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Abstract

Juglone (JG), a naturally-occurring naphthoquinoh#anchurian walnutJuglans
mandshurica was shown to inhibit proliferation in various tamtypes. However,
the molecular mechanisms of JG on the inductiompaptosis and autophagy in
HepG2 cells have not been examined. Hem@jnvestigated that JG could inhibit
cell proliferation by induction of G2/M phase atre&lso, occurrence of apoptosis
was closely related with loss of mitochondrial meame potential, the changes of
apoptosis-related proteins after treatment with ldGaddition, we found that JG
caused autophagy, as evidenced by increased expresd LC3-1l and Beclin-1.
Interestingly,inhibition of JG-induced autophagy by 3-methyladen{B8-MA) and
wortmannin (WT) significantly decreased apoptosgisereas the apoptosis inhibitor
z-VAD-fmk slightly enhanced autophagy. Furthermdtee induction of autophagy
and apoptosis was associated with activation of KIA&Bmily members (p38 and
JNK) and production of reactive oxygen species (RCBoth JNK inhibitor
(SP600125) and ROS scavenger (N-acetylcysteine, )NAGuIld attenuate
JG-induced autophagy and apoptosis. However, tBesp8cific inhibitoiISB203580
enhancedautophagic and apoptotic death. Moreowee ROS scavenger NAC
prevented phosphorylation of both p38 and JNK. €xiely,our data revealed that
JG induced G2/M phase arrest, apoptosis, and autophagy throtigh
ROS-dependent signaling pathway.

Keyword Juglone, Human hepatocellular carcinoma cell, remaaixygen species,

apoptosis, autophagy, MAPK
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1. Introduction

Hepatocellular carcinoma is a disastrously maligmeoplasm and has been the
third leading cause of cancer death in the world Nowadays, there are various
therapeutic approach including chemotherapy, iet@ng therapy and surgical
interventions [2]. Cumulative evidences have intidathat traditional Chinese
medicines seem to have great potential in preverdaiad treatment of tumor, which
attracts more and more intereststhe world [3,4].Juglans mandshurica Maxim
widely distributed from Europe and Asia, has beseduas a traditional medicine for
treatment of cancer, especially in China and Kofglh As a major bioactive
component of naphthoquinones, juglone (5-hydroxy4knaphthoquinone) is
seperated from the roots, leavasd fruits ofJ. manshurica Maximand has been
demonstrated to inhibit proliferation of a varietfiytumor cells through the activation
of apoptoticcaspase cascade and ROS production, subbiraan gastric cancer cell
(SGC-7901), human leukemia cell (HL-60) and hum@on carcinoma cell (HCT-15)
[6]. Juglone was also proven to inhibit normal flidestcell proliferation through the
degradation of p53 [7]. Recentjyglone had been found to induce apoptosis through
different mechanisms, in C6 rat glioma celia reducing the invasiveness [8], in
cervical cancer Hela cellgia c-Jun N-terminal kinase/c-Jun pathway [9], and
Glioma stem-like cellsvia ROS-p38 pathway [10]. Additionally, juglone could
potentiate TRAIL-induced melanoma cells apoptosiBich was partially mediated
through the ROS-p38-p53 pathway [11].

According to morphological distinctive forms of ksglthere are two major types of
programmed cell death (PCD), apoptosis and autgphdg]. Apoptosis, as the

Type-1 form of PCD, isregulated by numerous processes, and leads taes sdr

specific morphological changes including cell meamer blebbing, cell shrinkage,
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chromatin condensation and DNA fragmentation [I8Rhddition, apoptotic cell death
is tightly dependent on activation of caspases,clwviplays an important role in
chemotherapy of various tumors [14]. Autophagy Is evolutionarily conserved
cellular degradation system that sequesters unfolded psot@mu/or unnecessary
cellular contenteto lysosomes for degradation, which is importantmaintaining a
normal physiological state of cells [15]. Duringt@phagy, with the extension and
elongation of double membrane vesicles, autophagesoare formed firstly.
Subsequently, the fusion of autophagosomes anddyses leads to the formation of
the autophagosome where damaged cellular compoaentdegraded [16]. Recent
accumulating evidences indicate that autophagydcaci as a double-edged sword. In
some cellular settings, firovidesnutrients and energy, and prevents cell death from
starvation or stress. Conversely, ¢an also enhance the therapeutic effect
by collaborating with apoptosis or as a back-uphlmasm to accelerate the death or
type Il cell death [17]. Currently, tHeinctional relationship between apoptosis and
autophagyremain complex and controversial. Therefore, furthesearches are
required for the interconnection of apoptosis am@hagywhich may be promising
for cancer therapy.

