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Non-alcoholic fatty liver disease (NAFLD) is a major health concern worldwide, and the incidence of metabolic disorders associated
with NAFLD is rapidly increasing because of the obesity epidemic. There are currently no approved drugs that prevent or treat
NAFLD. Recent evidence shows that bavachin, a flavonoid isolated from the seeds and fruits of Psoralea corylifolia L., increases the
transcriptional activity of PPARy and insulin sensitivity during preadipocyte differentiation, but the effect of bavachin on glucose
and lipid metabolism remains unclear. In the current study we investigated the effects of bavachin on obesity-associated NAFLD
in vivo and in vitro. In mouse primary hepatocytes and Huh7 cells, treatment with bavachin (20 uM) significantly suppressed PA/OA
or high glucose/high insulin-induced increases in the expression of fatty acid synthesis-related genes and the number and size of
lipid droplets. Furthermore, bavachin treatment markedly elevated the phosphorylation levels of AKT and GSK-3(, improving the
insulin signaling activity in the cells. In HFD-induced obese mice, administration of bavachin (30 mg/kg, i.p. every other day for
8 weeks) efficiently attenuated the increases in body weight, liver weight, blood glucose, and liver and serum triglyceride contents.
Moreover, bavachin administration significantly alleviated hepatic inflammation and ameliorated HFD-induced glucose intolerance
and insulin resistance. We demonstrated that bavachin protected against HFD-induced obesity by inducing fat thermogenesis and
browning subcutaneous white adipose tissue (subWAT). We revealed that bavachin repressed the expression of lipid synthesis
genes in the liver of obese mice, while promoting the expression of thermogenesis, browning, and mitochondrial respiration-
related genes in subWAT and brown adipose tissue (BAT) in the mice. In conclusion, bavachin attenuates hepatic steatosis and
obesity by repressing de novo lipogenesis, inducing fat thermogenesis and browning subWAT, suggesting that bavachin is a

potential drug for NAFLD therapy.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the leading cause of
chronic liver disease worldwide, and is characterized by hepatic fat
accumulation in the absence of excessive alcohol consumption or
other attributable causes, with the presence of steatosis in at least
5% of hepatocytes [1, 2]. In the last few decades, the prevalence of
NAFLD has accounted for approximately 25% of the world’s
population, rising to become a global public health concern [3].
The rising incidence of NAFLD is strongly associated with the
increase in the prevalence of obesity, dyslipidemia, and type I
diabetes mellitus (T2DM). In the absence of intervention, NAFLD
will eventually worsen and develop into non-alcoholic steatohe-
patitis (NASH), cirrhosis, and even hepatocellular carcinoma (HCC)
[4]. To date, no approved effective drugs are available to prevent

or treat NAFLD, although over 25 medications are currently in the
phase 2 or 3 of clinical trial [4]. Lifestyle modifications, diet, and
physical activity are currently recommended as effective inter-
ventions for the treatment of NAFLD, while therapeutic disease-
modifying options for patients with NAFLD are limited. Therefore,
an unmet medical need exists to develop new drugs to treat
NAFLD.

The search for natural compounds with high efficiency and low
toxicity has become a trend in drug development and clinical
medicine. Compared with Western medicines, traditional Chinese
medicines have attracted significant attention in recent years for
the treatment of NAFLD because of their multi-target and multi-
channel action mechanisms [5]. Recently, a variety of traditional
Chinese medicine monomers have been found to exhibit
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hepatoprotective effects, modulating lipid metabolism, insulin
resistance, and anti-inflammatory and anti-oxidant effects. These
drugs can be broadly classified into five categories: [6] 1) phenols,
represented by resveratrol [7] and curcumin; [8] 2) terpenoids,
represented by paeoniflorin; [9] 3) flavonoids, represented by
baicalin [10] and puerarin; [11] 4) alkaloids, represented by
berberine; [12, 13] and 5) others. Recently, gastrodin and
salidroside have been demonstrated to protect against high-fat
diet (HFD)-induced NAFLD and NASH progression by regulating
the AMP-activated protein kinase (AMPK) signaling pathway
[14, 15]. Bavachin is a bioactive natural flavonoid widely used in
traditional medicine and is isolated from the seeds and fruits of
Psoralea corylifolia L [16]. Bavachin has been reported to have anti-
tumor, anti-oxidant, anti-inflammatory, immunomodulatory, and
estrogenic activities [16]. Furthermore, a previous study reported
that bavachin improved the insulin-dependent glucose uptake in
differentiated adipocytes and myoblasts [17]. Moreover, it has
been reported that bavachin increased the peroxisome
proliferator-activated receptor y (PPARy) transcriptional activity
during preadipocyte differentiation and increased the insulin
sensitivity by regulating the AMPK and protein kinase B (AKT)
signaling pathways. However, the effects of bavachin on glucose
and lipid metabolisms remain unclear.

In this study, we revealed that bavachin not only reduced the
hepatic lipid accumulation, inflammatory response, and endo-
plasmic reticulum (ER) stress, but also increased the insulin
sensitivity in the liver, fat, and muscle of HFD-fed mice. Moreover,
our results identified that bavachin may protect against HFD-
induced obesity by inducing fat thermogenesis and beige
subcutaneous white adipose tissue (subWAT). In addition, we
found that bavachin attenuated palmitic acid (PA)/oleic acid (OA)
stimulated lipid accumulation in mouse primary hepatocytes and
Huh?7 cells in vitro and alleviated insulin resistance. Our data
suggest that bavachin could be a novel therapeutic agent to
combat metabolic diseases.

