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Qingluo Tongbi Formula (QTF) is an empirical formula of Chinese medicine master
Zhongying Zhou for the treatment of rheumatoid arthritis. Although including
Tripterygium wilfordii Hook. F. (TW), it has not shown liver toxicity in clinical application
for many years. Our previous studies have shown that QTF can significantly reduce TW-
caused hepatotoxicity, but the mechanism is still unclear. This study aimed to explore the
important roles of mitophagy and endoplasmic reticulum stress (ERS) and the relationship
between them in QTF in alleviating TW-induced hepatotoxicity. In vivo, C57BL/6J female
mice were used to build a model of TW-induced liver toxicity; Then mice were randomly
divided into control, TW, TW + RG, TW + PN, TW + SA, TW + BM, and QTF groups. After
intragastric administration for 7 days, the levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) in serum were
detected; H and E staining, Oil Red O staining, transmission electron microscopy,
Western blotting, and RT-qPCR were used to detect the pathological changes in liver
tissue, the levels of ERS and mitophagy related proteins and genes, including GRP78,
PERK, DRP1, LC3, etc., In vitro, triptolide (TP), catalpol (CAT), and panax notoginseng
saponins (PNS), the main active ingredients of QTF, were selected. The mitophagy
inhibitor, ERS inhibitor, and PERK inhibitor were used to further study the relationship
between TW-induced ERS and mitophagy in HepaRG cells. The results showed that, QTF
reduced excessive mitophagy and ERS in TW-induced hepatotoxicity in C57BL/6J mice,
and the attenuating effects of RG and PN in QTF were most obvious, and they also
significantly restrained the TW-induced ERS and mitophagy by the PERK-ATF4 pathway.
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Furthermore, PNSwas superior to CAT in inhibiting the expression levels of GRP78, PERK,
and ATF4, while CAT was superior to PNS in reversing the expression levels of DRP1, P62,
and LC3. The combination of CAT and PNS had the best attenuating effect and the most
significant regulation on ERS and mitophagy. In conclusion, QTF can alleviate TW-induced
hepatotoxicity by differentially downregulating the PERK-ATF4 pathway and excessive
mitophagy by different components.

Keywords: Tripterygium wilfordii hook. f., hepatotoxicity, qingluo tongbi formula, mitophagy, ERS, PERK

1 INTRODUCTION

Tripterygium Wilfordii Hook. F. (TW) is commonly used in
traditional Chinese medicine (TCM) to treat rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), and
various tumor diseases, because of its significant
immunomodulatory, anti-inflammatory, and anti-tumor effects
(Lv et al., 2019). However, the potential side effects of TW, such as
hepatotoxicity and so on, seriously limit its further clinical
application (Zhang et al., 2018). It is one of the current
research hotspots to clarify the mechanism of the TW-induced
hepatotoxicity and to reduce or/and eliminate its hepatotoxicity
while ensuring the efficacy.

The application of TW in TCM has a long history, and the
compound compatibility of TCM is one of the important
methods to enhance the efficacy or/and reduce its liver
toxicity. QTF is composed of TW, Rehmannia glutinosa
(Gaertn.) DC. (RG), Panax notoginseng (Burkill) F. H. Chen
(PN), Sinomenium acutum (Thunb.) Rehder and E. H. Wilson
(SA), and Bombyx mori L. (BM). As an empirical prescription
from Chinese medicine master Prof. Zhongying Zhou in the
clinical treatment of RA with Yin Deficiency and Collateral Heat
(Yinxu Luore) Syndrome, no liver toxicity of QTF was found after
many years of application (Liu et al., 2015; Yang et al., 2020). Our
team previous research has proved that QTF can reduce and
eliminate the TW-induced liver toxicity in SD rats and HepaRG
cells (Yu et al., 2022), but the specific molecular biological
mechanism in QTF alleviating TW-induced hepatotoxicity is
not yet very clear.

