weeks. (B) Inmunoblot analysis of acetylated lysine in mitochondrial fraction of white
inguinal adipose tissue of mice fed with HFD for 8 weeks. (C) Immunoblot analysis of Sirt3 expression
in adipocyte culture treated with siRNA targeting Sirt3. (D) Analysis of myricetin effect on OCR of
fully differentiated adipocytesfrom C3H10T1/2 cells treated with siRNA targeting Sirt3. Myricetin was
treated at the concentration of 10 pM for 24 h. (n = 3, means + SEM, * p < 0.05, *** p < 0.001)).

4. Discussion

Myricetin, a naturally occurring polyphenol, effectively confers a variety of health benefits not
limited to its free radical scavenging antioxidant effect [12]. Beneficial effects of myricetin in rodent
model of metabolic disease have been demonstrated by previous works [6,11]. For example, myricetin
treatment was reported to ameliorate hyperglycemia in diabetic rats [6]. It displayed a positive effect
in controlling weight gain and improved insulin resistance, glucose tolerance, and, hepatic steatosis
in db/db mice [6]. In the same model, myricetin stimulated brown adipose tissue and triggered
the formation of beige adipose tissue, resulting in increased thermogenic protein expression and
mitochondrial biogenesis in inguinal adipose tissue. However, the effect of myricetin on the lipid
metabolism of adipocytes remained unknown.

The current study demonstrated that myricetin reduced the lipid content of adipocytes and
exerted anti-obesity effects through the upregulation of Sirt3 expression. Mechanistically, myricetin
treatment reduced lipid content by increasing mitochondrial oxidative metabolism but did not affect
the protein expression levels of major lipolysis enzymes including p-HSL/HSL and ATGL. However,
we cannot rule out the possibility that myricetin treatment affects metabolic activity of the major
lipases (i.e., ATGL, HSL). Further analyses of the effects of myricetin on the lipase activity are required
to determine whether myricetin treatment alter lipolytic response of adipocytes to provide substrates
for mitochondrial oxidation. Also, pharmacological lipase inhibitors would be useful to determine the
effects of myricetin on TG lipase activity in adipocytes.
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Our in vivo data demonstrated that myricetin treatment improved glucose tolerance and increased
fatty acid consumption of HFD-fed mice determined by indirect calorimetry. Moreover, myricetin
treatment reduced serum TG and FFA levels of HFD- fed mice. Although these are important pieces
of information that suggested potentially beneficial effects of myricetin on blood lipid profiles, this
study did not directly address the roles of myricetin in regulating the lipolysis rate of adipose tissue.
Apart from its effects on lipid catabolism in adipocytes, it is likely that myricetin may alter intestinal
absorption processes, and FFA uptake into adipocytes. Additional studies that directly measure lipid
flux in vivo [21], such as metabolic kinetic study using tracer, will be required to fully understand the
mechanisms and beneficial effects of myricetin.

This study focused on the role of myricetin in mitochondrial oxidative metabolism in relation
to Sirt3 activity; however, lipid content can be altered by regulation of de novo lipogenesis and FFA
uptake. Although myricetin treatment did not affect fatty acid synthase (FAS) expression, further
investigation on the role of myricetin in de novo lipogenesis is required to fully understand molecular
mechanisms by which myricetin reduces lipid content in adipocytes. For example, the analysis of acyl
CoA carboxylase activity [22] would determine its effects on de novo lipogenesis. Likewise, lipoprotein
lipase is required for the uptake of fatty acids into adipocytes by vascular TG hydrolysis [21]. In future
studies, it would be informative to determine whether myricetin treatment affects the activity of
lipoprotein lipase (LPL).

The central finding of this study is the upregulation of Sirt3 expression as a molecular mechanism
of the anti-obesity effects of myricetin. Sirtuins are NAD+-dependent protein-modifying enzymes
with deacetylating, desuccinylating, and demalonylating effects, and are proficient in the enhancement
of mitochondrial biogenesis, lipid metabolism, and insulin secretion and sensitivity [13,23]. These
enzymes are sensors of cellular energy balance, which regulate the changes to the metabolic responses
triggered by nutritional and stress factors in tissues [24]. SIRT3, a key player in the deacetylation
of mitochondrial proteins, increases cellular ATP generation and mitochondrial contentsduces
mitochondrial biogenesis [25]. The downregulation of SIRT3 results in the hyperacetylation of
mitochondrial proteins, leading to a rise in metabolic defects triggered by the stunted function of
mitochondria [14,26]. As a deacetylase, activation of Sirt3 results in a positive impact on mitochondrial
homeostasis, including mitochondrial oxidative phosphorylation [14]. As a regulator of mitochondrial
metabolism, SIRT3 activates acetyl-CoA synthetase 2 (AceCS2)by deacetylation [27] and regulates
ATP synthesis in mitochondria through the deacetylation of proteins in the electron transport
chain complexes, 3-hydroxy-3-methylglutaryl CoA synthase 2 (HMGCS2), and long-chain acyl-CoA
dehydrogenase (LCAD) [28]. Further study is required to determine other substrates of Sirt3 in
adipocytes that were induced by myricetin treatment. Although we focused on the mitochondrial
function of SIRT3 in this study, myricetin increased SIRT1 and SIRT5 expression levels. Thus, the
histone and non-histone targets of other sirtuins induced by myricetin treatment could be further
investigated, which may enable the discovery of the novel regulatory pathways of lipid catabolism
mediated by myricetin treatment and other compounds that mimic calorie restriction.