MATERIALS AND METHODS

Animal model

C57BL/6 J mice (4-week-old male) were obtained from Gemphar-
matech Co,, Ltd, China. All mice were maintained under standard
conditions of humidity and temperature with a 12:12 h light:dark
cycle. After adaptation for one week, the mice were randomly
divided into four groups and fed for 20 weeks as follows: normal
diet (n=3), HFD-induced obese mice with dimethyl sulfoxide
(DMSO) (n = 6), HFD with bavachin (30 mg/kg body weight every
second day, n=38), and HFD with rosuvastatin calcium (Med-
chemexpress, HY-17504/CS-2111, China) (10 mg/kg body weight
every second day, n=5). The HFD was fed to all males in the
control, bavachin and rosuvastatin calcium groups for 20 weeks.
From the thirteenth week, the control group received intraper-
itoneal injections of normal saline, while the Bavachin group
received intraperitoneal injections of bavachin, and the rosuvas-
tatin calcium group received intraperitoneal injections of rosu-
vastatin calcium. Unless otherwise noted, male mice were used for
all experiments. All animal experiments conformed to the guide-
lines of the Animal Center of Anhui Medical University. The
experimental protocols used on animals were approved by the
Institutional Animal Care and Use Committee of Anhui Medical
University.

Reagents and materials

Fetal bovine serum (FBS) was purchased from Lonsera (S711-001S,
Uruguay), while Roswell Park Memorial Institute (RPMI)-1640
(C11875500BT, China) and Dulbecco’s modified Eagle’s medium
(DMEM, high glucose) (C11965500BT, China) were obtained from
Gibco and DMEM:F-12 (DMEM/F-12) (01-172-1ACS, China) was
obtained from Biological industries. Bavachin was purchased from
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Medchemexpress (HY-N0233/CS-6113, China). PA (408-35-5), OA
(143-19-1) and insulin (Ins, 11070-73-8) were purchased from
Sigma Aldrich, Missouri, USA. The high-fat diet with 60% kcal chow
that was fed to the rodent mice was obtained from Changzhou
SYSE Bio-tec Co. Ltd (PD6001, China).

Cell culture and treatment

Mouse primary hepatocytes were isolated from the livers of 6-8
week-old male C57BL/6J mice. Huh7 cells, human hepatocyte-
derived liver cells (L02) and immortalized normal hepatocyte
AML12 of mice were stored in the laboratory for long-term
storage. Primary hepatocytes and L02 cells were cultured in RPMI-
1640 with 10% FBS, 100 U/mL penicillin and 0.1 mg/mL strepto-
mycin (Beyotime, C0222, China) at 37 °C in a humidified incubator
containing 5% CO,. Huh7 cells were cultured in DMEM and AML12
cells were cultured in DMEM/F12 under identical conditions. The
cells were treated with 0.2mM PA and 0.1 mM OA or 30 mM
glucose (Sangon Biotech, 50-99-7, China) and 100 nM insulin for
24 h to create a hepatocyte steatosis model in vitro, in which, PA/
OA or high glucose and high insulin (HG/HIn) was treated for 12 h
and then bavachin was added to continue the treatment for 12 h.

Cell viability assay

Viability assays of primary hepatocytes and Huh7 cells were
performed using the methyl thiazolyl blue tetrazolium bromide
(MTT) (Solarbio Life, 298-93-1, China) method. Cells were first
exposed to different concentrations of bavachin (10, 20, 30, and
40 uM). After the indicated treatment, MTT was added at a
working concentration of 5mg/mL, and the solution was
incubated for 4h. Next, the MTT solution was removed and
100 uL/well of DMSO was added to dissolve the needle-like
formazan crystals formed by viable cells. The absorbance was
measured at 490 nm, and the percentage of cell viability was
calculated.

Cell and tissue Qil Red O staining

Cellular lipid content was visualized by Oil Red O staining. The
cells were washed twice with phosphate buffer solution (PBS),
fixed in 4% paraformaldehyde for 1h and re-washed twice with
PBS. The samples were then soaked in 60% isopropanol for
3-5min, and stained with freshly prepared Oil Red O staining
solution for 10 min. After washing twice with PBS, the red-stained
lipid droplets were observed and imaged using a light microscope
(Olympus, DP80, Japan) at X400 magnification. After staining with
an Oil Red working solution and rewashing with PBS, the frozen
tissue sections were counterstained with hematoxylin for 80 s. The
sections were then rinsed with running water for 10 min, and lipid
droplets were observed under a microscope.

Tissue and cellular triglyceride assays

To quantify the tissue and intracellular lipid accumulation, the TG
content in primary hepatocytes, Huh7 cells, and the liver was
measured using a TG content assay kit (Applygen Technologies,
Inc., Beijing, China, E1013). The tissue and cells were lysed to
obtain the supernatant according to the manufacturer’s instruc-
tions. After mixing 10 puL of supernatant with 190 puL of chromo-
genic solution, the absorbance at 550 nm was measured using a
microplate reader (Thermo fisher scientific, 1510, Massachusetts,
USA). The corresponding TG content was calculated according to
the instruction manual.

