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Introduction: Deregulation of adipogenesis plays an important role in obesity and other 
metabolism disorders. PPAR, C/EBP and SREBP1c are key transcriptional factors involved 
in adipogenesis and lipogenesis. Juglanin is a natural compound belonging to flavonoids, and 
it has been reported that juglanin has a potent inhibitory effect on inflammation and certain 
type of cancers. However, the effects of juglanin in adipogenesis have not been reported 
before.
Materials and Methods: 3T3-L1 preadipocytes were incubated with differentiation induc
tion medium in the presence or absence of 0.5, 2.5, or 5 µM juglanin for an 8-day 
differentiation period. The lipid droplets accumulated in the cytoplasm were monitored by 
Oil Red O staining on days 0, 2, 5, and 8. The regulatory effects of juglanin on adipogenesis- 
related genes and proteins were investigated by real-time polymerase chain reaction and 
Western blot analysis.
Results: Juglanin significantly decreased lipid accumulation in differentiated adipocytes. 
Our findings show that juglanin reduced the expression of C/EBPα, C/EBPβ, and SREBP-1c 
without affecting PPARα or PPARγ expression. Additionally, juglanin increased the activa
tion of the SIRT1/AMPK signaling pathway through the phosphorylation of AMPKα. 
Finally, we performed an AMPK inhibitor experiment, which revealed that the inhibitory 
effects of juglanin on adipogenesis are mediated through AMPK.
Discussion: Juglanin can prevent adipogenesis by suppressing lipid accumulation and the 
differentiation of preadipocytes. The mechanism of juglanin regulating adipogenesis requires 
further investigation. Future clinical study in vivo could shed more light on its implication in 
modulating obesity and metabolic disorders.
Keywords: Juglanin, adipogenesis, obesity, lipid metabolism, AMPK

Introduction
Globalization has brought with it an increase in high-fat western-style diets and 
sedentary lifestyles, which has resulted in a rapid increase in the rates of obesity and 
metabolism-related disorders, even among young children.1 In normal physiology, 
adipose tissue functions as energy storage and serves to regulate energy metabolism 
through the secretion of adipokines and other signaling molecules. However, excessive 
differentiation of fibroblast-like preadipocytes into mature adipocytes, such as in many 
obese patients, has been shown to promote a wide range of diseases including cancers, 
type II diabetes, and osteoarthritis, among others.2,3 Current concept of therapeutic 
intervention is to keep the energy balance positive but prevent excessive adipogenesis, 
ectopic fat deposition, and associated lipotoxicity. Therefore, therapies that can inhibit 
adipogenesis are viewed as of great value to global healthcare. As the causative factors 
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behind obesity are complex and multitudinous, ongoing 
research into the mechanisms of obesity and adipogenesis 
is required. Various studies have suggested modulating the 
expression of adipogenesis-related genes and transcription 
factors as a promising therapeutic strategy. Members of the 
peroxisome proliferator-activated receptor (PPAR) and 
CCAAT-enhancer-binding protein (C/EBP) families play 
a significant role in adipocyte differentiation. For example, 
the transcription factors PPARγ and C/EBPα are considered 
to be essential master regulators of adipogenesis.4 Sterol 
regulatory-element binding proteins (SREBPs) are a family 
of transcription factors that regulate lipid and fatty acid 
synthesis, energy storage, and act as intercellular signaling 
nodes of convergence/divergence.5 Downregulating the acti
vation of these pathways has been suggested as a potential 
treatment to prevent or reverse obesity.6

Sirtuin 1 (SIRT1) is a conserved protein NAD+-dependent 
deacetylase. In fasting conditions, SREBP1 is deacetylated by 
SIRT1 which results in reduced lipogenesis.7,8 Activation of 
the SIRT1/AMP-activated mitogen protein kinase (AMPK) 
pathway has also been shown to exert an inhibitory effect on 
adipogenesis. For example, resveratrol treatment was shown to 
inhibit adipogenesis via increased SIRT1/AMPKα signaling.9 

