
nutrients

Article

Withania somnifera Extract Enhances Energy
Expenditure via Improving Mitochondrial Function
in Adipose Tissue and Skeletal Muscle

Da-Hye Lee 1,2 , Jiyun Ahn 1,2, Young-Jin Jang 1, Hyo-Deok Seo 1, Tae-Youl Ha 1,2,
Min Jung Kim 1, Yang Hoon Huh 3 and Chang Hwa Jung 1,2,*

1 Division of Food Functionality Research, Korea Food Research Institute, Wanju-gun, Jeonbuk 55365, Korea;
leedahye0826@gmail.com (D.-H.L.); jyan@kfri.re.kr (J.A.); jyj616@kfri.re.kr (Y.-J.J.);
hyo-deok.seo@kfri.re.kr (H.-D.S.); tyhap@kfri.re.kr (T.-Y.H.); kmj@kfri.re.kr (M.J.K.)

2 Department of Food Biotechnology, University of Science and Technology, Daejeon 34113, Korea
3 Center for Electron Microscopy Research, Korea Basic Science Institute, Cheongju 28119, Korea;

hyh1127@kbsi.re.kr
* Correspondence: chjung@kfri.re.kr; Tel.: +82-63-219-9301; Fax: +82-63-219-9225

Received: 26 December 2019; Accepted: 6 February 2020; Published: 7 February 2020
����������
�������

Abstract: Withania somnifera (WS), commonly known as ashwagandha, possesses diverse biological
functions. WS root has mainly been used as an herbal medicine to treat anxiety and was recently
reported to have an anti-obesity effect, however, the mechanisms underlying its action remain to be
explored. We hypothesized that WS exerts its anti-obesity effect by enhancing energy expenditure
through improving the mitochondrial function of brown/beige adipocytes and skeletal muscle.
Male C57BL/6J mice were fed a high-fat diet (HFD) containing 0.25% or 0.5% WS 70% ethanol extract
(WSE) for 10 weeks. WSE (0.5%) supplementation significantly suppressed the increases in body
weight and serum lipids, and lipid accumulation in the liver and adipose tissue induced by HFD.
WSE supplementation increased oxygen consumption and enhanced mitochondrial activity in brown
fat and skeletal muscle in the HFD-fed mice. In addition, it promoted browning of subcutaneous fat
by increasing mitochondrial uncoupling protein 1 (UCP1) expression. Withaferin A (WFA), a major
compound of WS, enhanced the differentiation of pre-adipocytes into beige adipocytes and oxygen
consumption in C2C12 murine myoblasts. These results suggest that WSE ameliorates diet-induced
obesity by enhancing energy expenditure via promoting mitochondrial function in adipose tissue
and skeletal muscle, and WFA is a key regulator in this function.

Keywords: Withania somnifera; energy expenditure; mitochondrial activity; browning; withaferin A;
anti-obesity

1. Introduction

Obesity is caused by an imbalance between energy intake and energy expenditure. When the
energy expenditure exceeds the intake, this leads to weight loss [1]. Energy expenditure comprises
the basal metabolic rate, physical activity (exercise-induced), and adaptive thermogenesis (shivering,
non-shivering, and diet-induced) [2]. Recent studies have suggested that adaptive thermogenesis is a
new therapeutic approach to treating obesity [3]. Adaptive thermogenesis occurs mainly in brown
adipose tissue (BAT) and skeletal muscle [4]. The various phytochemicals in medicinal plants have
been reported to ameliorate obesity through promoting mitochondrial biogenesis and thermogenesis
in adipose tissue [5,6].

BAT is composed of multilocular adipocytes that release energy through non-shivering
thermogenesis facilitated by the mitochondrial uncoupling protein 1 (UCP1) [7] and is considered a
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potential target for the treatment of obesity [8]. White adipose tissue (WAT), especially subcutaneous
WAT, can transform into brown-like adipocytes (beige adipocytes) in response to a thermogenic
stimulant, such as cold exposure, or β3-adrenergic or peroxisome proliferator-activated receptor
gamma (PPAR-γ) agonists [9,10]. Beige adipocytes contain multilocular lipid droplets and are
abundant in mitochondria. These adipocytes also have increased expression of BAT-specific genes,
such as UCP1, cell death activator CIDE-A (Cidea), and peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1α), in response to thermogenic activation [9]. Skeletal muscle is
also involved in adaptive thermogenesis as it induces shivering thermogenesis via mitochondrial
uncoupling in cold conditions [11,12].

Mitochondria contain respiratory complexes (I–IV) in the inner membrane, which function as the
sites of oxidative phosphorylation by pumping protons from the matrix to the intermembrane space [13].
Reactive oxygen species (ROS) are generated as a by-product of mitochondrial respiration [14], and
oxidative damage to mitochondria induces lipid accumulation by reducing electron transport chain
function and fatty acid oxidation [15]. When nutrients are consumed in excess, saturated free fatty
acids accumulate, leading to mitochondrial dysfunction and insulin resistance [16]. Mitochondrial
dysfunction is correlated with metabolic disorders such as obesity and type 2 diabetes. Improvement
of the mitochondrial function in metabolic tissues is a known therapeutic approach for the treatment of
metabolic disorders [17].

Withania somnifera (WS), also known as ashwagandha or Indian ginseng, has been traditionally
used in indigenous medicine to improve chronic fatigue and promote youthful vigor [18]. WS possesses
anticancer, anti-inflammatory, antioxidative, and antistress properties [19,20] and contains diverse
phytochemicals such as alkaloids, steroidal lactones, and steroids [18]. Although previous studies have
demonstrated that WS suppresses body weight gain induced by chronic stress [21], the underlying
mechanism has yet to be explored. WS has been reported to enhance muscle activity by increasing
muscle strength and mass [22,23]. Improving the activity of skeletal muscle implies the possibility of
increasing energy expenditure. In addition, plant alkaloids contained in WS have been reported that
promote browning of adipose tissue [5,24,25]. In this regard, WS appears to be a therapeutic candidate
to improve energy expenditure by increasing adaptive thermogenesis.

In the current study, we hypothesized that WS prevents obesity by increasing energy expenditure
through enhancing activity of mitochondria in tissues with high energy metabolism. We here aimed to
evaluate the energy expenditure-enhancing effect of WSE (WS 70% ethanol extract) in diet-induced
obese mice and elucidate the underlying mechanism with determination of the mitochondrial activity
in skeletal muscle and adipose tissue.

2. Materials and Methods

2.1. WS Extract (WSE) Preparation

WS root powder (Herbs India, Coimbatore, India) was extracted with 70% ethanol at 80 ◦C for 2 h.
The extract was filtered through Whatman No. 2 filter paper, concentrated using a vacuum evaporator,
and lyophilized using a freeze dryer.