Hematoxylin-eosin staining

After the paraffin sections were gradient dewaxed in xylene and
ethanol, the nuclei were stained with hematoxylin for 5 min,
washed with water, immersed in eosin solution for 15 s, rewashed
with water, and dried at 55°C. After fixing with neutral resin
sealing tablets and drying, the stained sections were observed and
photographed under a microscope.
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Table 1. RT-PCR primers.
Mouse (gene) Forward Primer (5’-3/) Reverse Primer (5’-3')
SREBP-1c GGAGCCATGGATTGCACATT GGCCAGGGAAGTCACTGT
FAS GTAAGTTCTGTGGCTCCAGAG GCCCTCCCGTACACTCACTC
ACC AGGAAGATGGCGTCCGCTCTG GGTGAGATGTGCTGGGTCAT
SCD-1 CTGCACCTCCCTCCGGAAAT TCCTCCAGACGTACTCCAGC
PPARy GCATGGTGCCTTCGCTGATGC AGGCCTGTTGTAGAGCTGGGT
PPARa ACAAGGCCTCAGGGTACCA GCCGAAAGAAGCCCTTACAG
CPT-1a GAACCCCAACATCCCCAAAC TCCTGGCATTCTCCTGGAAT
CD36 TCCCTTGGCAACCAACCAC TCCACCAGTTGCTCCACAC
MTTP AGTGCAGTTCTCACAGTACCCGTT AGCATATCGTTCTGGTGGAAGGGA
PLIN2 CAATTTGTGGCTCCAGCTTC CCCGTATTTGAGATCCGTGT
PEPCK GGTTCCCAGGGTGCATGAAA CACGTAGGGTGAATCCGTCAG
G6PC AAGTCCTCTTCCGACATCCAG GTCTCACAGGTGACAGGGAAC
TNFa CGTCAGCCGATTTGCTATCT CGGACTCCGCAAAGTCTAAG
IL-6 AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC
MCP1 TCTGGACCCATTCCTTCTTG AGGTCCCTGTCATGCTTCTG
IL-18 TGAAGTTGACGGACCCCAAAA TGATGTGCTGCTGCGAGATT
UCP1 ATTCAGAGGCAAATCAGCTTTG GTGTTTCTCTCCCTGAAGAGAA
Prdm16 CAACAAAGAGAAGCCGTTCAAG TTTCGGATCTCGGAGAAGTAAG
PGC-1a TGGACGGAAGCAATTTTTCA TTACCTGCGCAAGCTTCTCT
Cidea CAATGTCAAAGCCACGATGTAC CTGTGCAGCATAGGACATAAAC
Dio2 TTCTCCTCGGTGGCTGACTTCC GCACATCGGTCCTCTTGGTTCC
Elovi3 GGACCTGATGCAACCCTATG CCAACAACGATGAGCAACAG
36B4 ATCCCTGACGCACCGCCGTGA TGCATCTGCTTGGAGCCCACGTT

Immunohistochemistry staining

Immunohistochemistry was performed to determine the levels of
the macrophage marker F4/80 in mature mice. Paraffin sections
were gradient dewaxed and sodium citrate was used for antigen
repair. The sections were pretreated with an endogenous
peroxidase blocker for 30min to quench the endogenous
peroxidase activity, and subsequently blocked in goat serum for
30 min. F4/80 staining was performed by incubating with the
corresponding primary antibody (Proteintech, 28463-1-AP, China)
in a humidified chamber at 4°C overnight. The sections were
washed with PBS and incubated with goat anti-rat immunoglobin
G-horseradish peroxidase (IgG-HRP) for 30 min at 37°C. After
diaminobenzidine (DAB) staining (ZSGB-BIO, ZLI-9017, China),
observation and photography were performed under a
microscope.

Glucose and insulin tolerance tests

The glucose tolerance test (GTT) was performed in mice that were
fed a HFD, as described above. One day later, the mice were
subjected to insulin tolerance tests (ITT). For the GTT, the mice
underwent fasting for 16 h and were injected with a glucose
solution in saline (1.0 g/kg body weight) intraperitoneally. For the
ITT, the mice underwent fasting for 6 h and were injected with
recombinant human insulin (1.0 U/kg body weight) intraperitone-
ally. Blood glucose levels were measured in the tail blood before
or 15, 30, 45, 60, 90, and 120 min after glucose or insulin injections.

VLDL-TG secretion

Mice in each group were starved for 7-8h and tyloxapol
(500 mg/kg body weight, Macklin, 25301-02-4, China) was
injected into the tail vein to inhibit very low density lipoprotein
(VLDL) catabolism. Blood samples were drawn from the tail vein
at 0, 1, 2, and 3 h after injection of tyloxapol. Plasma was isolated
by centrifugation, after which the TG levels were determined as
previously described.

SPRINGER NATURE

Measurements of triglyceride, cholesterol, free fatty acids, ALT,
AST, TNFa plasma levels

Following anesthetization, blood was collected from the orbit and
the serum was separated at 3000 rpm for 10 min. Serum alanine
aminotransferase (ALT), aspartate aminotransferase (AST), TG, total
cholesterol (TC), and free fatty acid (FFA) levels were determined
using an automated device (Monach) in the clinical laboratory of
the First Affiliated Hospital of Anhui Medical University, Hefei,
China. Serum tumor necrosis factor alpha (TNF-a) concentrations
were determined by ELISA (Elabscience Biotechnology Inc, E-
MSEL-M0002, China) testing.

Quantitative real-time PCR analysis

Total RNA was extracted from tissues or cells using the TRIzol
reagent (Thermo fisher scientific, 15596026, Massachusetts, USA)
and reverse transcribed into cDNA using the First Strand cDNA
Synthesis Kit (Tolobio, # 22112, China), according to the
manufacturer’s instructions. Quantitative PCR (qPCR) analysis was
performed using the SYBR Green PCR master mix (Tolobio, #22204,
China) on a Light Cycler 96 (Roche, Switzerland) system to
examine the expression of related genes. The primer sequences
used for this reaction are listed in Table 1.

