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ABSTRACT
Context: Non-alcoholic fatty liver disease (NAFLD) is a common liver disease, accompanied by liver lipid
accumulation and inflammation. JianPi-QingHua formula (JPQH), a Chinese herbal formula, exhibits effects
on obesity and T2DM. However, the hepatoprotective effect of JPQH has not been elucidated.
Objective: To investigate the hepatoprotective effect of JPQH in NAFLD induced by a high-fat diet (HFD)
in mice.
Materials and methods: C57BL/6J mice were divided into four groups and fed a normal-fat diet (ND),
high-fat diet (HFD), HFDþ JPQH (2.5 g/kg), or HFDþmetformin (300mg/kg) for 6weeks, respectively.
Furthermore, the body weight, epididymal fat mass, blood glucose, and liver weight were measured.
Serum total cholesterol (TC), triglycerides (TG), alanine aminotransferase (ALT), and aspartate aminotrans-
ferase (AST) were performed. Hematoxylin and eosin staining and Oil Red O staining were observed in
hepatic histopathological changes. Western blotting and quantitative real-time polymerase chain reaction
were utilized to assess the key protein expression of hepatic lipid metabolism and inflammation.
Results: Compared with the HFD group, JPQH could reduce body weight, epididymal fat mass, blood glu-
cose and liver weight (p< 0.05), and markedly decreased the levels of serum TC, TG, ALT, AST (p< 0.05).
Additionally, JPQH improved liver pathological changes. Consistent with the hepatic histological analysis,
JPQH intervention suppressed lipid accumulation and inflammatory responses. Mechanistically, JPQH
boosted SIRT1/AMPK signalling, and attenuated NF-jB pathway, which suppressed inflammatory
responses.
Discussion and conclusions: These findings indicate that JPQH supplementation protected against HFD-
induced NAFLD by regulating SIRT1/AMPK/NF-jB pathway, which provides a theoretical basis for the clin-
ical treatment of patients with NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD), a common chronic
liver disease, is characterized by hepatic fat accumulation without
drinking alcohol, which may change into steatohepatitis, cirrho-
sis, and hepatocellular carcinoma (Duan et al. 2012; Powell et al.
2021). Increasing evidence reveals that obesity and diabetes can
aggravate the development of NAFLD, which is mainly attributed
to a high-caloric diet (Liu et al. 2020; Rohm et al. 2022). With
the high morbidity of obesity and diabetes, NAFLD has become
an increasingly prevalent liver disease. However, there are no
approved drugs to prevent or treat NAFLD to date.

As shown by studies, the abnormal lipid metabolism in the
liver has contributed to the progression of NAFLD (Buzzetti
et al. 2016; Powell et al. 2021), which is consistent with the find-
ings of high-fat-diet (HFD)-induced NAFLD in mice. Indeed,
AMP-activated protein kinase (AMPK) plays a crucial role in
abnormal lipid metabolism in the liver. Meanwhile, increasing

evidence indicates that the reduced AMPK activity in the liver
occurs in HFD-induced animals (Xu et al. 2022), which is bol-
stered by the antidiabetic drug metformin (Yan et al. 2019;
Zamani-Garmsiri et al. 2021). Additionally, SIRT1, the metabolic
sensor, is also devoted to lipid metabolism (Garcia et al. 2019; Li
et al. 2020). Lipid metabolism accumulation increases lipogenesis,
which is managed by sterol regulatory element binding protein 1
(SREBP1), fatty acid synthase (FASN) and acetyl CoA carboxyl-
ase (ACC), and inhibits lipolysis including hormone-sensitive lip-
ase (HSL) and adipose triglyceride lipase (ATGL). It was
reported that activating AMPK/SIRT1 pathway could inhibit the
expression of genes and proteins of SREBP1 and FASN, promote
lipolysis and improve the NAFLD (Li et al. 2020; Song et al.
2015). Hepatic inflammation is another important consideration
in the progression of NAFLD (Buzzetti et al. 2016; Rohm et al.
2022). According to previous research, the activation of NF-jB is
involved in the NAFLD animal models induced by HFD or
patients with NAFLD (Cai et al. 2005; Grossini et al. 2021). NF-
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jB can be affected by IjB degradation induced by IjB phos-
phorylation (Cai et al. 2005). Moreover, some studies demon-
strated that AMPK achieves anti-inflammatory effects in a
SIRT1-dependent manner by suppressing the NF-jB pathway
(Peixoto et al. 2017). It was reported that SIRT1 deficiency expe-
dited the deterioration of hepatic inflammation by increasing
NF-jB (Pfluger et al. 2008). Consequently, the
AMPK/SIRT1/NF-jB pathway is of great value in the progres-
sion of NAFLD, due to the regulation of abnormal lipid metabol-
ism and inflammation in the liver (Garcia et al. 2019; Smith
et al. 2016).