Mitochondria is a key organelle for aerobic respiration and
energy metabolism, so its normal number and function are
very important. Mitochondrial autophagy (also known as
mitophagy) maintains the homeostasis and balance of
mitochondria by removing damaged mitochondria to
regulate cell fate. At the same time, the endoplasmic
reticulum (ER) and mitochondria are closely connected and
interact by the mitochondrial-related endoplasmmic
reticulum membranes (MAMs), coordinately regulating
autophagy and apoptosis. Our previous study showed that
ER stress (ERS) and excessive autophagy, which are the
important mechanisms of TP-induced hepatocyte injury in
HepaRG cells (Yu et al., 2022; Zhang et al., 2022). However, the
role that mitophagy plays in reducing the TW-induced
hepatotoxicity by QTF and the relationship between ERS
and mitophagy are not very clear and need to be further
studied.

This study focused on investigating the role of mitophagy in
QTF in alleviating TW-induced liver injury, and the
relationship between ERS and mitophagy, to elucidate the
specific mechanism in alleviating the TW-induced
hepatotoxicity by QTF.

2 MATERIALS AND METHODS

2.1 In vivo Study
2.1.1 Preparation of Qingluo Tongbi Formula
The Chinese herbal medicines of QTF were purchased from the
Bozhou Medicinal Material Center (batch number: 190816,
Anhui, China), and were identified by the School of Pharmacy
at Nanjing University of CM (NJUCM, 20180922-20180926,
Nanjing, China). The QTF is composed of TW, RG, PN, SA,
and BM by the ratio of 15:15:3:15:10. The formulas were decocted
with 11 times pure water for 1.5 h, and then decocted with 7 times
pure water for 1.5 h, and the two were mixed, concentrated, and
filtered. The crude drug contents of TW, TW + RG (the ratio is 1:
1), TW + PN (the ratio is 5:1), TW + SA (the ratio is 1:1), TW +
BM (the ratio is 3:2), and QTF were 1.95, 3.90, 2.34, 3.90, 3.25,
and 7.54 g/ml, respectively.

In order to ensure the consistency and reproducibility of
QTF extracts, the content of the main active components was
analyzed by the HPLC method. Samples were separated on the
Agilent ZORBAX SB-C18 column (4.6 × 250 mm, 5 μm),
maintained at 30°C. The mobile phase consisted of
acetonitrile (A), 0.1% phosphoric acid and 0.05%
triethylamine (B) in a gradient elution: 5% A (0–2 min),
5%–10% A (2–10 min), 10% A (10–12 min), 10%–12% A
(12–15 min), 12%–30% A (15–35 min), and 30% A
(35–40 min). The flow rate was 0.8 ml/min, the injection
volume was 10 μl, and the detection wavelength was set at
203 nm. The HPLC chromatogram and quantitative data of the
main chemical components are used as supplementary
material (Supplementary Figure S1).

2.1.2 Animals and Treatment
C57BL/6J female mice (6–8 weeks old, 18–22 g) were
purchased from Hangzhou Medical College [Animal license
number: SCXK (Zhe)2019-0002], and were treated in the
Animal Center of Nanjing University of CM with the
temperature of 23 ± 2°C, humidity 40%–60%, and a
standard 12 h light/12 h dark cycle, fed standard pelleted
diet and provided free drinking water.
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First, different doses of TW decoction (containing 0.4875,
0.975, and 1.95 g/ml of TW, respectively) were administered
orally to establish an ideal mouse model of liver injury. Then,
mice were divided into 7 groups, with 8 mice in each group to
study the attenuation mechanism, namely: control, TW, TW +
RG, TW + PN, TW + SA, TW + BM, and QTF groups. The
mice were sacrificed after 7 days of oral administration at a
dose of 0.02 ml/g body weight, and the serum was extracted to
detect alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and lactate dehydrogenase (LDH).
The liver tissue was detected by H and E and Oil Red O
staining, and the protein and RNA were extracted for Western
blotting and RT-qPCR. All animal experiments were approved
by the Laboratory Animal Center of Nanjing University of CM
and carried out in accordance with the Principles of Animal
Use and Guidelines for the Care and Use of Laboratory
Animals.

2.1.3 Hematoxylin-Eosin Staining of Liver Tissue
The fresh liver tissue was fixed in 4% paraformaldehyde solution,
paraffin-embedded, sectioned, and then stained with H and E.
Histopathological scores were scored as previously described
(Brunt 2000; Ramos et al., 2015).

