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Abstract
Introduction: Previous research has shown that an aqueous
extract of Humulus japonicus (EH) can ameliorate hypertension,
nonalcoholic fatty liver disease, andoxidative stress in adipocytes
by activating the thermogenic pathway. However, the effects of
an ethanol (30%) extract of EH on obesity are unknown.
Methods: Various protein expression levels in fully differentiated
3T3-L1 adipocytes were assessed by Western blotting. Lipid
deposition in 3T3-L1 adipocytes was examined by oil red O
staining. The MTT assay was used to evaluate adipocyte viability.
Caspase 3 activity and glycerol release were determined using
commercial assay kits. Results: In this study, we discovered that
EH treatment inhibited lipogenesis and promoted lipolysis in
both differentiated 3T3-L1 adipocytes and adipose tissue ofmice
fed a high-fat diet. EH treatment also increased phosphorylated
protein kinase A (PKA) levels while reducing p38 phosphoryla-
tion. When H89, a PKA inhibitor, was used, the effects of EH on

lipogenic lipid accumulation and lipolysis in 3T3-L1 adipocytes
were eliminated. Treatment with luteolin 7-O-β-d-glucoside (LU),
the major active compound in EH, also suppressed lipid de-
position and p38 phosphorylation but enhanced lipolysis in 3T3-
L1 adipocytes. These changes were abrogated by H89.
Conclusion: These findings indicate that EH containing LU re-
duces lipogenesis and stimulates lipolysis via the PKA/p38 sig-
naling pathway, leading to an improvement in obesity in mice.
Therefore, our study suggested that EH could be a promising
therapeutic agent for treating obesity.

© 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

As society advances, the prevalence of obesity is rapidly
increasing due to a sedentary lifestyle and excessive
calorie intake [1, 2]. This surge in obesity has led to an
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increase in metabolic diseases, such as insulin resistance,
diabetes, nonalcoholic fatty liver disease (NAFLD), and
cardiovascular disease [3]. Obesity is a significant social
health problem because it not only has an aesthetic
impact but also triggers the onset of various metabolic
diseases [4]. Although steady aerobic exercise is the most
effective way to control obesity [5], it can be challenging
for severely obese individuals or those who cannot ex-
ercise effectively due to environmental factors. Therefore,
the discovery of candidate substances that are less toxic to
the human body and efficiently improve obesity is crucial
not only for treating obesity but also for preventing
metabolic diseases.

Humulus japonicus (EH) is a traditional food and/or
medicinal herb that has been historically used to treat a
range of ailments, such as diarrhea, hypertension, pneu-
monia, and leprosy [6]. In Korea, the leaves of EHhave been
utilized for treating pulmonary tuberculosis, tuberculosis,
cervical lymphadenitis, and hypertension [7]. Recent studies
have shown that the extract of EH has beneficial effects on
metabolic disorders. Notably, the extract has been found to
possess antioxidative and anti-inflammatory properties [8,
9]. In addition, research conducted by Jung et al. [8] in-
dicated that an aqueous extract of EH enhances thermo-
genesis, reduces oxidative stress, and promotes lipolysis in
adipocytes, thereby reducing lipid accumulation. Further-
more, Chung et al. [10] demonstrated that an aqueous
extract of EH ameliorates hyperlipidemia and hepatic
steatosis in obese mice. Peng et al. [11] and Cho et al. [12]
previously identified vitexin, which has an antiobesity
property [11], and luteolin 7-O-β-d-glucoside (LU) as a
major ingredient in the ethanol (30%) extract of EH and
demonstrated the suppressive effects of LU on hepatic
steatosis [12].

To the best of our knowledge, the impact of EH ethanol
extract on adipocyte lipid metabolism has not been ex-
amined, although Jung et al. reported the effects of EH
water extract on oxidative stress and thermogenesis in
adipocytes [8]. This study aimed to examine the effects of
EH on obesity through in vitro and in vivo experiments.
Additionally, we sought to investigate the molecular
mechanisms underlying the impact of EH on cultured
adipocytes.

