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Abstract. Metabolic dysfunction‑associated fatty liver disease 
(MAFLD) is a serious threat to human health. Parthenolide 
(PAR) displays several important pharmacological activities, 
including the promotion of liver function recovery during 
hepatitis. The aim of the present study was to assess the effect 
of PAR on MAFLD in a mouse model. Body weight, liver to 
body weight ratios, histological score, alanine transaminase, 
aspartate transaminase, total cholesterol and triglyceride levels 
were determined to evaluate liver injury. Liver hydroxyproline 
concentrations were also assessed. The expression levels of 
lipid metabolism‑related genes (sterol regulatory element 
binding protein‑1c, fatty acid synthase, acetyl CoA carbox‑
ylase 1, stearoyl CoA desaturase 1 and carbohydrate response 
element‑binding protein, peroxisome proliferator‑activated 
receptor α, carnitine palmitoyl transferase 1α and acyl‑CoA 
dehydrogenase short chain), liver fibrosis‑associated genes 
(α‑smooth muscle actin, tissue inhibitor of metalloproteinase 1 
and TGF‑β1), pro‑inflammatory cytokines (TNF‑α, IL‑1β and 
IL‑6) and oxidative stress‑associated enzymes (malondialde‑
hyde, superoxide dismutase and glutathione peroxidase) were 
measured in mice with MAFLD. The expression levels of 
genes associated with the HIPPO pathway were also measured. 
In vivo experiments using a specific inhibitor of HIPPO signal‑
ling were performed to verify the role of this pathway in the 
effects of PAR. PAR exerted beneficial effects on liver injury, 
lipid metabolism, fibrosis, inflammation and oxidative stress in 
mice with MAFLD, which was mediated by activation of the 
HIPPO pathway.

Introduction

Metabolic dysfunction‑associated fatty liver disease 
(MAFLD), previously known as non‑alcoholic fatty liver 
disease (NAFLD), is the most globally prevalent liver disease 
linked to the accumulation of fat in the liver (1‑4). MAFLD is 
characterized by histological lesions ranging from steatosis, 
non‑alcoholic steatohepatitis and fibrosis to cirrhosis and hepa‑
tocellular carcinoma (5). MAFLD develops as a consequence 
of improper lifestyle, such as unhealthy diet, sedentary habits 
and excessive sugar intake, and threatens the health of 25‑30% 
of the global population (6,7). The main treatment option for 
MAFLD is weight loss (8). There is no approved pharmaco‑
logical treatment for MAFLD, due to the complex and diverse 
pathogenesis of this disease (9). Thus, identification of new 
approaches for the treatment of MAFLD is required.

Recently, traditional Chinese herbal extracts have been 
shown to alleviate MAFLD (10). Parthenolide (PAR), an active 
sesquiterpene lactone extracted from the feverfew plant, can 
promote the apoptosis of various malignant cell types (11). In 
mice, PAR treatment can reduce acute hepatitis and promote 
functional recovery of the liver  (12). PAR has also been 
reported to protect against liver fibrosis (13). Furthermore, a 
previous study indicated that PAR could represent a candidate 
agent for MAFLD treatment  (14). However, the molecular 
mechanisms underlying the effects of PAR in MAFLD remain 
unclear.

A previous study has demonstrated that the HIPPO 
pathway regulates gene expression and that its mediators, 
Yes‑associated protein (YAP) and transcriptional coactivator 
with PDZ‑binding motif  (TAZ), are associated with the 
development, regeneration and tumorigenesis of the liver (15). 
The HIPPO pathway is associated with hepatic fibrosis, due 
to the involvement of oxidative stress injury and macrophage 
inflammation (16). Additionally, the HIPPO pathway is associ‑
ated with extracellular matrix stiffness and hepatic fibrosis in 
hepatic stellate cells (17). HIPPO/YAP signalling also partici‑
pates in the regulation of lipid metabolism (18). Moreover, 
the essential role of the HIPPO pathway in the initiation and 
progression of MAFLD‑associated hepatocellular carcinoma 
has been demonstrated (19).

Therefore, considering the protective role of PAR and 
involvement of the HIPPO pathway in several liver‑associated 
disorders, it was hypothesized that PAR could display similar 
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efficacy in MAFLD, possibly through the HIPPO pathway. 
Consequently, histological and molecular experiments were 
carried out to identify the regulatory mechanism governing 
the role of PAR in MAFLD and to provide novel insight 
into therapeutic strategies against MAFLD initiation and 
progression.