2.1.4 Oil Red O Staining of Liver Tissue
The fresh liver tissue was fixed with 4% paraformaldehyde,
stained with Oil Red O working solution for 10 min, and then
destained with 60% isopropanol. Rinse three times with distilled
water, observe and photograph under the microscope. Oil Red O
quantitative statistical analysis was performed using Image-Pro
Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD,
United States).

Fat percentage (%) = fat area/tissue area × 100%

2.1.5 Transmission Electron Microscope Observation
of Liver Tissue
Fresh mouse liver tissue was fixed in TEM fixative, dehydrated,
infiltrated, embedded, sliced, photographed and analyzed
under TEM.

2.1.6 Detection of Liver Functions
After mice were treated, blood was collected from the orbit, left
at room temperature for 4 h, centrifuged at 3,000 rpm/min at
4°C for 10 min, the supernatant was taken, and the levels of
ALT, AST, and LDH were detected according to the kit
instructions.

2.1.7 Real-Time Quantitative PCR
20 mg of liver tissue was weighed, and then RNA isolater Total
RNA Extraction Reagent was added. Perform reverse
transcription and amplification according to the instructions
of the RT-qPCR reverse transcription and amplification kit.
Among them, the mRNAs of GRP78, PERK, DPR1, and LC3

were detected, and the housekeeping gene GAPDH was used as a
control. Data were analyzed using the 2−ΔΔCt method. The
sequences of the gene primers in mice are shown as
supplementary material (Supplementary Figure S2).

2.2 In vitro Study
2.2.1 Cell Culture
The HepaRG cell line, an ideal cell model for hepatotoxicity
studies (Wu et al., 2016), was purchased from Beina
Chuanglian Biotechnology Company (BNCC340037, Beijing,
China), cells were cultured in RPMI 1640 medium containing
10% fetal bovine serum (FBS) and 1% antibiotics, and then
cells were cultured in 5% carbon dioxide incubate at 37°C.

2.2.2 Detection of Cell Viability
Cell proliferation was detected by the CCK8 assay. To test the
cytotoxicity of TP, HepaRG cells (5 × 104 cells/mL) were placed
in 96-well plates for 24 h, then treated with different doses of TP
for 12, 24, 36, and 48 h, respectively. After incubation with 10 µl
of CCK8 solution for 3 h, the optical density values were
determined using a microplate reader (TECAN, Switzerland)
at an excitation wavelength of 450 nm.

2.2.3 Detection of Autophagosomes
Acidic autophagic vacuoles were detected by monodansidine
cadaverine (MDC) staining using an autophagy detection
kit (KeyGEN, Nanjing, China) (Veeran et al., 2017). Cells (1
× 105 cells/mL) were placed in 12-well plates and incubated
with different concentrations of TP at 37°C for 24 h. Cells
were processed according to the kit instructions and
observed and photographed using a fluorescence
microscope (Zeiss, Thuringia, Germany) at an excitation
wavelength of 355 nm.

2.3 Western Blotting
30 mg of mouse liver tissue was weighed or different groups of
HepaRG cells were collected, and then 1 ml of lysis buffer was
added to disrupt and homogenize, and lysed on ice for 30 min.
BCA kit was used for protein concentration detection. 30 µg of
protein samples were taken for protein electrophoresis in 10%
SDS-PAGE gel. Transfer membrane (300 v, 400 mAh, 1 h) and
block (5% BSA), incubate with primary antibody overnight at
4°C. After washing, the secondary antibody was incubated at
room temperature for 1 h. After 3 additional washes, exposure
was performed using an ECL system (Bio-Rad, California,
United States).

2.4 Statistics
The data is presented as mean ± standard deviation (SD), and
statistical analysis was performed using GraphPad Prism 8.0.2.
One-way ANOVA followed by Dunnett’s post-hoc test and t-test
were used to compare mean differences between multiple groups
or two groups. Differences were considered significant when
p < 0.05.
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3 RESULTS

3.1 Qingluo Tongbi Formula Alleviated T.
wilfordii-Induced Hepatotoxicity in C57BL/
6J Mice
TW increased the levels of ALT, AST, and LDH in a dose-
dependent manner in mice, and the three indexes were most
significantly elevated in the high-dose TW group (Figure 1A).
The pathological results indicated that with the increase of the
dose of TW, the liver cells showed different degrees of
steatosis, edema degeneration, and inflammatory cell
infiltration by H and E staining, and the comprehensive
pathological score increased in a dose-dependent manner
(Figure 1B). The results by Oil Red O staining indicated
that, after administration of TW, the liver cells accumulated
fat and the fat percentage of the high-dose TW group was
significantly higher than the control (Figure 1C). It can be seen
that TW-induced liver damage in mice is dose-dependent.
Since the high-dose TW induced the most obvious liver
damage, the high dose of TW was used in the subsequent
attenuation experiments.

