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Sulfuretin protects hepatic cells through regulation
of ROS levels and autophagic flux
Yu-ting Lu1,2,3, Yu-feng Xiao1,2, Yu-feng Li1,2, Jia Li1,2,3, Fa-jun Nan1,2 and Jing-ya Li1,2

Palmitate (PA) exposure induces stress conditions featuring ROS accumulation and upregulation of p62 expression, resulting
in autophagic flux blockage and cell apoptosis. Sulfuretin (Sul) is a natural product isolated from Rhus verniciflua Stokes; the
cytoprotective effect of Sul on human hepatic L02 cells and mouse primary hepatocytes under PA-induced stress conditions was
investigated in this study. Sul induced mitophagy by activation of p-TBK1 and LC3 and produced a concomitant decline in p62
expression. Autophagosome formation and mitophagy were assessed by the sensitive dual fluorescence reporter mCherry-EGFP-
LC3B, and mitochondrial fragmentation was analyzed using MitoTracker Deep Red FM. A preliminary structure–activity relationship
(SAR) for Sul was also investigated, and the phenolic hydroxyl group was found to be pivotal for maintaining the cytoprotective
bioactivity of Sul. Furthermore, experiments using flow cytometry and western blots revealed that Sul reversed the cytotoxic effect
stimulated by the autophagy inhibitors 3-methyladenine (3-MA) and chloroquine (CQ), and its cytoprotective effect was almost
eliminated when the autophagy-related 5 (Atg5) gene was knocked down. These studies suggest that, in addition to its
antioxidative effects, Sul stimulates mitophagy and restores impaired autophagic flux, thus protecting hepatic cells from apoptosis,
and that Sul has potential future medical applications for hepatoprotection.
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INTRODUCTION
Mitochondria play a key role in ATP production and are crucial
organelles for cell growth, apoptosis and death. Oxidative
phosphorylation is the main, but not the only, function of
mitochondria, and reactive oxygen species (ROS), including
superoxide, hydrogen peroxide, and hydroxyl radicals, are formed
in the process of mitochondrial respiratory activity [1]. Under
physiological conditions, there is a balance between the formation
of ROS and their elimination by antioxidant enzymes and other
chemical substances [2, 3]. When the balance is disrupted by
the excessive formation of ROS, oxidative stress (OS) occurs [4].
Palmitate (PA) triggers oxidative stress and mitochondrial
oxidative damage and induces downstream apoptotic events by
mitochondrial activation [5, 6]. Many diseases, such as aging,
cancer, cardiovascular disease, diabetes, and neurodegenerative
diseases, are associated with mitochondrial dysfunction [7–12];
in brief, mitochondrial function is closely related to health and
disease development. Mitochondrial quality control (MQC) is
one of the critical processes maintaining mitochondrial health,
and autophagy is an indispensable cellular process that greatly
contributes to MQC [13, 14].
Macroautophagy (often referred to as autophagy), a process

of “self-eating”, is a response to starvation and stress [15] and
removes aged and damaged organelles and proteins under
normal conditions [16]. The autophagy process can be

summarized by four major stages: induction, nucleation,
expansion/completion, and termination/retrieval [17]. Cells
generate double-membrane vesicles that elongate into what
is defined as an autophagosome, which engulfs macromolecules
or organelles and delivers them to the lysosome for degradation
[18]. In virtually all cells, autophagy is a fundamental process
that sustains basal functions, including protein and organelle
turnover. Autophagy is a rapid response to sublethal stress
so that cells can make changes in their metabolism and protect
themselves from potential damage. Under stress, cells eliminate
defective proteins and macromolecules, damaged organelles,
and toxic aggregates through the autophagy process for survival
[19, 20]. The blockage of autophagic flux can lead to cell
apoptosis [21].
Selective degradation of mitochondria by autophagy, defined

as mitophagy, is one of the crucial aspects of MQC and is
important for the optimal maintenance of mitochondrial function
[22, 23]. Mitophagy can be regulated by mitochondrial dynamics
[24], mitochondrial membrane potential (MMP) [25], accumulation
of full-length PINK1 to recruit PARKIN to mitochondria [26, 27], and
phosphorylation of TBK1 [26]; mitophagy can be marked by the
formation of mitophagosomes, decreased mitochondrial mass,
and mitochondrial fragmentation [27]. Many studies have revealed
that mitochondrial fission/fusion machinery participates in the
regulation of mitophagy and have demonstrated that depolarized

Received: 13 July 2018 Accepted: 8 November 2018
Published online: 18 December 2018

