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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a complication of childhood obesity and an oxidative stress-
related multisystem disease. A mitochondria-targeting hydrogen sulfide (H2S) donor AP39 has antioxidant property, 
while the mechanism underlying the function of AP39 on pediatric NAFLD remains undefined. Here, 3-week-old 
SD rats were received a high-fat diet (HFD) feeding and injected with AP39 (0.05 or 0.1 mg/kg/day) via the tail vein 
for up to 7 weeks. AP39 reduced weight gain of HFD rats and improved HFD-caused liver injury, as evidenced by 
reduced liver index, improved liver pathological damage, decreased NAFLD activity score, as well as low alanine 
transaminase (ALT) and aspartate transaminase (AST) activities. AP39 also reduced serum total cholesterol (TC), 
triglyceride (TG), low-density lipoprotein-cholesterol (LDL-C) concentrations but increased high-density lipoprotein-
cholesterol (HDL-C). Moreover, AP39 prevented reactive oxygen species (ROS) generation, reduced MDA content 
and increased glutathione (GSH) level and superoxide dismutase (SOD) activity. Furthermore, AP39 increased 
H2S level, protected mitochondrial DNA (mtDNA), reduced mitochondrial swelling, and restored mitochondrial 
membrane potential (MMP) alteration. Notably, AP39 diminished HIF-1α mRNA and protein level, possibly indicating 
the alleviation in mitochondrial damage. In short, AP39 protects against HFD-induced liver injury in young rats 
probably through attenuating lipid accumulation, oxidative stress and mitochondrial dysfunction.
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Introduction

non-alcoholic fatty liver disease (naFLD) is a com-
plication of obesity and a main cause of chronic liver 
disease in children [1]. its occurrence is associated with 
insulin resistance, fat accumulation or steatosis, hyper-
tension, dyslipidemia, inflammation, oxidative stress and 
subsequent hepatotoxicity [2–4]. in recent years, with 
changes in dietary structure, especially the intake ratio 
of fats and carbohydrates, the occurrence of naFLD has 
increased dramatically, which has been regarded as one 
of the most prevalent public health problems [5]. There 
are some therapeutic drugs for naFLD currently, but 

considerable side effects and poor long-term safety have 
been discovered [6]. Therefore, it is very necessary to 
explore the alternatives available for the effective treat-
ment and prevention of pediatric naFLD.

Hydrogen sulfide (H2S), a gaseous signaling molecule, 
has a variety of biological effects in cellular signaling, 
including regulating inflammatory response, excessive 
oxidative stress and apoptosis [7–9]. it has been report-
ed that H2S at a non-cytotoxic level can serve as an 
electron donor to mitochondria for maintaining the ac-
tivities of antioxidant enzymes [10]. High-fat diet (HFD) 
is a leading cause of naFLD, and H2S alleviates HFD-
induced naFLD in rats [11, 12]. Besides, H2S donor 
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sodium hydrosulfide (NaHS) treatment can also prevent 
liver injury in rats [13]. These findings indicate that H2S 
and its relative compounds may have the potential to 
prevent liver injury.

AP39 (10oxo-10-(4-(3-thioxo-3H-1,2-dithiol-5yl)
phenoxy)decyl) is a mitochondria-targeting donor of H2S 
that can trigger an elevation in H2S production in the 
mitochondria [14]. AP39 has shown antioxidant and 
other cytoprotective effects under oxidative conditions 
[15]. Studies have shown that aP39 reduces the release 
of reactive oxygen species (ROS) and the expression of 
hypoxia-inducible factor (HIF)-1α [16]. also, aP39 has 
a protective role in damage of multiple organs such as 
the heart, lung and neuron [17–20]. However, to date, 
there is no research to clarify whether aP39 can prevent 
liver injury.

The aim of this study was to investigate the role of 
aP39 in liver injury in HFD-fed young rats and its un-
derlying mechanisms. Our results demonstrated the 
protective effect of AP39 on obesity-related liver injury 
in vivo, providing a theoretical and scientific basis for 
the use of aP39 in preventing pediatric naFLD.