While QTF markedly reduced the elevations of ALT, AST,
and LDH caused by TW. Among QTF, RG, and PN
significantly reduced the elevation of ALT, AST, and LDH,
and BM reduced the TW-induced elevation of ALT; And QTF
had the most obvious improvement in the ALT, AST, and LDH
caused by TW (Figure 2A). RG, PN, and QTF improved the

TW-induced pathological damage of liver cell steatosis, edema
degeneration, and inflammatory cell degeneration, and
reduced the TW-induced pathological score. And QTF had
the most obvious improvement in TW-induced pathological
injury and comprehensive pathological score (Figure 2B).
Simultaneously, PN and QTF significantly improved the fat
accumulation and significantly reduced the fat percentage
induced by TW (Figure 2C).

These results showed that QTF reduced the TW-caused
hepatotoxicity of mice, and among the drug compatibility of
QTF, RG, and PN had the best attenuating effect.

3.2 Qingluo Tongbi Formula Attenuated T.
wilfordii-Induced Excessive Mitophagy and
Endoplasmic Reticulum Stress in C57BL/6J
Mice
The results of TEM showed that, TW caused mitochondrial
outer membrane and cristae rupture and an increase in
autophagosomes and autophagolysosomes in hepatocytes,
accompanied by abnormal ER morphology. And the higher
the dose of TW was administered, the more severe the damage
of mitochondria and ER was shown, and the more
autophagosomes and autophagolysosomes were generated
(Figure 3A). TW increased the expression levels of
mitophagy proteins DRP1 and LC3, and decreased the
expression level of P62, while the expression level of MFN1
and FIS1 had no significant changes. It suggested that TW-

FIGURE 1 | TW induced liver injury in C57BL/6J mice. (A) TW-induced elevation of ALT, AST, and LDH. (B) TW-induced pathological changes and comprehensive
pathological scores by H&E staining. (C) TW-induced liver tissue fat accumulation and fat percentage by Oil red O staining. Compared with the control group, *p < 0.05,
**p < 0.01, ***p < 0.001.
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induced mitophagy was characterized by elevated DRP1.
Simultaneously, the expressions of ERS marker protein
GRP78 and PERK, and ATF4 were upregulated, indicating

that TW induced ERS by activating the PERK-ATF4 pathway
in a dose-dependent manner (Figure 3B). And TW
simultaneously increased the mRNA levels of GRP78, PERK,

FIGURE 2 | QTF alleviated TW-induced hepatotoxicity in C57BL/6J mice. (A) QTF reduced the levels of ALT, AST and LDH caused by TW. (B) QTF reduced TW-
induced pathological damage and comprehensive pathological score by H&E staining. (C) QTF reduced the fat accumulation and fat percentage by Oil red O staining.
Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with the TW group, #p < 0.05, ##p < 0.01, ###p < 0.001.
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ATF4, DRP1, and LC3 (Figure 3C). The results indicated that
TW induced upregulation of mitophagy and ERS in
hepatotoxicity.

While RG, PN, BM, and QTF improved the TW-induced
damage to mitochondria and ER in mice, and reduced
autophagosomes and autophagolysosomes (Figure 4A).
Simultaneously, RG, PN, BM, and QTF reversed the
expression of DRP1, LC3, P62, GRP78, PERK, and ATF4
induced by TW. And among them, QTF improved the most
significantly (Figure 4B).

These results indicated that QTF reversed the mitophagy and
down-regulated the ERS induced by TW.