1State Key Laboratory of Drug Research, The National Center for Drug Screening, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, 201203 Shanghai, China;
2University of Chinese Academy of Sciences, 100049 Beijing, China and 3School of Life Science and Technology, ShanghaiTech University, 201210 Shanghai, China
Correspondence: Jia Li (jli@simm.ac.cn) or Fa-Jun Nan (fjnan@simm.ac.cn) or Jing-Ya Li (jyli@simm.ac.cn)
These authors contributed equally: Yu-ting Lu, Yu-feng Xiao

www.nature.com/aps

© CPS and SIMM 2018

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-018-0193-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-018-0193-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-018-0193-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-018-0193-5&domain=pdf
mailto:jli@simm.ac.cn
mailto:fjnan@simm.ac.cn
mailto:jyli@simm.ac.cn
www.nature.com/aps


mitochondria are a substrate for mitophagy [28, 29], such that
antimycin A and CCCP initiate mitophagosome formation in HCT-
116 cells [24]. When threatened or dysfunctional, such as during
OS, damaged and excess mitochondria are selectively eliminated
through autophagy or mitophagy to maintain mitochondrial
quality and quantity for survival [30].
Typically, to estimate overall autophagic flux, one must detect

the autophagy marker LC3-II, and one should observe the
formation of autophagosomes [31]. The increased synthesis or
lipidation of LC3, corresponding to the increased formation of
autophagosomes, is used as a standard way to evaluate
autophagic activity [32]. Autophagy is a highly dynamic, multistep
process; therefore, the number of autophagosomes is determined
by both their formation and clearance [33]. To accurately assess
autophagic activity, one should evaluate the digestion and
degradation of contents and the breakdown products released
[31, 32]. The accumulation of p62 is considered a marker of
autophagic flux blockage [31, 33]. If autophagosomes have
formed and LC3 is detected, but p62 has accumulated, this
finding indicates that autophagosomes were formed but could
not be degraded, which means that autophagic flux was blocked
[32, 34]. As a result, the blockage of autophagic flux would lead to
cell apoptosis [21].
Recent studies revealed that prolonged exposure of β cells to

free fatty acids (FFAs), such as PA, leads to an increased number of
autophagosomes due to blocked autophagic flux, which is clearly
shown by increased LC3-II levels as well as p62 accumulation
[35, 36]. When autophagy turnover was damaged in β cells, this
effect subsequently led to apoptotic cell death. Under oxidative
stress conditions, inhibition of autophagy promotes apoptosis of
hepatocytes; in other words, the impaired autophagy function
promotes oxidant-induced liver injury [37]. In addition, autophagy
can regulate β-oxidation of fatty acids and may relieve lipotoxicity
induced by free fatty acids such as PA in hepatic cells [38, 39].
Autophagy participates in liver metabolism through multiple
pathways and plays diverse roles in the survival and function of
hepatic cells [40]. Therefore, the restoration and promotion of
autophagic flux may protect the cell from apoptosis under PA-
induced OS conditions.
Sul is one of the natural products isolated from Rhus verniciflua

and is known to have various biological activities, including anti-
inflammatory [41] antimutagenic [42], anticancer [43], antioxida-
tive stress [44], antiplatelet [45], and anti-rheumatoid arthritis
effects [46]. In previous studies, most of the reports focused on the
anti-inflammatory activity of Sul.
Here, we sought to validate the hepatoprotective effect of Sul

on human hepatic L02 cells, and we found evidence that
Sul promotes mitophagy, decreases p62 levels, and eliminates
ROS to protect L02 cells from apoptosis. In addition, we made an
effort to prove that Sul could be a potential mitophagy stimulator
and restore autophagic flux to protect against cell apoptosis.

MATERIALS AND METHODS
Chemistry of Sul and its derivatives
Compounds S1, S2, S3, S4, and S5 were synthesized according to
previously reported procedures [47, 48]. Sul was purchased from
BioBioPha (China; #120–05–8). Starting materials, reagents and
solvents were purchased from commercial suppliers and used
without further purification. All nonaqueous reactions were
performed under an inert atmosphere (argon) with rigid exclusion
of moisture from reagents, and all reaction flasks were oven-dried.
TLC was carried out on precoated TLC plates with silica gel HSGF
254. Spots were visualized under UV at 254 nm. 1H and 13C NMR
spectra were measured on a Brucker AVANCE III 500 spectrometer
using deuterated chloroform (CDCl3), deuterated methanol (CD3OD-
d4), and deuterated dimethyl sulfoxide (DMSO-d6) as the solvents.

HRMS were measured on a Micromass Ultra Q-Tof Ultima TM
spectrometer.

Cell culture and plasmid transfection
The L02 cell line, a human hepatic cell line, was purchased from
ATCC and maintained in RPMI 1640 (Corning; #1868882) with 10%
FBS (Gibco) at 37 °C, 5% CO2 and 21% O2 in a regular incubator.
L02 cells before passage 30 were used. The pBABE-puro mCherry-
EGFP-LC3B plasmid was purchased from Addgene (Cambridge,
MA, USA; Addgene ID: 22418). For imaging experiments, L02 cells
were plated on coverslips in 12-well plates and incubated
overnight to adhere. Cells were then transfected with the desired
plasmid according to the manufacturer’s instructions and
incubated for 48 h. In detail, L02 cells were transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA; #11668019)
containing the basic vector or mCherry-EGFP-LC3B in Opti-MEM
(Invitrogen; #31985070). After 6 h of incubation, the medium was
changed to RPMI 1640 with 10% FBS (Gibco; #10099141), cells
were incubated for 2 days, and compounds were added into the
medium 1 h before the laser confocal microscopy assay was
performed.

