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Abstract. Chrysosplenium flagelliferum (CF) is known for 
its anti‑inflammatory, antioxidant and antibacterial activities. 
However, there is a lack of research on its other pharmaco‑
logical properties. In the present study, the bifunctional roles 
of CF in 3T3‑L1 and RAW264.7 cells were investigated, 
focusing on its anti‑obesity and immunostimulatory effects. 
In 3T3‑L1 cells, CF effectively mitigated the accumula‑
tion of lipid droplets and triacylglycerol. Additionally, CF 
downregulated the peroxisome proliferator‑activated receptor 
(PPAR)‑γ and CCAAT/enhancer‑binding protein α protein 
levels; however, this effect was impeded by the knockdown 
of β‑catenin using β‑catenin‑specific small interfering RNA. 
Consequently, CF‑mediated inhibition of lipid accumulation 
was also decreased. CF increased the protein levels of adipose 
triglyceride lipase and phosphorylated hormone‑sensitive 
lipase, while decreasing those of perilipin‑1. Moreover, CF 
elevated the protein levels of phosphorylated AMP‑activated 
protein kinase and PPARγ coactivator 1‑α. In RAW264.7 
cells, CF enhanced the production of pro‑inflammatory 
mediators, such as nitric oxide (NO), inducible NO synthase, 
interleukin (IL)‑1β, IL‑6 and tumor necrosis factor‑α, and 
increased their phagocytic capacities. Inhibition of Toll‑like 
receptor (TLR)‑4 significantly reduced the effects of CF on 
the production of pro‑inflammatory mediators and phagocy‑
tosis, indicating its crucial role in facilitating these effects. 
CF‑induced increase in the production of pro‑inflammatory 
mediators was controlled by the activation of c‑Jun N‑terminal 

kinase (JNK) and nuclear factor (NF)‑κB pathways, and TLR4 
inhibition attenuated the phosphorylation of these kinases. 
The results of the pesent study suggested that CF inhibits 
lipid accumulation by suppressing adipogenesis and inducing 
lipolysis and thermogenesis in 3T3‑L1 cells, while stimulating 
macrophage activation via the activation of JNK and NF‑κB 
signaling pathways mediated by TLR4 in RAW264.7 cells. 
Therefore, CF simultaneously exerts both anti‑obesity and 
immunostimulatory effects.

Introduction

Obesity is characterized by the excessive accumulation of 
body fat due to the imbalance between energy intake and 
expenditure (1). Excessive accumulation of body fat, leading to 
obesity, is attributed to an increase in both the size and number 
of adipocytes differentiated from preadipocytes (2). Obesity, 
a precursor to various metabolic disorders such as type 2 
diabetes, cardiovascular diseases, non‑alcoholic fatty liver 
disease and cancer, is a global health concern owing its role 
in the etiology of various conditions (3). Furthermore, obesity 
leads to infectious diseases by weakening the immune system, 
thereby increasing the risk of infection by foreign pathogens 
and/or worsening the patient prognosis, ultimately increasing 
the mortality rate (4,5). Obese patients exhibited high infec‑
tion and mortality rates during the coronavirus disease‑2019 
(COVID‑19) pandemic (6). Therefore, obesity treatment is 
important for protection from such viral pandemics. To date, 
numerous pharmaceuticals, such as orlistat, lorcaserin, phen‑
termine/topiramate and liraglutide, have been developed for 
obesity treatment. However, these medications induce various 
side effects, such as flatus with discharge, insomnia, dysgeusia, 
nausea and headache, affecting their long‑term use  (7). 
Consequently, natural product‑based supplements without side 
effects have been extensively studied for obesity treatment. 
Owing to increasing health consciousness, natural substances 
are preferred for the development of anti‑obesity products (8). 

Chrysosplenium flagelliferum (CF), belonging to family 
Saxifragaceae, is a plant mainly found in the Northern 
Hemisphere regions, such as Russia, China, Japan and South 
Korea (9). CF is traditionally used to treat inflammation (10). 
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Methanol extract of CF has been revealed to exert anti‑
oxidant and antibacterial effects against Propionibacterium 
acnes (10). However, the pharmacological efficacy of CF and 
its potential therapeutic effects remain largely unexplored. 
CF is listed as an approved food ingredient by the Ministry 
of Food and Drug Safety of the Republic of Korea, and no 
adverse effects associated with its use have been reported to 
date. Therefore, the aim of the present study was to assess the 
pharmacological efficacy of CF by evaluating its anti‑obesity 
and immunostimulatory effects and explore the underlying 
mechanisms using a cell‑based approach in vitro to facilitate 
the development of new functional agents.

Materials and methods

Chemical reagents. Dexamethasone, 3‑isobutyl‑1‑methylx‑
anthine (IBMX), insulin, Oil red O, PD98059 [extracellular 
signal‑regulated kinase (ERK)‑1/2 inhibitor], SB203580 
(p38 inhibitor), SP600125 [c‑Jun N‑terminal kinase (JNK) 
inhibitor], C29 [Toll‑like receptor (TLR)2 inhibitor], 
TAK‑242 (TLR4 inhibitor) referred to as TAK hereafter and 
BAY 11‑7082 [BAY; nuclear factor (NF)‑κB inhibitor] were 
purchased from MilliporeSigma. Primary antibodies against 
the peroxisome proliferator‑activated receptor (PPAR)‑γ 
(cat. no. 2435), CCAAT/enhancer‑binding protein α (CEBPα; 
cat. no. 8178), adipose triglyceride lipase (ATGL; cat. no. 2138), 
hormone‑sensitive lipase (HSL; cat. no. 4107), phosphory‑
lated (p)‑HSL (cat.  no.  4137), perilipin‑1 (cat.  no.  9349), 
AMP‑activated protein kinase, catalytic, α‑1 (AMPKα also 
known as AMPK; cat. no. 5831), p‑AMPKα (cat. no. 2535), 
and β‑actin (cat. no. 5125), as well as horseradish peroxi‑
dase‑conjugated anti‑rabbit (cat. no. 7074) and anti‑mouse 
IgG (cat.  no.  7076) secondary antibodies were purchased 
from Cell Signaling Technology, Inc. The primary antibody 
against PPARγ coactivator 1‑α (PGC‑1α; cat. no. sc‑518025) 
was purchased from Santa Cruz Biotechnology, Inc. Control 
small interfering RNA (siRNA; cat. no. 6568) and β‑catenin 
siRNA (cat.  no.  sc‑29210) were purchased from Cell 
Signaling Technology Inc. and Santa Cruz Biotechnology, 
Inc., respectively.