Jianpi-Qinghua Formula (JPQH), which was derived from
‘Bupiwei Xieyinhuo Shengyang Decoction’, was proposed by
Shuguang Hospital Affiliated with Shanghai University of
Traditional Chinese Medicine (Shanghai, China) (Liu et al.
2022). The compositions of JPQH included Codonopsis pilosula
(Franch.) Nannf (Campanulaceae), Astragalus membranaceus
(Fisch.) Bunge (Leguminosae), Dioscorea opposita Thunb.
(Dioscoreceae), Polygonatum sibiricum Red. (Liliaceae), Coptis
chinensis Franch. (Ranunculaceae), Scutellaria baicalensis Georgi
(Lamiaceae Martinov), Pueraria Lobata (Willd.) Ohwi.
(Leguminosae) and Euonymus alatus (Thunb.) Sieb
(Celastraceae). This formula has been used for more than two
decades, and it is known for the treatment of lipid metabolism,
intestinal inflammation, obesity, and insulin resistance (Gong
et al. 2020; Liu et al. 2022). Our past study found that puerarin
inhibited the hepatic gluconeogenesis via activation of PI3K/Akt
pathway in diabetic rats (Liu et al. 2021). However, its thera-
peutic mechanism in the treatment of NAFLD has been unclear.
Therefore, our study investigates whether JPQH will attenuate
HFD-induced NAFLD by regulating hepatic lipid metabolism
and inflammation.

Materials and methods

Drugs and reagents

JPQH were provided by Lei-Yun-Shang Pharmacy (Shanghai,
China, batch number: 20210801) and the compositions of JPQH
are presented in Table 1. The concentrated solution of JPQH
was analyzed by a UPLC-MS system as previously reported (Cui
et al. 2021). The results are shown in Figure 1. The following
reagents had been used, including Metformin (MET) (PHR1084,
Sigma-Aldrich, St. Louis, MO), Oil red O dye (C0158M,
Beyotime Biotechnology, Shanghai, China), RIPA Lysis Buffer
(P0013B, Beyotime Biotechnology, Shanghai, China), protease
inhibitor cocktails (P1005, Beyotime Biotechnology, Shanghai,
China), phosphatase inhibitor cocktail (P1045, Beyotime
Biotechnology, Shanghai, China), HiScript II Reverse
Transcriptase Kit (with gDNase) (R223, Vazyme Biotech,
Nanjing, China), ChamQ Universal SYBR qPCR Master Mix

(Q711, Vazyme Biotech, Nanjing, China). The following antibod-
ies were purchased from Cell Signaling Technology (Boston,
MA): p-AMPK (4148S), AMPK (5832S), p-ACC (3661S), ACC
(3676S), SIRT1 (8469S), p-IKK (2697S), IKKa (2682S), IKKb
(8943S), p-IjBa (5209S), IjBa (4812S), p-NF-jB p65 (3033S),
NF-jB p65 (8242S), F4/80 (70076S). GAPDH (10494-1-AP,
Proteintech, Shanghai, China), Goat anti-rabbit and Goat anti-
mouse HRP conjugated secondary antibodies (A0208 and A0216,
Beyotime Biotechnology, Shanghai, China) were used.