Materials and methods

Reagent preparation. PAR (Sigma‑Aldrich; Merck KGaA) 
and verteporfin (VP) (Selleck Chemicals) were dissolved 
in DMSO to prepare a 100‑mM solution, which was stored 
at ‑30˚C and diluted to the required concentration using 
9% normal saline.

Animal treatment and grouping. C57BL/6 male mice (age, 
8 weeks old; weight, 25‑30 g) were purchased from Guangdong 
Medical Laboratory Animal Centre. Mice were housed at 
21±2˚C and 50±5% relative humidity with a 12‑h day/night 
cycle and free access to food and drinking water. After one 
week of adaptation, 144 mice were randomly allocated into 
8 groups with 18 mice per group: i) Mice in the control group 
were fed normal diet and intraperitoneally injected with 200 µl 
normal saline containing 1.5% (v/v) DMSO three times a 
week; ii) mice in the control + PAR group were fed normal diet 
and intraperitoneally injected with 6 mg/kg PAR three times a 
week; iii) mice in the model group were fed high‑fat diet and 
intraperitoneally injected with 200 µl normal saline containing 
1.5% (v/v) DMSO three times a week; iv) mice in the PAR‑low 
(L), medium (M) and high (H) groups were fed high‑fat diet 
and intraperitoneally injected with 2, 4, or 6 mg/kg PAR three 
times a week (20,21); v) mice in the PAR‑VP group were fed 
high‑fat diet and intraperitoneally injected with 6 mg/kg PAR 
three times a week followed by daily injections of 50 mg/kg 
VP five weeks later (lasting for three weeks); and vi) mice in 
the PAR negative control (PAR‑NC) group were fed high‑fat 
diet and intraperitoneally injected with 6 mg/kg PAR three 
times a week followed by daily injections of 200 µl normal 
saline containing 1.5% (v/v) DMSO five weeks later (lasting 
for three weeks).

Normal mouse diet (cat. no. D12450H; Research Diets, 
Inc.) and high‑fat diet (cat. no. D12451; Research Diets, Inc.) 
contained 12 and 45% kcal fat, respectively. Mice were fed for 
8 weeks and weighed every week. At the end of the experiment, 
1% pentobarbital sodium (45 mg/kg) was intraperitoneally 
injected in mice for anaesthesia. The mouse eyeballs were 
extracted for blood collection, and the blood was centrifuged 
at 900 x g for 15 min at 4˚C. The serum was stored at ‑20˚C. 
The mice were then immediately fixed and their thoracic 
cavity was opened for cardiac perfusion. When the liver 
completely turned white, sterile surgical instruments were 
used for liver resection. The liver of each mouse was weighed, 
and the liver index was calculated (liver weight/body weight) 
x100%. The livers of 6 mice in each group were combined as a 
tissue homogenate sample that was stored at ‑80˚C. The same 
regions of the liver of 6 other mice in each group were used to 
prepare frozen sections (‑20˚C). The same regions of the liver 
of the remaining 6 mice were fixed in 10% neutral formalin at 
room temperature for 4 h to prepare paraffinized sections for 
tissue staining.

The present study was approved by The Animals Ethics 
Committee of Liaocheng People's Hospital (approval 
no. 2019036). Significant efforts were made to minimize the 
number of animals used and the pain they experienced. All 
procedures were conducted strictly in accordance with the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

Biochemical analysis and ELISA. The alanine aminotrans‑
ferase (ALT; cat. no. C009‑2‑1) and aspartate aminotransferase 
(AST; cat. no. C010‑2‑1) levels in the serum were detected 
according to the instructions of the commercial kits. The 
supernatant was prepared by centrifugation of the liver tissue 
homogenate at 16,000 x g for 10 min at 4˚C. Total cholesterol 
(TC; cat. no. A111‑1‑1), triglyceride (TG; cat. no. A110‑1‑1) 
and malondialdehyde (MDA; cat. no. A003‑1‑2) levels and 
superoxide dismutase (SOD; cat. no. A001‑3‑2) and gluta‑
thione peroxidase (GSH‑Px; cat. no. A005‑1‑2) activities were 
measured in the liver tissue samples according to the manu‑
facturer instruction for the corresponding kits. All kits were 
purchased from Nanjing Jiancheng Bioengineering Institute.