2.2. Materials

Dulbecco’s modified Eagle’s medium, calf serum, fetal bovine serum (FBS), penicillin–streptomycin,
and phosphate-buffered saline were obtained from Gibco BRL (Grand Island, NY, USA). Antibodies
against-β-actin (sc-47778), type 2 deiodinase (DIO2; sc-98716), and uncoupling protein 2 (UCP2;
sc-6526), and secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibody against voltage-dependent anion channel (VDAC; 4661s) was purchased from Cell
Signaling Technology (Danvers, MA, USA). Antibodies against UCP1 (ab23841) and total oxidative
phosphorylation (OXPHOS) complex (ab110413) were purchased from Abcam (Cambridge, MA, USA).
Antibody against total myosin heavy chain was purchased from Developmental Studies Hybridoma
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Bank (Iowa city, IA, USA). 3-Isobutyl-1-methylxanthine (IBMX, l7018), withaferin A (WFA; W4394),
withanolide A (WNA; W2145), and dexamethasone (D4902) were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). Radioimmunoprecipitation assay buffer (89900) and protease-
and phosphatase-inhibitor cocktails (78440) were purchased from Thermo Scientific-Pierce (Rockford,
IL, USA).

2.3. Animals

Four-week-old male C57BL/6J mice were purchased from Japan SLC Inc. (Hamamatsu, Japan).
Animal studies were conducted in accordance with institutional and national guidelines, and all
experimental procedures were approved by the Korea Food Research Institute Animal Care and Use
Committee (KFRI-IACUC, KFRI-M-16054). Mice were divided into four groups: a normal group
(n = 10) fed American Institute of Nutrition Rodent Diet AIN-76, a group fed a high-fat diet (HFD
group, n = 10), and two groups fed HFD with either 0.25% or 0.5% WSE (HFD + WSE 0.25% or 0.5%
groups, each n = 10). The experimental diets were based on the AIN-76 diet and contained 45% fat and
0.5% cholesterol (w/w) (Supplementary Table S1). After consuming the respective diets for 10 weeks,
all mice were anesthetized with 2% isoflurane, sacrificed, and the liver, muscle, and adipose tissues
were harvested and weighed. Some tissues were fixed in 4% formaldehyde, and the rest were stored at
−80 ◦C for further analysis. Blood was collected from the abdominal aorta and centrifuged at 3000 rpm
for 20 min at 4 ◦C to separate serum.

2.4. Energy Expenditure Measurement

Energy expenditure was measured at 10 weeks using an OxyletProTM system (Panlab Harvard
Apparatus, Barcelona, Spain). Mice were placed and acclimated in an individual metabolic chamber for
24 h, and then we measured oxygen consumption (VO2) and carbon dioxide production (VCO2) over
24 h using Oxylet LE 405 gas analyzer (Panlab Harvard Apparatus, Barcelona, Spain). The animals were
maintained at 22 ◦C in a 12 h light/dark cycle with free access to food and water. At each measurement,
OxyletPro Metabolism V3.0 software (Panlab Harvard Apparatus, Barcelona, Spain) automatically
calculated the respiratory quotient (RQ) as the VO2/VCO2 ratio and energy expenditure (EE) as VO2 ×

1.44 × [3.815 + (1.232 × RQ)] (kcal/day/kg0.75) according to the Weir formula [26].

2.5. OGTT and IPITT

Oral glucose tolerance test (OGTT) and intraperitoneal insulin tolerance test (IPITT) were
performed in response to oral glucose (2 g/kg, G5146, Sigma-Aldrich) and insulin injection (0.75 unit/kg,
11376497001, Roche, Australia) after fasting for 4 h, respectively. Blood samples were collected from
the tail vein at 0, 15, 30, 60, and 120 minutes. Blood glucose concentrations were determined using an
Accu-Chek glucometer (Roche, Mannheim, Germany).

2.6. Quantitative Reverse-Transcription Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from tissues and cells using RNeasy mini kit (Qiagen, Valencia, CA,
USA). cDNA was synthesized using the ReverTra Ace®qPCR RT Kit (Toyobo, Osaka, Japan). qPCRs
were run in an ViiATM 7 Real-time PCR system (Applied Biosystems, Foster, CA, USA) using SYBR
Green Real-time PCR Master Mix (Toyobo, Osaka, Japan) and the following thermal cycles: 95 ◦C for
1 min, 40 cycles of 95 ◦C for 15 s, 60 ◦C for 15 s, and 75 ◦C for 45 s. The gene-specific primers are listed
in Supplementary Table S2.

2.7. Immunoblotting

Cells and tissues were lysed in RIPA buffer supplemented with protease- and phosphatase-inhibitor
cocktails. Proteins were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride membranes. The membranes were blocked and then
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incubated with primary and secondary antibodies. The protein levels were visualized using a
chemiluminescence reagent.

2.8. Immunofluorescence Staining of UCP1

Beige adipocytes were fixed with 4% formaldehyde, permeabilized with 0.5% saponin, blocked
with 1% bovine serum albumin, and incubated with UCP1 antibody. The antibody was visualized
using a fluorescein isothiocyanate secondary antibody (Alexa Fluor 488), and the nuclei were stained
with 4′,6-diamidino-2-phenylindole. The stained cells were visualized with a Nikon Eclipse Ti confocal
laser scanning microscope (Nikon, Tokyo, Japan).

2.9. Immunohistochemistry of UCP1

Tissues were fixed in 10% formalin, and the endogenous peroxidase activity was inhibited by
incubating with 0.3% H2O2 in PBS. The fixed tissues were blocked by 1% horse serum and incubated
with UCP1 antibody. UCP1 expression was visualized using a diaminobenzidine solution, and the
slides were mounted and examined under an Olympus TH4-200 microscope (Tokyo, Japan).

2.10. Histologic Analysis

Tissues were fixed in 10% formalin, embedded in paraffin, cut into 5 µm sections, and stained
with H&E; their morphologies were evaluated using an Olympus TH4-200 microscope (Tokyo, Japan).

2.11. TEM

Skeletal muscle was immediately fixed in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M
PBS (pH 7.4). After washing with PBS, the tissues were post-fixed with 1% osmium tetroxide and
washed again with PBS. The tissues were then embedded in pure Epon 812 mixture after dehydration
in ethanol series and infiltration in a propylene oxide:epon mixture series. Ultrathin sections (~70 nm)
were obtained with a model MT-X ultramicrotome (RMC, Tucson, AZ, USA) and then stained with 2%
uranyl acetate and lead citrate. The sections were visualized by Cryo-TEM (JEM-1400 Plus, 120 kV)
(Jeol Ltd., Tokyo, Japan).

2.12. Measurement of Complex III and IV Activity

Mitochondrial fraction was isolated from skeletal muscle using the mitochondria isolation kit
(ab110168; Abcam), and the activity of complex III and complex IV from isolated mitochondria was
measured using a microplate assay kit (ab109905 and ab109911 respectively; Abcam) according to
manufacturer’s instruction.

2.13. LC-MS/MS Analysis

The analyses were performed using an Acquity UPLC system (Waters, Miliford, MA, USA) with
Acquity UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 µm). The mobile phase included 0.1% formic
acid aqueous solution (Solvent A) and 0.1% formic acid in acetonitrile (Solvent B), and a gradient elution
program was performed: 0–5.5 min, 50%–20% solvent A; 5.5–7 min, 20%–80% solvent A; 7–8 min,
2%–98% solvent A; 8–10 min, 50% solvent A, and 10–11 min, isocratic 50% solvent A. The flow rate
was set at 0.5 mL/min, and column temperature was kept at 40 ◦C. The autosampler was conditioned
at 4 ◦C, and the injection volume was 5 µL. Mass spectrometric analyses were operated using a Waters
Xevo TQ triple-quadrupole mass spectrometer equipped with electrospray ionization (ESI) mode.