Mango extract has also been shown to downregulate adipogen
esis via SIRT1/AMPK upregulation.10 Interestingly, the role of 
natural flavonoid compounds such as resveratrol and delphini
din in downregulating adipogenesis through SIRT1/AMPK 
signaling has yielded some promising results.11–13 Previous 
research has shown that while not all flavonoids are anti- 
adipogenic, many can reduce adipogenesis via the upregula
tion of AMPK and Wnt signaling.14 Juglanin is a naturally 
occurring flavonoid compound extracted from the husks of 
green walnuts (Juglans mandshurica) and Polygonum avicu
lare. Juglanin (kaempferol-3-O-α-L-arabinofuranoside) has 
a molecular weight of 418.35 Da and has been assigned the 
molecular formula C20H18O10 by the Royal Society of 
Chemistry, UK (Figure 1). The compound has been shown to 
exert powerful anti-cancer anti-inflammatory, and anti-oxidant 
effects.15,16 However, the potential of juglanin to regulate 
adipogenesis has not been thoroughly studied. Thus, the aim 
of the present study was to investigate the effects of juglanin on 
adipogenesis by measuring lipid accumulation, differentiation, 
and the expression of proadipogenic transcription factors 
including PPAR and C/EBPs. We also determined the involve
ment of the SIRT1/AMPK signaling pathway. Our findings 
provide a basis for further research on the potential of juglanin 
to treat or prevent obesity and lipid metabolism disorders.

Materials and Methods
Cell Culture
The 3T3-L1 pre-adipocyte cell line used in our study was 
purchased from ATCC, USA. Briefly, the 3T3-L1 cells 
were cultured in DMEM (Invitrogen-Gibco, USA) con
taining 10% heat-inactivated fetal bovine serum 
(Invitrogen-Gibco, USA) and antibiotics. The cells were 
then incubated in a 5% CO2 atmosphere at 37°C and 
subcultured twice weekly.

Adipocyte Differentiation and Treatment
For our differentiation experiment, 3T3-L1 pre-adipocytes 
were seeded into 6-well plates and incubated in DMEM 
with 0.5 mM 1-isobutyl-3-methylxanthine, 1 mM dexametha
sone, and 10 mg/mL insulin for 48 h. For the treatment 
experiment, the cell culture media was replaced with juglanin 
containing media supplied with 10 mg/mL insulin for another 
48 h. The medium was replaced with insulin-free DMEM 
every 2 days through day 8. On the 8th day, lipid accumulation 
was measured. Our experimental design consisted of an 8-day 
differentiation period during which 3T3-L1 preadipocytes 
were incubated with differentiation induction medium in the 
presence or absence of 0.5, 2.5, or 5 µM juglanin and 24-hour 
treatment window after 8-day differentiation (Figure 2).

Real-Time PCR Analysis
Total RNA was extracted from 3T3-L1 adipocytes using 
TRIzol reagent (Life Technologies, Carlsbad, CA, United 
States), and the cDNA was synthesized using a cDNA 

Figure 1 Molecular structure of juglanin.
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synthesis kit from Life Technologies. Then, real-time PCR 
using an SYBR Green MasterMix kit (Bio-Rad Laboratories, 
Hercules, CA, United States) and a spectrofluorometric ther
mal cycler (iCycler; Bio-Rad Laboratories) were used to 
amplify the specific DNA.

Western Blot Analysis
After the indicated treatment, the cells were lysed with 
protein lysis buffer (Sigma-Aldrich, USA). Protein samples 
of equal amounts were separated onto 8–10% SDS-PAGE 
gels followed by transference onto polyvinylidene fluoride 
membranes (PVDF; Millipore, Billerica, MA, United 
States). The PVDF membranes were blocked with non-fat 

powdered skim milk and incubated with primary antibodies 
overnight at 4°C. The membranes were then incubated with 
secondary antibodies, and the resulting fluorescent signal 
was detected using Luminol/Enhancer solution (Millipore). 
The BioSpectrum 600 system (UVP, Upland, CA, United 
States) was used to visualize the protein bands.

Oil Red O Staining
After the indicated treatment, the differentiated 3T3-L1 cells 
were fixed with formalin as previously described17 and 
stained with oil red O dye. The oil droplets were observed 
through a microscope (Olympus). After the cell culture plates 
were exposed to isopropanol, lipid accumulation was indexed 

Figure 2 Experimental design. 3T3-L1 preadipocytes were induced to differentiate with induction medium in the presence or absence of juglanin (0.5, 2.5, 5 μM) for 8 days.

Figure 3 The effects of juglanin on adipogenesis in differentiating 3T3-L1 cells. 3T3-L1 preadipocytes were induced to differentiate with induction medium in the presence 
or absence of juglanin (0.5, 2.5, 5 μM) for 8 days. (A) Cellular lipid contents were assessed by oil red O staining; (B) Differentiated 3T3-L1 cells were treated with 
isopropanol and lipid accumulation was measured using the absorbance at OD 490 nm. Lipid accumulation in control differentiated group cells compared to juglanin-treated 
3T3-L1 cells (**, ***, ****, P<0.01, 0.001, 0.0001 vs Vehicle control).
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by measuring the absorbance at 490 nm using a microplate 
reader (Multiskan FC, Thermo Fisher Scientific).