3.3 Inhibition of Mitophagy and Endoplasmic
Reticulum Stress Attenuated
Triptolide-Induced Cytotoxicity in HepaRG
Cells
In order to further verify the mitophagy and ERS are important
mechanisms of TW-induced hepatotoxicity, triptolide (TP), the

FIGURE 3 | TW induced excessive mitophagy and ERS in C57BL/6J mice. (A) TW caused mitochondrial and ER damage, mitochondrial swelling, vacuolization, cristae
fragmentation, and increased autophagosomes and autophagolysosomes. The small black arrow represents autophagosomes, and the large black arrow represents
autophagolysosomes. 10,000magnification, Scale bar: 1 µm. (B)TW-induced changes in the expression ofmitophagy andERS-related proteinsGRP78, PERK, ATF4, DRP1,MFN1,
FIS1, P62, and LC3. (C) TW-induced changes in mRNA levels ofGRP78, PERK, ATF4, DRP1, and LC3. Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001.
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main active component and also the main toxic component of
TW, was used in HepaRG cells.

4–64 μg/L TP resulted in HepaRG cell viability decreased in a
time- and dose-dependent manner by CCK8(Figure 5A). And
4–64 μg/L TP led to an increase in ALT, AST, and LDH indexes in
the cell supernatant (Figure 5B). Immunofluorescence results
showed that the production of autophagosomes increased after
TP treatment for 24 h in a dose-dependent manner in HepaRG
cells (Figure 5C). Simultaneously, TP led to the up-regulation of
DRP1, LC3, GRP78, PERK, and ATF4 (P62 down-regulated)
(Figure 5D). The results indicated that TP induced HepaRG cell
damage, causing excessive mitophagy and ERS. Since TP at a dose
of 16 μg/L induced moderate damage to HepaRG cells, 16 μg/L
TP was set for subsequent experiments.

To explore the role of mitophagy in TW-induced
hepatotoxicity, we used Mdivi-1 (Deng et al., 2021), a specific
inhibitor of mitophagy.When the cells were treated withMdivi-1,
compared to the TP group, the expression levels of DRP1 and
LC3 were significantly decreased (that of P62 was significantly
increased), suggesting that TP-induced mitophagy was effectively
inhibited (Figure 5E). After inhibiting mitophagy, the cell
viability was increased (Figure 5F); At the same time, the

elevations of ALT, AST, and LDH indexes in the cell
supernatant were reduced (Figure 5G).

Likewise, to verify the role of ERS in TW-induced live damage,
we applied 4-PBA (Pao et al., 2021), the specific inhibitor of ERS.
When HepaRG cells were treated with 4-PBA, the expression level
of GRP78 was significantly decreased, suggesting that TP-induced
ERS was effectively inhibited (Figure 5H). After inhibiting ERS by
4-PBA, the cell viability induced by TP was increased (Figure 5I);
Simultaneously, the elevation of ALT, AST, and LDH indexes in
the cell supernatant was decreased (Figure 5J).

These results suggested that excessive mitophagy and ERS
were important mechanisms of TW-induced cytotoxicity.

3.4 Inhibition of Endoplasmic Reticulum
Stress Attenuated TP-Induced Excessive
Mitophagy in HepaRG Cells
To further explore the relationship between ERS and
mitophagy in TW-induced hepatotoxicity, 4-PBA was used.
When ERS was inhibited by 4-PBA in HepaRG cells, the
expression level of GRP78 was down-regulated, and the
expression levels of DRP1 and LC3 were also decreased

FIGURE 4 |QTF attenuated TW-induced excessive mitophagy and ERS in C57BL/6J mice. (A)QTF improved mitochondrial and ER damage induced by TW, and
reduced autophagosomes and autophagolysosomes. The small black arrow represents autophagosomes, and the large black arrow represents autophagolysosomes.
2,500 magnification, Scale bar: 5 µm. (B) QTF reversed the TW-induced expression level of GRP78, PERK, ATF4, DRP1, P62 and LC3. Compared with the control
group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with the TW group, #p < 0.05, ##p < 0.01, ###p < 0.001.
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FIGURE 5 | Inhibition of mitophagy and ERS attenuated TP-induced cytotoxicity in HepaRG cells. (A) The effect of 4–64 μg/L TP on the viability of HepaRG cells for
12, 24, 36, and 48 h, respectively. (B) 4–64 μg/L TP led to the increase of ALT, AST, and LDH indexes in the supernatant of HepaRG cells. (C) 4–64 μg/L TP caused the
increase of autophagosome production in HepaRG cells. Green fluorescence represented autophagosome. 200 magnification, Scale bar: 5 µm. (D) The effect of
4–64 μg/L TP on the expression of GRP78, PERK, ATF4, DRP1, P62, and LC3 in HepaRG cells. (E) The effect on the expression levels of DRP1, P62, and LC3 in
cells by inhibiting mitophagy byMidivi-1. (F) The effect on cell viability by inhibiting mitophagy byMidivi-1. (G) The effect on ALT, AST, and LDH indexes in the supernatant

(Continued )
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(that of P62 was increased), indicating that ERS regulated
mitophagy (Figure 6).