2.14. Cell Culture and Treatment

3T3-L1 mouse fibroblasts (CL-173) and C2C12 cells (CRL-1772) were purchased from the American
Type Culture Collection and were cultured in DMEM containing 10% calf serum or 10% FBS in a 5%
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CO2 incubator maintained at 37 ◦C. The cells were treated with a different concentration (0.125−0.5 µM)
of WFA and WNA, respectively.

2.15. Beige Adipocyte Differentiation of 3T3-L1 Cells

3T3-L1 cells were cultured to 100% confluence. Confluent 3T3-L1 cells (day 0) were incubated in
DMEM containing 0.25µM dexamethasone, 0.5µM IBMX, 10µg/mL insulin, and 50 nM triiodothyronine
(T3), and 10% FBS for 2 days. The cells were then incubated in 10% FBS-DMEM containing 0.5 µM
IBMX, 1 µg/mL insulin, 50 nM T3, and 1 µM rosiglitazone for 6 days.

2.16. Determination of Oxygen Consumption Rate (OCR) in C2C12 Cells

Oxygen consumption was analyzed using an XF24 extracellular flux analyzer (Seahorse Bioscience,
North Billerica, MA, USA). Briefly, C2C12 cells were seeded at 2 × 105/mL in a Seahorse 24-well
plate and treated with WFA or WNA for 24 h. The culture medium was changed and incubated
with XF assay medium (102353-100, Agilent Technologies, Santa Clara, CA, USA) supplemented with
0.25 mM glucose, 1 mM pyruvate, and 4 mM l-glutamine at 37 ◦C for 1 h in a non-CO2 incubator.
The OCR was analyzed with a XF cell mito stress kit (103015-100, Agilent Technologies, Santa Clara,
CA, USA) by sequential injection of 1 µM oligomycin A, 2 µM carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP), and 1 µM rotenone. The basal respiration rate, ATP production, maximal
respiration, and spare capacity was calculated by Seahorse XF software version 1.8.1.

2.17. Statistical Analysis

Data are expressed as the mean ± standard deviation (SD) or standard error of the mean
(SEM). Means were compared by one-way analysis of variance (ANOVA) followed by Tukey’s post
hoc test, using Prism7 software (GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was
considered significant.

3. Results

3.1. WSE Prevents HFD-Induced Obesity in Mice by Enhancing Energy Expenditure

We investigated whether WSE supplementation would exhibit an anti-obesity effect in HFD-fed
mice. HFD effectively induced a body weight gain at 10 weeks, and the two HFD + WSE groups
(0.25% or 0.5% WSE) had a significantly reduced body weight gain when compared with the HFD
group (Figure 1A). Food intake per day was not different in all groups (Supplementary Figure S1A).
WSE supplementation significantly suppressed the increase in serum triglyceride induced by HFD,
and the serum high-density lipoprotein/total cholesterol ratio was significantly increased by this
supplementation (Figure 1B). Both WSE + HFD groups showed decreased liver and white adipose
tissue (WAT) weights, but increased muscle per body weight when compared with the HFD group
(Supplementary Figure S1B). When we measured adipocyte size using H&E staining, we found that WSE
supplementation significantly reduced adipocyte size in epididymal WAT when compared with the size
observed in the HFD group (Supplementary Figure S1C,D). WSE supplementation also reduced hepatic
lipid accumulation (Supplementary Figure S1E,F) and the expression of lipid metabolism-related genes,
such as cluster of differentiation 36 (CD36), stearoyl-CoA desaturase 1 (SCD1), and sterol regulatory
element-binding protein 1c (SREBP1c) at 10 weeks (Supplementary Figure S1G).

We evaluated the effect of WSE on insulin resistance in HFD-fed mice using an oral glucose
tolerance test (OGTT) and intraperitoneal insulin tolerance test (IPITT). The 0.5% WSE supplementation,
but not the 0.25% WSE, showed a significant reduction in the glucose level in OGTT when compared
with the HFD group (Supplementary Figure S2A,B). In the IPITT, the 0.25% and 0.5% WSE groups
showed a significant reduction in the glucose level when compared with the HFD group (Supplementary
Figure S2C,D). Taken together, these finding showed that WSE exhibited an anti-obesity effect and
improved insulin resistance in the HFD-fed mice.
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Figure 1. WSE prevents obesity by enhancing the oxygen consumption rate (OCR) in mice fed an 
HFD (high-fat diet). (A) Effect of WSE on mouse body weight during the 10 weeks experimental 
period. (B) Serum lipid levels. (C) VO2 levels throughout the light/dark cycle were analyzed by 
indirect calorimetry. The levels were normalized to body weight. (D) Area under the curve (AUC) of 
VO2. AUC was calculated using Prism software (ΔX*(Y1 + Y2)/2, X: Value of X axis, Y: Value of Y 
axis). (E) AUC of VCO2. (F) Energy expenditure was calculated based on the VO2 and VCO2 levels. 
(G) Rectal temperature was measured at room temperature. Data represent the mean ± SEM (n = 5). 
Difference between groups was evaluated by Tukey’s multiple comparison test. * p < 0.05; ** p < 0.01; 
*** p < 0.001 compared with the HFD group. N: Normal control diet. 

3.2. WSE Enhances BAT Activity and Browning of WAT in HFD-Fed Mice 

Figure 1. WSE prevents obesity by enhancing the oxygen consumption rate (OCR) in mice fed an
HFD (high-fat diet). (A) Effect of WSE on mouse body weight during the 10 weeks experimental
period. (B) Serum lipid levels. (C) VO2 levels throughout the light/dark cycle were analyzed by
indirect calorimetry. The levels were normalized to body weight. (D) Area under the curve (AUC)
of VO2. AUC was calculated using Prism software (∆X*(Y1 + Y2)/2, X: Value of X axis, Y: Value of Y
axis). (E) AUC of VCO2. (F) Energy expenditure was calculated based on the VO2 and VCO2 levels.
(G) Rectal temperature was measured at room temperature. Data represent the mean ± SEM (n = 5).
Difference between groups was evaluated by Tukey’s multiple comparison test. * p < 0.05; ** p < 0.01;
*** p < 0.001 compared with the HFD group. N: Normal control diet.