Western blot analysis

Primary hepatocytes, Huh7 cells, the liver, and adipose tissues
were extracted in RIPA lysis buffer containing protease and
phosphatase inhibitors. After centrifugation at 12,000xg for
15 min at 4°C, the supernatants were assayed to determine the
protein concentration using the BCA method. The protein was
solubilized in SDS loading buffer and heated in a metal bath for
10 min. Equal amounts of protein were separated by 10% SDS-
PAGE and transferred onto PVDF membranes (Millipore, Missouri,
USA, 0.45pum pore size). After sealing with 5% skimmed milk
powder, the membranes were washed and incubated with the
corresponding primary antibodies overnight at 4°C. After
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Table 2. Primary antibodies.
Anti-body Dilution ratio Brands Item No. Country
AKT 1:1000 CST #9272 S Boston, USA
p-AKT 1:1000 CST #9271S Boston, USA
GSK-3p 1:1000 CST #9315S Boston, USA
p-GSK-38  1:1000 CST #5558 S Boston, USA
ACC 1:1000 CSsT #3676 Boston, USA
p62 1:1000 CST #23214 Boston, USA
elF-2a 1:1000 CST #5324 T Boston, USA
p-elF-2a 1:1000 CST #3398 T Boston, USA
IRE-1 1:1000 CST #3294T Boston, USA
JNK 1:1000 CST #9252 Boston, USA
p-JNK 1:1000 CST #4668 Boston, USA
NF-xB 1:1000 CST #8242T Boston, USA
p-NF-xB 1:1000 CST #3033 T Boston, USA
o-tubulin  1:1000 CST #2125 Boston, USA
FAS 1:1000 Santa sc-74540 China
SREBP-1c  1:1000 Santa sc-13551 China
CD36 1:500-1:1000 Abclonal A5792 China
SCD-1 1:500-1:1000 Abclonal A16429 China
p-IRE-1a  1:1000 Abclonal #AP0878 China
G6Pase 1:1000 Abclonal A21168 China
MTTP 1:1000 BD Biosciences 612022 New

Jersey, USA
PLIN2 1:1000 Proteintech 15294-1-AP China
LC3 1:1000 Proteintech 14600-1-AP China
CHOP 1:1000 Proteintech 15204-1-AP China
PEPCK 1:1000 Proteintech 16754-1-AP China
PGC-1a 1:1000 Proteintech 66369-1-lg China
CPT-1a 1:1000 Abcam ab128568 UK
UCP1 1:1000 Abcam ab10983 UK
XBP1 1:1000 BOSTER #PB9463 China

incubation with corresponding secondary antibodies (Biomike,
China, 1:10,000) for 1h at room temperature, the signals were
developed using an ECL luminescent kit (ZENBIO, #17046, China)
and detected using an enhanced chemiluminescence detection
system (Clinx, 3300 Mini, China). Primary antibodies applied in the
study are listed in Table 2. The protein bands were analyzed using
Quantity one (4.6.2), and a-tubulin protein was used as an internal
control.

RNA sequencing

Transcriptome sequencing and analysis were conducted by OE
Biotech Co. Ltd. (Shanghai, China). We collected liver sections
from three mice, from the bavachin and control groups, for the
purpose of sequencing. Total RNA was extracted using the
mirVana miRNA Isolation Kit (Ambion), following the manufac-
turer’s protocol. RNA integrity was evaluated using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Samples with an RNA integrity number (RIN) > 7 were subjected
to subsequent analysis. Libraries were constructed using the
TruSeq Stranded mRNA LTSample Prep Kit (lllumina, San Diego,
CA, USA), according to the manufacturer’s instructions and
sequenced on an lllumina sequencing platform (HiSeqTM 2500
or lllumina HiSeq X Ten) where 125 bp/150 bp paired-end reads
were generated. The RNA-sequencing (RNA-seq) data were
deposited in National Center for Biotechnology Information
(NCBI) under the SRA accession numbers (SRA: PRINA872948).
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Statistical analysis

All data are presented as mean*SEM for the experiments.
Statistical analyses were performed using the GraphPad Prism
software, version 8.6. Student’s t-test or analysis of variance (one-
way ANOVA) was used to evaluate the statistical differences:
"P<0.05, “P<0.01, and “"P<0.001 were considered statistically
significant.

RESULTS

Bavachin represses cellular TG synthesis in primary hepatocytes of
mice and Huh7 cells

Bavachin improves the insulin-dependent glucose uptake in
differentiated adipocytes and myoblasts [17], the structure of
which is shown in Fig. 1a. However, the role of bavachin in glucose
and lipid metabolism remains unclear. In this study, we explored
the role of bavachin in the regulation of lipid metabolism in the
liver. The cells were treated with 20 uM bavachin, considering its
mechanism of modulating the cytotoxicity of mouse primary
hepatocytes and Huh7 cells (Fig. 1b, c). In addition, we confirmed
that PA/OA or HG/HIn treatments upregulated the expression of
fatty acid synthesis-related genes in the mouse primary hepato-
cytes and Huh7 cells, while 20 uM bavachin treatment reduced the
expression of fatty acid synthesis genes (Supplementary
Fig. Sla-d). Quantitative analysis demonstrated that bavachin
inhibited TG synthesis in the mouse primary hepatocytes
following PA/OA stimulation for 24 h (Fig. 1d). Furthermore, our
results showed that bavachin reduced the number and size of PA/
OA-induced lipid droplets in primary mouse hepatocytes (Fig. 1e).
Next, we explored whether bavachin could reduce the hepatic
expression of genes related to fatty acid synthesis in vitro. Western
blotting results revealed that the protein expression levels of
genes related to fatty acid synthesis, such as fatty acid synthase
(FAS), acetyl-CoA carboxylase (ACC), and stearyl-coenzyme A
desaturase 1 (SCD-1), were decreased in the primary mouse
hepatocytes, when exposed to high concentrations of PA/OA
treated with bavachin, compared to that in the control group. In
addition, we also observed that the protein level of fatty acid
translocase CD36 (CD36) was significantly reduced in the bavachin
group compared to that in the control group (Fig. 1f). The same
results were observed in Huh7 cells (Fig. 1g-i), as well as AML12
and L02 cells (Supplementary Fig. S1e-h).