ROS, as active molecules of oxygen, is a by-prod@icell metabolism including

the superoxide anion (O ), the hydroxyl radical (HQ and hydrogen peroxide £8,)

[18]. At normal physiological conditions, the geagon and elimination of ROS keep
homeostasis in the bodylowever, the excessive generation of ROS in respoms
anti-tumor drugscauses cellular damage to the lipids, proteins BINA [19].
Moreover, ROS plays a critical role in inductionbafth apoptotic and autophagic cell
death [20], through the activation of the mitogetiraated protein kinases (MAPKS)

including JNK, p38 and ERK1/2 [21]. JNK, a stressivated protein kinasaften
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involves in a plethora of cellular events includiagoptosis and autophagy in
response taxidative stress [22]. Studies have demonstrated 38 MAPK is
associated with apoptosis, cell cycle arrest, gnowhibition and differentiation.
Besides regulating apoptosis38 MAPK is crucial to mediation of autophagy in
response to chemotherapeutic substances [23]. @Geéning evidence has
unequivocally unraveled that ERK also contributeshie regulation of apoptosis and
autophagy [24]. However, the role of ROS inducté&did autophagy and apoptosis
and the interaction between autophagy and apoptoklepG2 cells remain unclear.
Hence, the aim of present study waset@mine the inhibitory effect of JG on
HepG2 cells invitro, and elucidate the molecular mechanisms of cribsbtween
apoptosis and autophagy in JG-induced cell de@trerall, our data provided a

foundation forfurther researches on JG for HCC treatment.



105 2. Materialsand methods

106 2.1. Reagents and antibodies
107 Juglone (purity> 98%) was purchased from Sigma-Aldrich Chemical Gany (St.

108 Louis, MO, USA). A 10 mM stock solution of JG wapared in dimethyl sulfoxide
109 (DMSO) and stored at — 80 °C.

110 Polyclonal antibodies against cleaved caspase-B, @DPribose) polymerase
111 (PARP), LC3B, p21, JNK, phospho-JNK (Thr183/Tyr18538 MAPK, phospho-p38
112 MAPK (Thr180/Tyr182), p42/p44 MAPK, phosphp42/44 MAPK (Thr202/Tyr204),
113 Actin and inhibitor compounds z-VAD-fmk (a caspasdibitor), U0126 (ERK
114 inhibitor), SP600125 (JIJNK inhibitor), SB203580 (p38APK inhibitor) and
115 Ad-GFP-LC3B were purchased from Beyotime InstitateBiotechnology (Beijing,
116 China). Antibodies againgthospho-Cdc2, Cdc2, phospho-Cdc25C, Cdc25C, cyclin
117 B1, phospho-Chk2, and Chk2 were purchased from Gajhaling Technology
118 (Beverly, MA, USA). Dimethyl sulfoxide (DMSO), Neatyl-L-cysteine (NAC),
119  Wortmannin (WT) and MTT were obtained from Sigmé (Duis, MO, USA). Other
120 reagents and chemicals were purchased from Bejjiregnical Reagents Co. (Beijing,
121 China). Secondary antibodies were obtained from oBeye Institute of
122  Biotechnology (Beijing, China). Deionized water wagrified by a Milli Q Water
123  Purification system from Millipore (Millipore CorpBedford, MA). Polyvinylidene
124 fluoride (PVDF) membrane was purchased from Millgp@viillipore Corp., Bedford,

125  MA).

126  2.2. Cell culture and proliferation assay
127 Human hepatoma HepG2 cells were purchased fronCBAS (Cell Bank of

128 the Chinese Academic of Sciences, Shanghai, PRaLhmd the normal human cell



129 lines HL-7702 cells was generous gifts by Profe€s0rSui. The cells were cultured
130 in DMEM (Invitrogen) containing 10% (v/v) fetal bime serum (Hyclone) and
131 antibiotics (100 U/ml penicillin and 10@y/ml strepto-mycin) (Hyclone) at 37 °C in

132  a humidified 5% C®incubator.