Small interfering RNA (siRNA) transfection
L02 cells were plated in 6-well plates and incubated overnight to
adhere. Cells were transfected with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA; #11668019) containing the
scramble siRNA sequences or targeting Atg5 siRNA sequences
in Opti-MEM (Invitrogen; #31985070). After 6 h of incubation, the
medium was changed to RPMI 1640 with 10% FBS (Gibco;
#10099141), and the cells were incubated for 2 days. Com-
pounds were added to the medium 24 h before the flow
cytometric (FCM) analysis and western blot were performed. The
small interfering RNA sequences are supplied in supplementary
information. All the experimental supplies used in this assay are
RNase free.

Treatment of cells with palmitate and cell viability analysis
Cells were cultured in 12-well, 24-well, or 96-well plates with
approximately 2 × 105 cells/mL in culture medium with 10% FBS.
Palmitate (Sigma-Aldrich, St. Louis, MO, USA; final concentration,
0.4 mM; #P9767) was added to the wells to induce OS and cell
apoptosis as indicated in each experiment. Cell viability was
measured using an MTS Cell Proliferation Colorimetric Assay Kit
(Promega, Madison, WI; #3581) according to the manufacturer’s
instructions.

Mitochondrial membrane potential assay
Mitochondrial membrane potentials were measured using the
fluorochrome tetramethylrhodamine ethyl ester perchlorate
(TMRE; excitation wavelength: 540 nm; emission wavelength:
595 nm; Sigma-Aldrich, St. Louis, MO, USA; #87917). Cells were
plated in 96-well plates and cultured with phenol red-free
medium. TMRE was added at 40 min, and the cells were pretreated
with Sul for 1 h. The fluorescence intensity of TMRE was measured
with a microplate fluorescence reader.

Measurement of intracellular ROS production
The production of intracellular ROS was measured using the
general oxidative stress indicator CM-H2DCFDA (Invitrogen,
Carlsbad, CA, USA; #C6827) according to the manufacturer’s
instructions. Briefly, cells were plated in 96-well plates, and after
24 h, they were cotreated with palmitate and Sul. The cells
were washed twice with PBS and supplied with phenol red-free
medium containing 10 μM CM-H2DCFDA dye, and then,
the cells were incubated for 30 min at 37 °C in the dark. Cells
were then washed with phenol red-free medium three times, and
the DCF fluorescence intensity was measured using a microplate
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fluorescence reader (excitation wavelength: 488 nm; emission
wavelength: 530 nm).

Antibodies and immunoblotting
Western immunoblotting was performed as described previously.
In brief, cells were lysed, sonicated and boiled at 100 °C for 10 min
in sample buffer (50 mM Tris-HCl, 2% w/v SDS, 10% glycerol, 1%
β-mercaptoethanol, 0.01% bromophenyl blue pH 6.8). Cell
lysates were separated by SDS-PAGE and transferred to nitrocel-
lulose (NC) filter membranes. The membranes were first incubated
with blocking buffer (TBS with 0.1% Tween 20 and 5% non-fat
milk) for 1 h at room temperature and then incubated overnight
at 4 °C in buffer containing primary antibodies. The membranes
were washed three times and then incubated with secondary
antibodies for 1 h. After three washes, immunostaining was
visualized using an electrochemiluminescence and ChemiDoc
imaging system (Bio-Rad). Anti-PARP (#9542), anti-cleaved caspase
3 (#9664), anti-cleaved caspase 9 (#9509) and anti-p-TBK1 (#5483)
antibodies were purchased from Cell Signaling Technologies
(Danvers, MA, USA). Anti-LC3B antibody (#L7543) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Anti-p62 antibody
(#sc-25575) was purchased from Santa Cruz Biotechnology. Anti-
β-actin (#AM1021B) antibody was purchased from ABGENT (San
Diego, CA, USA).

FCM analyses
For cell flow cytometric (FCM) analysis, cells were trypsinized, and
the single-cell suspensions were then stained with annexin V and
propidium iodide (KeyGEN BioTECH; #KGA108) in binding buffer
for 15 min at room temperature. Cells were then analyzed with a
Guava Flow Cytometer (Millipore, St. Charles, MO, USA), and the
data were collected with FlowJo software.

Fluorescence staining
For mitochondrial morphology analysis, cells were incubated with
MitoTracker Deep Red FM (Invitrogen, Carlsbad, CA, USA;
#M22426) for 20min at room temperature. After washing with
PBS, cells were fixed with 4% PFA (Sigma-Aldrich, St. Louis, MO,
USA; #158127) for 10 min at room temperature. For autophago-
some puncta formation analysis, nuclei were stained with Hoechst
(Sigma-Aldrich, St. Louis, MO, USA; final concentration, 10 μg/mL;
#14530) for 10 min. Cells were analyzed by laser confocal
microscopy (Olympus, Tokyo, Japan).