Animals

In this study, six-week-old male C57BL/6J mice were obtained
from Beijing Weitong Lihua Experimental Animal Technology
Co., Ltd. (SYXK(HU)2020–0009, China). The mice were placed
in a room on a 12 h light/dark cycle with a constant temperature
and humidity. All animal studies adhered to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Animal Care and Use
Committee of Shanghai University of Traditional Chinese
Medicine (Animal Ethics Number, PZSHUTCM 190,823,004). To
establish the NAFLD models, the animals had been continuously
raised on a high-fat diet (HFD) with 60% of calories from fat,
20% from carbohydrates, and 20% from protein (D12492;
Research Diets, New Brunswick, NJ, USA) for 12weeks based on
a previous study (Liu et al. 2022). Meanwhile, the mice in the
control group (ND, n¼ 10) were continuously given a normal
diet (AIN-93G, Jiangsu Xietong Pharmaceutical Bio-engineering
Co., Ltd., Nanjing, China). Then, the HFD-fed mice were ran-
domly divided into three groups (n¼ 10, each group): HFD
group, HFDþ JPQH group and HFDþMET group. The
HFDþ JPQH group and HFDþMET group were administrated
with JPQH (2.5 g/kg) or MET (300mg/kg) by gavage for
approximately 6 weeks. These remaining groups were given
physiological saline for 6 weeks. The mice were sacrificed under
pentobarbital sodium anesthesia, and visceral fat and liver tissue
were collected for histopathological and molecular experiments.

Body weight and oral glucose tolerance test (OGTT)

The body weight (BW) of all the animals was recorded simultan-
eously (Friday morning 8:00–10:00) using the identical electronic
scale. In order to complete the intraperitoneal glucose tolerance
test (IPGTT) at the 6th week of administration, the mice intra-
peritoneally received glucose (1.5 g/kg) after fasting for 12 h.
Besides, blood glucose was measured by glucometer (ACCU-
CHEK Active, Roche, Mannheim, Germany) at different time
points including 0, 30, 60, 90, 120min and the area under the
curve (AUC) of glucose was calculated.

Table 1. Herbal medicines contained in JPQH.

Local name Dang Shen Huang Qi Shan Yao Huang Jing Huang Lian Huang Qin Ge Gen Gui Jianyu

Part used Root Root Rhizome Root Rhizome Root Root Stem
English

name
Codonopsis

Radix
Astragali Radix Dioscoreae

Rhizoma
Polygonati
Rhizoma

Copyidis
Rhizoma

Scutsellariae
Radix

Puerariae
Lobatae Radix

Ramulus
Euonymi
Alati

Latin name Codonopsis
pilosula

(Franch.) Nannf

Astragalus
membranaceus
(Fisch.) Bunge

Dioscorea
opposita
Thunb.

Polygonatum
sibiricum Red.

Coptis chinensis
Franch.

Scutellaria
baicalensis
Georgi

Pueraria Lobata
(Willd.) Ohwi.

Euonymus
alatus
(Thunb.)
Sieb.

Amount
(g)

15 15 15 15 3 9 15 15
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Serum analysis

Serum cholesterol (TC), triglycerides (TG), aspartate aminotrans-
ferase (AST), and alanine aminotransferase (ALT) were deter-
mined using the automated biochemical analyzer (Hitachi High-
Tech, Tokyo, Japan).

Histopathological examination

At the end of the experiment, a part of the liver tissues and adi-
pose tissues were fixed, dehydrated in different concentrations of
alcohol, and prepared as paraffin samples. These samples were
cut into 5 mm slices, and then subjected to hematoxylin-eosin
(H&E) and Sirius red staining. NAFLD activity scores were
defined in accordance with liver section histology (Ding et al.
2020; Nelson et al. 2011. To detect lipid droplets of liver tissues,
Oil-red O staining was used. These tissues were embedded by
OCT, prepared at 8lm thickness and stained with Oil Red O
dye (C0158M, Beyotime Biotechnology, Shanghai, China).
Finally, the images were photographed by an optical microscope
with a digital camera (Nikon, Tokyo, Japan) and measured using
Image J.