133 The cell viability of HepG2 and L0O2 was measuread MTT assay. Cells were
134 plated into 96-well plates (5 x i@ells/well) 24 h before treatment. Then, cellsaver
135 treated with various concentrations of JG for 12,02 48 h, followed by incubating
136  with 5 mg/ml of MTT working solution for 4 h at 3€. After added 10@l of DMSO
137 to dissolve the crystals, the absorbance of eadhatvé70 nm was measurethree

138 replicates were carried out for each of the diffieteesatments.

139 2.3. Colony-formation assay

140 Cells (500 cells/well) were seeded in 6-wattesand allowed to grow for 24 h.
141  After attachmentgells were pretreated with different concentratiohdG for 24 h at
142 37 °C. Thereafter, the medium was discarded andbated for an additional 14
143 days in complete medium. After that, cells weredixvith 4% paraformaldehyde for
144 15 min, washed with PBS, and stained with crysiakev for 10 min. Finally, the dye
145 was washed with PBS. The clones with more thaned8 aere counted under an
146  ordinary optical microscope.

147  2.4. Flow cytometric analysis

148 The intracellular accumulation of ROS, mitochondrizembrane potential and
149 apoptosis rate were measured by flow cytometricegqusly described [25,26].

150 2.5. Cell cycle analysis

151 For cell cycle analysis, HepG2 cells (1 X bells/well) were seeded in six-well
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platefor 24 h at 37 °C. Then, cells were exposed to@AQ, 20 and 3(AM) for 24
h. After treatment, cells were centrifuged and weaslwith PBS followed by
suspension in 80QL PBS, 200uL CyStain (Partec GmbH, Germany). The cell
cycle arrest was measured with flow cytometry aradyaed by FloMax software.
2.6. Nuclear staining with Hoechst 33258

DNA condensation and nuclear fragmentation wasraeted by the method as
described [26].
2.7. Western blotting

Proteins were extracted and immunoblotted as pusliyalescribed [25].
2.8. Evaluation of fluorescent LC3 puncta

HepG2 cells were seeded in 6-well plates (NEST) grmlvn to 50%-60%
confluence, then cells were infected with Ad-GFP3BCat 10 MOI and incubated in
medium containing 2% FBS for 12 h. Next, the mediuare replaced by complete
culture medium. After 24 h, cells were treated witin without different
concentrations of JG for different times. Immunofescence images were obtained
by Cytation 5 Cell Imaging Multi-Mode Reader (Bikid&JSA).
2.9. DNA fragmentation assay

DNA fragmentation was measured by agarose gel rej@uobresis after JG
treatment (0—3@M) according to the manufacturer's protocol (Bayetilnstitute of
Biotechnology, China) [25].
2.10.Monodansylcadaverine & Acridine Orange staining

For monodansylcadaverine (MDC) stainingfter treatment with various
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concentrations of JG for indicated tineells were washed with ice-cold PBS, and
incubated with 5@M of MDC at 37 °C for 20 min. The stained cells wavashed
and immediately analyzed under a florescence ntopes For Acridine Orange
(AO) staining, after designated treatments, ceblsenmvashed with PBSha stained
by 1 ug-mL*AO in PBS at 37°C for 15 min. Then cells were waktgee times
with PBS and visualized with a fluorescence micrpsco
2.11. Statistical analysis

All results were expressed as mean values + stdndawiation (n = 3).
Differences between groups were calculated by omg-ANOVA. An analysis of
ANOVA variance with a Tukey post hoc test was usednultiple comparisons. All
statistics were calculated using the STATISTICAgreon (StatSoft, Tulsa, OK).
Correlations were calculated using the ReglinP tioncand inverted Studenttdest.

p < 0.05 was considered as statistically significant
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3. Results
3.1. JG inhibited the proliferation of HepG2 and triggereell cycle arrest at the
G2/M phase.