Sample preparation. CF was obtained as a dehydrated powder 
from the National Institute of Forest Science (Seoul, South 
Korea). To prepare the extract, distilled water, with a volume 
20‑fold that of CF, was added to 10 g of CF. This mixture 
underwent a 24‑h extraction process in a water bath at 60˚C. 
The resultant extract was lyophilized, re‑dissolved in distilled 
water, and subsequently used in cellular assays.

Cell culture. RAW264.7 murine macrophages (cat. no. TIB‑71) 
and 3T3‑L1 mouse preadipocytes (cat.  no.  CL‑173) were 
obtained from the American Type Culture Collection. 
Culture of RAW264.7 cells was conducted in a controlled 
CO2 incubator environment (37˚C, 5% CO2) using Dulbecco's 
modified Eagle's medium/nutrient mixture F‑12 (DMEM/
F‑12) (cat.  no.  SH3023.01; Cytiva), supplemented with 
10% fetal bovine serum (FBS) (cat. no. 16000‑044; Gibco; 
Thermo Fisher Scientific, Inc.) and a combination of peni‑
cillin (100 U/ml) and streptomycin (100 µg/ml). Additionally, 
3T3‑L1 cells were propagated under similar conditions (37˚C, 

5% CO2) in DMEM/F‑12 medium supplemented with 10% 
bovine calf serum (cat. no. 16170‑078; Gibco; Thermo Fisher 
Scientific, Inc.) and penicillin/streptomycin combination.

Measurement of the viability of RAW264.7 and 3T3‑L1 cells. 
Cell viability was assessed via 3‑(4,5‑dimethylthiazol‑2‑yl)‑
2,5‑diphenyltetrazolium bromide (MTT) assay. RAW264.7 
and 3T3‑L1 cells (at >90% confluence in the wells), following 
CF treatment (50‑200 µg/ml), were incubated for 24 h and 
8 days, respectively, in 96‑well plates at 37˚C. Following incu‑
bation, the cells were treated with the MTT reagent (1 mg/ml) 
and incubated for 4 h at 37˚C. After the addition of dimethyl 
sulfoxide, the cells were incubated for 10  min at room 
temperature. Finally, absorbance of the resulting solution was 
measured at 570 nm using the UV/visible spectrophotometer 
(Xma‑3000PC; Human Corporation).

Differentiation of 3T3‑L1 cells. A total of 2 days after reaching 
full confluence [designated as day 0 (D0)] in a 6‑well culture 
plate, 3T3‑L1 preadipocytes were induced to differentiate. 
Briefly, the cells (at 100% confluence in the wells) were incu‑
bated in DMEM/F‑12 enriched with DMI cocktail (0.05 mM 
IBMX, 1 µM dexamethasone, and 10 µg/ml insulin) until 
D2 at 37˚C. The cells were then cultured for 2 more days in 
DMEM/F‑12 supplemented with 10 µg/ml insulin until D4 at 
37˚C. The culture continued from D6 to D8 at 37˚C, and the 
medium was renewed every other day. 

Transfection with siRNA. The 3T3‑L1 cells (2x106 cells/well) 
were plated in a 6‑well plate and incubated overnight to 
achieve adherence. Subsequently, the cells were transfected 
with the control‑siRNA (Cell Signaling Technology Inc.) and 
β‑catenin‑siRNA (Santa Cruz Biotechnology, Inc.), each at 
a concentration of 100 nM. Transfection was performed for 
48 h using the TransIT‑TKO transfection reagent (Mirus Bio), 
according to the manufacturer's protocol. Control‑siRNA 
was used as non‑targeting siRNA for the negative control. 
Immediately following the completion of siRNA transfection, 
cell differentiation was initiated.

Oil red O staining of 3T3‑L1 cells. Under differentiation, cells 
were treated with CF for D0‑D8, D0‑D2, or D8‑D10 and the 
concentration of CF used in the experiments ranged from 50 
to 200 µg/ml in the dose‑dependent studies, while it was set at 
200 µg/ml in all other cases. Following treatment, 3T3‑L1 cells 
were fixed with 10% formalin at an ambient temperature for 
1 h. Following fixation, the cells were rinsed thrice with distilled 
water and dehydrated using 60% isopropanol for 5 min at room 
temperature. Fully dehydrated 3T3‑L1 cells were subjected to 
Oil red O staining for 20 min at room temperature for lipid 
droplet visualization. After staining, the cells were rinsed twice 
with distilled water and examined under a light microscope 
(Olympus Corporation) at a magnification of x400. To quantify 
the accumulated lipid droplets, Oil red O was extracted from 
the stained lipid droplets in completely dried cells using 100% 
isopropanol. Finally, absorbance was measured at 500 nm using 
the microplate reader (Xma‑3000PC).

Measurement of glycerol levels in 3T3‑L1 cells. Upon 
reaching maximum confluency in a 6‑well plate, 3T3‑L1 cells 
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(at 100% confluence in the wells) were cultured for an addi‑
tional 2 days. Post this period (D0), the cells were mixed with 
DMI (0.05 mM IBMX, 1 µM dexamethasone and 10 µg/ml 
insulin) and incubated for 2 days (D2). The 3T3‑L1 cells were 
then exposed to insulin (10 µg/ml) and cultured for another 
2 days (D4). The cells were further cultured for 4 days, with 
the medium refreshed every other day (D6‑D8). Following 
differentiation, the 3T3‑L1 cells were treated with CF 
(200 µg/ml) and were incubated for 2 days (D8‑D10). All the 
steps were performed at a constant temperature of 37˚C in a 
5% CO2 environment. After 2 days of CF treatment (D10), free 
glycerol content was evaluated using a Glycerol Cell‑Based 
Assay Kit (cat. no. 10011725; Cayman Chemical Company), 
according to the manufacturer's instructions. Briefly, the cell 
culture medium was mixed with the prepared free glycerol 
assay reagent at a 1:4 ratio and incubated at room temperature 
for 15 min. Subsequently, absorbance was measured at 540 nm 
using the microplate reader (Xma‑3000PC). 