Immunofluorescence staining and immunohistochemical
staining

For NF-jB staining, the liver tissue paraffin sections (5mm),
dewaxing to water, were implemented with heat-induced antigen
retrieval and were incubated with PBS with 10% normal goat

serum for 1h, and then NF-jB antibody (1:150 dilution) over-
night at 4 �C. The next day, the sections were incubated with the
secondary antibodies (8889s, Cell Signaling Technology, Boston,
MA) and stained with DAPI. To assess for hepatic inflammation
using macrophage biomarkers F4/80, the sections were incubated
with F4/80 antibody overnight (1:1000 dilution), and then dealt
with the secondary antibody (1:200 dilution) for 1 h. In addition,
images were acquired by a fluorescence microscope (Nikon,
Tokyo, Japan).

Quantitative reverse transcriptase-polymerase chainreaction
(qRT-PCR)

Total RNAs from the liver tissues were extracted with the
FastPure Tissue Total RNA Isolation Kit (Vazyme Biotech,
Nanjing, China), and then they were reverse transcribed to
cDNA by HiScript II Reverse Transcriptase Kit (Vazyme Biotech,
Nanjing, China). Apart from that, the real-time PCR was com-
pleted by referring to the reagent instructions for ChamQ
Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing,
China). The PCR primers are shown in Table 2.

Western blotting

Liver tissues were homogenized with RIPA buffer and measured
by BCA assay (#23225, Thermo Fisher Scientific, MA, USA).
Besides, the extracted liver proteins were separated by SDS-
PAGE and transferred to PVDF membranes. Furthermore,

Figure 1. Main components of JPQH (20210801 batches) in negative (A) and positive (B) ion mode by using LC-MS. (1) Dulcitol; (2) Puerarin; (3) Magnoflorine; (4)
Daidzin; (5) Berbamine hydrochloride; (6) Scutellarin; (7) Ferulic acid; (8) (R)-(þ)-Corypalmine; (9) Lobetyolin; (10) Baicalin; (11) Epiberberine; (12) Jatrorrhizine; (13)
Coptisine; (14) Daidzein; (15) Palmatine; (16) Wogonoside; (17) Berberin; (18) Baicalein; (19) Astragaloside IV; (20) Wogonin.

PHARMACEUTICAL BIOLOGY 649



the blots were then incubated with primary antibodies against
p-AMPK, AMPK, p-ACC, ACC, SIRT1, p-IKK, IKKa, IKKb,
p-IjBa, IjBa, p-NF-jB p65, NF-jB p65, GAPDH and used for
the corresponding secondary antibody. Then, the results were
acquired by an imaging system (Tonan, Shanghai, China) and
analyzed by Image J.

Statistical analysis

All the results were analyzed by the software GraphPad Prism
5.0, and were presented as the means ± SD. Beyond that, the
comparisons among the four groups were performed by one-way
ANOVA p< 0.05 was considered statistical significance.

Results

JPQH improved metabolic parameters in the HFD-fed mice

To determine whether JPQH affected the metabolic parameters
in HFD-induced NAFLD mice, we measured the body weight,
epididymal adipose mass, adipocyte size and blood glucose. As
shown in Figure 2(A), this was the schedule of our experiment.
It could be observed that compared with normal diet (ND) mice,
the body weight of these mice fed with an HFD for 12weeks
increased significantly (p< 0.01), while those with JPQH inter-
vention for 6weeks could lose weight (Figure 2B, C). Consistent
with the above findings, JPQH supplementation significantly
diminished epididymal fat mass and adipocyte size (p< 0.01)
(Figure 2(D–G)). Furthermore, we found that JPQH could
decrease blood glucose at 0, 30, 60min and AUC of IPGTT
(p< 0.05) (Figure 2(H,I)). Taken together, these data suggested
that JPQH attenuated the metabolic disorder in the HFD-fed
mice.