Collectively, the current study demonstrates that the anti-obesity effect of myricetin was mediated
through the upregulation of Sirt3 expression and the subsequent activation of mitochondrial fatty acid
oxidation. The effect of specific natural compounds on adipocytes deserves further investigation as a
therapeutic target for the prevention and treatment of obesity-related metabolic disease.

Author Contributions: Y.-H.L., HW.J,, Y.-5]., and S.A. conceived and designed the study. S.A., S.-N.K,, Y.-S.].,
IL,J.KS., Y.-H.S. and Y.-H.L. conducted the experiments and analyzed the results. Y.-H.L. and S.A. wrote the
manuscript. All authors reviewed the manuscript.

Funding: This research was supported by National Research Foundation of Korea grant (No. NRF-2014R1A6A3
A04056472 (YHL)), by the Bio & Medical Technology Development Program of the NRF (No. NRF-2016M3A9D5
A01953818), and by Research Resettlement Fund for the new faculty of Seoul National University. This work was
performed within the program of the AMOREPACIFIC Open Research ‘'ORT19-01-16E705001" supported by a
grant from AMOREPACIFIC.

Acknowledgments: We thank SYA and HDS for their technical support in the in vivo experiment.



Nutrients 2018, 10, 1962 11 of 12

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Heymsfield, S.B.; Wadden, T.A. Mechanisms, pathophysiology, and management of obesity. N. Engl. ]. Med.
2017, 376, 254-266. [CrossRef] [PubMed]

2. Despres, ].P,; Lemieux, I. Abdominal obesity and metabolic syndrome. Nature 2006, 444, 881-887. [CrossRef]
[PubMed]

3. Lee, YH., Mottillo, E.P; Granneman, J.G. Adipose tissue plasticity from wat to bat and in between.
Biochim. Biophys. Acta 2014, 1842, 358-369. [CrossRef] [PubMed]

4. Altshuler-Keylin, S.; Kajimura, S. Mitochondrial homeostasis in adipose tissue remodeling. Sci. Signal.
2017, 10. [CrossRef] [PubMed]

5. Ong, K.C.; Khoo, H.E. Biological effects of myricetin. Gen. Pharmacol. 1997, 29, 121-126. [CrossRef]

6. Hu, T; Yuan, X.; Wei, G.; Luo, H.; Lee, H.]J.; Jin, W. Myricetin-induced brown adipose tissue activation
prevents obesity and insulin resistance in db/db mice. Eur. J. Nutr. 2018, 57, 391-403. [CrossRef] [PubMed]

7. Su, H-M.,; Feng, L.-N.; Zheng, X.-D.; Chen, W. Myricetin protects against diet-induced obesity and
ameliorates oxidative stress in ¢57bl/6 mice. ]. Zhejiang Univ. Sci. B 2016, 17, 437-446. [CrossRef]

8.  Ong, K.C.; Khoo, H.-E. Effects of myricetin on glycemia and glycogen metabolism in diabetic rats. Life Sci.
2000, 67, 1695-1705. [CrossRef]

9. Da Lee, H.; Lee, C.S. Flavonoid myricetin inhibits tnf-alpha-stimulated production of inflammatory mediators
by suppressing the akt, mtor and nf-kappab pathways in human keratinocytes. Eur. J. Pharmacol. 2016, 784,
164-172. [CrossRef]

10. Zou, D.; Liu, P; Chen, K.; Xie, Q.; Liang, X.; Bai, Q.; Zhou, Q.; Liu, K.; Zhang, T.; Zhu, J.; et al. Protective
effects of myricetin on acute hypoxia-induced exercise intolerance and mitochondrial impairments in rats.
PLoS ONE 2015, 10, e0124727.