Measurement of nitric oxide (NO) levels in RAW264.7 
cells. RAW264.7 cells (1x105 cells/well) were propagated in 
a 96‑well culture plate in DMEM/F‑12 supplemented with 
10% FBS. The cells were exposed to CF for 24 h at 37˚C. 
In addition, the cells were pretreated with C29 (100  µM, 
TLR2 inhibitor), TAK (5 µM, TLR4 inhibitor), PD (20 µM, 
ERK1/2 inhibior), SB (20 µM, p38 inhibitor), SP (20 µM, JNK 
inhibitor) or BAY (10 µM, NF‑κB inhibitor) at 37˚C for 2 h 
and then co‑treated with CF (200 µg/ml) at 37˚C for 24 h. 
To quantify NO levels, the culture medium was mixed with 
the Griess reagent (cat. no. G4410‑10G; MilliporeSigma) and 
incubated for 15 min at ambient temperature. Absorbance 
of the resulting mixture was measured at 540 nm using the 
UV/visible spectrophotometer (Xma‑3000PC). The concen‑
tration of CF used in the experiments ranged from 50 to 
200 µg/ml in the dose‑dependent studies, while it was set at 
200 µg/ml in all other cases.

Measurement of phagocytotic activity in RAW264.7 cells. 
Phagocytic activity in RAW264.7 cells was assessed using the 
neutral red uptake method. The cells (at over 90% confluence 
in the wells) were cultured in DMEM/F‑12 enriched with 10% 
FBS and treated with CF (50‑200 µg/ml) at 37˚C for 24 h. In 
addition, the cells were pretreated with C29 (100 µM, TLR2 
inhibitor) or TAK (5 µM, TLR4 inhibitor) at 37˚C for 2 h and 
then co‑treated with CF (200 µg/ml) at 37˚C for 24 h. For 
phagocytic assessment, the cells were stained with 0.01% 
neutral red at 37˚C for 2 h and treated with a lysis solution 
(50:50 mixture of ethanol and 1% acetic acid) to extract neutral 
red at room temperature. Absorbance of the released dye was 
measured at 540 nm using the UV/visible spectrophotometer 
(Xma‑3000PC) to assess the extent of phagocytic uptake.

Reverse transcription‑polymerase chain reaction (RT‑PCR) 
analysis. RAW264.7 cells (at >90% confluence in the wells) 
were treated with CF for 24 h in the presence or absence of 
chemical inhibitors. The concentration of CF used in the 
experiments ranged from 50 to 200 µg/ml in the dose‑depen‑
dent studies, while it was set at 200 µg/ml in all other cases. 
Total RNA was carefully extracted from RAW264.7 cells 
using the RNeasy Mini Kit (Qiagen, Inc.). RNA (1 µg) was 

subsequently reverse‑transcribed into cDNA using the Verso 
cDNA Kit (Thermo Fisher Scientific Inc.). RT‑PCR analysis 
was performed targeting inducible NO synthase (iNOS), 
interleukin (IL)‑1β, IL‑6, tumor necrosis factor (TNF)‑α, 
and glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH) 
using the prepared cDNA and PCR Master Mix Kit (Promega 
Corporation). All primers used for amplification are listed 
in Table I. PCR cycles (30 in total) were executed in a PCR 
Thermal Cycler Dice (Takara Bio, Inc.) as follows: Denaturation 
at 94˚C for 30 sec, annealing at 55˚C for 1 min, and extension 
at 72˚C for 1 min. The amplified products were electropho‑
resed on a 1% agarose gel at 100 V for 15 min. The DNA bands 
on the agarose gel were visualized using Safe Shine Green 
(10,000X) (cat. no. G6051; Biosesang). Band intensities were 
quantitatively analyzed using the UN‑SCAN‑IT 5.1 software 
(Silk Scientific, Inc). GAPDH was used as a loading control for 
normalization in RT‑PCR analysis.

Western blot analysis. Under differentiation, 3T3‑L1 cells 
were treated with CF for D0‑D8, D0‑D2, D0‑D4 or D8‑D10. 
The concentration of CF used in the experiments ranged 
from 100 to 200 µg/ml in the dose‑dependent studies, while 
it was set at 200 µg/ml in all other cases. RAW264.7 cells 
were treated with CF (200 µg/ml) for 1‑6 h in the absence 
of TAK (5 µM) or were treated with CF (200 µg/ml) for 3 h 
in the presence of TAK (5 µM) at 37˚C. After washing with 
phosphate‑buffered saline, proteins were extracted from 
RAW264.7 and 3T3‑L1 cells using a radioimmunoprecipita‑
tion assay buffer (cat. no. BP‑115DG; Boston BioProducts, 
Inc.). The resulting lysates were centrifuged at 4˚C and 
25,200 x g for 30 min. Protein concentrations were quanti‑
fied using the bicinchoninic acid assay kit (Thermo Fisher 

Table I. Sequences of primers used in the amplification of 
cDNA.