JPQH treatment suppressed hepatic lipid accumulation in
the HFD-fed mice

We further observed whether JPQH could protect mice against
HFD-induced NAFLD. As displayed in Figure 3(A,B), the size
and weight of liver tissues in the HFD-fed mice were larger than
the ND-fed ones (p< 0.01), and JPQH treatment suppressed this
increase. Then, Oil red O staining revealed that JPQH obviously
ameliorated hepatic lipid accumulation in the HFD-fed mice
(p< 0.01) (Figure 3(C,D)). Similarly, JPQH administration
reduced the levels of serum TC and TG (Figure 3(E,F)).

JPQH attenuated liver injury induced by HFD

Subsequently, we examined whether JPQH ameliorated liver
injury induced by HFD. In this study, H&E staining showed that
the mice in the HFD group had excessive accumulation of lipid
droplets (red arrow) and inflammatory cell infiltration (black
arrow), and all of the changes were ameliorated after JPQH sup-
plementation (Figure 4(A)). According to the pathological score
of liver injury (Nelson et al. 2011; Ding et al. 2020), NAFLD
lesion severity in the JPQH group was also significantly reduced
(p< 0.01) (Figure 4(B)). However, Sirius red staining showed
there was no significant difference between the groups (Figure
4(C,D)), suggesting that this stage had not yet developed into
liver fibrosis. Elevated hepatic AST and ALT activity was also the
hallmark of liver damage. JPQH attenuated hepatic AST and
ALT activity in HFD group (Figure 4(E,F)). As indicated by
these results, JPQH mitigated the NAFLD induced by HFD.

JPQH inhibited hepatic lipid accumulation via activating
AMPK/SIRT1 pathway

Abnormal lipid metabolism in the liver participated in the pro-
gression of NAFLD (Buzzetti et al. 2016), which was regulated
by the AMPK/SIRT1pathway (Garcia et al. 2019; Li et al. 2020).
The above results prompted us to examine whether JPQH inhib-
ited hepatic lipid accumulation by the AMPK/SIRT1 pathway.
We observed the ratios of p-AMPK/AMPK in the liver induced
by HFD mice was notably downregulated (p< 0.05). In contrast,
those increased after JPQH treatment for 6 weeks (Figure
5(A,B)). The protein levels of SIRT1, the metabolic sensor regu-
lating hepatic lipid metabolism, were higher in the HFDþ JPQH
group than those in the HFD group (Figure 5(C,D)). In compari-
son to mice induced by HFD, JPQH treatment manifested
enhanced expression of p-ACC/ACC in the liver (Figure 5(E,F)).

The AMPK/SIRT1 pathway affected lipid metabolism through
the following genes including lipogenesis, lipolysis and triglycer-
ide synthesis. As presented in Figure 5(G), the expression of
lipogenesis-related genes including Sterol Regulatory Element-
Binding Protein (SREBP1) and fatty acid synthase (FASN) were
remarkably elevated in HFD-fed mice (p< 0.05), and JPQH
reduced the expression of SREBP1 and FASN (p< 0.05). In add-
ition, JPQH lowered the mRNA level of adipose triglyceride lip-
ase (ATGL) and hormone-sensitive lipase (HSL) in the liver,
which are lipolysis-related genes (Figure 5(H)). In the wake of
JPQH administration, diacylglycerol acyltransferase (DGAT), the
triglyceride synthesis, was downregulated (Figure 5(I)). The
above experiments indicated that JPQH inhibited hepatic lipid
accumulation by activating the AMPK/SIRT1 pathway.

JPQH suppressed hepatic inflammation by inhibiting NF-jB
pathway

The activation of IKK-NFjB pathways was also a major factor in
the progress of NAFLD (Heida et al. 2021; Hotamisligil, 2006).
Thus, we investigated whether JPQH suppressed hepatic inflam-
mation by the NF-jB pathway. Compared with the ND group,
the ratios of p-IKK/IKK and p-IjBa/IjBa, upstream proteins of
NF-jB, significantly increased in the liver induced by HFD
(p< 0.05), but those were decreased by JPQH treatment (Figure
6(A,B)). Moreover, the level of IjBa was upregulated in the
JPQHþHFD group (p< 0.05) (Figure 6(A,B)), resisting NF-jB
translocation to the nucleus. We also found the ratio of p-NF-jB
p65/NF-jB p65 decreased after JPQH treatment for 6 weeks

Table 2. Primer sequences used for qRT-PCR in this study.

