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A B S T R A C T

Inflammation caused by obesity, particularly in adipose tissue and the liver, can lead to insulin resistance (IR) 
and trigger type 2 diabetes mellitus (T2DM). It is crucial to identify therapeutic agents that alleviate IR by 
reducing inflammation. Here, we report that isobavachromene (IB), a flavonoid derived from Psoralea 
corylifolia Linn., ameliorates IR in 3T3-L1 adipocytes by inhibiting the mitogen-activated protein kinase 
(MAPK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway. We 
first found that IB could promote glucose uptake in 3T3-L1 adipocytes by activating the phosphoinositide 
3-kinase (PI-3K)/protein kinase B (Akt) signaling pathway and was more effective than the positive control 
sodium orthovanadate at concentrations ranging from 25 to 100 μmol/L. Additionally, IB inhibited 
RAW264.7 macrophage infiltration into 3T3-L1 adipocytes and suppressed the secretion of inflammatory 
factors from RAW264.7 macrophages, as well as the phosphorylation levels of key proteins (NF-κB p65, 
extracellular-signal-regulated kinase 1/2 (ERK1/2), Jun N-terminal kinase (JNK), and mitogen-activated 
protein kinase 38 (p38)) in the NF-κB and MAPK signaling pathways. In summary, IB improves glucose 
uptake in IR adipocytes, activates the PI-3K/Akt signaling pathway, inhibits the JNK and NF-κB inflammatory 
signaling pathways, and reduces adipocyte inflammation, thereby improving of IR in 3T3-L1 adipocytes.

© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.　Introduction

Insulin, as an important bioactive substance, plays a crucial role 
in energy production, metabolism, and cell survival and proliferation 
in both peripheral and central tissues of the human body, while insulin 

resistance (IR) contributes to the development and progression of 

type 2 diabetes mellitus (T2DM)[1-3]. Obesity is a major driver of IR in 

humans worldwide and can also lead to an increase in the prevalence 

of T2DM[4]. Importantly, inflammation caused by obesity, especially 

when it occurs in adipose tissue and the liver, leads to IR[5]. As a key target 

tissue for insulin, chronic inflammation in adipose tissue is a central 

factor contributing to the development and progression of IR[6]. Previous 

studies have demonstrated the significance of macrophage-mediated 

inflammation as a cause of IR[7-8]. Hence, macrophages and adipocytes 

are ideal models for in vitro studies aimed at improving insulin sensitivity.
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In recent years, efforts have been made to develop natural 
products into insulin sensitizers for the treatment of obesity or T2DM, 
and compounds isolated from natural products often exhibit 
multi-target effects to improve IR[9-10]. Psoralea corylifolia Linn., 
a traditional Chinese medicine (TCM), has been shown to have 
anti-inflammatory[11], cardiovascular protective[12] and hypoglycemic 
effects[13], showing better pharmacological activities[14]. Therefore, 
we isolated isobavachromene (IB) from P. corylifolia, a flavonoid 
that has been reported to have antibacterial activity[15], but whether 
and how IB improves glucose homeostasis and IR is still unknown. In 
this study, we investigated the effects of IB on glucose uptake in 
3T3-L1 adipocytes with IR and on inflammation in RAW264.7 and 
3T3-L1 adipocytes, respectively, to explore the mechanism of 
action of IB by reducing the adipocyte inflammatory response and 
thus improving IR.

2.　Materials and methods

2.1　Materials

IB isolated and purified from P. corylifolia (purity > 95%) by 
the National R&D Center for Edible Fungus Processing 
Technology (China). 3-Isobutyl-1-methylxanthine (IBMX) and 
dexamethasone (Dex) were purchased from Sigma-Aldrich (USA) and 
detailed chemical information is listed in Table S1. Antibodies are 
listed in Table S2.