Statistical Analysis
The results of the experiments are provided as means ± SEM 
(standard error of the mean). Statistical analysis of inter- 
group comparisons was performed using one-way ANOVA 
followed by Bonferroni's post hoc test. Values of P <0.005 
were considered to represent statistical significance.

Results
Juglanin Reduces Adipogenesis
We performed an 8-day differentiation induction of 3T3- 
L1 preadipocytes in the presence or absence of 0.5, 2.5, or 
5 µM juglanin. As shown by the results of Oil Rd 
O staining in Figure 3, treatment with the three respective 
doses of juglanin resulted in only 75.6%, 56.3%, and 
47.5% adipogenesis, as compared to the control, already 
indicating a strong inhibitory effect of juglanin on adipo
genesis in the 3T3-L1 cell model.

Juglanin Reduces Adipogenic Gene 
Expression
Next, we measured the expression of the two downstream 
adipogenic genes fatty acid-binding protein 4 (FABP4) and 
glucose transporter 4 (GLUT4) to determine the effects of 
juglanin over the 8-day differentiation period. The expres
sion levels of Fabp4 and Glut4 have been used in previous 
studies to determine the degree of differentiation of pre
adipocyte into mature adipocytes.18 Measurements were 
taken on days 0, 2, 5, and 8. As shown in Figure 4A, the 
expression of Fabp4 remained near baseline on day 2 but 
was increased 12- and 16-fold on days 5 and 8, respec
tively. However, the presence of juglanin mitigated these 
increases to only 5.5- and 4.5-fold on days 5 and 8. As 
shown in Figure 4B, the expression of Glut4 steadily 
increased from day 2 onward from 5.5- to 26-fold. 
Remarkably, juglanin suppressed Glut4 expression to 
baseline values until day 8 at which point only 
a negligible increase of 2-fold was observed. Thus, jugla
nin strongly inhibits adipocyte differentiation.

Adipocytokines, adipokines, adiponectin and leptin are 
known to be induced in the differentiation of 3T3-L1 cells 
and regulate adipocyte function. Results in Supplementary 
Figure 1 demonstrates that juglanin inhibited the gene 
expression of adiponectin and leptin during differentiation 
process of 3T3-L1 cells.

Juglanin Inhibits the Expression of 
Pro-Adipogenic Transcription Factors
PPAR and C/EBP are key regulatory transcription factors 
involved in adipogenesis. Here, we employed Western blot 
analysis to analyze the protein expression levels of PPARα, 
PPARγ, C/EBPα, and C/EBPβ, as well as SREBP-1c. 
SREBP-1c plays a role in lipid synthesis, liver steatosis, 
insulin signaling, and lipid homeostasis.19 As shown in 
Figure 5A and B, in mature adipocytes stimulated with 0.5, 
2.5, and 5 µM juglanin, the expression of PPARα and PPARγ 
remained consistent with baseline in each dosage group at 
both the mRNA and protein levels. However, the expression 
levels of C/EBPα, C/EBPβ, and SREBP-1c were all dose- 
dependently reduced to about half by the 5 µM dose of 
juglanin at both the mRNA and protein levels. Thus, juglanin 
reduces the expression of C/EBPα, β, and SREBP-1c in 
mature 3T3-L1 adipocytes independent of PPAR signaling.

The Effects of Juglanin are Mediated 
Through the SIRT1/AMPKα Pathway
Next, we determined whether the anti-adipogenic effects 
of juglanin were mediated through the SIRT1/AMPK 

Figure 4 The effects of juglanin on the expression of adipogenic genes Fabp4 and Glut4. 
3T3-L1 preadipocytes were induced to differentiate with induction medium in the 
presence or absence of juglanin (5 μM) for 8 days. (A) The expression of Fabp4 gene 
was measured at day 0, day 2, day 5, and day 8; (B) The expression of Glut4 gene was 
measured at day 0, day 2, day 5, and day 8 (****P<0.0001 vs Vehicle control).
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pathway. In differentiated adipocytes treated with the three 
doses of juglanin, we observed a dose-dependent increase 
in the expression of SIRT1 and the phosphorylation of 
AMPKα to 2.6- and 2.9-fold, respectively, as shown in 
Figure 6A-C. Finally, we employed the specific AMPK 
inhibitor compound C to confirm whether the effects of 
juglanin in adipogenerating cells are dependent on AMPK 
signaling. Here, we found that treatment with 5 µM jugla
nin alone reduced lipid accumulation by over 53%, there 
was only an 11% reduction when 10 µM compound C was 
added (Figure 7A and B). Thus, the preventative effects of 
juglanin against lipid accumulation require AMPK 
signaling.