Gene Sequence (5’–3’)
PCR product

(bp)

Srebp (NM_001313979.1) Forward:GACCCTACGAAGTGCACACA
Reverse:TGTCGGGCTCAGAGTCACTA

218

Fas (NM_007988.3) Forward:GTGAGTCTATCCTGCGCTCC
Reverse:CCCAAGGAGTGCCCAATGAT

199

Atgl (NM_001163689.1) Forward:TTCGCAATCTCTACCGCCTC
Reverse:AGCAAAGGGTTGGGTTGGTT

139

Hsl (NM_001039507.2) Forward:GAGTGGGCTGTGCCTTAACT
Reverse:TGCCATCTGCTGGGAAAACA

229

Dgat (NM_010046.3 ) Forward:ATGGACTCTCCAGTTGACGC
Reverse:CTACCACCCTGGACGGAAAC

287

IL-1b (NM_008361.4) Forward:TGCCACCTTTTGACAGTGATG
Reverse:AAGGTCCACGGGAAAGACAC

220

TNF-a (NM_001278601.1) Forward:AGGCACTCCCCCAAAAGATG
Reverse:CCACTTGGTGGTTTGTGAGTG

213

GAPDH (NM_001289726.1) Forward:CCCTTAAGAGGGATGCTGCC
Reverse:ACTGTGCCGTTGAATTTGCC

263

650 J. TIAN ET AL.



Figure 2. JPQH improved metabolic parameters in HFD-fed mice. (A) Experimental arrangement of NAFLD animal model and drug intervention. (B) Changes of Body
weight in high-fat-fed (HFD) mice for 12weeks (n ¼ 6). (C) Body weight of mice before JPQH treatment or after JPQH intervention for 6weeks (n¼ 6). (D-E) Weight
of epididymal adipose tissue after JPQH treatment for 6weeks (n¼ 6). (F) Representative pictures of H&E staining of epididymal adipose tissue (�200). (G)
Quantification of adipocyte size (n¼ 3). (H-I) Intraperitoneal glucose-tolerance test (IPGTT) after 6weeks of JPQH treatment (n¼ 6). The data are presented as
means± SD. ND: the normal-diet group, HFD: the high-fat-diet group, JPQH: HFDþ JPQH group, MET: HFDþMetformin group. #p< 0.05, ##p< 0.01 vs. the ND group;�p< 0.05, ��p< 0.01 vs. the HFD group.
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(p< 0.05) (Figure 6(D)). Consistent with these results, JPQH
could inhibit NF-jB translocation to the nucleus (Figure 6(E)).
By studying the expression of inflammatory cytokines in the
liver, we found that JPQH blocked the mRNA level of IL-1b and
TNF-a in the HFD mice (p< 0.05) (Figure 6(F)). As expected,
the less F4/80 staining after the intervention of JPQH was further
confirmed by the immunohistochemistry staining (Figure 6(G))).
These data demonstrated that JPQH suppressed hepatic inflam-
mation, which might be related to NF-jB pathways.

Discussion

Patients with obesity and diabetes are increasing worldwide,
which are often accompanied by NAFLD. Thus, the pathogenesis
of NAFLD is associated with obesity and diabetes (Fujii and
Kawada, 2020; Polyzos et al. 2019). The hypothesis of ‘multiple
hit’ elucidates the pathogenesis of NAFLD, including the accu-
mulation of lipids in the liver (Buzzetti et al. 2016; Tilg and
Moschen, 2010). At the same time, hepatic lipid accumulation
leads to insulin resistance and inflammation (Tilg and Moschen,
2010). These causative factors may be a significant approach to
treating NAFLD. Currently, there are no special drugs to treat-
ment with NAFLD. Therefore, drugs for ameliorating NAFLD
are in urgent need.