Bavachin improves insulin sensitivity of hepatocytes in vitro

A previous study confirmed that bavachin increased the insulin
sensitivity in 3T3-L cells [17]. Therefore, we examined whether
bavachin affects the insulin activity in hepatocytes. The phosphor-
ylation level of AKT, a key indicator of insulin signaling pathway
activity, is crucial for the insulin-activated glucose absorption in
the liver. Our results demonstrated that bavachin administration
dramatically increased the phosphorylation of AKT in primary
mouse hepatocytes (Fig. 2a, b) and Huh7 cells (Fig. 2¢, d). Bavachin
treatment markedly elevated the phosphorylation level of
glycogen synthase kinase-3 (GSK-3B) downstream of AKT in
primary hepatocytes (Fig. 2a, b) of mice and Huh7 cells (Fig. 2¢, d).
We observed the same effect on AML12 and LO2 cells
(Supplementary Fig. S2a-d), suggesting that bavachin might
affect the insulin sensitivity in vitro.

Bavachin ameliorates HFD-induced hepatic steatosis

We further explored the protective effect of bavachin on HFD-
induced NAFLD. The mice were fed a HFD for 12 weeks and were
subsequently maintained on the HFD and administered bavachin
(30 mg/kg body weight every second day) intraperitoneally for
8 weeks (a total of 20 weeks on the HFD). Our results showed that
bavachin treatment for 8 weeks significantly decreased the body
weight of HFD-fed mice compared to that of control groups
(Fig. 3a, b). Notably, bavachin caused a greater weight reduction
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Fig. 1 Bavachin attenuates lipid accumulation in primary mouse hepatocytes and Huh7 cells. a Chemical structure of bavachin. MTT was

used to detect the effect of different bavachin concentrations on the cytotoxicity of primary mouse hepatocytes b and Huh7 cells c. d TG
content of primary mouse hepatocytes after PA/OA stimulation with or without bavachin treatment. e Oil Red O staining of primary mouse
hepatocytes after PA/OA stimulation with or without bavachin treatment. f Western blot analysis of proteins involved in lipogenesis and fatty
acid transport in primary mouse hepatocytes after PA/OA stimulation with or without bavachin treatment. g TG content of Huh7 cells after PA/
OA stimulation with or without bavachin treatment. h Oil Red O staining of Huh7 cells after PA/OA stimulation with or without bavachin
administration. i Western blot analysis of proteins involved in lipogenesis and fatty acid transport in Huh7 cells after PA/OA stimulation with or

without bavachin administration. Data are presented as mean + SEM; P<0.05, P<0.01,

as compared to that caused by the HMG-CoA reductase inhibitor
rosuvastatin calcium (Fig. 3b). Treatment with bavachin also
effectively reduced the liver to body weight ratio (Fig. 3f);
however, there was no difference in the daily food intake between
the bavachin and control groups (Fig. 3e). Chronic HFD exposure
induces hepatic steatosis, which involves the massive accumula-
tion of large lipid droplets and ballooning degeneration of liver
cells, which were alleviated by bavachin administration at 8 weeks.
Hematoxylin and eosin (H&E) and Oil Red O staining revealed
smaller lipid droplets and lesser degrees of ballooning degenera-
tion in the hepatocytes of bavachin-treated mice compared with
those of control groups (Fig. 3¢, d). Biochemical analysis revealed
that bavachin reduced the levels of serum TG, TC, and FFA
compared to those in the control groups (Fig. 3g-i). However, after

SPRINGER NATURE

P <0.001 by Student’s t-test.

bavachin treatment, only TG was significantly reduced in the liver,
and although TC was decreased, the difference was not
statistically significant (Fig. 3j, k). We further measured the hepatic
VLDL secretion following tyloxapol injection, and observed that
bavachin treatment in HFD-induced obesity reduced the liver
lipoprotein production (Fig. 3I), which contributed to the increase
in the serum TG content. These results indicate that bavachin can
improve HFD-induced hepatic steatosis and reduce hepatic lipid
accumulation.

The mechanism of action of bavachin in the regulation of liver
lipid metabolism

To explore the potential mechanisms by which bavachin affects
the lipid metabolism in mice, we performed RNA-seq experiments
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on liver tissue from mice in the bavachin and control groups. First,
the volcano plot revealed that bavachin treatment resulted in a
number of differentially expressed genes; 134 genes were
downregulated, and 60 were upregulated after bavachin treat-
ment (Fig. 4a). The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis showed that bavachin could regulate
liver lipid metabolism in HFD-induced obese mice (Fig. 4b). The
heat map demonstrated the changes in genes were associated
with lipid metabolism. The downregulated cluster was enriched
for genes involved in lipid synthesis, accumulation, and transport
(Fig. 4c). gPCR analysis indicated that the expression of lipogenic
genes, such as sterol regulatory element-binding protein-1c
(SREBP-1c), PPARy, SCD-1, and FAS, were significantly down-
regulated in the liver of HFD mice following bavachin treatment
(Fig. 4d). We further observed that the expression of genes
encoding CD36 and microsomal TG transfer protein (MTTP) were
significantly reduced after bavachin treatment in the liver of HFD-
induced obese mice compared with those in the control group
(Fig. 4d). In contrast, bavachin increased the messenger ribonu-
cleic acid (mRNA) levels of B-oxidation genes, including carnitine
palmitoyl transferase | a (CPT-1a), in the liver of HFD-induced
obese mice (Fig. 4d). Immunoblot analysis further revealed that
bavachin treatment resulted in lower protein levels of FAS, ACC,
SCD-1, CD36, and MTTP but a higher CPT-1a protein expression in
the liver of HFD obese mice (Fig. 4e). Furthermore, we found that
the mRNA and protein levels of perilipin2 (PLIN2) were markedly
decreased in the bavachin groups compared to those in the
control groups (Fig. 4d, e). PLIN2 expression strongly correlated
with the steatosis severity. Additionally, transmission electron
microscope (TEM) revealed an increase in the number of
mitochondria and a more complete mitochondrial structure in
the bavachin groups compared to untreated controls, while the
structure of the hepatic endoplasmic reticulum was more intact
and clear in the bavachin groups (Fig. 4f). Notably, we also
observed that bavachin decreased the phosphorylation levels of
inositol requiring 1a (IRE-1a) and eukaryotic initiation factor 2
alpha (elF-2a), as well as the protein expression of X-box binding
protein 1 (XBP1) and C/EBP homologues protein (CHOP)
compared to the control groups (Fig. 4g).
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Autophagy is a major regulator of hepatic TG levels; to determine
whether bavachin treatment affected autophagy activation in the
liver, we assessed the expression of autophagy-related proteins in
the livers of HFD-induced obese mice. The protein levels of p62
decreased significantly, and the light chain 3 (LC3) turnover
increased in the bavachin group compared with those in the
control groups (Fig. 4h). These data suggest that bavachin inhibits
the expression of lipid synthesis genes in the liver of HFD-induced
obese mice and confirmed that bavachin inhibited the expression
of lipid synthesis genes in the livers of HFD-induced obese mice.
Additionally, bavachin treatment increased the liver autophagy and
improved the ER stress in obese mice.