In order to investigate whether JG could affect gedwth, MTT assay was used.
As shown in Fig. 1A and S1A, we found that JG digantly decreased the cell
viability in a time and dose-dependent manner. [3gvalues of JG were 44.3M
(12 h), 29.04uM (24 h) and 20.43uM (48 h) for HepG2 cells, respectively.
However, JG exhibited little toxicity to the normbBUman hepatic (L02) cells
compared with HepG2 cells. In addition, colony-fation assaylemonstrated that
the number of colonies treated by JG was signiflgaeduced when compared with
untreated cells (Fig. 1B and S1B). These resulte@ted that JG had a strong ability
to inhibit the HepG2 cells proliferation.

To further verify the relationship between cell leyaand cell proliferation
inhibition, we performed flow cytometry analysisetcamine the effect of JG on cell
cycle distribution.As shown in Fig. 1C, exposure of HepG2 cells to aiG
concentrations ranging from 10 to @M for 24 h led tathe accumulation at G2/M
phase, accompanied with the decreased radio of G@tase. Furthermore, the
expressions of cell cycle-regulated proteins weomitored by western blotting. As
shown in Fig. 1D and S1C, Treatment with JG inadabe protein levels of Chk2,
phospho-Chk2, phospho-Cdc2, p21 and phospho-Cdc@28fle decreasing the
protein level ofCdc2. The amount of Cyclin B1 was slightly lowercahcentrations

of 20 and 3@M. The above data indicated that JG was involve&2iM phase

10



210 arrestby alteringG2/M cell cycle specific regulator.

211  3.2. JG induced apoptosis of HepG2 cells

212 Consideringcell cycle arrest will more likely result in celpoptosis. Therefore,
213 apoptosis induced by JG was initially investigatieebugh Hoechst 33258 staining.
214 As shown in Fig. 2A and S2Aondensed and fragmented nuclei were gradually
215 increased after treatment with JG for 24mMhereasuntreated cells did not appear.
216  Consistent with above findings, flow cytometric Bses indicated that the number
217 of late apoptotic cells was significantly increasaftier treatment with J@& a
218 dose-dependent manner (Fig. 2B and S2B). Next, ound that mitochondrial
219 membrane potential (MMP) was remarkably alterediase- and time- dependent
220 manner after JG treatment (Fig. 2C and S2C). Toiddite whether apoptosis was
221 induced through the mitochondrial signaling pathwaye investigated the
222 expression of apoptosis-related proteins by weddotiing. As shown in Fig. 2D
223 and S2D, JGaused a dramatic decrease in the protein lev8cb®, while Bax,
224  cleaved-PARP and cleaved-caspase 3 protein levais significantly increased. In
225 order to further clarify above findings, cells wgnetreated witlz-VAD-fmk (a pan
226 caspase inhibitor) in the following experimentée found thatz-VAD-fmk could
227 remarkably block JG-induced loss of viability anmbptosis (Fig. 2E, S2E and S2F).
228 3.3. JG triggered autophagy in HepG2 cells.

229 As z-VAD-fmk could only reduce part of the cell deaaused by JG, recent
230 several studies have shown that autophagy condsbub cell death in a

231 caspase-independent model [27], we next determiwbdther autophagy was

11
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induced in HepG2 cells after JG treatment. As shawirig. 3A and S3A, JG
treatment led to a significant increase in GFP-L@fcta formation and the
accumulation of autophagic vacuoles labeled by A@ ®IDC in both dose- and
time-dependent manner compared with untreated. ddidseover, western blotting
results also confirmed that an increasing levdl©@8B-II protein was observad a
concentration- and timelependent manner after JG treatment (Fig. 3B aBJ.S3
3.4. Autophagy contributed to JG -induced cell apsis