Isolation of primary hepatocytes
Primary hepatocyte isolation was performed as described
previously [49]. In detail, the male C57BL/6J mice at 6–8 weeks
of age were anesthetized with 10% chloral hydrate, and
50mL perfusion buffer was perfused through the portal vein
at 37 °C. The perfusion buffer consisted of Krebs Ringer
buffer, EGTA (0.19 mg/mL, Sangon Biotech, Shanghai;
#A100732–0005) and Glucose (0.9 mg/mL). Then, 50 mL of
collagenase-I (0.48 mg/mL, Worthington, Lakewood; #LS004196)
dissolved in collagenase buffer was infused into the liver
through the portal vein. The collagenase buffer consisted
of Krebs Ringer buffer, HEPES (0.19 mg/mL, Sangon Biotech,
Shanghai; #A600264–0250) and CaCl2 (2.5 mol/L) at 37 °C. The liver
was aseptically removed to a sterile 6-cm cell culture dish
containing 5mL of cold perfusion buffer without collagenase.
The excised liver was cut, and hepatocytes were dispersed by
aspirating with a large-bore pipette, filtered through a 70-μm
cell strainer (Thermo Fisher Scientific) into a 50-mL centrifuge
tube and spun at 700 r/min for 5 min at 4 °C. The cells were
then resuspended in HepatoZYME-SFM (Gibco, Grand Island, N.Y.;
#17705021) medium containing 2 mM L-glutamine, 20 units/mL
penicillin and 20 μg/mL streptomycin. Then, the cells were
plated at 5 × 105 cells/mL in a 6-well culture plate that was
precoated with gelatin.

Cell oxygen consumption rate analysis
Cells were cultured in Seahorse 96-well plates (Seahorse
Bioscience, USA; #W21715) with approximately 1 × 104 cells in
each well. Cells were pretreated with multidose Sul for 1 h, and
OCR was measured using a Seahorse XFe96 analyzer according to
the manufacturer’s instructions. Oligomycin, FCCP, and antimycin
A & Rotenone were added during the assay.

Quantitative real-time PCR (RT-qPCR)
Total mRNA was isolated using Trizol (Thermo Fisher Scientific-
Invitrogen; #15596018) according to the manufacturer’s instruc-
tions. Then, the PrimeScript RT reagent kit (Takara Bio; #RR036A)
was used to reverse 1 μg of RNA to cDNA according to the
manufacturer’s instructions. Real-time PCR was performed using
AceQ Qpcr SYBR Green Master Mix (Vazyme; #Q131–02) and a
StratageneMx 3000 P thermal cycler. Primer sequences are
supplied in supplementary information.

Statistical analyses
Values are reported as the means ± SEM. P-values were calculated
by Student’s t-test, and P < 0.05 was considered statistically
significant. All graphs were plotted with GraphPad Prism software.

RESULTS
Sul decreases ROS levels in human hepatic L02 cells and provides
cytoprotection against palmitate treatment
Free fatty acids such as PA induce lipotoxicity in hepatic cells
[38, 39], and ROS accumulation plays an important role in
cytotoxicity and cell death. Sul was reported to have cytoprotec-
tive effects against tert-butyl hydroperoxide-induced hepatotoxi-
city [50], so the antioxidant effect of Sul was initially investigated
under PA-induced oxidative stress conditions in our study.
The intracellular ROS level was determined by the fluorescence
intensity of the fluorescent probe CM-H2DCFDA. After exposure to
0.4 mmol/L PA for 24 h, ROS levels were 3-fold higher than the
ROS levels in the control cells (Fig. 1a), and cotreatment with Sul
dramatically reduced the ROS levels (P < 0.001). Because the
majority of ROS are produced by mitochondria, we then
investigated the effect of Sul on mitochondrial function. TMRE
was used to detect the mitochondrial membrane potential (mtΔψ,
MMP) of L02 cells in response to Sul. After treatment with 5 μM
Sul, L02 cells showed an ~25% decrease in mtΔψ compared to
cells treated with DMSO (P < 0.001), and the chemical uncoupler
CCCP showed an ~45% reduction (Fig. 1b). Western blot assays
revealed that PA-induced cell death was apoptotic, as indicated by
upregulated levels of cleaved PARP, cleaved caspase 3, and
cleaved caspase 9 protein, and the above cell apoptosis could be
prevented by Sul treatment in a dose-dependent manner (Fig. 1c).
The dramatic decrease in MMP triggers mitophagy, which is one

of the important ways to MQC which influence the cell viability.
Therefore, we applied the autophagy inhibitors 3-MA and CQ to
evaluate whether there was a correlation between Sul-induced MMP
decrease and cell viability. Then, the time-course cytotoxic effect of
PA was evaluated by cell viability assays, which showed that PA
treatment caused cell death obviously, and Sul protected the cell
viability to 48 h. In addition, Sul reversed cell viability damaged by
autophagy inhibitors (Fig. 1d). FCM analysis revealed that PA
induced a remarkable cell apoptosis rate after 24 h with 91.66%
apoptotic cells, while cells cotreated with Sul reduced the apoptotic
rate to 80.32% (Fig. 1e). To ensure the effect of mitochondrial
electron transport chain (ETC) function we investigated the oxygen
consumption rate by Sul treatment. The results show that the
respiratory rate of ETC neither L02 cells (Fig. 1f) nor hepatocytes
(Fig. 1g) was affected by multidose Sul treatments for 1 h.
These data suggest that Sul may interfere with the function of