Bavachin improves glucose homeostasis and insulin resistance in
obesity induced by HFD

Bavachin treatment significantly decreased the blood glucose
levels in HFD-induced obese mice (Fig. 5a). We subsequently
performed GTT and ITT tests to investigate whether bavachin
could improve the glucose homeostasis and insulin resistance in
HFD-fed mice. Our results revealed that mice treated with
bavachin displayed improved glucose homeostasis (Fig. 5b) and
insulin sensitivity (Fig. 5¢) relative to control mice. Moreover, the
mice in the bavachin treatment group showed the same trend as
that observed in the positive control group (Fig. 5b, c). The qPCR
and Western blot results identified that the expression of G6Pase
(glucose-6-phosphatase) was significantly reduced after bavachin
treatment, while there was no significant change in PEPCK
(phosphoenolpyruvate carboxykinase) (Fig. 5d, €). We further
found that the phosphorylation of AKT on Ser473 was stronger in
the liver (Fig. 5f, g), subcutaneous fat (Fig. 5h, i), and muscles
(Fig. 5j, k) of HFD induced obese mice treated with bavachin
compared to control mice. These findings suggest that bavachin
treatment can ameliorate glucose homeostasis and insulin
resistance in HFD-induced obese mice.

Bavachin treatment reduces hepatic inflammation induced by
HFD

Hepatic inflammation plays a critical role in the progression of
simple steatosis to NASH. Therefore, we explored the influence of
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of data.

bavachin on hepatic inflammatory responses. Biochemical analysis
confirmed that bavachin treatment significantly reduced the
serum levels of ALT and AST in HFD-fed mice, while TNFa levels
were significantly lower in the bavachin treatment group than in
the non-treated group (Fig. 6a-c). We speculated that treatment
with bavachin could ameliorate hepatic inflammation caused by
the HFD. Meanwhile, qPCR revealed that the mRNA levels of
proinflammatory factor genes, including TNFaq, IL-6, and MCP1,
were markedly reduced in the livers of HFD-induced obese mice
after treatment with bavachin compared to those in the untreated
groups (Fig. 6d). However, IL-18 and NLRP3 had no significant

SPRINGER NATURE

difference between the two groups (Fig. 6d). Moreover, immuno-
histochemical results revealed that the number of F4/80 positive
cells was drastically reduced in the bavachin-treated liver
compared to the vehicle controls, suggesting that bavachin
results in less hepatic macrophage infiltration in HFD-induced
obese mice (Fig. 6e). Additionally, Western blot analysis showed
that the activation of c-Jun N-terminal kinase (JNK) and the
phosphorylation levels of nuclear factor kappa B (NF-kB)
decreased after bavachin treatment (Fig. 6f). These results
suggested that bavachin may exert a protective effect against
HFD-induced hepatic inflammation.

Acta Pharmacologica Sinica (2023) 44:1416- 1428
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Fig. 4 Bavachin represses the hepatic lipogenesis in HFD-induced mice. a Scatterplot of differentially expressed genes identified by RNA-
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DEGs identified by RNA-seq. ¢ Heatmap showing the expression of genes involved in hepatic lipid metabolism on RNA-seq. gPCR (d) and
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after 20 weeks of HFD. f Transmission EM observation of the hepatic microstructure, yellow arrows indicate the mitochondria, red arrows
indicate the endoplasmic reticulum; scale bars, 2 pm. g Western blot analysis of proteins involved in ER stress in the livers of control and
bavachin-treated mice after 20 weeks of HFD. h Western blot analysis of proteins involved in autophagy in the livers of control and bavachin-

treated mice after 20 weeks of HFD. Data are presented as the mean + SEM; "P < 0.05, “P < 0.01,

Bavachin protects against high-fat diet-induced obesity

Although bavachin-treated mice were resistant to HFD-induced
obesity, with a body weight significantly lower than that in the non-

Acta Pharmacologica Sinica (2023) 44:1416 - 1428

"P<0.001 by Student’s t-test.

treatment group (Fig. 3b), we observed no difference in daily food
intake between the two groups (Fig. 3e). Indeed, we measured and
collected the corresponding adipose tissue. The results showed that

SPRINGER NATURE
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Fig. 5 Bavachin improves glucose homeostasis and insulin resistance in HFD-fed mice. a Blood glucose levels of control and bavachin-
treated mice after 20 weeks of HFD followed by a 6 h fast. GTT analyses (b) and ITT analyses (c) were performed in control and bavachin-
treated mice after 20 weeks of HFD. gPCR (d) and Western blot (e) were used to analyze the expression of gluconeogenetic genes in the liver
of control and bavachin-treated mice after 20 weeks of HFD. f Western blot analysis of insulin-stimulated AKT phosphorylation in the liver of
control and bavachin-treated mice after 20 weeks of HFD. g Quantification of the Western blot data shown in f. h Western blot analysis of
insulin-stimulated AKT phosphorylation in the subcutaneous fat tissue of control and bavachin-treated mice after 20 weeks of HFD.
i Quantification of the Western blot data shown in h. j Western blot analysis of insulin-stimulated AKT phosphorylation in the muscle of
control and bavachin-treated mice after 20 weeks of HFD. k Quantification of the Western blot data shown in j. Data are presented as
mean + SEM; P<0.05, P<0.01 by Student’s t-test. One-way analysis of variance (ANOVA) was used to compare the three groups of data.