3.5 Inhibition of the PERK-ATF4 Pathway
Downregulated TP-Induced Excessive
Mitophagy in HepaRG Cells
To further verify the relationship between the PERK-ATF4
pathway and mitophagy, we applied GSK2656157 (Axten
et al., 2013), the specific inhibitor of PERK. When the
expression level of PERK was down-regulated by
GSK2656157, the expression of ATF4, a key protein
downstream of PERK, was down-regulated, and
simultaneously, the expression levels of DRP1 and LC3
were decreased (that of P62 was increased) (Figure 7),
indicating that the PERK-ATF4 pathway regulates
mitophagy in TP-induced cell damage.

3.6 The Pharmacodynamics Combination of
Qingluo Tongbi Formula Reduced
TP-Induced Damage by DownRegulating
Excessive Mitophagy Through the
PERK-ATF4 Pathway in HepaRG Cells
To further verify that QTF reduces TW-caused hepatotoxicity by
inhibiting ERS by the PERK-ATF4 pathway and then
downregulating excessive mitophagy, we used TP, catalpol
(CAT, the main active ingredient of RG), and panax
notoginseng saponins (PNS, the main active ingredient of PN),
which are the main active ingredients of QTF.

Firstly, the safe dosage of CAT and PNS was screened in
HepaRG cells by CCK8, respectively. Then we screened the
respective optimal protective doses of CAT and PNS, and

found that when CAT was 80 μg/l and PNS was 10 μg/l,
their respective protective effect was the most obvious
(Supplementary Figure S3). The combination of CAT and
PNS improved the viability of HepaRG cells induced by TP
(Figure 8A); Simultaneously, they significantly reduced the
ALT, AST, and LDH in the supernatant of HepaRG cells
induced by TP (Figure 8B). CAT and PNS also significantly
ameliorated TP-induced cell morphological damage and death
(Figure 8C); Meanwhile, they also reduced TP-induced
autophagosomes in HepaRG cells (Figure 8D). PNS was
superior to CAT in inhibiting the expression levels of
GRP78, PERK, and ATF4 (Figure 8E), while CAT was
superior to PNS in reversing the expression levels of DRP1,
P62, and LC3 (Figure 8F). The combination of CAT and PNS
had the most obvious regulatory effect on the PERK-ATF4
pathway and mitophagy.

4 DISCUSSION

Mitochondria is the “energy reservoir” of cells, providing the
necessary energy for various cellular activities through oxidative
phosphorylation (Annesley & Fisher 2019). Studies have shown
that mitochondrial damage and dysfunction play a causative role
in drug-induced liver injury (Fromenty & Pessayre 1995; Pessayre
et al., 1999; Lin et al., 2019). Mitophagy, as an important type of
selective autophagy, is the main way to remove damaged
mitochondria and determines the normal performance of
mitochondrial quantity and function (Ashrafi & Schwarz
2013). However, excessive mitophagy induced by drugs and
other stimuli results in abnormal mitochondrial number and
energy metabolism, causing apoptosis or autophagic death.
Mitochondria is an organelle that constantly undergoes

FIGURE 6 | Inhibition of ERS attenuated TP-induced excessive mitophagy in HepaRG cells. The effect on the expression levels of DRP1, P62, and LC3 by inhibiting
ERS by 4-PBA. Compared with the control group, *p < 0.05, ***p < 0.001; compared with the TP group, #p < 0.05, ##p < 0.01.