Materials and Methods

Animal experiments
All of our animal experimental protocols were ap-

proved by the institutional animal Care and use Com-

mittee of anhui Medical university. Healthy male 
Sprague-Dawley (SD) rats were purchased from Liaon-
ing Changsheng Biotechnology Co., Ltd. (Benxi, China). 
after feeding under controlled laboratory conditions for 
a week to acclimate to their surroundings, the three-
week-old rats were randomly divided into the control 
group, HFD group, HFD+aP39 low-dose (HFD+L-
aP39) and HFD+aP39 high-dose (HFD+H-aP39) 
groups (n=6 per group).

as shown in Fig. 1a, the animals (3 week old) in the 
control group were fed with a normal fodder (purchased 
from Beijing Huanyu Zhongke Biotechnology Co., Ltd., 
Beijing, China) for 7 weeks, while the other groups were 
fed a HFD (69% of basic feed, 10% of lard oil, 2% of 
cholesterol, 5% of sugar, 0.5% of cholate, 10% of yolk 
powder, 3% of yeast powder and 0.5% of decavitamin; 
BetterBiotechnology Co., Ltd., nanjing, China) [21]. To 
investigate the impact of aP39 on HFD rats, the rats in 
HFD+L-aP39 and HFD+H-aP39 groups were injected 
daily by tail vein with AP39 (APExBIO, Houston, TX, 
uSa) at the dose of 0.05 mg/kg or 0.1 mg/kg, respec-
tively [19]. The rats in control and HFD groups were 
received the same volume of saline. The food intake and 
body weight of all the rats was recorded per week for up 
to 7 weeks. At the end of the experiment, all of the 
tested rats were sacrificed by intraperitoneal injection of 
overdose (200 mg/kg) of pentobarbital sodium (nembu-
tal; Shandong XiYa Chemical Industry Co., Ltd., Linyi, 

Fig. 1. Effect of AP39 on obesity. High-fat-diet (HFD)-induced non-alcoholic fatty liver disease (NAFLD) rats were intra-
venously injected with 0.05 or 0.1 mg/kg AP39 once a day for 7 weeks. (A) Schematic abstract of the experimental 
process. (B, C) Body weight and food intake of young rats was recorded once a week for 7 weeks. **P<0.01 vs. 
Control; ^P<0.05, ^^P<0.01 vs. HFD.
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China). Thereafter, the blood was harvested from the 
inferior vena cava of rats, and the livers were removed, 
photographed and weighed. Liver weight index was cal-
culated based on the formula liver wet weight / body 
weight × 100%. Tissue samples were either fixed in 4% 
paraformaldehyde solution or frozen in liquid nitrogen 
and stored at −70°C until use.

Histological analysis of liver
For assessment of lipid staining, the fixed tissues were 

dehydrated in 20% and 30% sucrose solution succes-
sively, and embedded with OCT embedding agent, and 
then sectioned into 10 µm. The slices were stained with 
oil red O solution (Sigma, St. Louis, MO, USA) and 
counterstained with hematoxylin (Solarbio, Beijing, 
China). For hematoxylin and eosin (H&E) staining, the 
fixed and paraffin-embedded liver samples were cut into 
5 µm slices and stained with hematoxylin and eosin 
(Sangon, Shanghai, China). all pathological images were 
observed under an optical microscope at 200× magnifi-
cation. After that, based on H&E staining analysis, the 
naFLD activity score, a histological scoring system for 
naFLD, was calculated as the unweighted sum of the 
scores for steatosis (0–3), lobular inflammation (0–3), 
and ballooning (0–2) [22].

Biochemical parameters
Serum alanine transaminase (aLT) and aspartate 

transaminase (aST) activities were determined using the 
commercial aLT and aST assay kits. Total cholesterol 
(TC), triglyceride (Tg), low-density lipoprotein-choles-
terol (LDL-C) and high-density lipoprotein-cholesterol 
(HDL-C) contents in serum were measured by the TC, 
Tg, LDL-C and HDL-C assay kits, respectively. The 
levels of oxidative stress parameters malondialdehyde 
(MDA), glutathione (GSH) and superoxide dismutase 
(SOD) in liver tissues were examined by the correspond-
ing MDA, GSH and SOD assay kits. The above kits were 
purchased from nanjing Jiancheng Bioengineering in-
stitute (nanjing, China). in addition, hepatic H2S level 
was measured using a H2S assay kit (Solarbio). All ex-

perimental procedures were performed in accordance 
with the manufacturer’s instructions.