Materials and Methods

EH Preparation
In this study, an ethanol extract of EH leaves was kindly

provided by Hanpoong Nature Pharm (Iksan, South Korea). The
EH leaves were extracted as follows: 1.2 kg of EH (obtained from

Woori Pharm, Gimpo, Republic of Korea) was mixed with 10
volumes of 30% (v/v) ethanol and heated at 85°C for 3 h. The
extract was then filtered through a 5-μm filtering system, and the
residue was re-extracted under the same conditions. The resulting
extract was concentrated under reduced pressure at less than 60°C
and then dried using a vacuum system to yield 103 g of extract
(8.58% yield). The botanical identification of EH was performed by
Dr. Yuan Lu Sun at Solvit P&F (Goyang, Republic of Korea).

Animal Experiments
The animal study was approved by the Institutional Animal

Review Board at Chung-Ang University (Seoul, Korea; approval
No. A2022012) and conducted in accordance with the Labo-
ratory Animal Care and Use Guide (NIH publication, 8th
edition, 2011). Male C57BL/6J (B6) mice aged 7 weeks were
divided into different groups (n = 5) and fed a normal diet (ND)
(Cat. No. 710027; Dyets, Bethlehem, PA, USA), a high-fat diet
(HFD) (60% fat and 20% carbohydrate) (Cat. No. D12492;
Research Diets, New Brunswick, NJ, USA), and/or EH at doses
of 0–300 mg/kg via oral administration every other day for 8
weeks. EH was dissolved in distilled water (DW). Equivalent
volumes of DW were orally administered to both the ND and
HFD groups, similar to the treatment group. Throughout the
in vivo studies, the weight of the mice was monitored weekly,
and food intake was determined as the average of four mea-
surements taken once per week.

Adipocyte Culture/Differentiation and Reagents
3T3-L1 mouse preadipocytes (ATCC, Manassas, VA, USA)

were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Carlsbad, CA, USA) supplemented with 10% bovine
calf serum (Invitrogen), 100 units/mL penicillin, and 100 μg/mL
streptomycin (Invitrogen) at 37°C in a humidified atmosphere
containing 5% CO2. After reaching confluence on day 2, the cells
were differentiated by adding medium supplemented with 10%
fetal bovine serum (Invitrogen), 1 μM insulin, 0.5 mM IBMX, and
0.5 μg/mL dexamethasone for 2 days, followed by another 3 days in
medium containing 1 μM insulin. EH suspended in phosphate-
buffered saline at concentrations ranging from 0 to 100 μg/mL was
used to treat 3T3-L1 adipocytes for 24 h. The negative control was
phosphate-buffered saline or dimethyl sulfoxide (DMSO), while
LU (Sigma) and H89 (Sigma) dissolved in DMSO were used in the
experiments. Lipopolysaccharide (LPS) (Sigma) was dissolved
in DW.

Western Blot Analysis and Antibodies
To obtain protein samples for the experiment, cultured cells

and mouse adipose tissue were collected and treated with lysis
buffer (PRO-PREP; Intron Biotechnology, Seoul, Republic of
Korea) for 60 min at 4°C. The extracted protein samples were
between 35 and 40 μg and subjected to SDS-PAGE on gels ranging
from 7 to 12%, followed by transfer to nitrocellulose membranes
(Amersham Biosciences, Westborough, MA, USA). Then, primary
antibodies specific to the target protein were used to probe the
membranes, followed by incubation with secondary antibodies
conjugated to horseradish peroxidase (Santa Cruz Biotechnology,
USA). Enhanced chemiluminescence kits (Amersham Biosciences)
were used to detect signals. The following antibodies were used for
the experiments: anti-SCD1 (1:1,500), anti-SREBP1 (1:1,500),
anti-phospho-PKA (1:1,000), anti-PKA (1:2,000), anti-phospho-
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p38 (1:1,000), anti-p38 (1:2,000), and anti-β-actin (1:2,500) from
Santa Cruz Biotechnology and anti-phospho hormone-sensitive
lipase (HSL) (1:1,000) and anti-HSL (1:2,000) from Cell Signaling
Technology (Danvers, MA, USA).