FIGURE 5 | of HepaRG cells by inhibiting mitophagy by Midivi-1. (H) The effect of 4-PBA on the expression of GRP78 in cells. (I) The effect on HepaRG cell viability by
inhibiting ERS by 4-PBA. (J) The effect on ALT, AST, and LDH indexes in cell supernatant by inhibiting ERS by 4-PBA. Compared with the control group, *p < 0.05, **p <
0.01, ***p < 0.001; compared with the TP group, #p < 0.05, ##p < 0.01, ###p < 0.001.
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division and fusion. The balance between mitochondrial division
and fusion maintains its normal shape and function and is an
important basis for ensuring the normal progress of various
physiological activities of cells (Yoo & Jung 2018).
Mitochondrial fragmentation resulting from an imbalance of
mitochondrial fission and fusion is a prerequisite for
mitophagy (Chen et al., 2016). Some research has shown that,
mitochondrial fission-related factors and degradation of
mitochondrial fusion-related factors are required for
mitophagy (Shirihai et al., 2015). In mammals, the main
proteins that regulate mitochondrial fission are dynamin-
related protein 1 (DRP1), mitochondrial fission 1 (FIS1), etc.,
The proteins that regulate mitochondrial fusion mainly include
mitochondrial fusion (MFN, which has two isoforms, MFN1 and
MFN2), optic atrophy 1 (OPA1) (Chan 2006). DRP1 is mainly
located in the cytoplasm and is a member of the protein dynein
superfamily, also known as dynein 1 (Dynamin 1, DNM1L).
Some studies suggest that DRP1 is required for mitochondrial
fission (Fonseca et al., 2019) and is also the key marker of
mitophagy in TP-induced hepatotoxicity (Hasnat et al., 2019).
Our study proved that in mice treated with TW, the expression of
mitophagy-related proteins was abnormal, which was
characterized by the increased expression level of DRP1, while
the expression levels of MFN1 and FIS1 did not change
significantly. QTF could significantly reverse TW-induced
expression levels of mitophagy proteins DRP1, P62, and LC3-
Ⅱ. And QTF could intuitively improve TW-induced
mitochondrial morphological damage and reduce
autophagosomes and autophagolysosomes by TEM. To further
study the important role of mitophagy in the TW-induced
hepatotoxicity, we used, TP, CAT, and PNS to verify the

mechanism with the mitophagy inhibitor Midivi-1 in HepaRG
cells. The results showed that, when mitophagy was inhibited by
Midivi-1, the expression levels of DRP1, LC3-Ⅱ were down-
regulated (that of P62 was up-regulated), and cell viability and
liver function indicators ALT, AST, and LDH were improved,
suggesting that excessive mitophagy was an important
mechanism of TW-induced hepatotoxicity.

Furthermore, TW-caused hepatotoxicity was also accompanied
by morphological damage of the ER and the protein and gene levels
of Glucose-regulated protein 78 (GRP78) and protein kinase R-like
endoplasmic reticulum kinase (PERK) increased, while QTF
significantly improved the TW-induced morphological damage of
ER and reduced the expression level of GRP78 and PERK. When
physical, chemical, and other factors stimulate the body, too many
unfolded/misfolded proteins accumulate in the ER, causing ERS and
triggering unfolded protein response (UPR) (Ron &Walter 2007); If
UPR fails to maintain balance, the cell survival mechanism will turn
to the death mechanism (Hetz 2012; Kraskiewicz & FitzGerald
2012). When cells initiate the UPR, GRP78 expression is
upregulated, depolymerized and activated to further correct the
protein folding of erroneous proteins while activating
mechanisms such as autophagy and apoptosis (Lu et al., 2020).
In in vitro experiments, we used 4-PBA for mechanistic studies to
further clarify the role of ERS in TW-induced hepatotoxicity. When
ERS was inhibited by 4-PBA, the cell viability and the levels of ALT,
AST, and LDH improved, indicating that ERS was also an important
mechanism of TW-induced hepatotoxicity, while QTF inhibited the
TW-caused ERS.