the subWAT mass and visceral adipose tissue (VAT) mass were

Furthermore, we detected the expression profiles of genes linked to
markedly reduced in obese mice treated with bavachin compared to

thermogenesis, beiging, and mitochondrial respiration in the

control mice, whereas the epididymal white adipose tissue (epiWAT)
mass did not differ between the two groups (Fig. 7a). Histological
analysis revealed that the size of adipocytes in the subWAT, VAT,
and BAT of mice fed an HFD treated with bavachin was reduced
compared with the control mice (Fig. 7b, f and Supplementary
Fig. S4a, c). Interestingly, we observed an increase in the rectal body
temperature in bavachin-treated mice compared to the control
group (Fig. 7c). Thus, we speculated that bavachin might either
promote the browning/beiging of subWAT or increase BAT activity.

SPRINGER NATURE

subWAT and BAT. gPCR analysis showed that the induction of
thermogenesis, beiging, and mitochondrial respiration marker genes
such as uncoupling protein 1 (UCP1), PR domain-containing 16
(Prdm16), Cidea, and peroxisome proliferator-activated receptor y
coactivator 1a (PGC-1a) were significantly upregulated in the
subWAT and BAT of mice that were fed an HFD and treated with
bavachin compared with the untreated mice (Fig. 7d—g). Moreover,
Western blotting also verified that the protein levels of UCP1 and
PGC-1a were significantly increased in both the subWAT and BAT of

Acta Pharmacologica Sinica (2023) 44:1416- 1428
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HFD-fed mice after treatment with bavachin compared with the
control mice (Fig. 7e-h). In addition, we also found that bavachin
was involved in the regulation of lipid synthesis and fatty acid
oxidation genes in the subWAT of HFD-fed mice, showing an
inhibition of FAS expression and promotion of peroxisome
proliferator-activated receptor a (PPARa) and CPT-1a expressions
(Supplementary Fig. S4d). These findings suggest that bavachin may
protect against HFD-induced obesity by inducing fat thermogenesis
and beige SUbWAT.

DISCUSSION

Although significant progress has been made in clarifying the
pathogenesis of NAFLD, identifying therapeutic targets, and
advancing treatment strategies, several aspect challenges are still
unclear. Most notably, there are currently no drugs approved to
treat this condition. However, the beneficial effects of traditional
Chinese medicine on metabolic diseases continue to be demon-
strated, prompting researchers to seek potentially effective and
safe treatments using traditional Chinese medicine.

Psoralea corylifolia L. (Fabaceae) (PC) is a widely used pleiotropic
medicinal herb [17] with its major constituents being bakuchiol,
psoralen, bavachin, corylifolin, coumarins, daidzin, and corylin. PC
causes several pharmacological effects, including anti-oxidant,
anti-tumor, anti-bacterial, and protective effects on cutaneous
conditions, impotence, and hepatic injury [18]. In addition, PC
extract has been shown to exert anti-hyperglycemic effects in rats
by increasing their serum insulin levels and decreasing their blood
glucose levels [17]. Bavachin has also been reported to exhibit
multiple pharmacological actions, including anti-bacterial [19],
osteoblastic activity [20] and anti-tumor effects [21]. However, the
effects of bavachin on NAFLD remain unclear.

In this study, our data verified that bavachin treatment
significantly reduced the body weight of HFD-fed mice compared
to that of untreated controls. Moreover, we found that bavachin
treatment not only reduced the liver TG content induced by an
HFD, but also reduced the serum TG content, as well as the
hepatic VLDL secretion. De novo lipogenesis (DNL) plays an
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important role in the development of hepatic steatosis. Increased
DNL stimulates the expression of the transcription factor SREBP-1c
and carbohydrate-responsive element-binding protein (ChREBP),
which in turn increases the expression of certain genes in the FA
biosynthetic pathway, including FAS, ACC, and SCD-1 [13, 22]. In
addition, the DNL pathway increases lipid synthesis, fatty acid
oxidation, and lipid secretion, and its modulation also plays an
important role in hepatic lipid accumulation. Our study demon-
strated that bavachin treatment in HFD mice resulted in a
decrease in the expression of genes related to DNL and lipid
translocation, as well as an increase in CPT-1a, which is closely
linked to fatty acid oxidation. Thus, the combined effect of
increased fatty acid oxidation and decreased lipid synthesis in the
liver of bavachin-treated mice may be partly responsible for
alleviating fatty liver in mice. Although our results confirmed that
bavachin treatment could inhibit the secretion of VLDL in liver, the
TG content in liver of mice after bavachin treatment was still
decreased compared with that of the control group due to the
reduced total TG synthesis in the liver. Primary hepatocytes of
mice and Huh7 cells were similarly exposed to PA/OA in vitro, and
after bavachin treatment, lipid droplets were reduced and TG
content was decreased.