Haematoxylin and eosin (H&E) staining and NAFLD activity 
score (NAS). Paraffinized sections (6  µm) were dewaxed 
and stained with haematoxylin (Beijing Solarbio Science & 
Technology Co., Ltd.) for 3 min at room temperature. The 
sections were then washed and placed in hydrochloric acid 
and ammonia for 2  sec followed by washes with distilled 
water. Then, the sections were stained with eosin for 5 min 
at room temperature and washed with distilled water. Finally, 
the sections were dehydrated in gradient alcohol, cleared 
in xylene, and sealed using neutral gum. Sections were 
observed under a CKX41SF inverted microscope (Olympus 
Corporation). The NAS was used for histological scoring, liver 
injury: i) Steatosis (0‑3, 0 represents <5%, and 3 represents 
>66%); ii)  lobular inflammation (0‑2, 0 represents no foci, 
and 2 represents 2‑4 foci); and iii) hepatocellular ballooning 
(0‑2, 0 represents none and 2 represents a high number of 
cells/prominent ballooning) (22).

Oil Red O staining. Frozen sections (7 µm) of the liver were 
fixed in 10% neutral formaldehyde at room temperature for 
30 min and washed three times with deionized water. Oil Red O 
solution (Sigma‑Aldrich; Merck KGaA) was added at room 
temperature for 10 min. The sections were then washed with 
deionized water, stained with haematoxylin at room tempera‑
ture for 2 min, sealed with neutral gum and observed under a 
light microscope (Olympus CKX51; Olympus Corporation).

Masson's trichrome staining. Paraffinized sections were 
dewaxed, stained with 100  µl Masson mixture (Beijing 
Solarbio Science & Technology Co., Ltd.) for 5  min and 
washed using distilled water. The sections were then stained 
with 100 µl phosphomolybdic acid for 5 min and dried. Then, 
the sections were stained with 100 µl of aniline blue for 5 min 
and washed with distilled water. Sections were washed twice 
continuously (each time for 40 sec) using 1% glacial acetic 
acid (100 µl). Finally, the sections were dehydrated using 
95% alcohol and anhydrous alcohol, cleared, sealed using 
neutral gum and examined under a light microscope (Olympus 
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CKX51; Olympus Corporation). All staining assays were 
performed at room temperature.

Assay of liver hydroxyproline content. Liver hydroxyproline 
content was detected using a kit (cat. no. A030‑2‑1; Nanjing 
Jiancheng Bioengineering Institute) according to the manu‑
facturer's instructions. Liver samples (20 mg) were weighed 
and hydrolysed using an alkaline solution at 95˚C for 20 min. 
Then, 1 ml supernatant was added into R1 and allowed to 
stand for 10 min, R2 was added for 5 min and R3 was added to 
water bath at 60˚C for 15 min. A spectrophotometer was used 
to measure the optical density (OD) at 550 nm, and hydroxy‑
proline content per gram of liver tissue was calculated using a 
standard curve.

Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
was extracted from liver samples using a MiniBEST Universal 
RNA extraction kit (Takara Biotechnology Co., Ltd.), and 
the concentration of RNA was measured. Total RNA was 
reverse transcribed into cDNA according to the instructions 
of a SYBR Premix Ex Taq™ Ⅱ kit (Takara Bio, Inc.). The 
reaction conditions were as follows: 70˚C for 5 min, 42˚C for 
60 min, and 75˚C for 10 min. qPCR was carried out on a Roche 
LightCycler 480 instrument (Roche Diagnostics) using SYBR-
Green reagent (Thermo Fisher Scientific, Inc.). The reaction 
conditions were as follows: Pre‑denaturation at 95˚C for 5 min, 
and 40 cycles of denaturation at 95˚C for 15 sec, annealing at 
58˚C for 35 sec, and extension at 72˚C for 30 sec. β‑actin was 
used as an internal reference, and relative gene expression was 
calculated using the 2‑ΔΔCq method (23). Primer sequences are 
listed in Table I.

Western blot analysis. Total protein was extracted from 
mouse liver tissue using precooled RIPA buffer (Biosesang) 
containing protease inhibitor (Sigma‑Aldrich; Merck KGaA), 
and the concentration was determined using a BCA kit 
(Beyotime Institute of Biotechnology). Then, 10 µg protein 
was separated via SDS‑PAGE on a 12% gel. The proteins were 
then transferred to a PVDF membrane, which was blocked with 
5% non‑fat milk for 1 h at room temperature. The membranes 
were incubated with primary antibodies against mamma‑
lian STE20‑like protein kinase 1 (MST1; cat. no. ab79199; 
1:500; 56 kDa), large tumour suppressor kinase 1 (LATS1; 
cat. no. ab70561; 1:5,000; 127 kDa), YAP (cat. no. ab52771; 
1:5,000; 70 kDa) and TAZ (cat. no. ab119373; 1:1,000; 44 kDa) 
overnight at 4˚C. A HRP‑conjugated rabbit anti‑mouse immu‑
noglobulin G (cat. no. ab6728; 1:2,000) secondary antibody 
was added for 1 h at room temperature followed by exposure, 
development and visualization using an ECL working solu‑
tion (EMD Millipore). β‑actin (cat.  no.  ab8226; 1:1,000; 
42 kDa) was used as an internal reference. All antibodies were 
purchased from Abcam. Protein bands were analysed using 
ImageJ2x software (version 2.1.4.7; National Institutes of 
Health).