mitochondria through promoting mitophagy rather than respira-
tory function to exert its cytoprotective activity.
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Fig. 1 Sul decreases ROS levels in human hepatic L02 cells and provides cytoprotection against palmitate treatment. a ROS level is measured
in L02 cells induced with palmitate and treated with Sul for 24 h. b Mitochondrial membrane potential (MMP) detection while CCCP
as a positive control. c Western blot analysis of apoptosis marker proteins including cleaved-PARP, cleaved-caspase3 and cleaved caspase9
while in response to PA and Sul treatments in L02 cells. d Time-course cell viability analysis after PA treatment with or without Sul or
autophagy inhibitors CQ and 3-MA. e FCM analysis of apoptotic rate induced by PA and with or without Sul for 24 h in L02 cells.
Representative plots from three independent experiments are shown. f Oxygen consumption experiment performed in L02 cells with Sul
treatment. g Oxygen consumption experiment performed in hepatocytes with Sul treatment. Student’s t-test. All datas were shown as means
± SD of three independent replications. Asterisks indicate P-values (**P < 0.01, ***P < 0.001) of control versus treated groups, Croisillons
indicate P-values (#P < 0.05, ##P < 0.01, ###P < 0.001) of PA and compounds co-treated groups versus PA treated DMSO group. PA, palmitate;
Sul, sulfuretin; CQ, chloroquine; 3-MA, 3-Methyladenine; CCCP, carbonyl cyanide m-chlorphenyl-hydrazone. FCCP, Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone
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Chemical modification and SAR of Sul
To further understand the structure and activity relationship, we
investigated the preliminary SAR of Sul. Because MMP is a
comprehensive indicator of mitochondrial function, an MMP assay
of L02 cells was used to evaluate the activity of modified Sul
compounds (Table 1). We mainly focused on the multiple phenolic
hydroxyl structures of Sul to verify their effects on the MMP
model. The results showed that when all of the phenolic hydroxyl
groups were protected by methyl groups, compound S3
completely lost its activity. Protection of both 3′- and 4′-hydroxyl
groups could not be tolerated. However, compound S1, which had
only the 6-hydroxyl group protected, maintained a certain degree
of potency in the MMP model, although the potency was
decreased compared to the potency of Sul. Removing one of
the hydroxyl groups on ring B was allowed, but compound S4
and compound S5 also showed no higher potency than Sul.
Compound S2, which expanded ring C, had only weak activity.
These results indicated that the hydroxyl group on ring B is
important and greatly contributes to the activity, while the
hydroxyl group on ring A has little influence. Based on the SAR
results, we chose Sul as a tool because Sul had the highest
potency and had been demonstrated to have cytoprotective
effects [50, 51].

Sul promotes mitophagy in human hepatic L02 cells
ROS are mainly produced in mitochondria, and mitophagy is
important for cell quality control processes [1, 22]. The decrease
in MMP is the prerequisite for mitophagy, so we then tested
whether Sul influences mitophagy in L02 cells, and laser confocal
microscopy was used to observe the mitochondrial fragmentation
that occurred with mitophagy [25]. By staining with MitoTracker
Deep Red FM, a commercially available mitochondrial
indicator, the DMSO group showed classic mitochondrial struc-
tures (Fig. 2a). However, when treated with 5, 10, or 20 μM of Sul,
the mitochondrial network structures were fragmented, as
determined by laser confocal microscopy (Fig. 2a). This finding
suggests that Sul may activate the mitophagy process to form
autophagosomes. We also examined the effect of Sul on
mitochondrial morphology (fragmentation) at different time
points, and the same phenomenon was observed (Figure S1). To
further confirm whether Sul can induce mitophagy, the pBABE-
puro mCherry-EGFP-LC3B plasmid was used to investigate LC3-II

puncta formation. The formation of mCherry fluorescent spots
(red puncta) represents the formation of autophagosomes.
The mTOR inhibitor rapamycin promoted autophagy, and the
formation of autophagosomes was facilitated (Fig. 2b). As
expected, Sul significantly induced autophagy and was much
more effective than rapamycin (Fig. 2b).
In addition, the phosphorylation of TBK1, which is considered

one of the criteria of mitophagy, was evaluated [26]. CCCP is
recognized as a positive control compound that can trigger
mitophagy by lowering the MMP [25]. The results showed that
Sul, as well as CCCP, could significantly promote the phosphoryla-
tion of TBK1 compared to the phosphorylation observed
in the DMSO group (Fig. 2c). This result was consistent with
the mitochondrial fragmentation phenomenon observed in the
fluorescence images showing that Sul promoted mitophagy.

Sul reverses PA-induced or autophagy inhibitor-induced
autophagic flux blockage to protect cells from apoptosis
Based on our data showing that Sul protected cells from apoptosis
and promoted mitophagy, we hypothesized that mitophagy
activation may be a novel mechanism through which Sul exerts
its hepatoprotective function. To confirm this hypothesis, the
effects of Sul on mitophagy, with or without PA-induced OS
conditions were assessed. The results showed that when cells
were treated with Sul for 24 h, the autophagy flux evidenced
by upregulated LC3-II levels and reduced p62 levels for autophagy
processing, accompanying the downregulated apoptosis signals,
cleaved caspase 9 and cleaved caspase 3, were clearly observed
(Fig. 3a). In addition, PA caused not only LC3-II production
and TBK1 phosphorylation but also p62 protein accumulation,
indicating that autophagic flux and mitophagy were blocked
(Fig. 3b). In addition, Sul treatment restored p62 protein
accumulation in a dose-dependent manner (Fig. 3b). The
autophagy inhibitors CQ and 3-MA have been widely used to
verify the inhibition of autophagy. CQ prevents the fusion of
the autophagosome and lysosome, and the degradation of LC3
and p62 proteins would be blocked, resulting in the observed
accumulation of these two proteins; 3-MA inhibits the initiation of
autophagy, so neither LC3 nor p62 was increased (Fig. 3c).
Regarding cleaved caspases and cleaved PARP as apoptotic
signals, inhibition of autophagy by CQ and 3-MA both led to
increased levels of L02 apoptosis (Fig. 3c).