Oil Red O Staining
To evaluate cellular lipid accumulation, we employed oil red

O staining. The cells were fixed in 10% formalin for 1 h, fol-
lowed by staining with preprepared oil red O solution (Sigma)
for an hour at 37°C. The stained lipids were quantified by
adding isopropanol to each sample and gently agitating them
for 10 min at room temperature. The quantity of extracted
samples (100 μL) was then analyzed using a spectrophotometer
at 510 nm.

Hematoxylin and Eosin Staining and Adipocyte Size
Measurement in Visceral Adipose Tissue
As a routine protocol, we performed hematoxylin and eosin

staining and analyzed the cross-sectional areas of the visceral
adipose tissue to measure the size of adipocytes. The analysis was
carried out using ImageJ software provided by the NIH (Bethesda,
MD, USA).

Glycerol Quantitation
To examine the glycerol release levels in mouse serum and 3T3-

L1 adipocyte culture media, we used a colorimetric lipolysis assay
kit (Abcam, Cambridge, MA, USA).

Apoptosis Assay
We used two assays to evaluate apoptosis: the MTT assay and

caspase 3 activity assay [13]. To perform the MTT assay, the
experimental 3T3-L1 adipocyte cultures were incubated in 96-well
plates with MTT solution (Sigma) for 2 h at 37°C. The red for-
mazan generated inside the cells was then dissolved in DMSO
(Sigma) for 10 min at room temperature with gentle agitation.
Afterward, the optical density was measured using a microplate
reader (Bio-Rad, Hercules, CA, USA) at 550 nm. For the caspase 3
activity assay, the researchers utilized a colorimetric caspase 3
activity assay kit (Abcam).

TNFα Release Assay
Following the experimental treatments, the supernatants of the

culture media from 3T3-L1 adipocytes were collected and stored
at −70°C for further analysis. To quantify the levels of TNFα in the
collected culture media, commercially available enzyme-linked
immunosorbent assay kits (R&D Systems) were used, and the
manufacturer’s instructions were followed.

Statistical Analyses
The statistical analysis was conducted using GraphPad

Prism version 6 software (San Diego, CA, USA), and the results
are presented as the mean ± standard deviation (SD) relative to
the highest values. The experiments were repeated indepen-
dently three to five times, and statistical significance was de-
termined by performing one-way repeated analysis of variance
(ANOVA) followed by Tukey’s post hoc test. The protein ex-
pression levels were analyzed with ImageJ software (NIH,
Bethesda, MD, USA).

Results

EH Administration Alleviates Obesity in Mice by
Modulating Lipogenesis and Lipolysis
As obesity is characterized by the enlargement of

adipose tissue due to an increase in adipocyte size [14],
we investigated whether EH administration affected
adipocyte size in visceral fat tissue. Our results showed
that mice fed an HFD for 8 weeks had increased body
weight (Fig. 1a) without changes in caloric intake or
adipocyte size in visceral adipose tissue (Fig. 1b), along
with increased expression of lipogenic proteins, such as
SREBP1 (processed form) and SCD1 (Fig. 1c). How-
ever, EH administration reversed these changes
(Fig. 1). Additionally, HFD-fed mice exhibited in-
creased phosphorylation of HSL in adipose tissue and
increased serum glycerol levels. EH administration
further increased the effects of HFD on lipolysis
(Fig. 1d). These results indicate that EH has the po-
tential as a therapeutic agent for obesity-related
metabolic disorders.

EH Treatment Suppresses Lipogenic Lipogenesis and
Enhances Lipolysis in Cultured Adipocytes
To optimize the cell treatment conditions, we con-

ducted preliminary in vitro experiments to assess the
effect of EH on adipocyte viability. Treatment of 3T3-L1
adipocytes with EH at concentrations of 0–50 μg/mL for
24 h did not affect cell viability. However, at a concen-
tration of 100 μg/mL, EH significantly (p < 0.05) de-
creased cell viability (Fig. 2a). Therefore, we administered
EH at concentrations of 0–50 μg/mL to investigate its
effect on lipid metabolism in adipocytes. We observed a
dose-dependent reduction in lipid accumulation in dif-
ferentiated 3T3-L1 adipocytes treated with EH (Fig. 2b),
along with a decrease in the expression of lipogenic
proteins, such as SREBP1 (processed form) and SCD1
(Fig. 2c). Moreover, treatment with EH increased
phosphorylated HSL expression and glycerol release in
3T3-L1 adipocytes (Fig. 2d). The lipolysis evaluation was
conducted without the preadipocyte group, as the effects
of EH on mature adipocytes needed to be assessed
(Fig. 2d).