Statistical analysis. SPSS 21.0 (IBM Corp.) was used for 
statistical analysis. The data were normally distributed, 
according to a Kolmogorov‑Smirnov test. Thus, the results are 
presented as the mean ± SD. Unpaired Student's t‑tests were 
used to compare the differences between two groups. One‑way 

Table I. Primer sequences for reverse transcription‑quantitative 
PCR.

Gene	 Primer sequence

PPAR‑α	 F: 5'‑ATGGTGGACACAGAGAGCCCCAT‑3'
	 R: 5'‑TCAGTACATGTCTCTGTAGAT‑3'
SREBP‑1c	 F: 5'‑GTGAGCCTGACAAGCAATCA‑3'
 	 R: 5'‑GGTGCCTACAGAGCAAGAG‑3'
FASN	 F: 5'‑GGAGGTGGTGATAGCCGGTAT‑3'
 	 R: 5'‑TGGGTAATCCATAGAGCCCAG‑3'
ACC1	 F: 5'‑ATTGGGCACCCCAGAGCTA‑3'
 	 R: 5'‑CCCGCTCCTTCAACTTGCT‑3'
SCD1	 F: 5'‑TTCTTGCGATACACTCTGGTGC‑3'
 	 R: 5'‑CGGGATTGAATGTTCTTGTCGT‑3'
CPT1α	 F: 5'‑CACCAACGGGCTCATCTTCTA‑3'
 	 R: 5'‑CAAAATGACCTAGCCTTCTATCGAA‑3'
ChREBP	 R: 5'‑ATGCGCGAATACCACAAGTGGAGA‑3'
 	 R: 5'‑TTATAATGGTCTCCCCAGGGTGC‑3'
ACADS	 F: 5'‑GACTGGCGACGGTTACACA‑3'
 	 R: 5'‑GGCAAAGTCACGGCATGTC‑3'
α‑SMA	 F: 5'‑GTCCCAGACATCAGGGAGTAA‑3'
 	 R: 5'‑TCGGATACTTCAGCGTCAGGA‑3'
TIMP‑1	 F: 5'‑TTCGTGGGGACACCAGAAGTC‑3'
 	 R: 5'‑TATCTGGGACCGCAGGGACTG‑3'
TGF‑β1	 F: 5'‑ATTCCTGGCGTTACCTTGG‑3'
 	 R: 5'‑AGCCCTGTATTCCGTCTCCT‑3'
TNF‑α	 F: 5'‑CCTGTAGCCCACGTCGTAG‑3'
 	 R: 5'‑GGGAGTAGACAAGGTACAACCC‑3'
IL‑1β	 F: 5'‑ACGGACCCCAAAAGATGAAG‑3'
 	 R: 5'‑TTCTCCACAGCCACAATGAG‑3'
IL‑6	 F: 5'‑CAAAGCCAGAGTCCTTCAGAG‑3'
 	 R: 5'‑GTCCTTAGCCACTCCTTCTG‑3'
MST1	 F: 5'‑CTTCCACTACAACATGAGCAGC‑3'
 	 R: 5'‑TGCAGGTCCGCACATAATCTT‑3'
LATS1	 F: 5'‑CGGAGTACTTCAGAAGTTAATCC‑3'
 	 R: 5'‑TACTGACAGATGATCCTCCTC‑3'
YAP	 F: 5'‑CCCGACTCCTTCTTCAAGC‑3'
 	 R: 5'‑CTCGAACATGCTGTGGAGTC‑3'
TAZ	 F: 5'‑TCTGGACCAAGTACATGAACC‑3'
 	 R: 5'‑AGGACTGGTGATTGGACAC‑3'
β‑actin	 F: 5'‑GGCATGGGTCAGAAGGATTCC‑3'
 	 R: 5'‑ATGTCACGCACGATTTCCCGC‑3'