WS reportedly enhances muscle activity by increasing muscle mass and strength [22,23]. Therefore,
we hypothesized that WSE enhances energy expenditure by increasing muscle activity. Thus, we
measured oxygen consumption (VO2) and carbon dioxide production (VCO2) using the OxyletPro
system to calculate the energy expenditure. Both HFD + WSE groups showed increased VO2 and
VCO2 levels and energy expenditure when compared with the HFD group (Figure 1C–F). WSE
supplementation significantly reversed the rectal temperature decrease caused by HFD at 24 ◦C
(Figure 1G). These results indicate that WSE may reduce the body weight gain induced by HFD by
increasing oxygen consumption and thermogenesis.
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3.2. WSE Enhances BAT Activity and Browning of WAT in HFD-Fed Mice

BAT is rich in mitochondria, which are essential for non-shivering thermogenesis [9]. H&E
staining of BAT showed that WSE supplementation resulted in a reduction in lipid accumulation
induced by HFD (Figure 2A). Immunohistochemical and immunoblot analyses revealed that UCP1
expression was increased by WSE supplementation when compared with the level in mice fed the HFD
(Figure 2A,B). The HFD decreased the expression of BAT-enriched genes, including UCP1, PGC1α,
Dio2, and cytochrome c oxidase subunit 8b (Cox8b) in BAT; however, this effect was reversed by
WSE supplementation (Figure 2C). WSE supplementation also increased protein expression related to
mitochondrial complexes III and IV in BAT, when compared with the levels of these proteins in the
HFD group (Figure 2D,E), and mRNA expression of mitochondrial transcription factor A (Tfam) and
nuclear respiratory factor 1 (Nrf1), which are related to mitochondrial biogenesis (Figure 2F). Both HFD
+ WSE groups showed increased citrate synthase activity in BAT when compared with the HFD group
(Figure 2G). These results suggested that WSE enhances mitochondrial activity in BAT.
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Figure 2. WSE enhances the mitochondrial function of brown adipose tissue (BAT) and the 
browning of subcutaneous adipose tissue (scWAT) in HFD-fed mice. (A) H&E staining and 
immunohistochemistry for the quantification of UCP1 (uncoupling protein 1) in BAT. (B) Protein 
expression of UCP1 in BAT. (C) Relative mRNA expression of BAT-specific genes (n = 5). (D) 
Expression of proteins involved in mitochondrial complexes III and IV in BAT. The subunits of 
mitochondrial complexes were detected using the total OXPHOS (oxidative phosphorylation) 
complex antibody cocktail. (E) Densitometry-based quantification data in (D), normalized to the level 
of VDAC (voltage-dependent anion channel). (F) Relative mRNA levels of the mitochondrial 
biogenesis-related genes, Tfam and Nrf1 (n = 5). (G) Citrate synthase activity in BAT (n = 5). (H) H&E 
staining and immunohistochemistry for quantification of UCP1 expression in scWAT. (I) Protein 
levels of UCP1 in scWAT. (J) mRNA expression of BAT-specific genes in scWAT (n = 5). Data 
represent the mean ± SEM. Difference between groups was evaluated by Tukey’s multiple 
comparison test. * p < 0.05; ** p < 0.01; *** p < 0.001 compared with the HFD group. 

3.3. WSE Improves Mitochondrial Function in Skeletal Muscle 

Figure 2. WSE enhances the mitochondrial function of brown adipose tissue (BAT) and the browning of
subcutaneous adipose tissue (scWAT) in HFD-fed mice. (A) H&E staining and immunohistochemistry
for the quantification of UCP1 (uncoupling protein 1) in BAT. (B) Protein expression of UCP1 in
BAT. (C) Relative mRNA expression of BAT-specific genes (n = 5). (D) Expression of proteins
involved in mitochondrial complexes III and IV in BAT. The subunits of mitochondrial complexes
were detected using the total OXPHOS (oxidative phosphorylation) complex antibody cocktail.
(E) Densitometry-based quantification data in (D), normalized to the level of VDAC (voltage-dependent
anion channel). (F) Relative mRNA levels of the mitochondrial biogenesis-related genes, Tfam and Nrf1
(n = 5). (G) Citrate synthase activity in BAT (n = 5). (H) H&E staining and immunohistochemistry for
quantification of UCP1 expression in scWAT. (I) Protein levels of UCP1 in scWAT. (J) mRNA expression
of BAT-specific genes in scWAT (n = 5). Data represent the mean ± SEM. Difference between groups
was evaluated by Tukey’s multiple comparison test. * p < 0.05; ** p < 0.01; *** p < 0.001 compared with
the HFD group.
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Subcutaneous WAT (scWAT) can be differentiated into beige adipocytes, which are brown fat-like
cells that are induced upon exposure to prolonged cold conditions or β-adrenergic receptor activation.
Beige adipocytes are rich in mitochondria and express BAT-specific proteins, such as UCP1 [27].
We investigated whether scWAT could differentiate into beige adipocytes by WSE supplementation in
HFD-fed mice. WSE supplementation decreased the adipocyte size and increased UCP1 expression
when compared with the levels observed in the HFD group (Figure 2H,I). WSE supplementation also
significantly increased the mRNA levels of BAT-specific genes, including UCP1, PGC1α, PR domain
containing 16 (Prdm16), Dio2, and Cidea, when compared with those in the HFD group (Figure 2J).
These results indicated that WSE enhances the differentiation of scWAT to BAT-like adipocytes.

3.3. WSE Improves Mitochondrial Function in Skeletal Muscle

We counted mitochondria in skeletal muscle using electron microscopy. Although both the 0.25%
and 0.5% WSE groups had an increased number of mitochondria when compared with the HFD
group (Figure 3A,B), only the 0.5% HFD + WSE group showed a significant increase in the mRNA
levels of mitochondria-related genes, including UCP2 and PGC1α (Figure 3C). We measured citrate
synthase activity as a marker for aerobic capacity and mitochondrial density in skeletal muscle. Of the
two groups of WSE, only the 0.5% WSE group showed a significant increase in mitochondrial citrate
synthase activity when compared with the HFD group (Figure 3D). Mitochondria have respiratory
chain complexes consisting of complexes I–IV [13]. Complex III (cytochrome bc 1) and complex IV
(cytochrome c oxidase) transport protons to the outside of the mitochondrial inner membrane, leading
to the production of ATP through an electrochemical gradient [13]. WSE supplementation tended
to increase the expression of proteins involved in mitochondrial complexes III and IV (Figure 3E) in
the mitochondrial fraction of skeletal muscle. The activity of complex IV, but not complex III, was
significantly increased in the two WSE-supplemented groups (Figure 3F). These results suggested that
0.5% WSE supplementation improves mitochondrial activity in the skeletal muscle of HFD-fed mice.
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Figure 3. WSE improves mitochondrial function in skeletal muscle. (A) Representative transmission
electron microscopic images of the skeletal muscle. (B) Number of mitochondria per skeletal muscle
area. (C) Relative mRNA levels of mitochondrial-related genes in skeletal muscle. (D) Citrate synthase
activity in skeletal muscle. (E) Expression of protein involved in mitochondrial complexes III and
IV in skeletal muscle, and densitometry-based quantification of the data, normalized to the level of
VDAC (n = 3). (F) Activity of mitochondrial complexes III and IV in skeletal muscle. Data represent
the mean ± SEM (n = 5). Difference between groups was evaluated by Tukey’s multiple comparison
test. * p < 0.05; ** p < 0.01; *** p < 0.001 compared with the HFD group.