A cell is an organic whole, like the human body. As the largest
membranous organelle in cells, the ER is an important site for
protein synthesis, processing and modification (Wang & Kaufman

FIGURE 7 | Inhibitionof thePERK-ATF4pathwaydownregulated TP-induced excessivemitophagy inHepaRGcells. Effects on the expression of ATF4,DRP1,P62, and LC3by
inhibiting PERK by GSK2656157. Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with the TP group, #p < 0.05, ##p < 0.01.
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2016). It can coordinately regulate physiological activities such as
autophagy with mitochondria through MAMs. However, it is not
clear that how ERS affects mitophagy and whether QTF reduces the
hepatotoxicity of TW is related to ERS andmitophagy.We inhibited
ERS by 4-PBA to investigate the link between ERS andmitophagy in
TW-induced hepatotoxicity;When ERSwas inhibited by 4-PBA, the

expression levels of DRP1 and LC3-II were downregulated (that of
P62 was upregulated), demonstrating that ERS regulates mitophagy.
It is known that under ERS, cells mainly initiate UPR through three
pathways: PERK, inositol-requiring enzyme 1 (IRE1), and activated
transcription factor 6 (ATF6). The PERK pathway is the preferred
activation pathway induced by ERS (Fung et al., 2015). PERK is a

FIGURE 8 | The pharmacodynamics combination of QTF reduced TP-induced damage by down-regulating excessive mitophagy by the PERK-ATF4 pathway in
HepaRG cells. (A) CAT and PNS improved the TP-induced reduction of HepaRG cell viability. (B) CAT and PNS improved the levels of ALT, AST, and LDH in the
supernatant of HepaRG cells induced by TP. (C)CAT and PNS improved the TP-induced morphological damage to HepaRG cells. 200magnification, Scale bar: 10 µm.
(D) CAT and PNS reduced the TP-induced increase of autophagosomes in HepaRG cells. The green fluorescence represents autophagosomes. 200
magnification, Scale bar: 5 µm. (E) CAT and PNS reduced the expression level of GRP78, PERK, and ATF4 in HepaRG cells induced by TP. (F) CAT and PNS reversed
the expression level of DRP1, P62, and LC3 in HepaRG cells induced by TP. Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with the TP
group, #p < 0.05, ##p < 0.01.
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transmembrane protein located in the ER. When ERS occurs, PERK
dissociates from GRP78 and is activated by autophosphorylation,
and further activates Activating Transcription Factor 4 (ATF4) by
phosphorylating eukaryotic initiation factor 2α (eIF2α)
(Krishnamoorthy et al., 2014). ATF4, located downstream of the
PERK pathway, can regulate the expression of multiple autophagy-
related genes, including LC3B, ATG5, ATG7, and Beclin1, and plays
an extremely important role in regulating autophagy (Rzymski et al.,
2009). Simultaneously, under persistent ERS, ATF4 also induces
apoptosis by degrading XIAP and cooperating with C/EBP-
homologous protein (CHOP) (B’Chir et al., 2013). The results of
our study demonstrated that the PERK-ATF4 pathwaywas activated
in TW-induced hepatotoxicity. To further verify that ERS regulates
mitophagy by the PERK-ATF4 pathway, we applied GSK2656157.
When the PERK-ATF4 pathway was inhibited by GSK2656157, the
expression levels of DRP1 and LC3-Ⅱ decreased (that of P62
increased), suggesting the PERK-ATF4 pathway was an
important pathway for ERS to regulate mitophagy.

The detoxification effects of RG and PN in QTF were the most
obvious. In vitro studies showed that CAT, the main active
ingredient of RG, significantly inhibited the expression of
mitophagy proteins DRP1 and LC3-II induced by TP (down-
regulated the expression of P62), while PNS, the main active
ingredient of PN, significantly inhibited the expression of GRP78,
PERK and ATF4 induced by TP. CAT is superior to PNS in
regulating mitophagy, and PNS is superior to CAT in
regulating ERS.

However, how does DRP1 regulate mitophagy in TW-induced
hepatotoxicity? And whether QTF alleviates TW-induced
hepatotoxicity by regulating mitophagy by the PINK1-Parkin
pathway? These are not quite clear yet and our team will
conduct further research in the future.

5 CONCLUSION

Our study shows that, TW-induced hepatotoxicity is associated with
excessive mitophagy and ERS, and ERS regulates mitophagy by the
PERK-ATF4 pathway; QTF downregulates excessive mitophagy to
reduce the TW-induced hepatotoxicity by inhibiting ERS by the
PERK-ATF4 pathway. QTF differentially regulates different sites of
the PERK-ATF4 pathway and mitophagy through different
components to exert the attenuation effect.
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