F, forward; R, reverse; SREBP‑1c, sterol regulatory element binding 
protein‑1c; FASN, fatty acid synthase; ACC1, acetyl CoA carbox‑
ylase  1; SCD1, stearoyl CoA desaturase  1; ChREBP, carbohydrate 
response element‑binding protein; PPAR‑α; peroxisome prolifer‑
ator‑activated receptor  α; ACADS, acyl‑CoA dehydrogenase short 
chain; CPT1α, carnitine palmitoyl transferase 1α; α‑SMA, α‑smooth 
muscle actin; TIoMP‑1, tissue inhibitor of metalloproteinase  1; 
MST1, macrophage‑stimulating  1; YAP, Yes‑associated protein; 
LATS1, large tumour suppressor kinase 1; TAZ, TAZ, transcriptional 
coactivator with PDZ‑binding motif.
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or two‑way ANOVA followed by Sidak's post hoc test were 
used to compare multiple groups. P‑values were obtained from 
two‑tailed tests. P<0.05 was considered to indicate statistically 
significant difference.

Results

PAR alleviates liver injury in MAFLD mice. Previous 
studies have suggested that PAR has anti‑inflammatory, 
antioxidant and antifibrotic properties  (24‑26). Therefore, 
it was hypothesized that PAR may have protective effects 
on MAFLD‑induced liver injury. To examine effect of PAR 
on MAFLD, male C57BL/6 mice were fed high‑fat diet for 
8  weeks. The body weight and liver index (liver to body 
weight ratio) of mice in the model group were significantly 
higher than those in the control group (P<0.01; Fig. 1A and B). 
In addition, H&E staining demonstrated that hepatocytes in 
the model group displayed microbubbles and macrovesicular 
steatosis (Fig. 1C). The histological scores (steatosis, lobular 

inflammation and hepatocyte ballooning) in the model group 
were also significantly increased, compared with the control 
group (all P<0.01; Fig. 1D). These results indicated that the 
MAFLD mouse model was successfully generated.

There were no significant differences in the body weight, 
liver index and H&E staining in the liver sections between the 
control + PAR and the control groups (Fig. 1A‑D), indicating 
that PAR did not damage normal mouse livers. Mice in the 
PAR‑L, ‑M and ‑H treatment groups exhibited significantly 
reduced body weight, liver index and the histological score (all 
P<0.01; Fig. 1A‑D). PAR treatment also significantly reduced 
the serum levels of ALT and AST and decreased the hepatic 
TC and TG contents in MAFLD mice (all P<0.01; Fig. 1E‑H).

PAR improves liver lipid metabolism and fibrosis in MAFLD 
mice. Oil  Red  O staining was performed to determine 
whether PAR could improve hepatic lipid metabolism. The 
volume and number of lipid droplets were reduced in the 
PAR‑H group, compared with the model group (Fig. 2A). 

Figure 1. PAR has beneficial effects on the manifestations of MAFLD in mouse liver. (A) Changes in the body weight of mice during the experiment 
(1‑8 weeks). **P<0.01, two‑way ANOVA followed by Sidak's post hoc test. (B) Liver to body weight ratio at week 8. (C) Representative images of H&E 
staining of mouse livers (scale bar, 50 µm). (D) H&E‑stained sections were evaluated using a histological score. (E and F) ALT and AST serum levels in mice. 
(G and H) Hepatic TC and TG levels in mice. The data are presented as the mean ± SD. n=6. **P<0.01, ***P<0.001, one‑way ANOVA followed by Sidak's post 
hoc test, unless otherwise stated. PAR, parthenolide; MFALD, metabolic dysfunction‑associated fatty liver disease; H&E, haematoxylin and eosin; ALT, 
alanine transaminase; AST, aspartate transaminase; TC, total cholesterol; TG, triglyceride; L, low; M, medium; H, high; gpro, gramme of protein.
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Additionally, the expression levels of lipogenesis‑ and metab‑
olism‑related genes were measured using RT‑qPCR. The 
mRNA expression levels of liposynthesis‑related genes, such 
as sterol regulatory element binding protein  (SREBP)‑1c, 
fatty acid synthase (FASN), acetyl CoA carboxylase  1 

(ACC1), stearoyl CoA desaturase 1 (SCD1) and carbohy‑
drate response element‑binding protein (ChREBP), were 
significantly lower in the PAR‑H group than in the model 
group (all P<0.01; Fig. 2B). Moreover, PAR‑H treatment also 
significantly increased the mRNA expression levels of genes 