DHE staining
The embedded liver tissues were sectioned into 10 

µm, and incubated with the fluorescent dye dihydroethid-
ium (DHe; Beyotime, Shanghai, China; 1:100 dilution) 
at room temperature for 30 min. The sections were ex-
amined using a 400× fluorescence microscope.

Quantitative real-time polymerase chain reaction 
(RT-qPCR)

For quantification of HIF-1α, total RNA was extract-
ed using a high-purity total RNA rapid extraction kit 
(BioTeke, Beijing, China) and reverse-transcribed into 
cDNA using the M-MLV reverse transcriptase. RT-qPCR 
was then performed on the ExicyclerTM 96 fluorescence 
quantifier using SYBR Green Master Mix. The relative 
mRNA expression of HIF-1α was calculated by the 2-ΔΔCt 
method and normalized to β-actin. For mitochondrial 
DNA (mtDNA) content determination, DNA extraction 
was performed using a tissue genomic DNA extraction 
kit (BioTeke). The copy number of mtDna was evalu-
ated by RT-qPCR, as described in a previous study [23]. 
The primers used, synthesized by GenScript (Nanjing, 
China), were listed in Table 1.

Immunoblot analysis
Western blot was performed according to Jia et al.’s 

description [24]. The target protein HIF-1α was sepa-
rated, quantified and blotted with anti-HIF-1α (Affinit, 
China; 1:500 dilution). β-actin (Proteintech, Wuhan, 
China; 1:2,000 dilution) was used for normalization.

Mitochondrial swelling assessment
Hepatic mitochondria were analyzed using the tissue 

mitochondrial isolation kit (Beyotime). On the basis of 
the previous description [25], the degree of liver mito-
chondrial swelling was represented by the relative ab-
sorbance value (ΔA) of mitochondrial suspension at 520 
nm for 20 min. The Larger ΔA indicates the more com-

Table 1. Sequence of primers used in RT-qPCR

gene Primers Sequence (5’-3’)

mtDna Forward TgagCCaTCCCTTCaCTagg
Reverse TgagCCgCaaaTTTCagag

nuclear DNA (β-actin) Forward CTgCTCTTTCCCagaTgagg
Reverse CCaCagCaCTgTaggggTTT

HIF-1α Forward CTaCTaTgTCgCTTTCTTgg
Reverse gTTTCTgCTgCCTTgTaTgg

β-actin Forward ggagaTTaCTgCCCTggCTCCTagC
Reverse ggCCggaCTCaTCgTaCTCCTgCTT
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plete mitochondrial structure. A large ΔA represents a 
stronger buffering ability of calcium ions and better 
structural integrity in mitochondria of liver.

Detection of mitochondrial membrane potential
Mitochondrial membrane potential (MMP) was de-

tected using the MMP assay kit (Beyotime). The pre-
pared mitochondria were incubated with the fluorescent 
cationic dye JC-1, followed by analyzing with a fluores-
cence microplate reader. The red/green fluorescence 
ratio indicated the activity of hepatic mitochondria.

Statistical analysis
Quantitative data were reported as mean ± SD. Statis-

tical analysis was performed with graphPad Prism 8.0 
software. One-way ANOVA followed by Tukey’s mul-
tiple comparisons test or the Kruskal-Wallis nonpara-
metric analysis of variance followed by Dunn’s multiple 
comparisons test was used for comparative analysis of 
multiple groups of independent samples. a P-value un-
der 0.05 was considered a statistically significant differ-
ence.

Results

Effect of AP39 on body weight
as illustrated in Fig. 1a, the tested young rats with a 

similar average weight were received a HFD feeding and 
treated with aP39 for 7 weeks. We found that HFD re-
sulted in a significant increase in the body weight of rats 
compared with normal diet rats. administration of aP39 
reduced HFD-induced weight gain in a dose-dependent 
manner (P<0.05, Fig. 1B). in addition, from the 3rd week 
to the 7th week of feeding, HFD obviously reduced the 
food intake of rats, while the food intake of rats with 
aP39 treatment showed an increasing trend, but it was 
not significant except for the 5th week (Fig. 1C), which 
was consistent with Jia et al. and Ren et al.’ studies [12, 
24]. These findings indicate the potential of AP39 in 
childhood obesity.