2.2　Cell culture

The 3T3-L1 preadipocytes and RAW264.7 macrophages were 
purchased from the cell bank of the Chinese Academy of Sciences 
(Shanghai, China). The cells were maintained in DMEM medium 
(with a mixture of 10% neonatal bovine serum and 1% penicillin) 
and placed in an incubator at 37 ℃ and 5% CO2. The cells could be 
passaged when the confluence reached about 80%. 3T3-L1 cells were 
induced to mature into adipocytes and used to establish an IR model 
as described by Zhang et al.[16]. After confirming the induced 
differentiation into mature adipocytes, 1 µmol/L Dex was administered 
for 72 h. A blank control group, model group, positive control group, 
and drug treatment group were established. Sodium orthovanadate 
(Van, 10 µmol/L) served as the positive control; the drug treatment 
group was given different concentrations of IB, and the cells 
were collected after 48 h. For the inflammation model in 
RAW264.7 macrophages, the IB-treated group was pretreated by 
adding different concentrations of IB for 1 h, and then 
lipopolysaccharide (LPS, 1 μg/mL) was added concurrently with the 
model group for 24 h. Tumor necrosis factor alpha (TNF-α) was used 
to establish the inflammation model in 3T3-L1 adipocytes, and 
3T3-L1 adipocytes and RAW264.7 macrophages were co-cultured 
and separated by a Transwell membrane, based on previously 
published methods[17].

2.3　Cell viability

After treatment of 3T3-L1 preadipocytes or RAW264.7 macrophages 
with different concentrations of IB (400, 200, 100, 50, and 25 µmol/L) 
for 24 h, the cells were incubated for 4 h with MTT solution (10 µL) 

protected from light. The medium was then discarded, and dimethyl 
sulfoxide (DMSO) (100 µL) was added to dissolve the blue-purple 
crystals. The samples were incubated at 37 ℃ for 10 min, and the 
absorbance was measured at 490 nm using an enzyme marker.

2.4　Western blot analysis

After lysing the cells using RIPA buffer for 30 min, the lysates 
were centrifuged at 12 000 r/min for 10 min at 4 ℃ and then 
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) using polyacrylamide gels. Western blot analysis was 
performed as described previously[18]. Immunoblotting was conducted 
using specific antibodies to assess the expression of different proteins.

2.5　Quantitative real time-polymerase chain reaction (qPCR)

Total RNA from cells was extracted with TRIzol, gDNA was 
removed using a kit (TaKaRa), and the RNA was reverse transcribed 
to cDNA[19]. qPCR analysis was performed using TB Green® Premix 
Ex TaqTM II (Tli RNaseH Plus) in a gradient PCR detection system 

(MyCyclerTM Thermal Cycler), and mRNA expression was normalized 
to GAPDH. The primer sequences are listed in Table S3.

2.6　Immunofluorescence

RAW264.7 macrophages were washed in PBS and fixed with 4% 
paraformaldehyde for 30 min, followed by permeabilization with 
0.5% Triton X-100 for 15 min. Cells were blocked with 10% goat 
serum for 1 h at room temperature and then incubated overnight at 
4 ℃ with the primary antibody (nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) p65). After washing with PBS, 
the cells were incubated with an Alexa Fluor-coupled secondary 
antibody for 2 h at room temperature and protected from light. Images 
were captured using a laser confocal fluorescence microscope (Nikon 
A1R/STORM).

2.7　Protein-ligand docking

The docking process was performed on the Sybyl X2.1.1 
operating platform using the ligand simulation (docking) tool 
SUEFLEX DOCK. Firstly, the insulin receptor IR (PDB ID: 5KQV) 
was used as the target protein and IB as the ligand, with LEU36, 
LEU62, PHE64, PHE88, VAL94, and PHE96 as the critical active 
sites. Protein flexible docking was employed to determine the 
potential gradient and to perform computerized docking simulations. 
The drug-protein interaction analysis was performed based on the 
score and configuration of docking.

