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Anti‑adipogenic effects of viscothionin 
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Abstract 

Viscum album subsp. Coloratum, also known as Korean mistletoe, is a traditional herb that has more recently been 
used for the treatment of nervine, hypertensive and cardiovascular diseases. Therefore, this study was undertaken to 
access the anti-obesity effect of Korean mistletoe-derived polypeptide viscothionin using 3T3-L1 adipocytes in vitro 
and in vivo mouse experimental model. Viscothionin (up to 5 μM) was used to treat mouse 3T3-L1 pre-adipocytes 
during adipocyte differentiation. Adipocyte differentiation in 3T3-L1 cells was confirmed by Oil Red O staining. 
Obesity was induced by a high-fat diet (HFD) in C57BL/6J mice, followed by oral administration of viscothionin (up to 
10 mg/kg) for 3 weeks. As a result, viscothionin (5 μM) inhibited differentiation of adipocyte cells and attenuated accu‑
mulation of intracellular lipids through activation of 5′-adenosine monophosphate-activated protein kinase (AMPK), 
by down-regulating phosphorylation in AKT and glycogen synthase kinase 3β (GSK3β). Treatment of viscothionin also 
decreased the levels of sterol regulatory element binding protein-1 (SREBP-1) and its target gene, fatty acid synthase 
(FAS). Moreover, viscothionin (10 mg/kg) significantly suppressed body weight and fat content, and improved serum 
lipid concentration, compared with the standard drug simvastatin (10 mg/kg), a well-known anti-obesity agent. 
The present study suggests, that viscothionin exerts anti-adipogenic effect through the activation of AMPK and has 
potential to prevent HFD-induced obesity.
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Introduction
Obesity is a complex chronic disorder which is linked to 
a number of health complications, including diabetes, 
hypertension, cancer, hyperlipidemia, osteoarthritis, and 
heart diseases [1]. 3T3-L1 cells are entrenched in  vitro 
model for assessing the differentiation of adipocytes at a 
number of developmental stages, including, differentia-
tion stages associated with obesity [2]. 3T3-L1 cells have 
been extensively studied for determining the anti-adipo-
genic effects of several existing and new therapeutic com-
pounds that have potential to control body weight gain or 

obesity. Thus suggesting that, the establishment of animal 
models could be useful to assess the anti-obesity poten-
tial of any therapeutic agents for the treatment of obesity. 
Studies have confirmed that mice fed with high-fat diet 
(HFD) are excellent obesity models in which the dietary 
conditions are the major contributors [3].

5′-Adenosine monophosphate-activated protein kinase 
(AMPK) is a heterotrimeric protein complex that acts 
as an energy sensor in homeostasis [4]. The activity of 
AMPK is achieved by the phosphorylation of critically 
self-contained threonine residue (Thr172) [5]. Phospho-
rylation of AMPK improves energy production by reduc-
ing the energy consumption of each biosynthetic pathway 
and increasing fatty acid oxidation [6]. AMPK acts in 
the regulation of glucose and adipocyte-associated lipid 
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homeostasis, thus causes several metabolic changes [7]. 
Therefore, AMPK is known to be a significant target of 
anti-adipogenic and anti-obesity agents.

Mistletoe, a semi-parasitic plant, grows well on various 
types of trees worldwide. Mistletoe has several pharma-
cological activities, and can act as a nervine, hypertensive, 
vasodilator, or relaxant [8–10]. Korean mistletoe (Vis-
cum album subsp. Coloratum) belonging to family San-
talaceae, has been used as an herbal medicine that has 
recently been known to produce several bioactive com-
ponents, including viscothionin [11]. However, no studies 
have been reported so far on viscothionin whether it pos-
sesses anti-adipogenic and anti-obesity effects along with 
an underlying mechanism for the observed activities. 
Therefore, herein this research, we investigated whether 
viscothionin activates AMPK, whose activation known to 
suppress adipogenesis. Consequently, we also performed 
in vivo studies in order to validate the anti-obesity effects 
of viscothionin using HFD-fed mice as an animal model.