Primers	 Sequences

iNOS	 Forward, 5'‑TTGTGCATCGACCTAGGCTG
	 GAA‑3'
	 Reverse, 5'‑GACCTTTCGCATTAGCATGGA
	 AGC‑3'
IL‑1β	 Forward, 5'‑GGCAGGCAGTATCACTCATT‑3'
	 Reverse, 5'‑CCCAAGGCCACAGGTATTT‑3'
IL‑6	 Forward, 5'‑GAGGATACCACTCCCAACAG
	 ACC‑3'
	 Reverse, 5'‑AAGTGCATCATCGTTGTTCAT
	 ACA‑3'
TNF‑α	 Forward, 5'‑TGGAACTGGCAGAAGAGGCA‑3'
	 Reverse, 5'‑TGCTCCTCCACTTGGTGGTT‑3'
GAPDH	 Forward, 5'‑GGACTGTGGTCATGAGCCCTT
	 CCA‑3'
	 Reverse, 5'‑ACTCACGGCAAATTCAACGG
	 CAC‑3'

iNOS, inducible NO synthase; IL, interleukin; TNF‑α, tumor necrosis 
factor‑α; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase.
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Scientific, Inc.). For electrophoresis, 30 µg of protein from each 
sample was loaded per well, resolved via 10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and transferred to 
a nitrocellulose membrane (Thermo Fisher Scientific, Inc.). 
Membranes were blocked with 5% skimmed milk for 1 h at 
room temperature and incubated overnight with primary anti‑
bodies in a 5% bovine serum albumin (BSA) solution (1:1,000 
dilution) at 4˚C. Subsequently, the membranes were incubated 
with 5% BSA solution with secondary antibodies (1:1,000 dilu‑
tion) for 1 h at room temperature. An ECL Select™ Western 
Blotting Detection Reagent (cat. no. RPN2232; Cytiva) was 
then added to visualize the horseradish peroxidase activity. 
Protein bands were visualized using the LI‑COR C‑DiGit Blot 
Scanner (LI‑COR Biosciences) and quantitatively analyzed 
using UN‑SCAN‑IT gel software version 5.1 (Silk Scientific, 
Inc.). Actin was used as a loading control for normalization in 
western blot analysis.

Statistical analysis. All experiments were repeated at least 
three times. Statistical analyses were conducted using 
GraphPad Prism v.5.0 (GraphPad; Dotmatics), and data are 
presented as the mean ± standard deviation. All data were 
analyzed using one‑way analysis of variance, followed by 
Bonferroni's post‑hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effect of CF on lipid droplet accumulation in 3T3‑L1 cells. 
To investigate whether CF inhibits lipid droplet accumulation 

in differentiated 3T3‑L1 cells, the differentiation of 3T3‑L1 
cells was induced using DMI and insulin while administering 
CF from D0 to D8. Subsequently, the extent of lipid forma‑
tion and triglyceride accumulation was analyzed (Fig. 1A). 
As illustrated in Fig. 1B and C, CF significantly reduced the 
accumulation of lipid droplets and triglycerides in differenti‑
ated 3T3‑L1 cells. To ascertain whether the inhibition of lipid 
droplets and triglyceride accumulation mediated by CF is due 
to its cytotoxic effects on 3T3‑L1 cells, the impact of CF on 
cellular viability was evaluated. CF exerted no detrimental 
effect on 3T3‑L1 cell survival (Fig. 1D).

Effect of CF on the adipogenic differentiation of 3T3‑L1 
cells. To evaluate whether CF inhibits adipogenic differentia‑
tion in 3T3‑L1 cells, differentiation was induced by the use 
of DMI and insulin while administering CF from D0 to D8. 
Subsequently, western blot analysis was conducted to deter‑
mine the expression levels of adipogenic differentiation‑related 
molecules, PPARγ and CEBPα. At 100 µg/ml, CF did not 
decrease the protein levels of PPARγ and CEBPα. However, 
at 200 µg/ml, CF significantly reduced the protein levels of 
PPARγ and CEBPα (Fig. 2A). Considering the necessity of 
PPARγ and CEBPα for the differentiation of preadipocytes 
into adipocytes, which is marked by the accumulation of 
lipid droplets (11,12), it was investigated whether CF reduces 
the protein levels of PPARγ and CEBPα during this critical 
differentiation stage. First, the differentiation of preadipocytes 
into adipocytes was induced using DMI while administering 
CF from D0 to D2. Subsequently, western blot analysis was 
conducted to assess the alterations in the protein levels of 

Figure 1. Effect of CF on the accumulation of lipid droplets and triacylglycerol in 3T3‑L1 cells. CF was administered to 3T3‑L1 cells undergoing differ‑
entiation induced by DMI and insulin, from D0 to D8. Subsequently, the extent of lipid accumulation, the content of triacylglycerol and cell viability were 
measured. (A) Experimental design. (B) Oil Red O staining (magnification, x400), (C) triacylglycerol content and (D) cell viability in CF‑treated 3T3‑L1 cells. 
*P<0.05 vs. CON. CF, Chrysosplenium flagelliferum; DMI, dexamethasone, 3‑isobutyl‑1‑methylxanthine, insulin; D, day; CON, control.
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PPARγ and CEBPα induced by CF. CF significantly reduced 
the protein levels of PPARγ and CEBPα during the differentia‑
tion from preadipocytes to adipocytes (Fig. 2B). To determine 
whether the inhibition of preadipocyte differentiation to adipo‑
cytes by CF results in decreased lipid droplet accumulation, 
the extent of lipid accumulation was compared after treatment 
with CF from D0 to D8 and D0 to D2. As revealed in Fig. 2C, 
a notable reduction in lipid accumulation was observed in the 
3T3‑L1 cells treated with CF from D0 to D2 or from D0 to D8. 
Furthermore, the reduction of the accumulation in the D0 to 
D8 group was greater than that in the D0 to D2 group.

Effect of β‑catenin on CF‑mediated inhibition of adipogenic 
differentiation in 3T3‑L1 cells. To investigate the impact of 
CF on the protein levels of β‑catenin in 3T3‑L1 cells, CF was 
administered from D0 to D2 and from D0 to D4. Subsequently, 
western blot analysis was used to assess the alterations in 
the protein levels of β‑catenin induced by CF. As illustrated 
in Fig. 3A, CF increased the protein levels of β‑catenin in 
a time‑dependent manner. To further ascertain the impact 
of increased β‑catenin protein levels induced by CF on the 
protein levels of PPARγ and CEBPα, the changes in PPARγ 
and CEBPα protein levels were analyzed in 3T3‑L1 cells after 
β‑catenin knockdown using the β‑catenin siRNA. Western 
blot analysis revealed that CF significantly reduced the protein 

levels of PPARγ and CEBPα in 3T3‑L1 cells without β‑catenin 
knockdown (Fig. 3B). However, in 3T3‑L1 cells with β‑catenin 
knockdown, CF significantly decreased the protein levels of 
PPARγ and CEBPα, but to a more modest degree than the cells 
without β‑catenin knockdown (Fig. 3B). To further evaluate 
whether the inhibition of the CF‑mediated decrease in the 
protein levels of PPARγ and CEBPα due to β‑catenin knock‑
down affects the CF‑mediated suppression of lipid droplet 
accumulation, β‑catenin‑knockdown 3T3‑L1 cells were 
treated with CF from D0 to D2 and lipid droplet accumulation 
was analyzed on D8. As revealed in Fig. 3C, treatment of cells 
without β‑catenin knockdown with CF resulted in a notable 
decrease in lipid droplet accumulation. However, in cells with 
β‑catenin knockdown, the CF‑mediated inhibitory effect on 
lipid droplet accumulation was significantly diminished.