3.4. WFA Enhances the Differentiation of 3T3-L1 Cells into Beige Adipocytes and Mitochondrial Function in
C2C12 Cells

We performed LC-MS/MS analysis to determine the compound(s) in WSE responsible for its
energy expenditure-enhancing effect. LC-MS/MS analysis revealed that WFA and WNA are both
present in WSE (Figure 4A). Per 100 mg of WSE, we detected approximately 366 µg of WFA and 203 µg
of WNA (Figure 4B). We investigated whether WFA and WNA promote differentiation into beige
adipocytes, using the 3T3-L1 cells. Treatment with WFA, but not WNA (data not shown), increased
the expression of UCP1, which co-localized with mitochondria during the differentiation into beige
adipocytes (Figure 4C). WFA increased the mRNA and protein expression of browning-related genes,
including UCP1 and Dio2, in the 3T3-L1 cells (Figure 4D,E). These results showed that WFA induces
the differentiation of pre-adipocytes into beige adipocytes.
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Figure 4. Withaferin A (WFA) in WS enhances the differentiation into beige adipocytes and
increases OCR. (A) LC-MS/MS analysis of WSE. (B) Contents of WFA and withanolide A (WNA)
in 100 g of WSE. (C) UCP1 expression in differentiated 3T3-L1 beige adipocytes. (D) Expression of
brown adipocyte-specific mRNA in differentiated 3T3-L1 beige adipocytes. (E) WFA increases protein
expressions of UCP1 and Dio2 in beige adipocytes (n = 3). (F) WFA increases the OCR in C2C12 cells.
C2C12 cells were treated with the indicated concentrations of WFA for 24 h. (G) Quantification of
basal respiration, ATP production, maximal respiration, and spare capacity. Data represent mean ±
SD of three independent experiments. Difference between groups was evaluated by Tukey’s multiple
comparison test. * p < 0.05; ** p < 0.01, *** p < 0.001 compared with the vehicle group.

Finally, we measured whether WFA enhances the OCR in C2C12 mouse myoblasts. WFA promoted
the OCR in a dose-dependent manner (Figure 4F) and elevated, albeit insignificantly, the OCR level of
basal respiration (Figure 4G). WFA also increased the ATP turnover capacity after oligomycin treatment,
which inhibits ATP synthesis by blocking complex V. WFA increased the maximal respiration by
FCCP treatment and spare capacity. WNA also increased OCR in C2C12 cells (Supplementary Figure
S3A–E) and increased the protein expression of myosin heavy chain and UCP2 in the C2C12 cells
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(Supplementary Figure S3F). These results indicated that WNA as well as WFA may regulate energy
expenditure in vivo.

4. Discussion

Increasing the metabolic rate through inducing adaptive thermogenesis is a promising alternative
strategy for the treatment of obesity [9]. Phytochemicals, including resveratrol, berberine, and caffeine,
have been demonstrated to increase thermogenesis through stimulating mitochondrial biogenesis and
expression of UCP1 in adipose tissue [28–31]. The development of dietary phytochemicals responsible
for inducing adaptive thermogenesis has attracted considerable attention. WS reportedly increases
the strength and endurance of muscle, where adaptive thermogenesis mainly occurs, and ameliorates
the chronic stress-related obesity [21–23]; however, its potential anti-obesity effect had not been fully
explored. Therefore, we investigated whether WSE would prevent HFD-induced obesity in mice.
This study is the first to demonstrate the effect of enhancing energy expenditure of WSE. Here, we
have identified that WSE enhances mitochondrial function in BAT and skeletal muscle, and promotes
browning of scWAT. In addition, it was also found that WFA in WSE promotes differentiation into
beige adipocytes of 3T3-L1 pre-adipocyte and increases OCR in myocytes.

Our results first showed that WSE suppressed the body weight gain and lipid accumulation in the
liver and epididymal WAT (eWAT) induced by HFD, suggesting that it prevents obesity. There was
no difference in food intake between the groups and no adverse effects. Also, treatment of WSE
in 3T3-L1 cells did not affect cell viability up to 120 µg/mL (data not shown), indicating that these
effects have not resulted from the toxicity of the WSE. We hypothesized that WSE increases the energy
expenditure by enhancing muscle activity, or via the activation of another tissue function that is
related to energy metabolism. To identify potential energy expenditure-enhancing effects, we indirectly
measured OCR using a calorimeter. It has been reported that HFD decreases energy expenditure by
suppressing oxygen consumption [32]. We found that WSE increased energy expenditure by increasing
oxygen consumption and thermogenesis in HFD-fed mice. The increased rectal temperature by WSE
supplementation indicates an enhanced dissipation of energy through heat generation [33].

The mitochondrion is a central organelle in energy metabolism, as it is the site of ATP production
and is involved in the regulation of energy expenditure [34]. Reduced mitochondrial oxidative capacity
leads to metabolic inflexibility [35]. WSE supplementation enhanced the activity of citrate synthase,
mitochondrial enzyme commonly used as marker for mitochondrial content [36], which catalyzes
citrate formation by adding oxaloacetate to acetyl-CoA in the tricarboxylic acid cycle in skeletal muscle
and BAT. WSE increased mitochondrial respiratory complex subunit expression, and complex activity
in the skeletal muscle of the HFD + WSE groups. In addition, WSE supplementation increased
mitochondrial biogenesis-related gene expression in skeletal muscle and BAT. These results suggest
that WSE may increase the metabolic rate by improving mitochondrial activity. Irisin, a hormone
secreted mainly in skeletal muscle, has been described to promotes thermogenesis and browning of
WAT via increasing the expression of UCP1 in adipose tissue [37]. Since skeletal muscle and adipose
tissue have functionally interacted via secreted proteins, thus WSE may contribute to improving overall
mitochondrial function [38].

Enhancement of energy expenditure is an emerging potential therapeutic target for weight loss [5].
BAT, one of the high-energy-metabolism tissues, controls body temperature and energy expenditure
via thermogenesis through dissipating energy as heat [39]. BAT selectively expresses UCP1, which
mediates thermogenesis by catalyzing the uncoupling of oxidative phosphorylation from ATP synthesis,
in the inner membrane of the mitochondria [40]. WSE supplementation increased the expression of
thermogenesis-related genes, including UCP1 and PGC1α, in BAT, when compared with the levels
noted in the HFD-fed group. We also found that WSE supplementation stimulated the browning of
scWAT by promoting UCP1 expression. The scWAT from the WSE-supplemented groups showed
UCP1-positive multilocular adipocytes similar to the feature of BAT. When WAT browning is induced,
white adipocytes transform to brown-like adipocytes that have high mitochondrial content. Browning
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of scWAT is considered a new therapeutic approach in treating obesity because it activates adaptive
thermogenesis in response to cold exposure or dietary stimuli [9]. Our results indicate that WSE
enhanced energy expenditure through increasing BAT activity and by stimulating scWAT differentiation
into beige adipocytes. Activation of AMP-activated protein kinase (AMPK) and sirtuin 1 (Sirt1) result
in activation of PGC1α, master regulator of mitochondrial biogenesis, and enhance mitochondrial
oxidative function. This signaling pathway has been described as a regulating mechanism of inducing
thermogenesis [41,42]. WSE could increase the expression of PGC1α and mitochondrial activity
through activation of this signaling pathway, but the molecular mechanism of this effect needs
further investigation.

To investigate the mechanism whereby WSE enhances energy expenditure, we identified the major
compounds present in WSE via LC-MS/MS analysis. The amounts of WFA and WNA found in 100 g of
WSE were 366.5 mg and 203 mg, respectively. WFA, a major compound of WS, is known to improve
nonalcoholic steatohepatitis [43] and exhibits antidiabetic effect by acting as a leptin-sensitizer [44].
We found that WFA increased UCP1 expression in the inner membrane of mitochondria and induced the
differentiation of 3T3-L1 pre-adipocytes into beige adipocytes. WFA also significantly enhanced OCR
in C2C12 cells, indicating that WFA improves mitochondrial respiration in myocytes. Whereas, WNA
did not affect the differentiation of the 3T3-L1 pre-adipocytes into beige adipocytes (data not shown).
Instead, it increased OCR in C2C12 cells and promoted myoblast differentiation by increasing of UCP2
protein expression in C2C12 cells. Whereas UCP1 plays important role in adaptive thermogenesis, UCP2,
a UCP1 homologue that is expressed in various tissue including skeletal muscle, has primary function
in the regulation of energy metabolism through reduction of mitochondrial ROS production [45,46].
Although the uncoupling proteins have distinct functions, they contribute to protecting metabolic
syndrome [47]. Therefore, the increase in mitochondrial activity in the skeletal muscle of the
WSE-supplemented groups was affected by the WFA and WNA contained in WSE.