2.8　Statistical analysis

All experimental data are expressed as the mean ± standard 
deviation (SD) and were analyzed using SPSS 19.0. Multiple 
comparisons were assessed by one-way ANOVA with Tukey’s tests. 
Statistical significance was defined as P < 0.05 (* or #), P < 0.01 
(** or ##), and P < 0.001 (*** or ###).
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3.　Results

3.1　IB ameliorates IR in 3T3-L1 adipocytes

To determine whether IB (Fig. 1A) can ameliorate IR, we first 
assessed its effectiveness and mechanism in 3T3-L1 adipocytes. The 
MTT assay revealed that IB was not cytotoxic at concentrations 
ranging from 25 to 100 µmol/L (Fig. 1B). After successfully 
establishing IR in 3T3-L1 adipocytes, we found that IB significantly 
promoted the glucose uptake capacity of these adipocytes (Fig. 1C). 
Additionally, IB significantly enhanced GLUT4 transport, which is 
considered one of the primary manifestations of IR in the body, as 
indicated by increased GLUT4 protein expression levels (Fig. 1D), 
and IB was found to be superior to the positive control Van. 
Furthermore, we predicted that IB binds well to the insulin receptor at 
the sites Arg118 and Phe64 through molecular docking (Figs. S1A, B). 
To elucidate the glucose-lowering mechanism of IB in adipocytes, we 
discovered that IB activated the central link of the insulin pathway, 
specifically the IRS-1/PI-3K/Akt axis, and significantly increased the 
expression of PI-3K (P110α) and the phosphorylation levels of IRS-1 
and Akt by Western blot, with the most effective concentration being 
50 μmol/L (Fig. 1E). To further validate this result, we used the 
pathway-specific inhibitor Wortmannin (Wort) and examined the 

expression levels of PI-3K (P110α) and Akt (Fig. 1F). The results 
confirmed that IB could ameliorate IR in 3T3-L1 adipocytes by 
activating the PI-3K/Akt signaling pathway.

3.2　 Effect of IB on LPS-induced inflammation in 
RAW264.7 macrophages

Adipose tissue disorders and IR are often accompanied by a 
chronic inflammatory state[20]. Therefore, we further investigated the 
anti-inflammatory effects of IB using a model of LPS-induced 
inflammation in RAW264.7 macrophages. The MTT assay revealed 
that IB was not cytotoxic at concentrations ranging from 25 to 
100 μmol/L (Fig. 2A). We found that IB significantly reduced the 
secretion of nitric oxide (NO), a signature molecule of M1 macrophages 
(Fig. 2B), and inducible nitric oxide synthase mRNA (iNOS, Fig. 2C) at 
a dose of 50 μmol/L. In addition, increased production of the 
inflammatory factor TNF-α has an important effect on the generation 
of IR in obese individuals[21], and we found that IB significantly 
reduced both the secretion capacity (Fig. 2D) and transcription level 
(Fig. 2E) of TNF-α. Moreover, interleukin-6 (IL-6) (Figs. 2F, G) and 
IL-1β (Figs. 2H, I), key molecules in the cytokine storm, were also 
significantly reduced by IB. All the above results demonstrated the 
favorable anti-inflammatory effect of IB in RAW264.7 macrophages.

Fig. 1　IB ameliorates IR in 3T3-L1 adipocytes via the IRS-1/PI-3K/Akt signaling pathway. (A) Chemical structure of IB. (B) Effect of IB on the viability of 
3T3-L1 preadipocytes (n = 3). (C) Effect of IB on glucose content in the supernatant of 3T3-L1 adipocytes (n = 3). (D) Western blot analysis was used to detect 
the effect of IB on glucose transporter protein (GLUT4) (n = 3). (E) Effect of IB on IRS-1/PI-3K/Akt-related protein expression (n = 3). (F) Effect of IB on the 
expression of PI-3K/Akt signaling pathway-related proteins after the action of the pathway inhibitor Wort (100 nmol/L) (n = 3). Data expressed as mean ± SD. 