Effects of CF on lipolysis and thermogenesis in 3T3‑L1 cells. 
To explore the effects of CF on lipolysis and thermogenesis in 
3T3‑L1 cells, the cells were treated with CF from D0 to D8 
during the differentiation process. Subsequently, western blot‑
ting was conducted to assess the changes in protein levels of 
lipolysis‑related molecules, such as ATGL, p‑HSL, HSL, peril‑
ipin‑1 and thermogenesis‑related molecules, such as p‑AMPK, 
AMPK and PGC‑1α. As illustrated in Fig. 4A, 3T3‑L1 cells 
treated with CF exhibited a concentration‑dependent increase 

Figure 2. Effect of CF on the expression of adipogenic markers in 3T3‑L1 cells. (A) CF was administered to 3T3‑L1 cells undergoing differentiation induced 
by DMI and insulin, from D0 to D8. Experimental design and western blot analysis of PPARγ and CEBPα in 3T3‑L1 cells treated with CF (D0‑D8). (B) CF 
(200 µg/ml) was administered to 3T3‑L1 cells undergoing differentiation induced by DMI, from D0 to D2. Experimental design and western blot analysis 
of PPARγ and CEBPα in 3T3‑L1 cells treated with CF (D0‑D2). (C) CF was administered to 3T3‑L1 cells undergoing differentiation induced by DMI 
and insulin, from D0 to D8 or from D0 to D2. Experimental design and Oil Red O staining (magnification, x400) in 3T3‑L1 cells treated with CF (D0‑D8 
or D0‑D2). *P<0.05 vs. CON. CF, Chrysosplenium flagelliferum; D, day; DMI, dexamethasone, 3‑isobutyl‑1‑methylxanthine, insulin; PPARγ, peroxisome 
proliferator‑activated receptor gamma; CEBPα, CCAAT/enhancer‑binding protein α; CON, control; LDs, lipid droplets. 
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in ATGL and the ratio of p‑HSL to HSL, whereas perilipin‑1 
levels decreased. Additionally, CF treatment led to an increase 
in the ratio of p‑AMPK to AMPK and PGC‑1α. Thus, to 

determine whether the induction of lipolysis and thermogenesis 
mediated by CF contributes to the reduction in accumulated 
lipid droplets, the cells were treated with CF from D8 to D10, 

Figure 3. Effect of CF on β‑catenin expression in 3T3‑L1 cells. (A) CF (200 µg/ml) was administered to 3T3‑L1 cells undergoing differentiation induced by 
DMI and insulin, from D0 to D2 or D0 to D4. Experimental design and western blot analysis of β‑catenin in 3T3‑L1 cells treated with CF (D0‑D2 or D0‑D4). 
(B) CF (200 µg/ml) was administered to β‑catenin‑knock downed 3T3‑L1 cells undergoing differentiation induced by DMI and insulin, from D0 to D2. 
Experimental design and western blot analysis of PPARγ and CEBPα in β‑catenin‑knockdown 3T3‑L1 cells treated with CF (D0‑D2). (C) CF (200 µg/ml) was 
administered to β‑catenin‑knockdown 3T3‑L1 cells undergoing differentiation induced by DMI and insulin, from D0 to D2. Experimental design and Oil Red 
O staining (magnification, x400) in β‑catenin‑knockdown 3T3‑L1 cells treated with CF (D0‑D2). *P<0.05 vs. CON. CF, Chrysosplenium flagelliferum; D, day; 
DMI, dexamethasone, 3‑isobutyl‑1‑methylxanthine, insulin; CON, control; siRNA, small interfering RNA; PPARγ, peroxisome proliferator‑activated receptor 
gamma; CEBPα, CCAAT/enhancer‑binding protein α; LDs, lipid droplets.
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Figure 4. Effect of CF on the expression of lipolytic and thermogenic markers in 3T3‑L1 cells. (A) CF (200 µg/ml) was administered to 3T3‑L1 cells under‑
going differentiation induced by DMI and insulin, from D0 to D8. Experimental design and western blot analysis of ATGL, p‑HSL, HSL, perilipin‑1, p‑AMPK, 
AMPK, and PGC‑1α in 3T3‑L1 cells treated with CF (D0‑D8). (B) CF (200 µg/ml) was administered to differentiated 3T3‑L1 by DMI and insulin, from D8 
to D10. Experimental design, Oil Red O staining (magnification, x400), glycerol level, and western blot analysis of ATGL, p‑HSL, perilipin‑1, p‑AMPK, and 
PGC‑1α in 3T3‑L1 cells treated with CF (D8‑D10). *P<0.05 vs. CON. CF, Chrysosplenium flagelliferum; DMI, dexamethasone, 3‑isobutyl‑1‑methylxanthine, 
insulin; D, day; ATGL, adipose triglyceride lipase; p‑, phosphorylated; HSL, hormone‑sensitive lipase; AMPK, AMP‑activated protein kinase; PGC‑1α, 
peroxisome proliferator‑activated receptor‑γ coactivator 1α; CON, control.
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whereas lipid accumulation was induced without CF treatment 
from D0 to D8. Subsequently, the changes in lipid accumula‑
tion, glycerol release and protein levels of molecules related 
to lipolysis and thermogenesis were analyzed. As depicted in 
Fig. 4B, treatment of cells with complete lipid accumulation 
with CF resulted in a decrease in accumulated lipids and an 
increase in glycerol levels. Furthermore, CF treatment led to 
an increase in the levels of lipolysis‑related molecules, such 
as ATGL and p‑HSL, and a decrease in perilipin‑1 (Fig. 4B). 
Additionally, CF enhanced the levels of thermogenesis‑related 
molecules, including p‑AMPK and PGC‑1α (Fig. 4B).