Table 1. The compounds synthesized and their activity in MMP model

Compound R1 R2 R3 Concentration (μM) MMP (% DMSO)

Sulfuretin OH OH OH 5 65.63 ± 0.31***

S1 OMe OH OH 5 85.69 ± 2.56***

S2 OH OH OH 5 91.91 ± 3.71*

S3 OMe OMe OMe 5 111.17 ± 3.20**

S4 OH H OH 5 76.52 ± 5.59***

S5 OH OH H 5 79.76 ± 9.09**

CCCP 10 22.64 ± 0.31***

Carbonyl cyanide m-chlorphenyl-hydrazone (CCCP) is a positive control. Asterisks indicate p-values (*P < 0.05, **P < 0.01, ***P < 0.001) of DMSO group versus
treated groups, Student’s t-test. All datas were shown as means ± SD of three independent replications. Sul, sulfuretin; CCCP; S1-S5, Sul derivatives
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Based on the results of Fig. 3a–c, we next used CQ, 3-MA
and rapamycin to detect the effects of the mitophagy
modulators under PA-induced L02 cell apoptotic conditions.
As shown in Fig. 3d, the autophagy-inducer rapamycin reduced
the cleaved form of PARP and the caspases, and the
autophagy inhibitor further aggravated cell apoptosis. Cotreat-
ment with Sul partially restored the autophagic flux marker
p62 levels and reduced the cleaved PARP and caspase levels
produced by PA.
To better illustrate the cell protective effect of Sul and confirm

its relationship to autophagy, we performed FCM analyses.
According to the statistical data, Sul displayed good cytoprotec-
tive efficacy (Fig. 3e). In detail, cells were incubated with PA
(0.4 mM) for 12 h, and the proportion of nonviable apoptotic
(late stage of apoptosis) cells increased dramatically to 19.84%
(Fig. 3e, f). Treatment with Sul alleviated cell apoptosis, and
there was an approximately 8% decline (Fig. 3e, f). As expected,
based on the PA-induced lipotoxicity, the autophagy inhibitors
CQ or 3-MA further increased the proportion of nonviable
apoptotic cells (21.16% and 24.67%, respectively). Sul coincuba-
tion with CQ or 3-MA recovered the apoptotic rate to 14.27%
and 14.81%, respectively (Figs. 3e, f).
Subsequently, cells were incubated with 0.4 mmol/L PA for 18 h,

and the apoptotic rate of cells was remarkably increased
compared to the rate at 12 h of treatment (Figure S2); similar to
the results shown in Fig. 3, Sul showed protective activity against
the PA-induced apoptotic rate from 80.05% to 71.75%. Treatment
with the autophagy inhibitor 3-MA for 18 h aggravates cell
apoptosis, and Sul reduced the apoptotic cell proportion from
89.55% to 72.57% (Figure S2).
Taken together, these results revealed that Sul may exert

hepatoprotective activity by promoting autophagy, specifically
mitophagy.

Sul eliminates ROS induced by PA and reverses autophagy
inhibitors induced cell apoptosis in primary hepatocytes
To further validate the cytoprotective effect of Sul on hepatocytes,
we isolated primary mouse hepatocytes for further study. ROS
levels were seriously increased after PA treatment, and the
autophagy inhibitors could not further increase ROS, and Sul
eliminated ROS in various conditions remarkable in hepatocytes
(Fig. 4a). The time-course cell viability assays showed that Sul
exhibited a well cytoprotective effect on PA treatment and that
autophagy inhibitors caused cell death (Fig. 4b). According to FCM
analysis, based on the PA-induced lipotoxicity, the autophagy
inhibitors CQ or 3-MA sharply increased the proportion of
nonviable apoptotic cells (Fig. 4c). Sul coincubation with CQ or
3-MA reversed the apoptotic cell rate (Fig. 4c). The statistical data
of FCM analyses are shown in Fig. 4d. The promoting effect of Sul
on autophagy or mitophagy is positively correlated with its
cytoprotective effect, which is represented by the intensity of the
cleaved form of PARP and the caspases (Fig. 4e). In summary, Sul
promoted autophagic flux to reduce cell apoptosis induced by PA
and autophagy inhibitors.
In addition, after PA treatment, the morphology of primary

hepatocytes was seriously impaired, and Sul remarkably improved
the phenotype of hepatocytes (Figure S3). The autophagy
inhibitors aggravated cell morphology damage, and Sul mitigated
this phenomenon (Figure S3).