Materials and methods
Chemicals
Viscothionin isolated from Korean mistletoe was pre-
pared with a slight modification of a previously reported 
method, and was used with purity over 97% [12]. The 
insulin, dexamethasone (purity over 97%), 3-isobutyl-
1-methylxanthine (purity over 99%), dimethyl sulfoxide 
(DMSO), and compound C (AMPK inhibitor) were pro-
cured from Sigma (St. Louis, MO, USA). Simvastatin as 
a standard anti-obesity drug was purchased from Sigma 
(St. Louis, MO, USA). A kit from Oil Red O staining was 
purchased from Lifeline Cell Technology (Carlsbad, CA, 
USA). Primary antibodies for AMPK, GSK3β, p-ACC, 
p-AKT, p-GSK3β, ACC, AKT, phosphorylate (p)-AMPK, 
and β-actin were procured from Cell Signaling (Danvers, 
MA, USA). Anti-rabbit, or anti-mouse IgG secondary 
antibodies were purchased from Millipore (Bedford, MA, 
USA). Other ingredients and cell culture medium were 
obtained from Hyclone Ltd., Logan, UT, USA.

Cell culture and adipocyte differentiation
Mouse 3T3-L1 pre-adipocytes (American Type Cul-
ture Collection, Manassas, VA, USA) were cultured 
at 37  °C, 5% CO2 atmosphere in Dulbecco’s modified 
Eagle’s medium (Gibco BRL, NY, USA) supplemented 
with 10% FBS and penicillin/streptomycin (Gibco BRL). 
The 3T3-L1 pre-adipocytes were incubated for 2 days 
until confluence. Here the cells were exposed to an adi-
pogenic differentiation medium (DMI; DMEM contain-
ing 5% FBS, 0.5 mM 3-isobutyl-1-methylxanthine, 1 mM 
dexamethasone, and 10 μg/mL insulin) for 4 days. After 
2 days, the DMI was changed with DMEM containing 
5% FBS and 10  μg/mL insulin, and then changed with 

DMEM containing 5% FBS every other day. The visco-
thionin was dissolved in phosphate buffered saline (PBS) 
at 100  mM, and then reconstituted in each medium at 
the working concentration. Additionally, cells were pre-
treated with compound C (20  μM) for one hour, then 
treated with viscothionin (5 μM).

Oil Red O staining
Oil Red O staining was performed using the staining kit 
protocol described elsewhere. Oil Red O stained cultures 
were photographed using an Observer A1 microscope at 
magnification 100× (Carl Zeiss, Jena, Germany). After 
taking the photographs, the Oil Red O stained culture 
dye retained in the cells was eluted with isopropanol 
and quantified using spectrophotometer (absorbance at 
540  nm, PowerWave 2, Bio-Tek Instruments, Winooski, 
VT, USA).

Real‑time (RT)‑PCR
For RT-PCR analysis, A Mastercycler Gradient 5331 
Thermal Cycler (Eppendorf, Germany) was used for the 
amplification of cDNA. Fluorescence signals were meas-
ured after each cycle for RT-PCR analysis using an ABI 
Step One Plus Sequence Detection System (Applied 
Biosystems, Branchburg, NJ, USA). A Primer Express 
Software (Applied Biosystems) was employed for the 
designing of specific sense and antisense RT-PCR prim-
ers which were as follows: forward 5′-GAA​GTG​GTG​
GAG​AGA​CGC​TTAC-3′ and reverse 5′-TAT​CCT​CAA​
AGG​GCT​GGA​CTG-3′ for SREBP-1; forward 5′-CCC​
AGC​CCA​TAA​GAG​TTA​CA-3′ and 5′-ATC​GGG​AAG​
TCA​GCA​CAA​-3′ for FAS; forward 5′-GCA​TGG​CCT​
TCC​GTG​TTC​-3′ and reverse 5′- GAT​GTC​ATC​ATA​
CTT​GGC​AGG​TTT​-3′ for GAPDH, housekeeping gene.