Effect of CF on macrophage activation in RAW264.7 cells. 
To investigate the immunostimulatory activity of CF, its effect 
on macrophage activation was analyzed in RAW264.7 cells. 
As shown in Fig. 5A and B, cells treated with CF exhibited a 
significant increase in the secretion of NO and the expression 
of iNOS, IL‑1β, IL‑6 and TNF‑α. Furthermore, CF signifi‑
cantly enhanced the phagocytic activity of RAW264.7 cells 
(Fig. 5C). However, CF did not exhibit cytotoxic effects on 
RAW264.7 cells (Fig. 5D).

Effects of TLR2 and TLR4 on CF‑mediated activation of 
RAW264.7 macrophages. To evaluate the impact of TLR2 and 
TLR4 on CF‑mediated activation of macrophages, RAW264.7 
cells were treated with CF, where TLR2 and TLR4 were inhib‑
ited using C29sp16 and TAK, respectively. Subsequently, the 
changes in the levels of NO, the expression of iNOS, IL‑1β 
and TNF‑α, as well as alterations in phagocytic activity were 
analyzed. As illustrated in Fig. 6A, compared with untreated 

cells (CON group), cells treated solely with CF (DM group) 
exhibited a notable increase in NO production, whereas 
the inhibition of TLR2 by C29 only slightly suppressed 
CF‑mediated NO production. However, the inhibition of 
TLR4 by TAK resulted in an almost complete absence of 
CF‑mediated NO production. The expression of iNOS, IL‑1β 
and TNF‑α mediated by CF was slightly decreased by the 
inhibition of TLR2 but significantly reduced by the inhibition 
of TLR4 (Fig. 6B). Furthermore, it was observed that the acti‑
vation of phagocytic activity in RAW264.7 cells mediated by 
CF was more substantially reduced by the inhibition of TLR4 
than by the inhibition of TLR2 (Fig. 6C).

Effects of mitogen‑activated protein kinase (MAPK) and 
NF‑κB signaling pathways on CF‑mediated activation of 
RAW264.7 macrophages. To investigate the effects of MAPK 
and NF‑κB signaling pathways on CF‑mediated activation 
of macrophages, RAW264.7 cells were treated with CF and 
with the inhibitors of each signaling pathway. Subsequently, 
the changes in NO production and the expression of iNOS, 
IL‑1β and TNF‑α were examined. As demonstrated in Fig. 7A, 
the inhibition of ERK1/2 by PD had no effect on CF‑mediated 
NO production. However, the inhibition of p38 by SB and 
the inhibition of JNK by SP both suppressed CF‑mediated 
NO production, with the suppression due to JNK inhibition 
being particularly pronounced. Therefore, the impact of JNK 
inhibition by SP on the expression of iNOS, IL‑1β and TNF‑α 
mediated by CF was analyzed. The results revealed that the 
inhibition of JNK significantly decreased the CF‑mediated 
expression of iNOS, IL‑1β and TNF‑α (Fig. 7B). Furthermore, 

Figure 5. Effect of CF on macrophage activation in RAW264.7 cells. (A) CF was administered to RAW264.7 cells for 24 h. The level of NO was measured 
using Griess assay. (B) CF was administered to RAW264.7 cells for 24 h. The mRNA levels of iNOS, IL‑1β, IL‑6 and TNF‑α were measured using reverse 
transcription PCR. (C) CF was administered to RAW264.7 cells for 24 h. Phagocytotic activity was measured using the neutral red uptake method. (D) CF was 
administered to RAW264.7 cells for 24 h. Cell viability was measued using MTT assay. *P<0.05 vs. CON. CF, Chrysosplenium flagelliferum; NO, nitric oxide; 
iNOS, inducible nitric oxide synthase; IL‑1β, interleukin‑1β; IL‑6, interleukin‑6; TNF‑α, tumor necrosis factor‑α; CON, control.
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it was confirmed that the inhibition of NF‑κB by BAY also 
resulted in a significant decrease in the CF‑mediated produc‑
tion of NO and the expression of iNOS, IL‑1β and TNF‑α 
(Fig. 7C). Thus, it was then investigated whether CF activated 
the JNK and NF‑κB signaling pathways. The results indicated 
that CF increases the phosphorylation of JNK and p65, which 
are the active forms of JNK and NF‑κB signaling, respectively 
(Fig.  7D). As the activation of macrophages mediated by 
CF primarily occurs via TLR4 stimulation, it was analyzed 
whether the activation of JNK and NF‑κB by CF is influenced 
by TLR4. Inhibition of TLR4 by TAK significantly suppressed 
the CF‑mediated phosphorylation of JNK and p65 (Fig. 7E).

Discussion

In the human body, excess energy is stored in adipocytes in the 
form of lipids via a process that is a hallmark of obesity (11). 
Obesity is characterized by the enlargement of existing adipo‑
cytes and increase in the number of new adipocytes due to 
preadipocyte differentiation (11). To investigate the potential 
anti‑obesity effects of CF, the changes in lipid accumulation 
within adipocytes after CF treatment were examined in the 
present study. A significant reduction in lipid accumulation 
in the adipocytes treated with CF was observed. However, 
CF did not exert any adverse effects on adipocyte viability. 
These findings suggested the anti‑obesity activity of CF and 
highlighted its potential as a safe and effective agent to combat 
obesity. Lack of a detrimental effect on adipocyte viability 
further underscored its suitability as a therapeutic agent for 