AP39 counteracts HFD-induced liver injury
Childhood obesity is strongly associated with the oc-

currence of naFLD [26]. Here, we focused on the func-
tion of aP39 in HFD-caused liver injury in young rats. 
At the end of the experiment, the livers of the experi-
mental rats were photographed, as shown in Fig. 2a. We 
observed a significant increase in liver size after HFD, 
with the color changing from dark red to brown yellow, 
which were improved by aP39 treatment. Moreover, the 
liver weight index of HFD rats was higher, while AP39 
injection partially abolished it (P<0.05, Fig. 2B). Histo-

logical analysis of the liver using oil red O (Fig. 2C) and 
H&E staining (Fig. 2D) revealed the changes in hepatic 
steatosis in rats. We observed that there was increased 
lipid infiltration area and fatty vacuole area in the liver 
of HFD rats. However, these liver pathological damages 
caused by HFD were abrogated and returned to almost 
normal level after aP39 treatment. naFLD activity score 
further confirmed that AP39 attenuated HFD-induced 
liver injury (P<0.05, Fig. 2E). These findings suggest a 
beneficial effect of AP39 on HFD-caused liver injury in 
vivo.

AP39 prevents serum lipid accumulation
We further verified the lipid-lowing role of AP39, as 

shown in Fig. 3. Serum aLT and aST activities were 
significantly increased in HFD-induced rats, while AP39 
treatment eliminated these changes (P<0.05, Fig. 3a). 
Meanwhile, the changes of serum lipid profiles TC, TG, 
LDL-C and HDL-C were examined. AP39 treatment 
could induce a reduction in TC, Tg, LDL-C levels and 
an increase in HDL-C in HFD rats (P<0.05, Figs. 3B–e). 
Overall, these data suggest that AP39 effectively allevi-
ates lipid accumulation in HFD-fed young rats.

Antioxidant effect of AP39 in NAFLD
To illuminate the effect of AP39 on oxidative stress, 

hepatic ROS and oxidative stress-related MDA, GSH, 
SOD were measured. As visualized by DHE staining, 
HFD resulted in increased ROS production, which was 
eliminated by aP39 administration (Fig. 4a). in addition, 
aP39 remarkably decreased MDa content, and increased 
GSH level and SOD activity in HFD-fed young rats 
(P<0.05, Figs. 4B–D), indicating the antioxidant effect 
of aP39.

AP39 diminishes HFD-caused mitochondrial 
dysfunction

As expected, the H2S level in the liver of HFD-fed 
young rats was lower than that of control rats, while 
aP39 enhanced it (P<0.01, Fig. 5a). We then explored 
the role of aP39 in HFD-induced mitochondrial dysfunc-
tion. The mtDna integrity, mitochondrial swelling and 
MMP alteration were measured to evaluate mitochon-
drial function. The copy number of mtDna was in-
creased after aP39 treatment (P<0.01, Fig. 5B). in ad-
dition, aP39 increased the absorbance at 520 nm, 
suggesting the amelioration of HFD-induced mitochon-
drial swelling (P<0.05, Fig. 5C). The loss of MMP was 
decreased in aP39-treated HFD rats as compared to 
HFD-fed rats (P<0.05, Fig. 5D). noteworthy, aP39 sig-
nificantly downregulated hepatic HIF-1α expression at 
mRNA and protein levels (P<0.05, Fig. 5e). These re-
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sults indicated that the adverse effects of HFD on he-
patic mitochondrial dysfunction are partially reversed 
with aP39 treatment.

Discussion

In the present study, we demonstrate the effectiveness 
of aP39 in preventing HFD-induced liver injury in vivo. 
Treatment with aP39 alleviates obesity, hepatic steatosis, 

oxidative stress and mitochondrial dysfunction in HFD-
fed young rats. These findings indicate that AP39 may 
be a promising therapeutic treatment for the prevention 
of pediatric NAFLD. Our finding is the first report to 
reveal the impact of aP39 on obesity-related liver in-
jury.