In conclusion, WSE ameliorated diet-induced obesity by enhancing energy expenditure via
improving mitochondrial activity in skeletal muscle and adipose tissue. WFA and WNA, major
compounds in WSE, were likely responsible for this anti-obesity effect. These data suggest that WS has
potential as a new therapeutic agent for treating obesity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/2/431/s1,
Figure S1: WSE reduces lipid accumulation in the liver and adipose tissue of HFD-fed mice; Figure S2: WSE
improves insulin sensitivity in HFD-fed mice; Figure S3: WNA promotes the OCR in the C2C12 cells, Table S1:
Primer sequence; Table S2: Diet formulation (g/kg).

Author Contributions: Conceptualization, D.-H.L. and C.H.J.; Data curation, J.A. and Y.-J.J.; Formal analysis,
M.J.K.; Funding acquisition, Y.H.H. and C.H.J.; Investigation, D.-H.L. and H.-D.S.; Methodology, M.J.K. and
Y.H.H.; Project administration, C.H.J.; Resources, J.A. and T.-Y.H.; Supervision, C.H.J.; Validation, Y.-J.J. and
H.-D.S.; Visualization, T.-Y.H. and Y.H.H.; Writing—original draft, D.-H.L.; Writing—review & editing, C.H.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Main Research Program (E0187400) of the Korea Food Research
Institute funded by the Ministry of Science, and ICT. TEM image analysis was supported by the Korea Basic
Science Institute (T37416 to Y.H.H.).

Acknowledgments: This study was supported by the Korea Food Research Institute. Korea Basic Science Institute
supported TEM image analysis (T37416 to Yang Hoon Huh).

Conflicts of Interest: The authors declare that there are no conflicts of interest.

Abbreviations

WS, Withania somnifera; WSE, Withania somnifera 70% ethanol extract; HFD, high-fat diet; N, normal control
diet; eWAT, epididymal adipose tissue; scWAT, subcutaneous adipose tissue; BAT, brown adipose tissue; OGTT, oral
glucose tolerance test; IPITT, intraperitoneal insulin tolerance test; UCP1, uncoupling protein 1; UCP2, uncoupling
protein 2; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Cidea, cell death
activator CIDE-A; Dio2, type 2 deiodinase; Tfam, mitochondrial transcription factor A; VDAC, voltage-dependent
anion channel; Nrf1, nuclear respiratory factor 1; OCR, oxygen consumption rate; EE, energy expenditure; FCCP, carbonyl
cyanide 4-(triflouromethoxy) phenylhydrazone; WFA, withaferin A; WNA, withanolide A.

http://www.mdpi.com/2072-6643/12/2/431/s1


Nutrients 2020, 12, 431 13 of 15

References

1. Hill, J.O.; Wyatt, H.R.; Peters, J.C. Energy balance and obesity. Circulation 2012, 126, 126–132. [CrossRef]
[PubMed]

2. Tseng, Y.-H.; Cypess, A.M.; Kahn, C.R. Cellular bioenergetics as a target for obesity therapy. Nat. Rev.
Drug Discov. 2010, 9, 465–482. [CrossRef] [PubMed]

3. Dulloo, A.G.; Schutz, Y. Adaptive Thermogenesis in Resistance to Obesity Therapies: Issues in Quantifying
Thrifty Energy Expenditure Phenotypes in Humans. Curr. Obes. Rep. 2015, 4, 230–240. [CrossRef] [PubMed]

4. Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.;
Scarpulla, R.C.; et al. Mechanisms controlling mitochondrial biogenesis and respiration through the
thermogenic coactivator PGC-1. Cell 1999, 98, 115–124. [CrossRef]

5. Zhang, Z.; Zhang, H.; Li, B.; Meng, X.; Wang, J.; Zhang, Y.; Yao, S.; Ma, Q.; Jin, L.; Yang, J.; et al. Berberine
activates thermogenesis in white and brown adipose tissue. Nat. Commun. 2014, 5, 5493. [CrossRef]

6. Li, H.; Qi, J.; Li, L. Phytochemicals as potential candidates to combat obesity via adipose non-shivering
thermogenesis. Pharmacol. Res. 2019, 147, 104393. [CrossRef]

7. Wu, J.; Bostrom, P.; Sparks, L.M.; Ye, L.; Choi, J.H.; Giang, A.H.; Khandekar, M.; Virtanen, K.A.; Nuutila, P.;
Schaart, G.; et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell 2012,
150, 366–376. [CrossRef]

8. Bartelt, A.; Heeren, J. Adipose tissue browning and metabolic health. Nat. Rev. Endocrinol. 2014, 10, 24–36.
[CrossRef]

9. Harms, M.; Seale, P. Brown and beige fat: Development, function and therapeutic potential. Nat. Med. 2013,
19, 1252–1263. [CrossRef]

10. Inagaki, T.; Sakai, J.; Kajimura, S. Transcriptional and epigenetic control of brown and beige adipose cell fate
and function. Nat. Rev. Mol. Cell Biol. 2016, 17, 480–495. [CrossRef]

11. van den Berg, S.A.; van Marken Lichtenbelt, W.; Willems van Dijk, K.; Schrauwen, P. Skeletal muscle
mitochondrial uncoupling, adaptive thermogenesis and energy expenditure. Curr. Opin. Clin. Nutr.
Metab. Care 2011, 14, 243–249. [CrossRef] [PubMed]

12. Rowland, L.A.; Bal, N.C.; Periasamy, M. The role of skeletal-muscle-based thermogenic mechanisms in
vertebrate endothermy. Biol. Rev. Camb. Philos. Soc. 2015, 90, 1279–1297. [CrossRef] [PubMed]

13. Lowell, B.B.; Bachman, E.S. Beta-Adrenergic receptors, diet-induced thermogenesis, and obesity. J. Biol.
Chem. 2003, 278, 29385–29388. [CrossRef] [PubMed]

14. Bournat, J.C.; Brown, C.W. Mitochondrial dysfunction in obesity. Curr. Opin. Endocrinol. Diabetes Obes. 2010,
17, 446–452. [CrossRef]

15. Wang, T.; Si, Y.; Shirihai, O.S.; Si, H.; Schultz, V.; Corkey, R.F.; Hu, L.; Deeney, J.T.; Guo, W.; Corkey, B.E.
Respiration in adipocytes is inhibited by reactive oxygen species. Obesity 2010, 18, 1493–1502. [CrossRef]

16. Hirabara, S.M.; Curi, R.; Maechler, P. Saturated fatty acid-induced insulin resistance is associated with
mitochondrial dysfunction in skeletal muscle cells. J. Cell. Physiol. 2010, 222, 187–194. [CrossRef]

17. James, A.M.; Collins, Y.; Logan, A.; Murphy, M.P. Mitochondrial oxidative stress and the metabolic syndrome.
Trends Endocrinol. Metab. 2012, 23, 429–434. [CrossRef]

18. Mirjalili, M.H.; Moyano, E.; Bonfill, M.; Cusido, R.M.; Palazon, J. Steroidal lactones from Withania somnifera,
an ancient plant for novel medicine. Molecules 2009, 14, 2373–2393. [CrossRef]

19. Palliyaguru, D.L.; Singh, S.V.; Kensler, T.W. Withania somnifera: From prevention to treatment of cancer.
Mol. Nutr. Food Res. 2016, 60, 1342–1353. [CrossRef]

20. Samadi Noshahr, Z.; Shahraki, M.R.; Ahmadvand, H.; Nourabadi, D.; Nakhaei, A. Protective effects of
Withania somnifera root on inflammatory markers and insulin resistance in fructose-fed rats. Rep. Biochem.
Mol. Biol. 2015, 3, 62–67.