11. Jung, HY,; Lee, D.; Ryu, H.G.; Choi, BH.; Go, Y,; Lee, N.; Lee, D.; Son, H.G.; Jeon, J.; Kim, S.H.; et al.
Myricetin improves endurance capacity and mitochondrial density by activating sirtl and pgc-lalpha.
Sci. Rep. 2017, 7, 6237. [CrossRef] [PubMed]

12.  Semwal, D.K.; Semwal, R.B.; Combrinck, S.; Viljoen, A. Myricetin: A dietary molecule with diverse biological
activities. Nutrients 2016, 8, 90. [CrossRef] [PubMed]

13.  Houtkooper, R.H.; Pirinen, E.; Auwerx, J. Sirtuins as regulators of metabolism and healthspan. Nat. Rev. Mol.
Cell Biol. 2012, 13, 225-238. [CrossRef] [PubMed]

14. Hirschey, M.D.; Shimazu, T.; Huang, J.Y.; Schwer, B.; Verdin, E. Sirt3 regulates mitochondrial protein
acetylation and intermediary metabolism. Cold Spring Harb. Symp. Quant. Biol. 2011, 76, 267-277. [CrossRef]
[PubMed]

15. Jokinen, R.; Pirnes-Karhu, S.; Pietilainen, K.H.; Pirinen, E. Adipose tissue nad(+)-homeostasis, sirtuins
and poly(adp-ribose) polymerases -important players in mitochondrial metabolism and metabolic health.
Redox Biol. 2017, 12, 246-263. [CrossRef] [PubMed]

16. Razani, B.; Combs, T.P.; Wang, X.B.; Frank, P.G.; Park, D.S.; Russell, R.G.; Li, M.; Tang, B.; Jelicks, L.A.;
Scherer, PE.; et al. Caveolin-1-deficient mice are lean, resistant to diet-induced obesity, and show
hypertriglyceridemia with adipocyte abnormalities. J. Biol. Chem. 2002, 277, 8635-8647. [CrossRef] [PubMed]

17.  Masuzaki, H.; Paterson, J.; Shinyama, H.; Morton, N.M.; Mullins, J.J.; Seckl, J.R.; Flier, J.S. A transgenic model
of visceral obesity and the metabolic syndrome. Science 2001, 294, 2166-2170. [CrossRef] [PubMed]

18.  Kim, S.N,; Jung, Y.S.; Kwon, H.J.; Seong, ].K.; Granneman, J.G.; Lee, Y.H. Sex differences in sympathetic
innervation and browning of white adipose tissue of mice. Biol. Sex Differ. 2016, 7, 67. [CrossRef] [PubMed]

19. Kim, S.N.; Kwon, HJ.; Im, SW.; Son, YH.; Akindehin, S.; Jung, Y.S.; Lee, SJ.; Rhyu, L].; Kim, LY,;
Seong, ].K,; et al. Connexin 43 is required for the maintenance of mitochondrial integrity in brown adipose
tissue. Sci. Rep. 2017, 7, 7159. [CrossRef]

20. Kim, S.N.; Kwon, H.J.; Akindehin, S.; Jeong, HW.; Lee, Y.H. Effects of epigallocatechin-3-gallate on

autophagic lipolysis in adipocytes. Nutrients 2017, 9, 680. [CrossRef]


http://dx.doi.org/10.1056/NEJMra1514009
http://www.ncbi.nlm.nih.gov/pubmed/28099824
http://dx.doi.org/10.1038/nature05488
http://www.ncbi.nlm.nih.gov/pubmed/17167477
http://dx.doi.org/10.1016/j.bbadis.2013.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23688783
http://dx.doi.org/10.1126/scisignal.aai9248
http://www.ncbi.nlm.nih.gov/pubmed/28246203
http://dx.doi.org/10.1016/S0306-3623(96)00421-1
http://dx.doi.org/10.1007/s00394-017-1433-z
http://www.ncbi.nlm.nih.gov/pubmed/28439667
http://dx.doi.org/10.1631/jzus.B1600074
http://dx.doi.org/10.1016/S0024-3205(00)00758-X
http://dx.doi.org/10.1016/j.ejphar.2016.05.025
http://dx.doi.org/10.1038/s41598-017-05303-2
http://www.ncbi.nlm.nih.gov/pubmed/28740165
http://dx.doi.org/10.3390/nu8020090
http://www.ncbi.nlm.nih.gov/pubmed/26891321
http://dx.doi.org/10.1038/nrm3293
http://www.ncbi.nlm.nih.gov/pubmed/22395773
http://dx.doi.org/10.1101/sqb.2011.76.010850
http://www.ncbi.nlm.nih.gov/pubmed/22114326
http://dx.doi.org/10.1016/j.redox.2017.02.011
http://www.ncbi.nlm.nih.gov/pubmed/28279944
http://dx.doi.org/10.1074/jbc.M110970200
http://www.ncbi.nlm.nih.gov/pubmed/11739396
http://dx.doi.org/10.1126/science.1066285
http://www.ncbi.nlm.nih.gov/pubmed/11739957
http://dx.doi.org/10.1186/s13293-016-0121-7
http://www.ncbi.nlm.nih.gov/pubmed/27990249
http://dx.doi.org/10.1038/s41598-017-07658-y
http://dx.doi.org/10.3390/nu9070680