Figure 2. PAR improves hepatic lipid metabolism and fibrosis in mice with MAFLD. (A) Representative images of Oil Red O staining of mouse liver sections 
(scale bar, 50 µm). (B) mRNA expression levels of the liposynthesis‑related genes SREBP‑1c, FASN, ACC1, SCD1 and ChREBP. (C) mRNA expression levels 
of the fatty acid β‑oxidation‑related genes PPARα, ACADS and CPT1α. (D) Representative images of Masson's trichrome staining of mouse liver sections 
(scale bar, 50 µm). (E) Liver hydroxyproline content. ***P<0.001, one‑way ANOVA followed by Sidak's post hoc test. (F) mRNA expression levels of hepatic 
fibrosis‑related genes α‑SMA, TIMP‑1 and TGF‑β1. The data are presented as the mean ± SD. n=6. **P<0.01, ***P<0.001, two‑way ANOVA followed by 
Sidak's post hoc test, unless otherwise stated. PAR, parthenolide; MFALD, metabolic dysfunction‑associated fatty liver disease; SREBP‑1c, sterol regulatory 
element binding protein‑1c; FASN, fatty acid synthase; ACC1, acetyl CoA carboxylase 1; SCD1, stearoyl CoA desaturase 1; ChREBP, carbohydrate response 
element‑binding protein; PPAR‑α; peroxisome proliferator‑activated receptor α; ACADS, acyl‑CoA dehydrogenase short chain; CPT1α, carnitine palmitoyl 
transferase 1α; α‑SMA, α‑smooth muscle actin; TIMP‑1, tissue inhibitor of metalloproteinase 1; L, low; M, medium; H, high.
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associated with fatty acid β‑oxidation, including peroxisome 
proliferator‑activated receptor α (PPAR‑α), carnitine palmi‑
toyl transferase 1α (CPT1α) and acyl‑CoA dehydrogenase 
short chain (ACADS) (all P<0.01; Fig. 2C).

Liver fibrosis was assessed in all mice using Masson's 
trichrome staining, and liver hydroxyproline content was 
measured in order to determine whether PAR could reduce 
hepatic fibrosis in mice with MAFLD. Mice in the PAR‑H 
group displayed improved liver fibrosis (Fig. 2D) and signifi‑
cantly reduced liver hydroxyproline content, compared with 
the model group (P<0.001; Fig.  2E). In addition, PAR‑H 
treatment significantly reduced the mRNA expression levels 
of liver fibrosis‑related genes, such as α‑smooth muscle actin 
(α‑SMA), tissue inhibitor of metalloproteinase 1 (TIMP‑1) and 
TGF‑β1 (all P<0.01; Fig. 2F).

PAR reduces liver inflammation and oxidative stress in 
MAFLD mice. The mRNA expression levels of pro‑inflamma‑
tory cytokines (TNF‑α, IL‑1β and IL‑6) were measured using 

RT‑qPCR to determine the effect of PAR on liver inflamma‑
tion in MAFLD. PAR‑H treatment significantly reduced the 
expression levels of these pro‑inflammatory factors in mice 
with MAFLD (all P<0.01; Fig. 3A).

MDA levels and SOD and GSH‑Px activities were 
measured in the liver in order to evaluate the role of PAR in 
hepatic oxidative stress in mice with MAFLD. Mice in the 
model group displayed a significant increase in MDA levels 
and a decrease in SOD and GSH‑Px activities, compared with 
the control group (all P<0.001; Fig. 3B‑D). However, PAR‑H 
treatment reversed these changes in mice with MAFLD (all 
P<0.01; Fig. 3B‑D).

PAR activates the HIPPO pathway in the liver of mice with 
MAFLD. YAP is a key mediator of the HIPPO pathway. Liver 
dysfunction is accompanied by an increase in the YAP expres‑
sion in MAFLD and HIPPO pathway activation can reduce 
liver damage (27,28). Therefore, it was hypothesized that PAR 
could play a protective role in the liver of mice with MAFLD 

Figure 4. PAR activates the HIPPO pathway in the liver of mice with MAFLD. (A) mRNA and (B) protein expression levels of MST1, LATS1, YAP and TAZ 
were detected using reverse transcription‑quantitative PCR and western blot analysis, respectively. The data are presented as the mean ± SD. n=6. **P<0.01, 
***P<0.001, two‑way ANOVA followed by Sidak's post hoc test. PAR, parthenolide; MFALD, metabolic dysfunction‑associated fatty liver disease; MST1, 
macrophage‑stimulating 1; LATS1, large tumour suppressor kinase 1; YAP, Yes‑associated protein; TAZ, transcriptional coactivator with PDZ‑binding motif; 
low; M, medium.