###P < 0.001, ##P < 0.01 vs. control group; ***P < 0.001, **P < 0.01, *P < 0.05 vs. model group.
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3.3　IB inhibits inflammation in RAW264.7 macrophages via 
MAPK/NF-κB signaling pathways

It has been conclusively demonstrated that mitogen-activated 
protein kinase (MAPK) and NF-κB play important roles in the 
inflammatory stress response[22-23]. Based on the determination that IB 
has favorable anti-inflammatory effects, we sought to elucidate its 
anti-inflammatory mechanisms. By Western blot, we found that IB 
treatment significantly inhibited LPS-induced phosphorylation of p38 
MAPK, extracellular signal-regulated kinase (ERK), and C-Jun 
N-terminal kinase (JNK) proteins in RAW264.7 macrophages 
(Fig. 3A). Additionally, elevated TNF-α levels suggest that NF-κB 
can activate inflammatory genes through the nuclear translocation of 
the p65 component of the complex[24]. Therefore, we further 
investigated the anti-inflammatory properties of IB on the NF-κB 
signaling pathway. We observed that IB significantly inhibited the 
phosphorylation of NF-κB (Fig. 3B) in RAW264.7 macrophages, and 
we also noted that IB significantly inhibited the nuclear translocation of 
NF-κB as shown by laser confocal microscopy (Fig. 3C). These 
results suggest that IB inhibits LPS-induced inflammation by suppressing 
MAPK/NF-κB signaling in RAW264.7 macrophages.

3.4　 IB ameliorated IR due to inflammation in 
3T3-L1 adipocytes

We next aimed to clarify the causal relationship between 

inflammation and IR in 3T3-L1 adipocytes. We first used inverted 

microscopy to capture images of Transwell chambers, observed 

the migration of RAW264.7 macrophages to adipocytes, and 

found that IB treatment inhibited the infiltration of RAW264.7 

macrophages into adipocytes (Fig. 4A). Monocyte chemoattractant 

protein-1 (MCP-1) and macrophage inflammatory protein-1 alpha 

(MIP-1α), potential stimulators of macrophage proliferation in 

obese adipose tissue, can lead to adipocyte inflammation[25-26], and 

we found that IB significantly reduced the secretion of these 

chemokines (Fig. 4B) and their transcription levels (Figs. 4C, D), 

as well as the transcription levels of IL-6 (Fig. 4E) and IL-1β 

(Fig. 4F) induced by TNF-α stimulation in adipocytes. Additionally, 

cyclooxygenase-2 (COX-2), a common inducible enzyme in the 

inflammatory response, was also significantly inhibited by IB in 

terms of its transcription (Fig. 4G) and protein expression levels 

(Fig. 4H).

Fig. 2　Effect of IB on LPS-induced inflammation in RAW264.7 macrophages. (A) Effect of IB on the viability of RAW264.7 macrophages. (B) Effect of IB on 
NO secretion in RAW264.7 macrophages by nitrate reductase assay. (C) qPCR to detect the effect of IB on iNOS expression in RAW264.7 macrophages. 

(D, E) Effect of IB on the secretion of TNF-α and its mRNA transcription in RAW264.7 macrophages. (F, G) Effect of IB on the secretion of IL-6 and its mRNA 
transcription in RAW264.7 macrophages. (H, I) Effect of IB on the secretion of IL-1β and its mRNA transcription in RAW264.7 macrophages. Data expressed as 

mean ± SD, n = 3. ###P < 0.001 vs. control group; ***P < 0.001 vs. LPS group.
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3.5　 IB regulates the MAPK/NF-κB signaling pathway in 
inflammatory 3T3-L1 adipocytes

After determining that IB improves IR caused by inflammation, 
we sought to further elucidate the mechanism. Using Western blot, 

we found that IB (25−50 μmol/L) significantly decreased the 
phosphorylation levels of NF-κB (Fig. 5A), which were elevated by 
TNF-α stimulation, and likewise reduced JNK phosphorylation 
levels (Fig. 5B), further confirming the promising anti-inflammatory 
effects of IB.