Autophagyis a quite complex mechanism in the regulation lofsmological and
pathophysiologicalprocesses [17]. Besides that, the interconnectietwden
apoptosis and autophagy is ambiguous. First of3athethyladenine (3-MA), an
inhibitor of autophagy, was used in the followingperimentsAs shown in Fig. 4A
and S4A, treatment with 3-MA significantly abolishedlO-labeled AVOs,
MDC-labeled AVs and GFP-LC3 puncta formation. Maen JG- induced
apoptotic effects were also blocked in the presaic&MA and WT compared to
JG treatment alone (Fig. 4B, C and S4B, C). Sule@ty) we investigated the effect
of apoptosis inhibition on autophagy. Inhibitionagoptosis by z-VAD-fmk resulted
in a slight increase of GFP-LC3 puncta (Fig. 4A &whA). In addition, western
blotting analysis also demonstrated that suppraessi@poptosis by z-VAD-fmk led
to a slight enhancement of LC3B-Il expression (M and S4D). To further
confirm that coactivation of autophagy and apoptagas involved in JG-induced
cell death, cell viability was analyzed in preserafeautophagy and apoptosis

inhibitors. Interestingly, JG-induced cell death was almosiregtrecovered after

12
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combination of z-VAD-fmk and 3-MA (Fig. 4E). Thusur data indicated that
autophagy inhibition decreased cell death, whilkibition of apoptosismight
enhance autophagy.
3.5. JG-induced autophagy was partially attributedthe activation of p38 MAPK
and JNK pathways

Recently, a series of studies have shown that MAP&bways are involved in
regulation of autophagy and apoptosis [21-24]. &foee, western blotting was used
to analyze the expression of MAPKSs, including ERK1IINK and p38 MAPK. Fig.
5A and S5A revealed that an increaselmsphorylation of p38 MAPK and JNK
was found in the dose- and time-dependent manrer aG treatment, but not
ERK1/2. To furtherverify whetherthese pathways were involved in JG -induced
autophagy and apoptosis, selective inhibitors UO{&6 upstream inhibitor of
ERK1/2), SP600125 (a JNK inhibitor) or SB203580&8 MAPK inhibitor) were
used insubsequent experiments. As shown in Fig. 5B, C3%id, the loss of cell
viability and apoptosis were blocked after pretmeait with SP600125, while these
were dramatically increased in the presence of SB20. In addition, western blot
analysis demonstrated that SB203580 not only uplaéed the expression of
cleaved-PARP, cleaved caspase-3, LC3-Il and Bdglibut also enhanced the
accumulation of GFP-LC3 puncta and formation of Av@nd AVs. However,
pretreatment with SP600125 only suppressed LCBdt|in-1 expression, GFP-LC3
puncta accumulation, AVOs and A¥smation, which had no effects on the cleaved

levels of both PARP and caspase-3 (Fig. 5D, E & D).
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3.6. ROS was involved in JG -induced apoptosisaadphagy

Several reports had provided that JG induced appto various cell lines
through generation of reactive oxygen species (R[BE)Thereforethe level of
ROS was measured Hjow cytometry. As showed in Fig. 6A and S6A, ROS
generation wasbviously accumulated in time- and dose-dependerin@r when
cells were treated with JG. In order to confirm wWiee ROS plays any roles in
JG-induced autophagy and apoptosis, the antioxilaatetylcysteine (NAC) was
used. Pre-treatment with NAC effectively suppresi8enduced generation of ROS
and reduction of MMP (Fig. 6B and S6B, 6C). Thed, Vassay and Annexin -FITC
/Pl assay illustrated that NAC could remarkablemiatecell death caused by JG
(Fig. 6C and S6D), which were consistent with thsuits obtained from western
blot (Fig. 6D and S6E). Furthermore, we examineddtiect of ROS on JG-induced
autophagy. Addition of NAC almosibrogated the JG-induced AVOs and AVs
formation, GFP-LC3 puncta accumulation, and LC@&xpression (Fig. 6D, E and
S6E). Additionally, the phosphorylation of p38 MARKd JNKalso was attenuated

in the presence of NAC (Fig. 6F and SG).
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4. Discussion

Hepatocellular carcinoma is the most common typelivar cancer in both
developed and developing countries. Natural predoatve long been a fertile source
for cancer and more than 1000 plants were founglogsess significant anticancer
properties treatment drugs [28]. JG, a naturallggogng compound of the
traditionalChinese medicine herb, has been reported to ratiecgroliferatiorof a
variety of tumor cells. In the present study, owatadrevealed that JG could
significantly suppresthe growth of HepG2 celihrough induction of G2/M phase
arrest and apoptosis. Moreover, it was the firstolind that JG was also able to
cause autophagy, which contributed to JG-inducdd death, throughactivating
ROS-medicated p38 and JNK pathway.