Protein Kinase A/p38 Signaling Contributes to the
Effects of EH on Lipogenic Lipid Deposition and
Lipolysis in Adipocytes
Previous studies have shown that protein kinase A

(PKA) can decrease the formation of lipids while in-
creasing their breakdown in adipocytes [15]. Addition-
ally, p38 mitogen-activated protein kinase (MAPK) has
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been found to promote lipid buildup and decrease li-
polysis in adipocytes [16]. PKA-mediated signaling can
also cause p38 to lose its phosphate group [17]. In HFD-
fed mice, EH administration led to an increase in PKA
phosphorylation and a decrease in p38 phosphorylation
in adipose tissue (Fig. 3a). Similar to the in vivo results,
EH treatment of 3T3-L1 adipocytes dose-dependently
increased PKA phosphorylation while inhibiting p38
phosphorylation (Fig. 3b). Furthermore, in 3T3-L1 adi-
pocytes, H89, a PKA inhibitor, reduced the effects of EH
on lipid accumulation, lipogenic protein expression,
glycerol release, and phosphorylated p38 (Fig. 3c–e).

Western blotting and glycerol release assays were con-
ducted without including the preadipocyte group because
the focus was on assessing the effects of EH on mature
adipocytes (Fig. 3d, e).

A High Dose of EH Causes Adipocyte Apoptosis
without Inflammation
Targeting adipocyte apoptosis has been suggested as

a potential therapeutic approach for treating obesity
[18]. In our study, a high dose (100 μg/mL) of EH
reduced the viability of 3T3-L1 adipocytes and in-
creased caspase 3 activity (Fig. 4a). However, the

Fig. 1. EH improves obesity via the suppression of lipogenesis and
upregulation of lipolysis-mediated reductions in body weight in
HFD-fed mice. a Measurement of body weight gain and caloric
intake during in vivo experiments. b H&E staining of visceral
adipose tissue from experimental mice (each n = 5). Western

blotting of processed SREBP1 and SCD1 (c) and phosphorylated
HSL (d) in visceral adipose tissue from experimental mice (each
n = 5). The means ± SDs were calculated from five independent
experiments. Significance (p < 0.05) *versus ND; !versus HFD. ND,
normal diet; HFD, high-fat diet; H&E, hematoxylin and eosin.
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Fig. 2. EH attenuates lipid accumulation and enhances lipolysis in
cultured adipocytes. a Cell viability assay in differentiated 3T3-L1
adipocytes treated with EH (0–100 μg/mL) for 24 h. Oil red O
staining (b) and Western blotting of processed SREBP1 and SCD1
(c) in 3T3-L1 adipocytes treated with EH (0–50 μg/mL) for 24 h.

dWestern blotting of phosphorylated HSL and the glycerol release
assay in 3T3-L1 adipocytes. The means ± SDs were calculated from
three or five independent experiments. Significance (p < 0.05)
*versus control (not treated); !versus DMI. DMI: 1 μM insulin,
0.5 mM IBMX, and 0.5 μg/mL DMI. DMI, dexamethasone.
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Fig. 3. EH ameliorates lipid de-
position through PKA-regulated
p38-dependent signaling in
cultured adipocytes. a Western
blot analysis of phosphorylated
PKA and p38 in the visceral
adipose tissue of experimental
mice (each n = 5). b Western
blot analysis of phosphorylated
PKA and p38 in 3T3-L1 adipo-
cytes treated with EH (0–50 μg/
mL) for 24 h. Oil red O staining
(c) and Western blotting of
phosphorylated p38, processed
SREBP1 and SCD1 (d) in 3T3-
L1 adipocytes treated with EH
(50 μg/mL) and/or H89 (10 μM)
for 24 h. e Western blotting of
phosphorylated HSL and the
glycerol release assay in 3T3-L1
adipocytes treated with EH (50
μg/mL) and/or H89 (10 μM) for
24 h. The means ± SDs were
calculated from three or five
independent experiments. Sig-
nificance (p < 0.05) *versus ND,
control (not treated); !versus
HFD or DMI; #versus DMI plus
EH. DMI: 1 μM insulin, 0.5 mM