Fig. 3　IB inhibits inflammation in RAW264.7 macrophages via NF-κB and MAPK signaling pathways. (A) The effect of IB on MAPK signaling 
pathway-related protein expression was analyzed by Western blot and quantified by ImageJ. (B) The effect of IB on the expression of NF-κB signaling 

pathway-related proteins was analyzed by Western blot and quantified by ImageJ. (C) The effect of IB on p65 nuclear translocation was observed 
using laser confocal microscopy (scale bar = 10 μm). Data expressed as mean ± SD, n = 3. ###P < 0.001 vs. control group; ***P < 0.001 vs. LPS group.
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4.　Discussion

Natural products are emerging as a rich source of novel drugs, 

and the search for substances with hypoglycemic activity in TCM is 

on the rise[27-30]. IB, a flavonoid obtained from P. corylifolia, has been 

studied for its antibacterial effects[15]. Here, we demonstrate that IB 

acts as an insulin sensitizer, effectively modulating glucose homeostasis 

by influencing adipose tissue.

Adipose tissue, functioning as an endocrine organ, secretes 

various cytokines and adipokines, regulating the inflammatory 

Fig. 5　IB regulates the MAPK/NF-κB signaling pathway in inflammatory 3T3-L1 adipocytes. (A) IB reduces TNF-α-induced NF-κB phosphorylation 
in 3T3-L1 adipocytes. Densitometry of NF-κB phosphorylation was normalized to NF-κB expression. (B) IB reduces TNF-α-induced JNK phosphorylation 

in 3T3-L1 adipocytes. Densitometry of JNK phosphorylation was normalized to JNK expression. Data are expressed as mean ± SD, n = 3. 
###P < 0.001 vs. control group; ***P < 0.001, **P < 0.01 vs. TNF-α group.

Fig. 4　IB modulates 3T3-L1 adipocytes IR through anti-inflammation. (A) Effect of IB on the migration of RAW264.7 macrophages to 3T3-L1 adipocytes. 
(B) Effect of IB on the secretion of MCP-1. (C, D) qPCR to detect the effect of IB on Ccl2 and Ccl3 expression in 3T3-L1 adipocytes. (E, F) The mRNA 

expression of IL-6 and IL-1β in 3T3-L1 adipocytes was quantified by qPCR. (G) qPCR to detect the effect of IB on COX-2 transcription in 3T3-L1 adipocytes. 
(H) The expression level of COX-2 protein in 3T3-L1 adipocytes was detected by Western blot. Data expressed as mean ± SD, n = 3. 

###P < 0.001, ##P < 0.01 vs. control group; ***P < 0.001, **P < 0.01 vs. TNF-α group.
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response and energy metabolism through autocrine and paracrine 
mechanisms[31]. However, the balance between inflammatory and anti-
inflammatory factors is disrupted in IR, characterized by a low-
inflammatory state[32]. Studies indicate a significant correlation 
between the inflammatory state of IR and T2DM, highlighting the 
infiltration of macrophages into adipose tissue and the secretion of 
pro-inflammatory cytokines from adipose tissue[33-34]. Excessive 
production of chemokines by adipose tissue attracts macrophages, 
exacerbating the production of pro-inflammatory molecules and 
accelerating the cycle of inflammation during adipose tissue 
remodeling. Therefore, we used 3T3-L1 adipocytes and RAW264.7 
macrophages as in vitro models to investigate the anti-inflammatory 
and insulin-sensitizing effects of IB. Additionally, these cellular 
models are frequently employed in previous studies on the development 
of other hypoglycemic drugs.