Clinically, NAFLD patients are obese, with insulin resistance
and glucose intolerance. The preclinical NAFLD animal models
induced by HFD is similar to the pathological characteristics of
human with NAFLD (Santhekadur et al. 2018). Thus, we chose
the NAFLD animal model to feed mice an HFD for 12weeks
(Kashyap et al. 2019; Santhekadur et al. 2018). At the end of the
last administration, the HFD mice had obesity, hyperglycemia
and liver damage, which was similar to the phenotype of humans
with NAFLD. According to the histopathological analysis, these
mice had higher lipid content and inflammatory infiltrating cells
in the liver tissue, as evidenced by markedly elevated serum ALT
and AST. These results revealed that the NAFLD mouse models
were successfully established. Notably, we did not find liver
fibrosis in the HFD mice, indicating that the mice have not yet
developed NASH.

Recently, accumulating evidence have shown that traditional
Chinese medicine (TCM) plays an important role in the preven-
tion and treatment of NAFLD (Han et al. 2021; Tang et al.
2020). JPQH, a traditional Chinese medicine formula, is consid-
ered to treat metabolic syndrome including obesity and diabetes
(Gong et al. 2020; Liu et al. 2022), which are related to NAFLD.
Previous studies had discovered that the phytochemical compo-
nents of JPQH identified mainly include puerarin, baicalin,
wogonoside and berberine (Xu et al. 2021). Importantly, our past

Figure 3. JPQH treatment suppressed hepatic lipid accumulation in the HFD-fed mice. (A) Representative pictures of liver tissue after JPQH intervention for 6weeks
(n¼ 3– 5). (B) Liver weights of each group after JPQH intervention for 6weeks (n¼ 6). (C) Oil red O staining of liver sections (�200, n¼ 3). (D) Quantification of the
stained lipid droplets by Image J. (E-F) The serum levels of TC and TG (n¼ 6). The data are presented as means ± SD, #p< 0.05, ##p< 0.01 vs. the ND group;�p< 0.05, ��p< 0.01 vs. the HFD group.
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study found that puerarin inhibited hepatic gluconeogenesis via
activation of the PI3K/Akt pathway in diabetic rats (Liu et al.
2021). In addition, baicalin, wogonoside and berberine had the
effect of improving NAFLD (Zhu et al. 2019; Jiang et al. 2020;
Liu et al. 2020). Here, our results showed that JPQH not only
markedly reduced blood glucose and the level of serum AST and
ALT, but also decreased the numbers of lipid droplets and
inflammatory cell infiltration, further showing that JPQH could
improve NAFLD in the HFD mice.

Interestingly, the network pharmacology suggests that the
active ingredients-targets of JPQH are FASN and NFKB1A,
which were related to lipid metabolism and inflammation
respectively (Xu et al. 2021). These factors contribute to the
development of NAFLD. In this report, we intended to prove
that JPQH could inhibit abnormal lipid metabolism and inflam-
mation in the liver, and improve NAFLD in HFD mice.

Abnormal lipid metabolism is a critical manifestation of
NAFLD (Buzzetti et al. 2016; Duan et al. 2012; Powell et al.
2021). The AMPK/SIRT1 pathway has been considered a meta-
bolic pathway to alleviate NAFLD (Garcia et al. 2019; Li et al.
2020; Xu et al. 2022). The expression of AMPK and SIRT1 in
the liver is reduced in HFD-fed mice for 12weeks (Xu et al.
2022). Activation of AMPK/SIRT1 pathway protects against

NAFLD, accompanied by inhibition of lipogenesis (Garcia et al.
2019; Li et al. 2020), which is consistent with the results of met-
formin (Song et al. 2015; Zamani-Garmsiri et al. 2021). In the
current study, we found that the HFD mice had large numbers
of lipid droplets, and JPQH supplementation improved hepatic
lipid accumulation. Furthermore, we tested whether
AMPK/SIRT1 pathway got involved in the protective effect of
NAFLD. As expected, JPQH increased the expression of p-
AMPK and SIRT1, and reduced the mRNA levels related to lipo-
genesis including SREBP1 and FASN, which is in line with net-
work pharmacology (Xu et al. 2021). Thus, JPQH intervention
abated hepatic lipid accumulation and relieved NAFLD induced
by HFD via AMPK/SIRT1 pathway.