Determination of intracellular triglyceride
Intracellular triglyceride content was determined using 
a commercial triglyceride assay kit system (BioAssay, 
Hayward, CA, USA). Aliquots of various concentrations 
of viscothionin, with or without compound C were used 
for the treatment of adipocyte cells in a 12-well plate dur-
ing their differentiation. Then, the cells were washed with 
PBS and the cell suspension was homogenized after the 
addition of homogenizing solution (154 mM KCl, 1 mM 
EDTA, 50  mM Tris, pH 7.4) followed by centrifugation 
(3000  rpm/5  min) of cell lysate for the removal of fat 
layer. The supernatants were then assessed for triglycer-
ide content. Triglyceride content was normalized using 
the bovine serum albumin (BSA) as a standard.

Immunoblotting analysis
Proteins originated from the cell lysates were subjected 
to SDS-PAGE using 8%, 10% and 14% gel, and then 
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transferred to polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad, Laboratories, Hercules, CA, USA). 5% 
skim milk was used for the blocking of the membranes, 
followed by incubation with each primary antibody in 1% 
skim milk at 4  °C overnight. Then, the blots were incu-
bated with each secondary antibody for one hour, and 
signals were detected using a SuperSignal West Dura 
(Thermo Scientific, CA, USA). A ChemiImager (Alpha 
Innotech, San Leandro, CA, USA) was employed for ana-
lyzing the results.

Animals and in vivo experimental design
Forty male C57BL/6J mice, about 6 weeks old, were pur-
chased from Dae-Han Biolink (Daejeon, Korea) and were 
maintained under pathogen-free conditions on a 12-h 
light/dark. The mice were randomly divided into two 
groups and were fed either a normal-diet (n = 8) or an 
HFD (n = 32) with 45% of the calorie fat. The HFD mice 
were fed for 6-week in order to induce obesity. After 
6-week, the HFD-fed mice were randomly divided into 
four sub-groups and each sub-group was orally adminis-
tered either 0.1  mL saline (n = 8), 1  mg/kg viscothionin 
in 0.1 mL saline (n = 8), 10 mg/kg viscothionin in 0.1 mL 
saline (n = 8), or 10  mg/kg simvastatin (Sigma; purity 
over 97%) in 0.1  mL saline daily for 3 weeks. The mice 
had free access to food and water and their food con-
sumption was measured daily, while their weight gain 
was measured weekly. The weight gain/feed ratio was cal-
culated as weight gain divided by total food intake. After 
fasting for 12 h and before collecting blood, all mice were 
scanned using micro-CT for abdominal visceral fat anal-
ysis. All mice were maintained according to the Chonbuk 
National University Institutional Guidelines for the care 
and use of experimental animals (Approval number: CBU 
2018-0070; Approval date: November 28, 2018).

Serum analyses
All biochemical tests for obesity (triglyceride and total 
cholesterol concentrations) were performed on a Vet-
Test 8008 Chemistry Analyzer from IDEXX, Seoul, South 
Korea. Levels of high-density lipoprotein (HDL) and low-
density lipoprotein (LDL) were determined according to 
the instructions of kit manufacturer (Cell Biolabs, San 
Diego, CA, USA).

Abdominal visceral fat analyses
The mouse visceral fat distribution in the abdominal cav-
ity was determined by micro-CT scanner (Skyscan-1072, 
TomoNT, Aartselaar, Belgium) between frames at a 
10  μm slice thickness. The visceral fat distribution was 
determined using dedicated software (CTAn v.1.8.1.2).

Statistical analyses
All the results are presented as mean ± SE, and ana-
lyzed by the Student’s t-test, followed by one-way 
ANOVA analysis and Tukey’s test. Values were consid-
ered significant at p < 0.05.

Results
Effects of viscothionin on AMPK activation
To inquire whether the inhibition of adipocyte differ-
entiation by viscothionin is mediated by AMPK activa-
tion, 3T3-L1 cells were treated by 5  μM viscothionin 
for 8  days. Consistent with the increase in AMPK 
phosphorylation, the phosphorylation of acetyl-CoA 
carboxylase (ACC), a characterized phosphorylation 
target of AMPK, was also increased (Fig.  1b, c). How-
ever, AMPK phosphorylation inhibited the AKT activa-
tion and counteracted the glycogen synthase kinase 3β 
(GSK3β) inactivation (Fig. 1e). As shown in Fig. 1, vis-
cothionin increased the phosphorylation of AMPK and 
ACC, while decreased the phosphorylation of AKT and 
GSK3β, suggesting that viscothionin activated AMPK, 
then inactivated AKT and activated GSK3β to inhibit 
adipocyte differentiation in 3T3-L1 cells during differ-
entiation. To confirm the effect of AMPK activation by 
viscothionin, 3T3-L1 cells were treated with compound 
C, a pharmacological AMPK inhibitor. When the 3T3-
L1 cells were pre-treated with compound C (20  μM), 
viscothionin-induced phosphorylation of AMPK and 
ACC were significantly reduced and phosphorylation 
of AKT and GSK3β was significantly increased (Fig. 1). 
These results indicate that viscothionin inhibited adi-
pogenesis through AMPK activation.