Discussion
Obesity and other metabolism disorders are quickly 
becoming a global health concern. Excess adipose tissue 
can lead to an oversupply of nutrition, which causes the 
deposition of glycogen and triglycerides in tissues, includ
ing liver, muscle, and adipose.20 Flavonoids are secondary 
plant metabolites that have been receiving increasing 

attention due to their powerful physiological effects. So 
far, over 6000 flavonoids have been discovered, exerting 
a broad spectrum of beneficial effects.21 Indeed, a wide 
body of research has demonstrated the benefit of flavo
noids and other phenolic compounds in preventing or 
reversing obesity.22 A contemporary study demonstrated 
the link between dietary flavonoid intake and reduced 
abdominal obesity in women.23 Another 2020 study 
found that flavonoid intake can improve intestinal inflam
mation and gut immune health,24 which has been shown to 
be a major factor in obesity.25 Thus, flavonoids are likely 
to provide valuable resources for safe and effective treat
ments for metabolic disorders such as obesity.

In the present study, we investigated the potential of 
the flavonoid juglanin to treat obesity and lipid disorders 
by suppressing adipogenesis. To date, there have been few 
studies on the effects of juglanin on adipogenesis. As of 
2019, 9 juglanin diarylheptanoids had been isolated from 
the husks of Juglans regia L. (green walnut), named jugla
nin A-I, respectively.26 Interestingly, previous research has 
suggested that juglanin may exert anti-obesity effects by 

Figure 5 The effects of juglanin on the expression of transcription factors involved in adipogenesis in 3T3-L1 cells. Differentiated 3T3-L1 cells were treated with juglanin 
(0.5, 2.5, 5 μM) for 24 h. (A) The gene expression of PPAR-α, PPAR-γ, C/EBPα, C/EBPβ, and SREBP-1c was measured by real-time PCR; (B) The protein expression of PPAR-α, 
PPAR-γ, C/EBPα, C/EBPβ, and SREBP-1c was determined using Western blot analysis (**, ***, ****, P<0.01, 0.001, 0.0001 vs Vehicle control).
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binding to the serotonin receptor 5-H2TC, which is 
involved in appetite, satiety, and eating habits.27 Here, 
we measured the effects of juglanin on adipogenesis and 
found that it reduced lipid accumulation by about half over 
an 8-day period, which was further confirmed by reduced 
differentiation of preadipocytes into adipocytes, as deter
mined by the expression levels of the adipocyte marker 
genes Fabp4, Glut4, adiponectin, and leptin. GLUT4 is 
expressed in both skeletal muscle and adipose tissues.28 

GLUT4 is up-regulated when during adipocyte differentia
tion and is an important marker of mature adipocytes.29 

GLUT4 controls glucose uptake in adipose and contributes 
to insulin resistance in type 2 diabetes.30 Therefore, the 
expression levels of GLUT4 are often monitored in the 

differentiation of 3T3-L1 cells. Adipocyte-specific knock
out of GLUT4 in mice results in insulin resistance in 
muscle and liver, suggesting that GLUT4 in adipose 
plays an important role in glucose transport in the 
adipose.31 Conversely, GLUT4 overexpression in animals 
causes enhanced lipogenesis and promotes lipids involved 
in metabolism and inflammation.32 Our data showed that 
the presence of juglanin significantly reduced GLUT4 
expression in the course of 3T3L1 differentiation, indicat
ing this compound might have an inhibitory effect on 
glucose transport. Therefore, we hypothesize that juglanin 
could inhibit GLUT4 expression in adipocytes and skeletal 
muscle cells. PPAR and C/EBP are recognized as major 
players in obesity and adipogenesis. Inhibiting the 