Hepatic inflammation is another important feature of NAFLD
(Buzzetti et al. 2016; Rohm et al. 2022). According to existing
studies, abnormal lipid metabolism and inflammation contribute
to NAFLD progression, which are mutual influences (Buzzetti
et al. 2016). Besides, NF-jB is considered a key pro-inflamma-
tory transcription factor, which produces IL-1b and TNF-a, and
gets involved in the process of NAFLD (Heida et al. 2021;
Hotamisligil, 2006). SIRT1, the regulator of lipid metabolism,
activates the NF-jB pathway in the progression of NAFLD
(Pfluger et al. 2008). Our studies elucidated that JPQH treatment

Figure 4. JPQH attenuated liver injury induced by HFD. (A) Representative images of H&E staining of liver (200�, n¼ 3) (red arrow: lipid droplets, black arrow: inflam-
matory cell infiltration). (B) NAFLD activity scores of each group on the basis of the general NAFLD scoring system examined in H&E. (C) Sirius red staining for estimat-
ing liver fibrosis area (�200, n¼ 3). (D) Quantitative evaluation of liver fibrosis area by Image J. (E-F) Determination of serum AST and ALT at 6th week of JPQH
treatment (n¼ 6). The data are presented as means ± SD, #p< 0.05, ##p< 0.01 vs. the ND group; �p< 0.05, ��p< 0.01 vs. the HFD group.
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reduced the levels of p-IKK, p-IjBa and p-NF-jB p65, and
increased IjBa protein expression, along with lower IL-1b and
TNF-a in the liver. In addition, we demonstrated that JPQH
decreased the inflammatory cell infiltration in the liver detected
by F4/80 staining. Therefore, JPQH could suppress hepatic
inflammation induced by HFD, which is related to NF-jB
pathway.

Conclusions

JPQH exhibits better therapeutic effect on lipid dysregulation
and inflammation in NAFLD, which is related to regulation of
AMPK/SIRT1/NF-jB pathway. These results suggest that JPQH
has a protective effect on NAFLD. However, further clinical
studies are required to develop potential therapeutic agents for
NAFLD.

Figure 5. JPQH inhibited hepatic lipid accumulation via activating AMPK/SIRT1 pathway. (A-B) Western blot observed the level of p-AMPK/AMPK in the liver (n¼ 3).
(C-D) Effects of JPQH on protein expression of SIRT1in the liver measured by Western blot (n¼ 3). (E-F) The expression of p-ACC/ACC in the liver was measured by
western blot (n¼ 3). (G-I) The mRNA levels on hepatic lipogenesis, lipolysis, and triglyceride synthesis-related genes assessed by real-time PCR (n¼ 4). The data are
presented as means± SD, #p< 0.05 vs. the ND group; �p< 0.05 vs. the HFD group.
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Figure 6. JPQH suppressed hepatic inflammation by inhibiting the NF-jB pathway. (A-B) Western blot observed the level of p-IKK/IKK and p-IjBa/IjBa in the liver
(n¼ 3). (C-D) The expression of p-NF-jB p65/NF-jB p65 in the liver was measured by western blot (n¼ 3). (E) The effects of JPQH on the nuclear translocation of
NF-jB p65 were measured by Immunofluorescence (Red: NF-jB p65, Blue: DAPI, White arrows indicate NF-jB p65 positive cells, n¼ 3). (F) The mRNA levels of inflam-
matory genes were assessed by real-time PCR (n¼ 4). (G) F4/80 immunostaining of the liver (Arrows point to F4/80 positive cells, n¼ 3). The data are presented as
means± SD, #p< 0.05 vs. the ND group; �p< 0.05 vs. the HFD group.
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