obesity management. Adipogenesis, differentiation of preadi‑
pocytes into mature adipocytes, plays a key role in increasing 
the number of lipid‑storing adipocytes  (11). Consequently, 
adipogenesis inhibition has been used as a molecular target 
for the discovery of new anti‑obesity agents, underlining 
its significance in obesity research and treatment  (11). In 
the present study, to evaluate the inhibitory effect of CF on 
adipogenesis, preadipocytes undergoing differentiation into 
adipocytes were treated with CF. Post‑treatment, western 
blot analysis was employed to assess the expression changes 
of PPARγ and C/EBPα, key regulators instrumental in the 
activation of adipogenesis (12). PPARγ has been demonstrated 
to be essential for both adipogenesis and the maintenance of 
adipocyte phenotype, as evidenced through in vivo and ex vivo 
studies (13‑16). Similarly, C/EBPα has been proven to be crucial 
for the differentiation and maintenance of white adipose tissue, 
also validated through in vivo and ex vivo experiments (17‑20). 
These existing reports collectively indicate that the suppres‑
sion of PPARγ and C/EBPα expression can effectively inhibit 
adipogenesis. In the present study, it was revealed that CF 
inhibits the expression of PPARγ and C/EBPα, which in turn 
leads to the suppression of lipid accumulation within adipo‑
cytes. These results demonstrate that the anti‑obesity activity 
of CF may primarily operate through the suppression of adipo‑
genesis, mediated by the inhibition of PPARγ and C/EBPα 
expression. Activation of the Wnt signaling pathway inhibits 
the expression of PPARγ and C/EBPα, thereby maintaining 
preadipocytes in an undifferentiated state and suppressing 
adipogenesis. Conversely, inhibition of Wnt signaling induces 

Figure 6. Effect of TLR2 and TLR4 on CF‑mediated activation of macrophages in RAW264.7 cells. RAW264.7 cells were pretreated with C29 (TLR2 inhibitor, 
100 µM) or TAK (TLR4 inhibitor, 5 µM) for 2 h and then co‑treated with CF (200 µg/ml) for 24 h. (A) The level of NO, (B) reverse transcription PCR analysis 
of iNOS, IL‑1β and TNF‑α, and (C) phagocytotic activity in RAW264.7 cells treated with CF for 24 h in the presence of C29 or TAK. *P<0.05 vs. CON. 
#P<0.05 vs. DM. TLR, toll‑like receptor; CF, Chrysosplenium flagelliferum; TAK, TAK‑242; NO, nitric oxide; iNOS, inducible nitric oxide synthase; IL‑1β, 
interleukin‑1β; TNF‑α, tumor necrosis factor‑α; CON, control; DM, DMSO group.
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adipogenic differentiation (21). During adipogenic differentia‑
tion, the degradation of β‑catenin leads to an increase in the 
expression of PPARγ and C/EBPα. However, an elevation in 

β‑catenin levels, even under conditions favoring adipogenic 
differentiation, results in decreased expression of PPARγ 
and C/EBPα, thereby inhibiting adipogenesis (22). Therefore, 

Figure 7. Effect of MAPK and NF‑κB signaling pathways on CF‑mediated activation of macrophages in RAW264.7 cells. (A) RAW264.7 cells were pretreated 
with PD (ERK1/2 inhibitor, 20 µM), SB (p38 inhibitor, 20 µM) or SP (JNK inhibitor, 20 µM) and then co‑treated with CF (200 µg/ml) for 24 h. The level of NO 
and (B) RT‑PCR analysis of iNOS, IL‑1β and TNF‑α in RAW264.7 cells treated with CF in the presence of PD, SB or SP. (C) RAW264.7 cells were pretreated 
with BAY (NF‑κB inhibitor, 10 µM), and then co‑treated with CF (200 µg/ml) for 24 h. The level of NO and RT‑PCR analysis of iNOS, IL‑1β, and TNF‑α in 
RAW264.7 cells treated with CF for 24 h in the presence of BAY. (D) RAW264.7 cells were treated with CF (200 µM) for the indicated time‑points. Western 
blot analysis of p‑JNK, JNK, p‑p65 and p65 in RAW264.7 cells treated with CF. (E) RAW264.7 cells were pretreated with TAK (TLR4 inhibitor, 5 µM) for 
2 h and the co‑treated with CF (200 µM) for 3 h. Western blot analysis of p‑JNK, JNK, p‑p65, and p65 in RAW264.7 cells treated with CF in the presence of 
TAK. *P<0.05 vs. CON. #P<0.05 vs. DM. CF, Chrysosplenium flagelliferum; PD, PD98059; SB, SB203580; SP, SP600125; NO, nitric oxide; iNOS, inducible 
nitric oxide synthase; IL‑1β, interleukin‑1β; TNF‑α, tumor necrosis factor‑α; BAY, BAY11‑7082; p‑, phosphorylated; JNK, c‑Jun N‑terminal kinase; TAK, 
TAK‑242; CON, control; DM, DMSO group. 
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to determine whether the CF‑induced decrease in PPARγ 
and C/EBPα is associated with Wnt signaling, adipocytes 
undergoing adipogenic differentiation were treated with CF. 
Subsequently, western blot analysis was conducted to assess 
the changes in the levels of β‑catenin protein. The results 
revealed that CF treatment led to an increase in the levels of 
β‑catenin protein. Furthermore, in adipocytes where β‑catenin 
was knocked down by siRNA, the CF‑mediated decrease in 
PPARγ and C/EBPα was notably attenuated. This observa‑
tion also led to the discovery that such β‑catenin knockdown 
by siRNA consequently reduced the CF‑mediated inhibi‑
tion of lipid accumulation. These results indicated that CF 
inhibits adipogenesis through the activation of Wnt signaling, 
leading to the suppression of PPARγ and C/EBPα expression. 
However, a limitation of this study is the inability to ascertain 
whether the CF‑mediated increase in β‑catenin protein levels 
is due to the inhibition of proteasomal degradation or a result 
of transcriptional activation. Consequently, further mecha‑
nistic studies are required to elucidate the specific pathway 
involved in the CF‑mediated elevation of β‑catenin protein 
levels. It has been reported that the most ideal mechanism 
for anti‑obesity treatments encompasses the augmentation 
of lipolysis and the enhancement of energy expenditure (23). 
Lipolysis is a catabolic reaction in which triacylglycerol stored 
in adipocytes is hydrolyzed to glycerol and fatty acids (24). 
During lipolysis, triacylglycerol is progressively hydrolyzed 
to diacylglycerol, monoacylglycerol, and glycerol by a series 
of lipolytic enzymes  (25). ATGL catalyzes the hydrolysis 
of triacylglycerol to diacylglycerol, which is subsequently 
hydrolyzed to monoacylglycerol by HSL (26). As ATGL and 
HSL account for >90% of the triacylglycerol hydrolysis (26), 
they are considered pivotal indicators of lipolysis  (27‑29). 
Furthermore, perilipin‑1, which encircles lipid droplets within 
adipocytes, has been revealed to play a role in lipolysis (30,31). 
Perilipin‑1 was shown to inhibit lipolysis while concurrently 
promoting lipid synthesis and lipid droplet formation (32). 
Furthermore, perilipin‑1 was demonstrated to lead to increased 
lipolysis, resulting in a reduction in the size of lipid droplets 
within adipocytes  (33). In the present study, CF increased 
the protein levels of ATGL and p‑HSL in adipocytes, while 
concurrently reducing the protein levels of perilipin‑1. Upon 
treatment of lipid‑laden adipocytes with CF, a reduction in the 
number of lipid droplets and an increase in glycerol content 
were observed. These findings indicated that CF can induce 
lipolysis, suggesting that its lipolytic action may contribute to 
the inhibition of lipid accumulation. Lipolysis in white adipose 
tissue is essential for thermogenesis (34). Furthermore, it has 
been reported that the browning of white adipose tissue can 
facilitate thermogenesis, thereby promoting energy expendi‑
ture (35). AMPK, a critical metabolic sensor and regulator of 
energy balance, induces browning of white adipose tissue (36). 
PGC‑1α, known as a master transcriptional coactivator in 
mitochondrial biogenesis, is widely used as a key indicator 
for the differentiation of white adipose tissue into brown 
adipocytes (37). In the present study, it was confirmed that CF 
increases the protein levels of p‑AMPK and PGC‑1α in adipo‑
cytes. Although the current study did not analyze the impact 
of CF on the protein levels of uncoupling protein‑1 and PR 
domain containing 16, closely associated with the browning 
of white adipocytes, which presents a limitation, the observed 