IBMX, and 0.5 μg/mL DMI.
DMI, dexamethasone.
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administration of EH did not stimulate the release of
the proinflammatory cytokine TNFα from 3T3-L1
adipocytes. In contrast, LPS, which served as a positive
control [19], typically increased TNFα secretion
(Fig. 4b). Notably, treatment with H89 did not affect
the effects of EH on cell viability or caspase 3 activity
(Fig. 4a). These experiments did not include the
preadipocyte group because the goal was to assess the
effects of EH on mature adipocytes (Fig. 4).

LU Attenuates Lipid Accumulation and p38
Phosphorylation through PKA Signaling
We further investigated the effects of LU, a main

compound in EH [12], on lipid deposition and p38
phosphorylation to confirm that LU plays a crucial role in
the impacts of EH on adipocytes. LU treatment sup-
pressed lipid accumulation and phosphorylated p38 ex-
pression in 3T3-L1 adipocytes. However, H89 reversed all
these changes (Fig. 5). The glycerol release assay excluded
the preadipocyte group to specifically assess how EH
affects mature adipocytes (Fig. 5b).

Discussion

To effectively treat obesity, it is important to reduce
lipid accumulation by suppressing lipogenesis and in-
ducing lipolysis in adipocytes [20, 21]. In this study, we
confirmed the antiobesity effect of EH using in vitro and
in vivo experimental models of obesity. Our study yielded
novel findings on the effect of EH on obesity. First, in

mice fed an HFD, EH reduced body weight and adipocyte
size in visceral adipose tissue by inhibiting lipogenesis
and promoting lipolysis. Second, in fully differentiated
3T3-L1 adipocytes, EH treatment decreased lipid accu-
mulation and stimulated lipolysis. Third, the PKA/p38
mechanism plays a role in the effect of EH on adipocyte
lipid metabolism. Fourth, high concentrations of EH
induced apoptosis without inflammation, independent of
the PKA/p38 pathway.

Initially, we examined the impact of EH adminis-
tration on weight gain and caloric intake associated
with obesity in mice fed an HFD. Our results showed
that EH treatment led to a decrease in weight gain
caused by an HFD without affecting caloric intake, and
the size of adipocytes in the visceral adipose tissue of
the experimental mice that were fed an HFD was re-
duced by EH treatment. In addition, we observed that
EH administration inhibited lipogenesis and stimulated
lipolysis. These findings were also consistent in cul-
tured mouse adipocytes, where EH administration
suppressed lipogenesis in a concentration-dependent
manner and stimulated lipolysis, similar to the results
of the in vivo experiments. Taken together, these results
suggest that EH has the potential to be an effective
antiobesity agent.

PKA plays a critical role in lipid metabolism for
maintaining energy homeostasis, particularly in the
regulation of adipogenesis and lipolysis in adipocytes
[15]. Liu et al. [22] discovered that PKA activation re-
duces adipogenesis, while suppressing PKA activity en-
hances adipogenic signaling in 3T3-L1 preadipocytes.

Fig. 4. EH causes adipocyte apoptosis without inflammation. a Cell viability assay and caspase 3 activity assay in
differentiated 3T3-L1 adipocytes treated with EH (0–300 μg/mL) and/or H89 (10 μM) for 24 h. b ELISA of TNFα
in the culture media of 3T3-L1 adipocytes treated with EH (0–300 μg/mL), LPS (1 μg/mL), and/or H89 (10 μM)
for 24 h. Means ± SDs were calculated from three independent experiments. Significance (p < 0.05) !versus DMI.
DMI: 1 μM insulin, 0.5 mM IBMX, and 0.5 μg/mL DMI. DMI, dexamethasone.
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PKA promotes lipolysis by phosphorylating HSL, which
contacts lipid droplets in adipocytes, as well as perilipin,
which stimulates lipolysis [23, 24]. Furthermore, recent
studies have shown that the myokine musclin can de-

crease lipid accumulation and increase lipolysis in mouse
adipocytes through PKA-mediated signaling [17]. Our
current research indicated that treatment with EH in-
creases PKA phosphorylation in 3T3-L1 adipocytes in a