Nutrients 2018, 10, 1962 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

Previs, S.F.; McLaren, D.G.; Wang, S.-P; Stout, S.J.; Zhou, H.; Herath, K.; Shah, V.; Miller, P.L.; Wilsie, L.;
Castro-Perez, J.; et al. New methodologies for studying lipid synthesis and turnover: Looking backwards
to enable moving forwards. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2014, 1842, 402-413. [CrossRef]
[PubMed]

Stiede, K.; Miao, W.; Blanchette, H.S.; Beysen, C.; Harriman, G.; Harwood, H.J., Jr.; Kelley, H.; Kapeller, R.;
Schmalbach, T.; Westlin, W.E. Acetyl-coenzyme a carboxylase inhibition reduces de novo lipogenesis in
overweight male subjects: A randomized, double-blind, crossover study. Hepatology 2017, 66, 324-334.
[CrossRef] [PubMed]

Yamamoto, H.; Schoonjans, K.; Auwer, J. Sirtuin functions in health and disease. Mol. Endocrinol. 2007, 21,
1745-1755. [CrossRef] [PubMed]

Ye, X.; Li, M,; Hou, T.; Gao, T.; Zhu, W.-G.; Yang, Y. Sirtuins in glucose and lipid metabolism. Oncotarget 2017,
8, 1845-1859. [CrossRef] [PubMed]

Kendrick, A.A.; Choudhury, M.; Rahman, S.M.; McCurdy, C.E.; Friederich, M.; Van Hove, ].L.; Watson, PA;
Birdsey, N.; Bao, J.; Gius, D.; et al. Fatty liver is associated with reduced sirt3 activity and mitochondrial
protein hyperacetylation. Biochem. J. 2011, 433, 505-514. [CrossRef] [PubMed]

Hirschey, M.D.; Shimazu, T; Jing, E.; Grueter, C.A.; Collins, A.M.; Aouizerat, B.; Stancakova, A.; Goetzman, E.;
Lam, M.M.; Schwer, B.; et al. Sirt3 deficiency and mitochondrial protein hyperacetylation accelerate the
development of the metabolic syndrome. Mol. Cell 2011, 44, 177-190. [CrossRef] [PubMed]

Hallows, W.C.; Lee, S.; Denu, ].M. Sirtuins deacetylate and activate mammalian acetyl-coa synthetases. Proc.
Natl. Acad. Sci. USA 2006, 103, 10230-10235. [CrossRef]

Li, J.; Chen, T,; Xiao, M,; Li, N.; Wang, S.; Su, H.; Guo, X,; Liu, H.; Yan, E; Yang, Y.; et al. Mouse sirt3 promotes
autophagy in angii-induced myocardial hypertrophy through the deacetylation of foxol. Oncotarget 2016, 7,
86648-86659. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.bbadis.2013.05.019
http://www.ncbi.nlm.nih.gov/pubmed/23707557
http://dx.doi.org/10.1002/hep.29246
http://www.ncbi.nlm.nih.gov/pubmed/28470676
http://dx.doi.org/10.1210/me.2007-0079
http://www.ncbi.nlm.nih.gov/pubmed/17456799
http://dx.doi.org/10.18632/oncotarget.12157
http://www.ncbi.nlm.nih.gov/pubmed/27659520
http://dx.doi.org/10.1042/BJ20100791
http://www.ncbi.nlm.nih.gov/pubmed/21044047
http://dx.doi.org/10.1016/j.molcel.2011.07.019
http://www.ncbi.nlm.nih.gov/pubmed/21856199
http://dx.doi.org/10.1073/pnas.0604392103
http://dx.doi.org/10.18632/oncotarget.13429
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Cell Cultures 
	Gene Expression Analysis 
	Western Blotting 
	Analysis of Mitochondrial Function 
	Statistical Analysis 

	Results 
	Myricetin Reduced Triglyceride Content in Cultured Adipocytes In Vitro 
	Myricetin Treatment Increases Mitochondrial Content and Mitochondrial Respiration in Adipocytes 
	Myricetin Increased Sirt1, Sirt3, and Sirt5 Expression in Adipocytes 
	Myricetin Increase Mitochondrial Metabolism in Adipocytes through an Increase in Sirt3 Activity 

	Discussion 
	References