increase in the protein levels of p‑AMPK and PGC‑1α by CF 
can be considered evidence suggesting that CF may induce the 
browning of white adipocytes.

Macrophages maintain homeostasis by defending against 
foreign pathogens, processing internal waste and facilitating 
tissue repair (38). When foreign pathogens invade the human 
body, activated macrophages, as a key component of the 
innate immune system, phagocytize these invaders and secrete 
pro‑inflammatory mediators, such as NO, iNOS, IL‑1β, IL‑6 
and TNF‑α  (38). Furthermore, macrophages possess the 
ability to present antigens to adaptive immune cells, such as 
T and B cells, and pro‑inflammatory mediators secreted by 
macrophages contribute to the activation of these T and B 
cells (39). In conclusion, these studies may serve as evidence 
suggesting that the activation of macrophages can play a 
positive role in both innate and adaptive immune responses. 
In the present study, it was confirmed that CF enhances the 
production of pro‑inflammatory mediators, such as NO, iNOS, 
IL‑1β, IL‑6 and TNF‑α, in macrophages and activates their 
phagocytic activity. These findings provided evidence that CF 
induces macrophage activation. Although this study did not 
elucidate the relationship between CF‑mediated activation 
of macrophages and adaptive immune cells, such as T and B 
cells, which is a limitation, existing research that macrophage 
activation can induce T and B cell activation (39) suggests that 
CF may contribute to the activation of these cells through its 
role in macrophage activation. The inflammatory response of 
macrophages to eliminate foreign pathogens initiates upon 
the recognition of these pathogens by macrophages  (38). 
Macrophages recognize pathogen‑associated molecular 
patterns of foreign pathogens via pattern recognition receptors 
(PRRs) (38). Among the various PRRs in macrophages, TLRs 
play a pivotal role in the recognition of foreign pathogens (38). 
TLR2 and TLR4 play crucial roles in the elimination of 
foreign pathogens by inducing the production of proinflam‑
matory mediators and activating phagocytic activity in 
macrophages (40). In the present study, it was observed that 
inhibition of TLR4 in cells resulted in a significant decrease 
in CF‑mediated pro‑inflammatory mediator production and 
phagocytic activation compared with cells with inhibition of 
TLR2. Although the present study did not fully analyze the 
relationship between CF‑mediated macrophage activation 
and all PRRs present in macrophages, which is a limitation, 
the findings suggested that TLR4 plays a central role in the 
activation of macrophages mediated by CF. TLR4‑mediated 
macrophage activation involves the signaling pathways of 
NF‑κB and MAPK (41). In the current study, it was observed 
that the inhibition of JNK, a component of the MAPK 
signaling pathway, and NF‑κB notably reduced the produc‑
tion of CF‑mediated pro‑inflammatory mediators, and the 
inhibition of TLR4 suppressed CF‑mediated activation of 
JNK and NF‑κB. These findings may serve as evidence that 
CF‑mediated macrophage activation can be attributed to the 
activation of the TLR4‑dependent JNK and NF‑κB signaling 
pathways.

In the present study, it was found that CF inhibited adipo‑
genesis and induced lipolysis and thermogenesis, thereby 
suppressing excessive lipid accumulation in adipocytes. 
Additionally, CF stimulated macrophage activation via 
TLR4‑dependent activation of the JNK and NF‑κB signaling 
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pathways. These findings indicated that CF exerts anti‑obesity 
and immunostimulatory effects. Combined with the previously 
reported antioxidant and antimicrobial effects, the anti‑obesity 
and immunostimulatory effects demonstrated in the present 
study expand the known pharmacological activity spectrum 
of CF. However, this study primarily relied on in vitro cellular 
assays and lacked in vivo experiments using animal models, 
representing a major limitation. Therefore, future in vivo studies 
using animal models are necessary to verify these findings and 
facilitate the development of new functional materials for the 
anti‑obesity and immunostimulatory applications of CF.
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