Sul protects cell apoptosis via mitophagy, which is blunted by
autophagy-related 5 gene deficiency
Because Sul exerted cytoprotective activity both in human
hepatic L02 cells and primary mouse hepatocytes, the results
suggested that mitophagy induction may be the underlying
mechanism. To confirm whether the reduction of p62 was due
to accelerated protein degradation or transcription inhibition,

Fig. 2 Sul promotes mitophagy in human hepatic L02 cells. a Fluorescent staining of mitochondria by MitoTracker Deep Red for 20min with
or without multi-dose Sul treatment. b Autophagosome observation by laser confocal microscopy after pBABE-puro mCherry-EGFP-LC3B
plasmid transfected into L02 cell and treated with Sul. Nuclei are stained with Hoechst. c Phosphorylation state of TBK1 detected by western
blot assay while rapamycin and CCCP as positive control. Representative plots from three independent experiments are shown. Sul, sulfuretin;
CCCP, carbonyl cyanide m-chlorphenyl-hydrazone. See also Figure S1
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we detected the p62 mRNA level under PA-induced conditions
with or without autophagy inhibitors in L02 cells and
hepatocytes, respectively (Figure S4). As the results show, PA
dramatically increased p62 mRNA levels in both L02 (Figure S4a)
and primary hepatocytes (Figure S4b), and Sul treatment did

not reduce the transcription level of p62 in L02 cells but a
slight decrease in hepatocytes. There is a tendency for
autophagy inhibitors to up-regulate the p62 mRNA level, and
there is a light decrease after Sul co-incubation. Our data
suggested that Sul may accelerate the degradation of p62 by

Fig. 3 Sul reverses PA or autophagy inhibitors induced autophagic flux blockage to protect cells from apoptosis. a Western blot analysis of
autophagy and apoptosis marker proteins in response to Sul treatment in L02 cells. b Western blot analysis of autophagy and mitophagy
marker proteins in response to various treatments in L02 cells. c Western blot analysis of autophagy and apoptosis marker proteins in
response to multi-dose of autophagy flux inhibitors (CQ and 3-MA) in L02 cells. d Western blot analysis of autophagy and apoptosis marker
proteins in response to various treatments in L02 cells. e Statistical data of the late stage apoptotic cell proportion under conditions
performed in f. f Representative FCM analysis of apoptotic rate with PA induced in response to various treatments in L02 cells for 12 h.
Student’s t-test. Datas were shown as means ± SD of three independent replications. Asterisks indicate P-values (**P < 0.01, ***P < 0.001). PA,
palmitate; Sul, sulfuretin; CQ, chloroquine; 3-MA, 3-Methyladenine. See also Figure S2 and Figure S4
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Fig. 4 Sul eliminates ROS induced by PA and reverse autophagy inhibitors induced cell apoptosis in primary hepatocytes. a Time-course ROS
detection in response to various treatments in hepatocyte. b Time-course cell viability measurement in response to various treatments in
hepatocyte. c Representative FCM analysis of apoptotic rate with PA induced in response to various treatments in hepatocyte for 24 h.
Representative plots from three independent experiments are shown. d Statistical data of the whole apoptotic cell proportion under
conditions what mentioned in c. e Western blot analysis of autophagy, mitophagy and apoptosis marker proteins in response to various
treatments in hepatocytes. Student’s t-test. All datas were shown as means ± SD of three independent replications. Asterisks indicate P-values
(*P < 0.05, **P < 0.01, ***P < 0.001) of control versus treated groups, Croisillons indicate P-values (#P < 0.05, ##P < 0.01, ###P < 0.001) of PA and
compounds co-treated groups versus PA treated DMSO group. PA, palmitate; Sul, sulfuretin; CQ, chloroquine; 3-MA, 3-Methyladenine. See also
Figure S3 and Figure S4
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promoting autophagy rather than inhibiting p62 transcription
under PA-induced conditions.
To further validate that the cytoprotective effects of Sul were

mainly due to autophagic flux promotion, we used small
interfering RNA (siRNA), which targeted and knock down human
ATG5 so that the autophagy process would be interrupted.
While ATG5 was knocked down, a similar phenomenon with
autophagy inhibitor treatment has been observed. Lack of but not
total deficiency of ATG5 leads to severe cell apoptosis, and Sul
slightly affected the apoptotic process (Fig. 5a, b). In addition,
siAtg5 triggered autophagy blockage, and the cytoprotective
effect of Sul was barely detectable (Fig. 5c). These data
demonstrated that the function of Sul is dependent on the
promotion of autophagic flux.
Taken together, these results show that Sul promoted

autophagy, specifically mitophagy, to protect cells from apoptosis
under PA-induced oxidative stress or autophagy inhibitor-induced
autophagic flux blockage. These results suggest that Sul may have
potential hepatoprotective applications for diverse mechanisms of
hepatotoxicity.