Effects of viscothionin on adipocyte differentiation 
involved in AMPK activation
To clarify the effects of viscothionin on adipocyte dif-
ferentiation involved in AMPK activation, we exam-
ined differentiation of viscothionin treated 3T3-L1 cells 
pre-treated with compound C. As shown in Fig.  2a, 
compound C significantly counteracted with inhibi-
tory effect of viscothionin on adipocyte differentiation. 
Moreover, the effect on intracellular triglyceride levels in 
viscothionin-treated cells pre-treated with compound C 
was clearly counteracted as compared with viscothionin-
treated cells (Fig. 2b). Viscothionin-treated 3T3-L1 cells 
pre-treated with compound C exhibited increased level 
of expression of sterol regulatory element binding pro-
tein-1 (SREBP-1) and fatty acid synthase (FAS), com-
pared with viscothionin-treated cells (Fig.  2c, d). These 
results suggest that viscothionin-induced inhibition of 
adipogenesis in 3T3-L1 cells via AMPK activation.
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Effect of viscothionin on food intake and bodyweight
Based on in  vitro results, we performed in  vivo 
experiments using HFD-induced obese mice. All the 
experimental mice showed no any symptoms of path-
ological condition or abnormalities during the experi-
mental period. No significant differences among the 
groups in food consumption, except in control group 
(Fig.  3a) were observed. All groups had similar body 
weights at the beginning of the study (22.7 ± 1.1  g), 
but the HFD mice experienced significant weight gain 
(42.1 ± 1.8 g) compared with animals fed with the nor-
mal-diet (32.7 ± 1.7 g) throughout the study. The HFD 
groups treated with viscothionin at the dose of 1  mg/
kg or 10  mg/kg gained less body weight (40.5 ± 1.5  g; 
35.3 ± 1.1  g, respectively) in 3 weeks of treatment 
(Fig.  3b). The weight gain/feed ratio was calculated 
by dividing weight increase by food intake and was 
expressed as a percentage of control group diet. During 
the experimental period, the HFD mice showed a ratio 
of 266.1%, and those given viscothionin at 1  mg/kg or 
10  mg/kg had ratio of 244.1% and 172%, respectively 
(Fig.  3c). During the 3-week viscothionin treatment 
period, the weight gain/feed ratio showed a significant 
decrement in the group given viscothionin at 10 mg/kg 
group, as compared with the HFD-fed group (Fig. 3d). 
Simvastatin (10  mg/kg) was used for positive control 
compared with 10  mg/kg viscothionin. These results 

indicate a potential anti-obesity effect of viscothionin 
through the weight gain/feed ratio.

Effects of viscothionin on serum lipid and abdominal 
visceral fat content
Three weeks of treatment with 10  mg/kg viscothionin 
significantly improved HFD-induced hypercholester-
olemia. Serum concentrations of triglycerides and total 
cholesterol were significantly reduced by the treatment 
of viscothionin at 10  mg/kg in the HFD mice (Fig.  4a, 
b). Serum concentrations of LDL + VLDL cholesterol 
in mice fed 10  mg/kg viscothionin were significantly 
decreased by 36%, compared with the HFD mice (Fig. 4c). 
Serum concentrations of HDL cholesterol were also 
changed significantly in mice fed 10 mg/kg viscothionin 
as compared with the HFD mice (Fig. 4d).