Figure 3. PAR reduces liver inflammation and oxidative stress in mice with MAFLD. (A) mRNA expression levels of pro‑inflammatory cytokines TNF‑α, 
IL‑1β and IL‑6. **P<0.01, ***P<0.001, two‑way ANOVA followed by Sidak's post hoc test. (B‑D) MDA, SOD and GSH‑Px levels in the liver. The data are 
presented as the mean ± SD. n=6. **P<0.01, ***P<0.001, two‑way ANOVA followed by Sidak's post hoc test, unless otherwise stated. PAR, parthenolide; 
MFALD, metabolic dysfunction‑associated fatty liver disease; MDA, malondialdehyde; SOD, superoxide dismutase; GSH‑Px, glutathione peroxidase; H, high.
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through the activation of the HIPPO pathway. The mRNA and 
protein expression levels of several mediators of the HIPPO 
pathway (MST1, LATS1, YAP and TAZ) were measured. 
The expression levels of MST1 and LATS1 in the liver of 
PAR‑H‑treated mice were significantly higher than those in 
the model mice. Moreover, the expression levels of YAP and 
TAZ were reduced (all P<0.01; Fig. 4A and B). These results 
indicated that PAR could activate the HIPPO pathway in the 
liver of mice with MAFLD.

Inhibition of the HIPPO pathway reverses the protective 
effect of PAR in the liver of mice with MAFLD. To confirm 
whether PAR treatment exerted beneficial effects on liver 
injury in mice with MAFLD through activation of the HIPPO 
pathway, mice were intraperitoneally injected with VP, an 
inhibitor of the HIPPO pathway. VP treatment in the PAR‑VP 
group significantly reduced MST1 expression in the liver 
and increased YAP expression, compared with PAR‑NC (all 

P<0.01; Fig. 5A and B), indicating that VP successfully inhib‑
ited the HIPPO pathway in vivo. H&E staining demonstrated 
that hepatocytes in PAR‑VP mice displayed microbubbles 
(Fig. 5C). In addition, the histological scores (steatosis, lobular 
inflammation and hepatocyte ballooning) in the PAR‑VP 
group were significantly increased, compared with PAR‑NC 
(P<0.001; Fig. 5D). Moreover, PAR‑VP treatment increased 
the number of lipid droplets (Fig. 5E) and aggravated hepatic 
fibrosis in mice (Fig. 5F).

Discussion

MAFLD is the leading cause of liver disease globally and 
affects both children and adults (29). PAR, a natural compound 
present in the feverfew plant, has various biological and thera‑
peutic activities, including anti‑inflammatory effects  (30). 
In the present study, PAR attenuated the pathological symp‑
toms of MAFLD in mice by activating the HIPPO pathway 

Figure 5. Inhibition of the HIPPO pathway reverses the protective effect of PAR on the livers of mice with MAFLD. (A) mRNA and (B) protein expression 
levels of MST1 and YAP. (C) Representative images of H&E staining of mouse livers (scale bar, 50 µm). (D) H&E‑stained sections were evaluated using a 
histological score. ***P<0.001, Student's t‑test. (E) Representative images of Oil Red O staining of mouse liver sections (scale bar, 50 µm). (F) Representative 
images of Masson's trichrome staining of mouse liver sections. The data are presented as the mean ± SD. n=6. **P<0.01, ***P<0.001 vs. PAR‑NC group, two‑way 
ANOVA followed by Sidak's post hoc test, unless otherwise stated. PAR, parthenolide; MFALD, metabolic dysfunction‑associated fatty liver disease; H&E, 
haematoxylin‑eosin; VP, verteporfin; NC, negative control; MST1, macrophage‑stimulating 1; YAP, Yes‑associated protein.
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to suppress liver injury, hepatic lipid metabolism, fibrosis, 
inflammation and oxidative stress.

An increase in the serum levels of the biochemical markers 
AST, ALT, TC and TG may indicate acute hepatic failure (31). 
In the present study, PAR treatment improved histological 
scores and reduced the serum levels of ALT and AST, as well 
as TC and TG content in the liver of mice with MAFLD. 
Moreover, PAR administration reduced the body weight 
and the levels of TG, ALT and AST in the liver of MAFLD 
model mice, which was similar to the findings of a previous 
study (14). These results indicated that PAR exerted beneficial 
effects on liver injury in the MAFLD model.