Fig. 5. LU suppresses lipid accumulation and enhances lipolysis in
cultured adipocytes through the PKA/p38 pathway. a Oil red O
staining and Western blotting of processed SREBP1 in 3T3-L1
adipocytes treated with LU (0–50 μM) and/or H89 (10 μM) for
24 h. b Glycerol release assay in 3T3-L1 adipocytes treated with
LU (0–50 μM) and/or H89 (10 μM) for 24 h. c Western blotting

of phosphorylated p38 in 3T3-L1 adipocytes treated with LU (0–50
μM) and/or H89 (10 μM) for 24 h. The means ± SDs were calculated
from three independent experiments. Significance (p < 0.05)
*versus control (not treated); !versus DMI; #versus DMI plus 50 μM
LU. DMI: 1 μM insulin, 0.5 mM IBMX, and 0.5 μg/mL DMI. DMI,
dexamethasone.
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dose-dependent manner. Moreover, the effects of EH on
lipogenesis and lipolysis were eliminated by H89, sug-
gesting that the PKA-mediated pathway may play a role
in the antiobesity effects of EH.

p38 MAPKs are known to react to a variety of
stimuli, including ultraviolet light, heat and cold
shocks, and inflammatory cytokines. They are also
involved in cell differentiation, cell viability, and
autophagy [25]. The p38 signaling pathway plays an
important role in regulating adipogenesis. Engelman
et al. [26] demonstrated that several p38 inhibitors
suppress 3T3-L1 differentiation, resulting in reduced
lipid accumulation. Elevated p38 activity is detected
during human preadipocyte differentiation. Con-
versely, pharmacological inhibition of p38 prevents
lipid accumulation in human adipocytes [27]. In ad-
dition, constitutive activation of p38-dependent sig-
naling contributes to enhanced spontaneous adipo-
genesis in 3T3-L1 preadipocytes [28]. Therefore, ap-
propriately suppressing p38 signaling could be a
therapeutic approach for treating obesity. In the
present study, we observed that treatment with EH
reduced p38 phosphorylation in the visceral adipose
tissue of HFD-fed mice and 3T3-L1 adipocytes.
Treatment with H89 reversed the effects of EH on
lipogenic lipid deposition, lipolysis, and p38 phos-
phorylation in 3T3-L1 adipocytes. These results sug-
gest that PKA-regulated p38 signaling participates in

the effects of EH on lipogenesis and lipolysis in
adipocytes.

To confirm that LU, known as the main active in-
gredient of EH, plays a major role in the antiobesity effect
of EH, we investigated the effects of LU on adipocytes in
the present study. Similar to EH, LU treatment amelio-
rated lipid deposition and stimulated lipolysis in 3T3-L1
adipocytes. Furthermore, the increase in p38 phos-
phorylation in 3T3-L1 adipocytes was mitigated by LU
treatment. However, additional treatment with H89 ab-
rogated all these changes caused by LU. These results
suggest that the effects of EH on cultured adipocytes in
this study were due to LU.

Conclusion

We have previously reported the effects of the
aqueous extract of EH on lipogenesis in cultured adi-
pocytes. The present study revealed that EH-containing
LU is also able to inhibit lipogenesis and promote li-
polysis, resulting in a decrease in the size of visceral
adipose tissue by activating the PKA/p38 signaling
pathway (Fig. 6). This observation indicates that EH has
functional and therapeutic potential for attenuating
obesity. Reducing adipocyte size is crucial in combating
obesity. However, as adipose tissue loses its ability to
store triacylglycerol, elevated levels of circulating free
fatty acids may lead to complications such as lipid
deposition in other tissues. Since our study focused
solely on the effects of HE on adipocytes, further in-
vestigations are necessary to understand its impact on
insulin target organs such as the liver and muscles in
individuals with obesity. Moreover, while LU is rec-
ognized as the primary active component of EH [12],
ongoing studies are examining its pharmacokinetic
properties. This aspect is pivotal for assessing the future
economic feasibility of anti-obesity drugs utilizing EH.
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