To confirm abdominal visceral fat content in the obese 
animal model, we performed micro-CT and produced 
representative cross-sectional images (Fig.  4e) followed 
by quantification graph (Fig.  4f ). The white area in the 
abdomen represents the intra-abdominal fat. After 3 
weeks of viscothionin treatment, we found a significantly 
lower abdominal visceral fat content in the mice treated 
with 10 mg/kg viscothionin than in the HFD obese mice. 
These results confirmed that viscothionin exerts an anti-
obesity effect in HFD-induced obesity animal model.

Fig. 1  Effects of viscothionin on AMPK signal pathway in 3T3-L1 cells. Cells were pre-treated with compound C for 1 h, and then treated with 5 μM 
viscothionin for 8 days. On day 8, completely differentiated cells were lysed to extract total protein. a Protein extracts were prepared and subjected 
to Western blot analysis using p-AMPK, AMPK, p-ACC, ACC, p-AKT, AKT, p-GSK3β, GSK3β, and β-actin antibodies. Each total protein level was used as 
an internal control to elevate relative expression of the phosphorylated protein. b–e Quantitative analysis of Western blot in a. Data are represented 
as mean ± SEM of three different preparations. **p < 0.01, and ***p < 0.001, as compared with control. ##p < 0.01, and ###p < 0.001, as compared with 
only DMI. +p < 0.05,  ++p < 0.01, and +++p < 0.001, as compared with DMI + viscothionin 5 μM
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Discussion
The present study was conducted to evaluate the anti-
obesity effects of viscothionin, a potentially protective 
compound from the traditional herb, Korean mistletoe. 
Obesity is a major risk factor for metabolic disorders 
such as diabetes mellitus, hyperlipidemia and hyperten-
sion [1]. The body fat distribution has a significant effect 
on disease morbidity. For example, abdominal adipose 
tissue decreases insulin sensitivity, while increasing the 
risk of atherosclerosis and cardiovascular disease [13, 14]. 
Excess dietary fat itself changes the cholesterol and tri-
glyceride levels in plasma, and the tissues may contrib-
ute to obesity and related pathologies [15]. Since body 
fat is synthesized from mature fat cells through differen-
tiation and maturation of pre-adipocytes, several studies 

have focused on adipogenic signaling for developing 
anti-obesity substances [16]. Pre-adipocytes differenti-
ate and mature by answering hormones, including insu-
lin through the expression of adipogenic genes such as 
SREBP-1 and FAS, and further generates a triglycerides 
[17]. The pathogenesis of obesity includes failure of hor-
monal and enzymatic factors, such as hormone-sensitive 
lipase, low-density lipoprotein receptor, insulin, lipopro-
tein lipase, and growth hormone [18]. Recently, number 
of strategies have been proposed as treatments for obe-
sity, including diet and exercise therapy, including chemi-
cal drugs for lipid degradation. However, many such 
anti-obesity treatments exhibit adversary effects due to 
their ability to alter the control appetite and/or biochem-
istry of metabolism [19].

Fig. 2  Lipid accumulation and adipocyte differentiation involved in AMPK activation in viscothionin-treated 3T3-L1 cells. a Cells were pre-treated 
with compound C (20 μM) for 1 h, then treated with 5 μM of viscothionin from days 0 to 8. On day 8, completely differentiated cells were stained 
with Oil Red O. Intracellular lipid droplets were stained with Oil Red O and observed at magnification 100×. To quantify lipid accumulation, lipid 
droplets were eluted with isopropanol and optical absorbance measured at 540 nm. b Compound C counteracted the viscothionin-mediated 
suppression of the intracellular triglyceride levels of 3T3-L1 cells. c, d SREBP-1 and FAS gene expression in 3T3-L1 cells as examined by real-time 
RT-PCR. Data are represented as mean ± SEM of three different preparations. ***p < 0.001, as compared with control. ##p < 0.01, and ###p < 0.001, as 
compared with only DMI.  ++ p < 0.01, as compared with DMI + viscothionin 5 μM
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Korean mistletoe, a semi-parasitic plant, has been used 
as an alternative treatment material against several dis-
orders, including cardiac vascular diseases, hypertension, 
cancer, arthritis, and epilepsy [8–11]. Recently, several 
studies have shown that Korean mistletoe has possible 
anticancer [11], and anti-obesity [20] effects. Based on 
these studies, in our previous research, we have identi-
fied a potential candidate molecule, viscothionin, from 

Korean mistletoe [12], and herein this study confirmed 
that viscothionin is an active molecule concerned with 
lipid metabolism.