Previous studies have indicated that PLIN2 is the most
abundant member of the perilipin protein family, which is
involved in the steatotic livers of mice and humans and its
expression is strongly associated with the severity of steatosis
[23, 24]. Previous studies have demonstrated that deletion of
PLIN2 is associated with a lower hepatic TG, enhanced insulin
sensitivity, and improved glucose homeostasis [25, 26], whereas
hepatic overexpression of PLIN2 increases the cellular TG and
lipid droplet size, with a reduction in lipolysis [27]. Growing
evidence has shown that hepatic steatosis is determined by de
novo lipogenesis, lipid uptake, fatty acid -oxidation, and VLDL
secretion [28]. Our study confirmed that bavachin can indeed
reduce the PLIN2 protein levels in the liver of HFD-induced mice.
In addition, deletion of PLIN2 can increase liver autophagy in
obese mice, thus reducing the hepatic TG content [29]. Hepatic
lipid accumulation is linked to insulin resistance, mitochondrial
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Fig. 7 Bavachin increases thermogenesis and browning of the white adipose tissue in mice fed HFD. a The weight of different fat pads in
control and bavachin-treated mice fed a HFD for 20 weeks. b H&E staining of subWAT, VAT, and epiWAT of control and bavachin-treated mice;
scale bars, 50 pm. ¢ Rectal body temperature in control and bavachin-treated mice. d qPCR analysis of genes involved in thermogenesis,
beiging, and mitochondrial respiration in the subWAT of control and bavachin-treated mice after 20 weeks of HFD. e Western blot analysis of
UCP1 and PGC-1a protein levels in the subWAT of control and bavachin-treated mice after 20 weeks of HFD. f H&E staining of the BAT of
control and bavachin-treated mice; scale bars, 50 pum. g qPCR analysis of genes involved in thermogenesis, beiging, and mitochondrial
respiration in the BAT of control and bavachin-treated mice after 20 weeks of HFD. h Western blot analysis of UCP1 and PGC-1a protein levels
in the BAT of control and bavachin-treated mice after 20 weeks of HFD. Data are presented as mean + SEM; P<0.05, P<0.01, P<0.001 by
Student’s t-test.

stress, impaired autophagy, and ER stress, eventually triggering
NAFLD [30]. Previous reports have indicated a link between
chronic ER stress and obesity, as established by the presence of
ER stress markers in steatotic livers of HFD-fed mice [31].
Excessive accumulation of TG in hepatocytes degrades the
intracellular lipid droplets through lipid specific autophagy,

be due to the difference in cellular environments and
physiological states.

Bavachin has been reported to inhibit cell proliferation and
induce apoptosis by inducing cytotoxicity in HepG2 cells [21].
However, our study demonstrated that low concentrations of

bavachin were less toxic to primary mouse hepatocytes. Few

termed lipophagy [32]. Our results confirmed that bavachin
treatment ameliorated the hepatic ER stress induced by an HFD
and increased hepatic autophagy. However, a previous study
reported that bavachin induces apoptosis through the upregula-
tion of ER stress in HepG2 cells [21]. This contrasting result may

SPRINGER NATURE

studies have claimed that bavachin can enhance the activation of
inflammatory vesicles to increase hepatotoxicity, while others
have indicated that bavachin attenuates lipopolysaccharide
lipopolysaccharide-induced inflammatory response and inhibits
the activation of the NOD-, LRR- and pyrin domain-containing 3

Acta Pharmacologica Sinica (2023) 44:1416- 1428



(NLRP3) inflammasome in macrophages [33, 34]. Liver inflamma-
tion is a determinant of the NAFLD to NASH progression.
Compared to control groups, the serum levels of ALT and AST in
the HFD-bavachin groups were significantly decreased, while the
serum levels of TNFa in bavachin-treated mice were significantly
reduced. These changes were accompanied by a decrease in F4/
80 macrophages in the livers of HFD-induced obese mice after
treatment with bavachin compared to the control group. The
regulatory effects of HFD on the expression of inflammatory genes
such as TNFaq, IL-6 and MCP1, were abolished on treatment with
bavachin. Moreover, our results indicated that the JNK and NF-kB
pathways were significantly suppressed by bavachin administra-
tion in the liver of HFD-induced obese mice. These data indicated
that bavachin prevents liver injury by alleviating hepatic
inflammation. However, the inhibitory effects of bavachin on
NASH progression require further investigation.

Several drugs have been shown to improve the hepatic insulin
resistance and NAFLD by modulating the cellular energy balance
[35]. This modulation is a key feature of these drugs, and has
been reported to reduce liver fat and/or improve liver insulin
sensitivity [36, 37]. Herein, we demonstrated that bavachin
ameliorated HFD-induced insulin resistance in the liver and
adipose tissue. Moreover, bavachin treatment improved the
glucose homeostasis in HFD-fed obese mice and decreased their
blood glucose levels, which is also reported in previous studies
[38].

No difference in the daily food intake between the two groups
was reported; however, the body weight of the mice in the
bavachin group was significantly lower than that of the control
group. Notably, BAT is the primary site for uncoupled respiration-
mediated thermogenesis [39], and activated BAT ameliorates
NAFLD and enhances the beneficial effects of calorie restriction in
improving steatohepatitis in mice [40, 41]. Furthermore, browning
of WAT has beneficial effects against obesity and related disorders,
similar to those observed following BAT activation [42, 43]. Obese
mice treated with bavachin had lower subcutaneous and visceral
fat than the control group. The body temperatures of HFD-fed
mice treated with bavachin was slightly higher than that of control
group, suggesting that protection from obesity in bavachin-
treated mice is most likely related to increased energy expendi-
ture. Our study also demonstrated that the expression levels of the
thermogenic markers UCP1, Prdm16, PGC-1a, and Cidea were
markedly upregulated in BAT and subWAT of bavachin-treated
HFD-fed mice compared to controls, suggesting that bavachin
enhanced the activation of the thermogenic program. Future
studies to identify the precise mechanisms underlying this effect
will be of interest.

Overall, our study showed that bavachin could ameliorate
NAFLD caused by HFD by reducing DNL. Meanwhile, bavachin
promotes energy metabolism, such as beige adipocyte formation
and browning of the subWAT. The present study provides
evidence of the beneficial effects of bavachin in the treatment
of obesity-related NAFLD.
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