Figure 6 The effects of juglanin on the expression of SIRT1 and AMPKα in 3T3-L1 adipocytes. Differentiated 3T3-L1 cells were treated with juglanin (0.5, 2.5, 5 μM) for 24 
h. (A) mRNA of SIRT1 (B) Protein of SIRT1; (C). The levels of p-AMPKα and AMPKα (**, ***, ****, P<0.01, 0.001, 0.0001 vs Vehicle control).
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expression of these two important transcription factors has 
been shown to reduce adipocyte differentiation in 3T3-L1 
preadipocytes.33 While previous research found that wal
nut polyphenols increased PPARα expression,34 we found 
that juglanin reduced the increase in the expression of both 
C/EBPα and C/EBPβ without affecting PPARα or PPARγ 
expression in 3T3-L1 cells, thereby indicating an alternate 
mechanism of action. The transcripts of PPARγ gene pro
duce two protein isoforms, the shorter PPARγ1, and the 
longer PPARγ2. PPARγ1 is expressed in various tissues 
including adipose, PARγ2 is only expressed in adipocytes. 
Both PPARγ1 and PPARγ2 are induced during adipogen
esis. PPARγ1 is the dominant form and is induced in the 
early phase. PPARγ2 plays a minor role and is induced 
relatively late.35 The expression of PPARγ during adipo
genesis could be regulated at transcriptional and epigenetic 
levels.36 We hypothesize the reduction of PPARγ protein 
by juglanin could be due to its effect on epigenetic mod
ification, such as enhanced methylation or weakened acet
ylation, but this assumption needs to be tested in our future 
experiments. We also found that juglanin significantly 
reduced the expression of SREBP-1c, which is induced 

by high insulin levels to increase the synthesis of fatty 
acids.37

Activation of the SIRT1/AMPK pathway plays a key 
role in regulating lipid synthesis and accumulation, adipo
genesis, and mitochondrial biogenesis.9,38,39 Thus, sub
stances that can induce the phosphorylation and nuclear 
translocation of these two transcription factors are of con
siderable interest. The flavonoid fisetin has recently been 
shown to prevent nonalcoholic fatty liver disease and 
steatosis in mice by increasing the phosphorylation of 
SIRT1 and AMPKα.40 Another study showed that 
a flavonoid derived from hops could inhibit adipogenesis 
through AMPK signaling.41 In this study, we found that 
juglanin indeed enhanced SIRT1/AMPKα signaling, which 
was further confirmed in our AMPK inhibition experiment 
using compound C as mediated by AMPK. The molecular 

Figure 7 The effects of juglanin on adipogenesis in differentiating 3T3-L1 cells are 
mediated by AMPK. 3T3-L1 preadipocytes were induced to differentiate with 
induction medium in the presence or absence of juglanin (5 μM) or the specific 
inhibitor of AMPK, compound C (10 μM) for 8 days. (A) Cellular lipid contents 
were assessed by Oil Red O staining; (B) Differentiated 3T3-L1 cells were treated 
with isopropanol, and lipid accumulation was measured using the absorbance at OD 
490 nm. Lipid accumulation in 3T3-L1 cells was measured (****, P<0.0001 vs Vehicle 
control; ####, P<0.0001 vs 5 μM juglanin group).

Figure 8 A graphical representation of the underlying mechanism.
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mechanism of our study is shown in Figure 8. It should be 
noted that multiple cellular signals are involved in adipo
genesis. The suppression of WNT signaling is essential in 
the initiation of adipogenesis, suggesting that the WNT 
pathway inhibits adipogenesis too.42 Additionally, bone 
morphogenetic proteins (BMPs) and several other cellular 
signaling pathways are also required in the process.43

Together our findings indicate a promising role of jugla
nin in inhibiting adipogenesis and lipid accumulation by 
suppressing adipocyte differentiation via increased expres
sion of SIRT1/AMPK. However, there are several limitations 
to the current study. 3T3-L1 cells used in this study have been 
extensively used as a convenient in vitro model to investigate 
adipogenesis. Firstly, 3T3-L1 cells have been reported to be 
prone to undergoing spontaneous transformations and lose 
the potential of differentiation when passaged extensively. 
Also, the cell line is originally isolated from a single clone 
from mouse embryo tissues, it cannot recapitulate the char
acteristics of primary adipocytes from adipose tissue.44 

Adipocyte differentiation is a complex process driven by 
a multitude of factors, including hormones and a cascade of 
transcriptional and cell-cycle proteins in the adipose.45,46 The 
future in vivo experiment to test juglanin is warranted for 
a better understanding of the mechanism of its inhibition on 
adipogenesis in the context of their surrounding cells in 
adipose tissue. The research on juglanin is not abundant but 
has demonstrated a favorable safety profile of juglanin in 
vivo.15 Thus, clinical trials involving humans are a logical 
next step. Taking these into consideration, the results of the 
present study provide a basis for further research into the 
physiological effects of juglanin.
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