In this study, we confirmed the effect of viscothionin 
on adipocyte differentiation by measuring lipid accu-
mulation and several adipogenic genes and proteins 
associated with adipogenesis signal pathway. Possible 
mechanisms for reducing obesity involve decreasing 

Fig. 3  Effects of viscothionin on food intake and body weight gain of HFD-fed mice. a Effect of viscothionin on change in food intake in HFD mice. 
Obese mice were induced by HFD for 6 weeks, and then treated with 1 mg/kg or 10 mg/kg viscothionin for 3 weeks. 10 mg/kg of simvastatin was 
used for comparative control. b Effect of viscothionin on body weight gain of HFD mice. c Weight gain/feed ratio during total experiment period. d 
Weight gain/feed ratio during viscothionin treatment period. The values are weight gain divided by food intake. The final value in the standard diet 
group was taken as 100%. *p < 0.05, and **p < 0.01, as compared with control. #p < 0.05, and ###p < 0.001, as compared with HFD

(See figure on next page.)
Fig. 4  Serum biomarkers and micro-CT findings in viscothionin-treated HFD-fed Mice. Six weeks HFD mice were induced to be obese, and 
then treated with viscothionin at the dose of 1 mg/kg or 10 mg/kg for 3 weeks. 10 mg/kg of simvastatin was used for comparative control. 
Serum samples were obtained after viscothionin treatment. a, b Serum concentrations of triglycerides and total cholesterol were measured 
by a chemistry analyzer. c, d LDL + VLDL cholesterol and HDL cholesterol levels were measured with a commercial analysis kit. e Transverse 
section image of abdominal cavity. White areas represent abdominal visceral fat. f Quantification of abdominal visceral fat. Transverse imaging 
measured relative cross-sectional areas of abdominal visceral fat at the mid-kidney level. Note that the area of visceral abdominal fat is lower in the 
viscothionin-treated mice than in the HFD mice. Values are mean ± SEM for eight animals in each group. *p < 0.05, **p < 0.01, and ***p < 0.001, as 
compared with control. #p < 0.05, and ##p < 0.01, as compared with HFD
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the incorporation of triglycerides and cholesterol, 
increasing glucose and/or fatty acid oxidation, or 
increasing lipolysis [21]. Adipocyte differentiation and 
fat accumulation are known to be associated with the 
development of obesity [15].

Results of preliminary experimental data indicated 
that viscothionin inhibited adipocyte differentiation 
in the 3T3-L1 cells and 5  μM concentration of visco-
thionin is effective at mitigating the accumulation 
of intracellular lipids. Previous studies have shown 
that AMPK activation directly inhibits ACC activity 
through phosphorylation, and indirectly inhibits ACC 
expression through inhibition of adipogenic signals, 
including AKT and GSK3β [21]. In the present study, 
viscothionin increased the phosphorylation of AMPK 
and ACC, while decreased the phosphorylation of AKT 
and GSK3β in 3T3-L1 cells (Fig.  1). AMPK cascades 
have emerged as important targets for the treatment 
of obesity [22]. Therefore, the anti-adipogenic effect of 
AMPK is recognized as a major effect of viscothionin in 
3T3-L1 cells.

Furthermore, we confirmed the effect of viscothionin 
on inhibiting obesity in HFD-induced obesity animal 
model (Fig.  3b). Interestingly, these results were simi-
lar to those of mice treated with simvastatin, a com-
mercially available anti-obesity agent. The anti-obesity 
effect of viscothionin demonstrated that the serum con-
centrations of LDL + VLDL cholesterol, triglycerides, 
and total cholesterol were significantly reduced (Fig. 4). 
Especially the serum concentrations of HDL cholesterol 
were improved compared with mice treated with simv-
astatin and were similar to control groups (Fig. 4d).

Additionally, the abdominal visceral fat content was 
significantly lowered in mice treated with viscothionin 
than in HFD obese mice (Fig. 4f ). Overall, these results 
demonstrate an anti-obesity effect of viscothionin in an 
HFD-induced obesity animal model.
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