Herein, three-week-old rats were fed with HFD for 7 
weeks to mimic the symptoms of pediatric naFLD. 
HFD-feeding significantly increased body weight and 

Fig. 2. Effect of AP39 on high-fat-diet (HFD)-induced non-alcoholic fatty liver disease (NAFLD). (A) At the end of the ex-
periment, the liver tissues were harvested. Gross morphology of liver tissue was observed. (B) Liver weight index was 
calculated according to the formula liver wet weight / body weight × 100%. (C, D) The histological alternations of 
liver tissues were visualized with Oil red O staining (×200) and hematoxylin and eosin (H&E) staining (×200), and the 
representative photomicrographs were shown. (e) naFLD activity score, a histological scoring system for naFLD, 
was counted. **P<0.01 vs. Control; ^P<0.05, ^^P<0.01 vs. HFD.
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Fig. 3. Effect of AP39 on lipid profiles in serum of rats. (A–E) Relative levels of serum ALT, AST, TC, TG, LDL-
C and HDL-C were determined using the corresponding kits. aLT, alanine transaminase; aST, aspartate 
transaminase; TC, total cholesterol; Tg, total triglycerides; LDL-C, low-density lipoprotein cholesterol; 
HDL-C, high-density lipoprotein cholesterol. **P<0.01 vs. Control; ^P<0.05, ^^P<0.01 vs. HFD.

Fig. 4. Effect of AP39 on high-fat diet (HFD)-induced oxidative stress. (A) DHE staining (×400) was used for ROS 
detection in liver. (B–D) Levels of markers of oxidative stress, MDA, GSH and SOD, were measured with 
commercial kits. ROS, reactive oxygen species; MDA, malondialdehyde; GSH, glutathione; SOD, super-
oxide dismutase. **P<0.01 vs. Control; ^P<0.05, ^^P<0.01 vs. HFD.
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liver weight index, reduced food intake, elevated NAFLD 
activity score, aLT and aST activities and hepatic ste-
atosis in young rats, which are known to aggravate liver 
injury and may accelerate the progression of naFLD 
[27, 28]. a growing body of evidence supports that H2S 
can protect against tissue damage, such as heart, liver, 
lung and retina [29]. aP39, a mitochondrial-targeted H2S 
donor exhibits beneficial effects on tissue injury includ-
ing heart, lung and neuron [17–20]. in our study, aP39 
decreased body weight gain, liver weight index and 
liver color almost reaching normal level, as well as de-
creased aLT and aST activities in HFD-fed young rats. 
These results clearly validate that aP39 could improve 
HFD-induced liver injury.

Liver is a key lipid metabolic organ and abnormal 
lipid metabolism is tightly related to the damage of 
liver function. a HFD is responsible for the imbalance 
between lipid acquisition and disposal in the liver, which 
subsequently accelerates the progression of naFLD 
[30]. Our results demonstrated that AP39 decreased 

lipid accumulation, as manifested by reduced TC, Tg, 
LDL-C and elevated HDL-C in serum of HFD-fed rats. 
Previous studies have confirmed that fat accumulation 
in liver can block lipid metabolic homeostasis and cause 
severe hepatotoxicity [31]. It seems that our findings 
indicate the protection of aP39 on HFD-induced liver 
injury by maintaining the balance of lipid metabolism, 
although the potential mechanism by which aP39 regu-
lates naFLD-related lipid metabolism is still elusive 
until now.

A HFD results in elevated ROS production and exces-
sive oxidative stress in liver [32], which is in line with 
our finding showing that ROS level was elevated in the 
liver of HFD-fed rats. interestingly, in our study, aP39 
suppressed HFD-induced ROS generation. Moreover, 
lower oxidant MDA and more antioxidants GSH and 
SOD are required to attenuate and repair obesity-induced 
liver injury [33]. Several lines of evidence have shown 
that AP39 has an antioxidant effect [16–18, 34]. Simi-
larly, here, we found that aP39 inhibited MDa content 