Van promotes glucose uptake and utilization by increasing insulin 
receptor tyrosine kinase activity, enhancing insulin sensitivity and 
improve IR[35]. We used Van as a positive control drug and found 
that IB significantly promoted glucose uptake in IR adipocytes at 
concentrations ranging from 25 to 100 μmol/L, demonstrating 
superior potency compared to Van. Molecular docking indicated that 
IB could form hydrogen bonds with the amino acid Arg118 in the 
insulin receptor, as well as hydrogen bonds with Phe64 and π-π 
interactions, thereby increasing the interaction between the insulin 
receptor active site (α-CT) and insulin, enhancing insulin signaling. 
Consequently, we focused our research on the insulin signaling 
pathway. Previous studies have shown that the PI-3K/Akt insulin 
signaling pathway is closely related to IR[36-37]. In adipocytes, insulin 
signaling begins with the activation of insulin receptors and the 
phosphorylation of substrate tyrosine residues, which in turn 
activates IRS, with the metabolic effects of insulin relying on IRS 
protein tyrosine phosphorylation. The absence of IRS-1 or 
phosphorylated IRS-1 in muscle and adipose tissues is associated 
with a high risk of diabetes[38-39]. Additionally, phosphorylated IRS 
binds to the PI-3K regulatory subunit P85, activating its catalytic 
subunit P110 and thereby activating PI-3K[40]. Akt, a downstream 
effector and core protein in the PI-3K/Akt insulin signaling 
pathway, can be activated by PI-3K[41]. We detected the expression 
of key proteins in the PI-3K/Akt insulin signaling pathway, and 
through treatment with pathway inhibitors, we found that IB 
improved IR by activating the PI-3K/Akt insulin signaling pathway 
and promoting glucose uptake in 3T3-L1 adipocytes.

To mimic the mild inflammatory state associated with systemic 
IR, we used TNF-α induction in adipocytes to explore the 
inflammatory mechanism of IB aimed at improving adipocyte 
inflammation. NF-κB is a major regulator of inflammatory responses 
in various physiological and pathological processes. In response to 
stimulation by inflammatory factors[42], NF-κB is activated through 
phosphorylation of the IKK complex and the subsequent degradation 
of inhibitor of κ light chain gene enhancer in B cells (IκB)α. The 
activated NF-κB dimer dissociates from IκBα and is transferred to the 
nucleus, where it induces the expression of various inflammatory 
genes[43-44]. We found that IB inhibited LPS-induced P65 activation, 
prevented NF-κB/P65 translocation from the cytoplasm to the 
nucleus, and suppressed NF-κB transcriptional activity in 
macrophages. Another study reported low levels of NF-κB activation 
in adipose tissue, with activation times similar to those in immune 
cells, where TNF-α activates the NF-κB signaling pathway, inducing 

lipolysis, stimulating cytokine expression, and promoting IR production[45]. 
On the other hand, MAPK, a key class of molecules that receives 
signals from membrane receptors and transmits them to the nucleus, 
mediates inflammatory signaling in response to external cellular stimuli, 
including ERK, p38, and JNK[46]. IB inhibits the expression of 
phosphorylated proteins ERK, p38, and JNK in LPS-stimulated 
macrophages, and it can inhibit TNF-α-induced phosphorylated protein 
expression of JNK in adipocytes. Our data suggest that IB may reduce 
inflammation in adipose tissue by regulating NF-κB and MAPK 
signaling pathways to inhibit the inflammatory response of macrophages.

IB exhibits promising medicinal potential, not only as an 
antimicrobial agent[15], but our results also suggest that IB has the 
potential to enhance insulin sensitivity. Although we demonstrated 
that IB can improve inflammation and IR in adipocytes, these studies 
were conducted in an in vitro model with limitations. Our next step 
will be to study the in vivo effects of IB on homeostatic function in 
adipose tissue and obesity in energy metabolism.

5.　Conclusions

Our study elucidates the mechanism by which IB improves 
inflammation in macrophages and induces IR due to inflammation in 
fat cells. We found that IB reduces inflammation by inhibiting the 
NF-κB and MAPK signaling pathways, thereby enhancing insulin 
sensitivity affected by inflammation. Our findings provide further 
insight into the conversion of hypoglycemic drugs to IB.
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