21. Choudhary, D.; Bhattacharyya, S.; Joshi, K. Body Weight Management in Adults under Chronic Stress
Through Treatment with Ashwagandha Root Extract: A Double-Blind, Randomized, Placebo-Controlled
Trial. J. Evid. Based Complement. Altern. Med. 2017, 22, 96–106. [CrossRef] [PubMed]

22. Wankhede, S.; Langade, D.; Joshi, K.; Sinha, S.R.; Bhattacharyya, S. Examining the effect of Withania somnifera
supplementation on muscle strength and recovery: A randomized controlled trial. J. Int. Soc. Sports Nutr.
2015, 12, 43. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/CIRCULATIONAHA.111.087213
http://www.ncbi.nlm.nih.gov/pubmed/22753534
http://dx.doi.org/10.1038/nrd3138
http://www.ncbi.nlm.nih.gov/pubmed/20514071
http://dx.doi.org/10.1007/s13679-015-0156-9
http://www.ncbi.nlm.nih.gov/pubmed/26627218
http://dx.doi.org/10.1016/S0092-8674(00)80611-X
http://dx.doi.org/10.1038/ncomms6493
http://dx.doi.org/10.1016/j.phrs.2019.104393
http://dx.doi.org/10.1016/j.cell.2012.05.016
http://dx.doi.org/10.1038/nrendo.2013.204
http://dx.doi.org/10.1038/nm.3361
http://dx.doi.org/10.1038/nrm.2016.62
http://dx.doi.org/10.1097/MCO.0b013e3283455d7a
http://www.ncbi.nlm.nih.gov/pubmed/21415733
http://dx.doi.org/10.1111/brv.12157
http://www.ncbi.nlm.nih.gov/pubmed/25424279
http://dx.doi.org/10.1074/jbc.R300011200
http://www.ncbi.nlm.nih.gov/pubmed/12788929
http://dx.doi.org/10.1097/MED.0b013e32833c3026
http://dx.doi.org/10.1038/oby.2009.456
http://dx.doi.org/10.1002/jcp.21936
http://dx.doi.org/10.1016/j.tem.2012.06.008
http://dx.doi.org/10.3390/molecules14072373
http://dx.doi.org/10.1002/mnfr.201500756
http://dx.doi.org/10.1177/2156587216641830
http://www.ncbi.nlm.nih.gov/pubmed/27055824
http://dx.doi.org/10.1186/s12970-015-0104-9
http://www.ncbi.nlm.nih.gov/pubmed/26609282


Nutrients 2020, 12, 431 14 of 15

23. Raut, A.A.; Rege, N.N.; Tadvi, F.M.; Solanki, P.V.; Kene, K.R.; Shirolkar, S.G.; Pandey, S.N.; Vaidya, R.A.;
Vaidya, A.B. Exploratory study to evaluate tolerability, safety, and activity of Ashwagandha (Withania
somnifera) in healthy volunteers. J. Ayurveda Integr. Med. 2012, 3, 111–114. [CrossRef] [PubMed]

24. Velickovic, K.; Wayne, D.; Leija, H.A.L.; Bloor, I.; Morris, D.E.; Law, J.; Budge, H.; Sacks, H.; Symonds, M.E.;
Sottile, V. Caffeine exposure induces browning features in adipose tissue in vitro and in vivo. Sci. Rep. 2019,
9, 9104. [CrossRef]

25. Rao, Y.; Yu, H.; Gao, L.; Lu, Y.-T.; Xu, Z.; Liu, H.; Gu, L.-Q.; Ye, J.-M.; Huang, Z.-S. Natural alkaloid
bouchardatine ameliorates metabolic disorders in high-fat diet-fed mice by stimulating the sirtuin 1/liver
kinase B-1/AMPK axis. Br. J. Pharmacol. 2017, 174, 2457–2470. [CrossRef]

26. Weir, J.B. New methods for calculating metabolic rate with special reference to protein metabolism. J. Physiol.
1949, 109, 1–9. [CrossRef]

27. Barbatelli, G.; Murano, I.; Madsen, L.; Hao, Q.; Jimenez, M.; Kristiansen, K.; Giacobino, J.P.; De Matteis, R.;
Cinti, S. The emergence of cold-induced brown adipocytes in mouse white fat depots is determined
predominantly by white to brown adipocyte transdifferentiation. Am. J. Physiol. Endocrinol. Metab. 2010,
298, E1244–E1253. [CrossRef]

28. Diepvens, K.; Westerterp, K.R.; Westerterp-Plantenga, M.S. Obesity and thermogenesis related to the
consumption of caffeine, ephedrine, capsaicin, and green tea. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2007, 292, R77–R85. [CrossRef]

29. Dos Santos, T.W.; Miranda, J.; Teixeira, L.; Aiastui, A.; Matheu, A.; Gambero, A.; Portillo, M.P.; Ribeiro, M.L.
Yerba Mate Stimulates Mitochondrial Biogenesis and Thermogenesis in High-Fat-Diet-Induced Obese Mice.
Mol. Nutr. Food Res. 2018, e1800142. [CrossRef]

30. Andrade, J.M.O.; Frade, A.C.M.; Guimarães, J.B.; Freitas, K.M.; Lopes, M.T.P.; Guimarães, A.L.S.; de
Paula, A.M.B.; Coimbra, C.C.; Santos, S.H.S. Resveratrol increases brown adipose tissue thermogenesis
markers by increasing SIRT1 and energy expenditure and decreasing fat accumulation in adipose tissue of
mice fed a standard diet. Eur. J. Nutr. 2014, 53, 1503–1510. [CrossRef]

31. Seo, Y.-J.; Kim, K.-J.; Choi, J.; Koh, E.-J.; Lee, B.-Y. Spirulina maxima Extract Reduces Obesity through
Suppression of Adipogenesis and Activation of Browning in 3T3-L1 Cells and High-Fat Diet-Induced Obese
Mice. Nutrients 2018, 10, 712. [CrossRef] [PubMed]

32. Choi, M.S.; Kim, Y.J.; Kwon, E.Y.; Ryoo, J.Y.; Kim, S.R.; Jung, U.J. High-fat diet decreases energy
expenditure and expression of genes controlling lipid metabolism, mitochondrial function and skeletal system
development in the adipose tissue, along with increased expression of extracellular matrix remodelling- and
inflammation-related genes. Br. J. Nutr. 2015, 113, 867–877. [CrossRef] [PubMed]