Fig. 5. Effect of AP39 on H2S level and mitochondrial function. (a) Hepatic H2S level was detected using the H2S 
determination kit. (B) mtDna copy number in the liver was measured by quantitative real-time polymerase 
chain reaction (RT-qPCR). (C) The degree of mitochondrial swelling was analyzed at 520 nm wavelength 
on a spectrophotometer. (D) Mitochondrial membrane potential (MMP) changes were detected using JC-1 
probe. (E) Hypoxia-inducible factor-1α (HIF-1α) expression at mRNA and protein levels was determined 
by RT-qPCR and western blot, respectively. **P<0.01 vs. Control; ^P<0.05, ^^P<0.01 vs. high-fat diet 
(HFD).
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and increased GSH level and SOD activity in HFD-fed 
young rats, suggesting that aP39 may ameliorate HFD-
induced liver injury by inhibiting excessive oxidative 
stress.

Mitochondria modulate lipid metabolism and oxida-
tive stress, and their dysfunction can lead to the disrup-
tion of lipid homeostasis, resulting in the occurrence of 
liver diseases including naFLD [32, 35]. mtDna is a 
major target of ROS, and HFD-feeding may damage 
mtDna and aggravate liver injury [36–38]. Here, we 
observed a significant reduction in mtDNA quantity in 
the liver of HFD-fed rats, which was reversed by aP39. 
Besides, HFD-feeding increased the degree of mitochon-
drial swelling and the loss of MMP, which are similar to 
previous studies [25, 39]. notably, aP39 restored he-
patic mitochondrial function. Our findings were consis-
tent with the research that aP39 protects against the loss 
of mtDna and preserves mitochondrial activity [14, 18]. 
The above results manifest that aP39 protects mitochon-
drial function in HFD-induced liver injury. More impor-
tantly, mtDNA copy number is correlated with the ex-
pression of HIF-1α in liver [40]. HIF-1α, a key 
transcription factor, has been described as an important 
regulator of mitochondrial biogenesis, which can affect 
the development and progression of naFLD [41, 42]. 
Covarrubias et al.’s study revealed that aP39 treatment 
reduces HIF-1α level and improves mitochondrial func-
tion [16]. in the present study, we found that HFD-
feeding upregulated HIF-1α expression in the liver, while 
AP39 abolished it, which further confirmed the beneficial 
effect of AP39 on HFD-induced liver injury.

The pathogenesis of naFLD is complicated and in-
volves glucose and lipid metabolism, oxidative stress, 
mitochondrial damage and inflammation. HFD can in-
crease hepatic lipid influx and de novo lipogenesis and 
impair insulin signaling, thus promoting triglyceride 
accumulation in liver and ultimately naFLD [43]. 
Lensu et al.’s study found that HFD-feeding reduces 
food intake and enhances body weight gain and body fat 
content of rats [44], which is consistent with our findings. 
Lipid accumulation in the liver in naFLD may be due 
to an imbalance in lipid metabolism as characterized by 
decreased oxidative capacity or increased lipogenic ac-
tivity. in addition, metabolic imbalance leads to mito-
chondrial functional overload, which ultimately causes 
liver injury. Moreover, in fat-engorged hepatocytes, 
several vicious cycles involving ROS, lipid peroxidation 
products alter respiratory chain polypeptides and mtD-
NA, thus partially blocking the flow of electrons in the 
respiratory chain. Overreduction of upstream respira-
tory chain complexes increases mitochondrial ROS. 
Oxidative stress increases the release of lipid peroxida-

tion products and inflammatory cytokines, which to-
gether trigger the liver lesions of naFLD [45]. There-
fore, in our study, HFD-feeding increased weight gain, 
reduced food intake of young rats, possibly due to the 
enhancement of oxidative stress/mitochondrial dysfunc-
tion in NAFLD. Of note, AP39 partially ameliorates the 
liver damage caused by HFD, indicating the protection 
of aP39 on HFD-induced liver injury in young rats.

In conclusion, AP39 exerts a beneficial effect on HFD-
induced liver injury in young rats possibly by modulat-
ing lipid metabolism, oxidative stress and mitochon-
drial function. Current and future investigation on the 
effects of AP39 may provide a novel insight into the 
treatment of pediatric naFLD.
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