A previous study has demonstrated that the lipid metab‑
olism‑associated genes SREBP‑1c, ACC1, FASN, SCD1 and 
CPT1α are markers of lipid accumulation and hepatic steatosis 
in MAFLD (32). ChREBP is an important transcription factor 
controlling hepatic energy metabolism and lipid metabo‑
lism (33). Reduced levels of hydroxyproline, as well as TGF‑β1, 
α‑SMA and TIMP‑1 mRNA expression levels are closely asso‑
ciated with the suppression of hepatic fibrosis (34). The present 
findings demonstrated that PAR treatment downregulated the 
expression levels of liposynthesis markers (SREBP‑1c, FASN, 
ACC1, SCD1 and ChREBP) and upregulated the expression of 
genes associated with fatty acid β‑oxidation (PPARα, CPT1α 
and ACADS). Similarly, PAR plays an inhibitory role in lipid 
accumulation and adipogenesis (30).

PAR normalizes the aberrant lipid metabolism and fatty 
acid β‑oxidation in MAFLD rats (11). Additionally, a previous 
study has demonstrated that increased hydroxyproline content 
in the liver and hepatic collagen deposition are associated 
with aggravated liver fibrosis (35). The results of the present 
study indicated that PAR treatment could reduce the expres‑
sion levels of liver fibrosis‑associated markers (α‑SMA, 
TIMP‑1 and TGF‑β1), as well as liver hydroxyproline content 
and collagen deposition. These conclusions are supported by 
a study that demonstrated the protective effect of PAR on 
hepatic fibrosis (13). Overall, PAR alleviates the changes in 
hepatic lipid metabolism and fibrosis in mice with MAFLD.

Additionally, PAR has been reported to have potent 
anti‑inflammatory and antioxidative stress activities (14,36). 
TNF‑α, IL‑1β and IL‑6 are proinflammatory cytokines (37). 
Decreased SOD and GSH‑Px in combination with increased 
MDA levels are closely associated with oxidative stress (38). 
PAR has been shown to regulate obesity‑induced inflamma‑
tory/oxidant responses and proposed as an effective agent for 
the treatment of obesity‑related diseases (39). In agreement 
with these previous findings, PAR‑treated MAFLD model 
mice in the present study displayed decreased TNF‑α, IL‑1β, 
IL‑6 and MDA levels, together with elevated SOD and GSH‑Px 
activities. Thus, PAR alleviated liver injury, changes in hepatic 
metabolism and fibrosis, inflammation and oxidative stress in 
the MAFLD model.

However, the mechanism of action of PAR in MAFLD 
is incompletely understood. The HIPPO pathway has been 
suggested to play a role in metabolic diseases through the regu‑
lation of key molecules, including MST1/2, LATS1/2 and the 
downstream YAP/TAZ transcriptional coactivators (40). The 
HIPPO pathway, as a novel pathway associated with growth 
control and cancer inhibition, plays a significantly regulatory 
role in liver development, injury and disease (41). The HIPPO 

pathway contributes to the prevention of MAFLD and liver 
cancer progression (42). Furthermore, a previous study has 
suggested that the HIPPO pathway is implicated in hepatic 
fibrosis (16). YAP is closely associated with the regulation of 
MAFLD‑associated lipid metabolism and hepatic fibrosis (28). 
In the present study, PAR treatment activated the HIPPO 
pathway in MAFLD model mice, as evidenced by increased 
levels of MST1 and LATS1 expression and a reduction in the 
levels of YAP and TAZ expression. Additionally, inhibition 
of the HIPPO pathway reversed the protective effect of PAR 
in MAFLD model mice. However, previous studies have not 
reported that the protective effects of PAR in MAFLD are 
mediated by the HIPPO pathway, which was therefore a novel 
finding of the present study.

In conclusion, the present study demonstrated that PAR 
alleviated MAFLD through the activation of the HIPPO 
pathway in mice. However, only the protective effect of 
PAR on fatty liver in MAFLD was evaluated, and the role of 
PAR in other hepatic lesions was not studied. In the future, 
the role and mechanism of action of PAR in other types of 
liver injury will be further assessed. Altogether, the present 
study provided novel insight for the treatment of MAFLD; 
however, the clinical applications of these findings remain to 
be determined. Promising PAR‑based therapeutic approaches 
involving the HIPPO pathway may also be investigated for the 
purpose of MAFLD treatment.
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