33. Meyer, C.W.; Ootsuka, Y.; Romanovsky, A.A. Body Temperature Measurements for Metabolic Phenotyping
in Mice. Front. Physiol. 2017, 8, 520. [CrossRef] [PubMed]

34. Lanza, I.R.; Nair, K.S. Functional assessment of isolated mitochondria in vitro. Methods Enzymol. 2009,
457, 349–372. [CrossRef] [PubMed]

35. Flachs, P.; Rossmeisl, M.; Kuda, O.; Kopecky, J. Stimulation of mitochondrial oxidative capacity in white fat
independent of UCP1: A key to lean phenotype. Biochim. Biophys. Acta 2013, 1831, 986–1003. [CrossRef]

36. Larsen, S.; Nielsen, J.; Hansen, C.N.; Nielsen, L.B.; Wibrand, F.; Stride, N.; Schroder, H.D.; Boushel, R.;
Helge, J.W.; Dela, F.; et al. Biomarkers of mitochondrial content in skeletal muscle of healthy young human
subjects. J. Physiol. 2012, 590, 3349–3360. [CrossRef]

37. Hofmann, T.; Elbelt, U.; Stengel, A. Irisin as a muscle-derived hormone stimulating thermogenesis-A critical
update. Peptides 2014, 54, 89–100. [CrossRef]

38. Stanford, K.I.; Goodyear, L.J. Muscle-Adipose Tissue Cross Talk. Cold Spring Harb. Perspect. Med. 2018,
8, a029801. [CrossRef]

39. Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004,
84, 277–359. [CrossRef]

40. Nedergaard, J.; Golozoubova, V.; Matthias, A.; Asadi, A.; Jacobsson, A.; Cannon, B. UCP1: The only protein
able to mediate adaptive non-shivering thermogenesis and metabolic inefficiency. Biochim. Biophys. Acta
2001, 1504, 82–106. [CrossRef]

41. Cantó, C.; Auwerx, J. PGC-1alpha, SIRT1 and AMPK, an energy sensing network that controls energy
expenditure. Curr. Opin. Lipidol. 2009, 20, 98–105. [CrossRef] [PubMed]

http://dx.doi.org/10.4103/0975-9476.100168
http://www.ncbi.nlm.nih.gov/pubmed/23125505
http://dx.doi.org/10.1038/s41598-019-45540-1
http://dx.doi.org/10.1111/bph.13855
http://dx.doi.org/10.1113/jphysiol.1949.sp004363
http://dx.doi.org/10.1152/ajpendo.00600.2009
http://dx.doi.org/10.1152/ajpregu.00832.2005
http://dx.doi.org/10.1002/mnfr.201800142
http://dx.doi.org/10.1007/s00394-014-0655-6
http://dx.doi.org/10.3390/nu10060712
http://www.ncbi.nlm.nih.gov/pubmed/29865208
http://dx.doi.org/10.1017/s0007114515000100
http://www.ncbi.nlm.nih.gov/pubmed/25744306
http://dx.doi.org/10.3389/fphys.2017.00520
http://www.ncbi.nlm.nih.gov/pubmed/28824441
http://dx.doi.org/10.1016/s0076-6879(09)05020-4
http://www.ncbi.nlm.nih.gov/pubmed/19426878
http://dx.doi.org/10.1016/j.bbalip.2013.02.003
http://dx.doi.org/10.1113/jphysiol.2012.230185
http://dx.doi.org/10.1016/j.peptides.2014.01.016
http://dx.doi.org/10.1101/cshperspect.a029801
http://dx.doi.org/10.1152/physrev.00015.2003
http://dx.doi.org/10.1016/S0005-2728(00)00247-4
http://dx.doi.org/10.1097/MOL.0b013e328328d0a4
http://www.ncbi.nlm.nih.gov/pubmed/19276888


Nutrients 2020, 12, 431 15 of 15

42. Chau, M.D.L.; Gao, J.; Yang, Q.; Wu, Z.; Gromada, J. Fibroblast growth factor 21 regulates energy metabolism
by activating the AMPK-SIRT1-PGC-1alpha pathway. Proc. Natl. Acad. Sci. USA 2010, 107, 12553–12558.
[CrossRef] [PubMed]

43. Patel, D.P.; Yan, T.; Kim, D.; Dias, H.B.; Krausz, K.W.; Kimura, S.; Gonzalez, F.J. Withaferin A improves
non-alcoholic steatohepatitis in mice. J. Pharmacol. Exp. Ther. 2019. [CrossRef] [PubMed]

44. Lee, J.; Liu, J.; Feng, X.; Salazar Hernandez, M.A.; Mucka, P.; Ibi, D.; Choi, J.W.; Ozcan, U. Withaferin A is
a leptin sensitizer with strong antidiabetic properties in mice. Nat. Med. 2016, 22, 1023–1032. [CrossRef]
[PubMed]

45. Fisler, J.S.; Warden, C.H. Uncoupling proteins, dietary fat and the metabolic syndrome. Nutr. Metab. 2006,
3, 38. [CrossRef] [PubMed]

46. Schrauwen, P.; Hesselink, M. UCP2 and UCP3 in muscle controlling body metabolism. J. Exp. Biol. 2002,
205, 2275–2285.

47. Ricquier, D.; Bouillaud, F. Mitochondrial uncoupling proteins: From mitochondria to the regulation of energy
balance. J. Physiol. 2000, 529 Pt 1, 3–10. [CrossRef]

© 2020 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/10.1073/pnas.1006962107
http://www.ncbi.nlm.nih.gov/pubmed/20616029
http://dx.doi.org/10.1124/jpet.119.256792
http://www.ncbi.nlm.nih.gov/pubmed/31420528
http://dx.doi.org/10.1038/nm.4145
http://www.ncbi.nlm.nih.gov/pubmed/27479085
http://dx.doi.org/10.1186/1743-7075-3-38
http://www.ncbi.nlm.nih.gov/pubmed/16968550
http://dx.doi.org/10.1111/j.1469-7793.2000.00003.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	WS Extract (WSE) Preparation 
	Materials 
	Animals 
	Energy Expenditure Measurement 
	OGTT and IPITT 
	Quantitative Reverse-Transcription Polymerase Chain Reaction (RT-qPCR) 
	Immunoblotting 
	Immunofluorescence Staining of UCP1 
	Immunohistochemistry of UCP1 
	Histologic Analysis 
	TEM 
	Measurement of Complex III and IV Activity 
	LC-MS/MS Analysis 
	Cell Culture and Treatment 
	Beige Adipocyte Differentiation of 3T3-L1 Cells 
	Determination of Oxygen Consumption Rate (OCR) in C2C12 Cells 
	Statistical Analysis 

	Results 
	WSE Prevents HFD-Induced Obesity in Mice by Enhancing Energy Expenditure 
	WSE Enhances BAT Activity and Browning of WAT in HFD-Fed Mice 
	WSE Improves Mitochondrial Function in Skeletal Muscle 
	WFA Enhances the Differentiation of 3T3-L1 Cells into Beige Adipocytes and Mitochondrial Function in C2C12 Cells 

	Discussion 
	References