DISCUSSION
It is well known that ROS are mainly produced by mitochondria
[1]. ROS maintain balance under physiological conditions, and
disruptions in this balance may lead to oxidative stress, resulting
in mitochondrial or cell dysfunction and damage to lipids, proteins
and DNA [2–4, 6]. Palmitate (PA) triggers oxidative stress
and mitochondrial oxidative damage and induces downstream
apoptotic events through mitochondrial activation [5, 6]. Here,
we investigated the natural product Sul and validated its
hepatoprotective effect in the human hepatic cell line L02 and
primary hepatocytes. In our study, we found that Sul significantly
reduced ROS accumulation and the apoptotic signals induced
by PA. These results suggested that the hepatoprotective effect

of Sul may partially come from its antioxidant activity by reducing
intracellular ROS levels. Previous research has also verified that
the protective effect of Sul against t-BHP-induced oxidative
damage in human liver-derived HepG2 cells and the cytoprotec-
tive effects of Sul against accidental cell death against hydrogen
peroxide (H2O2) are due to ROS scavenging [51].
As the mitochondria are the main producing organelles of ROS,

we then evaluated the effect of Sul on mitochondrial functions
and surprisingly found that Sul could lower MMP. In other words,
Sul could likely regulate mitochondrial functions because MMP
depolarization is considered as a trigger of mitophagy according
to our knowledge [22, 24]. In this case, we subsequently focused
on mitochondria and found that Sul promotes the occurrence of
mitophagy, activates mitophagy processes to form autophago-
somes, significantly promotes the phosphorylation of TBK1,
upregulates LC3-II levels and reduces p62 protein levels (Figs. 2–4).
Because Sul could not downregulate the p62 mRNA level induced
by PA (Figure S4), the p62 mRNA level plus the p62 protein level
collectively represents the autophagy flux. The p62 protein level is
highly dynamic processed, which includes formation and degra-
dation [52]. When the autophagy flux was blocked, it caused
blockage of p62 protein degradation, which leads to p62
accumulation, and the mRNA level may be maintained at a
normal level or compensatory elevated [52]. This means that Sul
may accelerate the degradation of p62 by promoting autophagy
rather than inhibiting p62 transcription under PA-induced
conditions.
Regarding the cytoprotective activity of Sul on impaired

hepatocytes, we speculated that the decrease in MMP may
stimulate the mitophagy, which process will recycle the damaged
mitochondria and improve the quality control of healthy
mitochondria and that this process will potentially contribute to
the protective activity of PA induced in hepatocytes. Taken
together, our study and results suggest that Sul protects hepatic
cell injury by regulating autophagic flux, especially mitophagy.

Fig. 5 Sul protects cell apoptosis via mitophagy would be blunted by autophagy related gene 5 deficiency. a Representative FCM analysis of
apoptotic rate after Atg5 knock-down in response to Sul treatment in L02 cells for 24 h. Representative plots from three independent
experiments are shown. b Statistical data of the whole apoptotic cell proportion under conditions what mentioned in a. c Western blot
analysis of autophagy, mitophagy and apoptosis marker proteins in response to Atg5 knock-down and Sul treatment in L02 cells. Student’s t-
test. Datas were shown as means ± SD of three independent replications. Asterisks indicate P-values (*P < 0.05, ***P < 0.001). Sul, sulfuretin;
siAtg5, sequences targeted for human ATG5 small interfering RNA (siRNA)
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Autophagy is essential for survival and many physiological
processes. It occurs as a fundamental process in cells to sustain
basal functions, including protein and organelle turnover. Disrup-
tion or blockade of autophagy may participate in the pathogen-
esis of many diseases. It has been well demonstrated that
autophagy protects against diverse neurodegenerative diseases
[19]. Autophagy participates in liver metabolism through multiple
pathways and plays diverse roles in the survival and function of
hepatic cells [40]. Under oxidative stress conditions, impaired
autophagy function would promote oxidant-induced apoptosis of
hepatocytes and lead to liver injury [37]. Autophagy can regulate
β-oxidation of fatty acids and may reduce lipotoxicity induced
by free fatty acids such as PA in hepatic cells [38, 39]. Rapamycin
is an inhibitor of mTOR that activates autophagy and is widely
used in the treatment of diseases. Many studies have shown
that rapamycin produces its effects through the activation of
autophagy; rapamycin is used against peritendinous fibrosis [53],
to facilitate fracture healing [54], to reduce PA-induced ER stress in
adipocytes [55], to protect against OVA-induced asthma in mice
[56], to prevent cerebral stroke in rats [57], to protect the liver
from ischemia and reperfusion injury [58], and for other purposes.
In the present work, we found that the polyphenol natural

product Sul not only scavenges PA-induced ROS but also activates
mitophagy in L02 cells and primary hepatocytes through a
mechanism of reversing the blockage of autophagic flux and
reducing apoptosis events induced by PA. This was further
confirmed by the demonstration that apoptosis induced by the
autophagy inhibitors CQ and 3-MA was reversed by Sul. When
knockdown of ATG5 interrupted the autophagy process, the
cytoprotective effect of Sul was almost eliminated (Fig. 5). These
results further demonstrated that the cytoprotective effect of Sul
was mainly due to autophagic flux promotion. Our study thus
identified Sul as attenuating ROS accumulation and regulating
autophagic flux to protect cells from apoptosis. The unique
hepatoprotective mechanisms, including ROS homeostasis and
restoration of autophagic flux, could be a new strategy for hepatic
cell protection.
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