Cell cycle regulation plays a key role in cell pieation, which requires a range
of cyclin-dependent kinases (CDKSs) or proteins invdlvie has been reported that
natural agents are able to cause the imbalancellofycle progression at a specific
checkpoint such as GO-, S-, or G2/M-phase arre&t 3B]. Cdc2 interacting with
cyclin B, which is suppressed by the phosphorytatid cdc2, usually regulates the
transition from G2 to M phase [31]. For the ondetdosis, Cdc25C is known as a
dual specificity phosphatasagtivated for de-phosphorylation of Cde2hkl and
Chk2, the checkpoint kinases, could activate Cd¢Za@pressing Cdc25&activity
[32]. Our study indicated that JG caused G2/M phasestvia upregulation of
phospho-Chk2, Chk2, phospho-Cdc25C, phospho-C&P apd downregulation of

Cdc2, Chk2. Similar phenomena were also observeti wiumbagin, another

15
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naphthoquinone frorRlumbago zeylanic&., which induced G2/M in breast cancer
cells [33].

Apoptosis is known as a programmed cell death psocerhich plays a central
role in regulating proliferation of cancer cellsda@ormation of tumor in response to
pro-apoptotic stimuli, including chemotherapy,—irradiation and so on [34,35].
Previous studies showed that loss MMP played aritapt role in JG-induced cell
apoptosis [36, 37]; Ji et al pointed thE® could potently inhibit the growth and
induce apoptosis of SGC-7901 cells by the actimatdthe mitochondrial death
pathway [36]. Tdhuman leukemia cell HL-60, JG induced apoptosisdbgasing of
Cyt ¢, Smac and AIF from mitochondria and elevatimgratio of Bax/Bcl-2 [37]. In
the current study, we found that JG could signifigarreduce MMP in a
concentration- and time-dependent manner. Moreakierflow cytometric analysis
of Annexin V/PI double staining cells demonstraé@dobvious increase in apoptosis
proportion in JG-treated HepG2 cells. Recentlzais been shown that JG inhibited
the growth of TSCs in gliomas through the activatod ROS-p38-MAPK pathway
in vitro [10]. Lu et al stated that JG regulated the expoessf Bax, CytC, Fas, FasL
and Caspase-3 by activating JNK/c-Jun pathway, itidiscing apoptosis of cervical
cancer cells [9]. However, our data showed JG-iedwuapoptosis was dependent on
the activations of PARP and caspase-3 and the ekaofyBcl-2 and Bax protein
expression. Interestingly, the pan-caspase inmizHdAD-fmk dramatically blocked
JG-induced cell death, but not entirely preventexidell death, suggesting tludher

caspase-independent pathways involved in JG-indapegtosis.
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Autophagy, an evolutionarily conservedracellular degradatiomechanism, has
been a novel therapeutic target chemotherapy drugs in treatment of various
cancers. Recent a growing body of studies bieen reported that various natural
compounds have the capability to induce autoph&gyne important examples are
resveratrol [38], quercetin [39] and plumbagin [44&] of which have been shown to
induce autophagy in various cancer cells. To thst bEour knowledgehis study is
the first to demonstrate that J@&luces autophagy in HepG2 cells. In this studsy,
found an enhanced formation of AVs and AVOs, inseeh accumulation of
GFP-LC3 puncta and upregulated expression of LCiBaplying the occurrence of
autophagyn the HepG2 cells after JG treatment. Both apaptasd autophagy are
essential cellular degradation pathways that aenahduced by similar stimuli and
regulated by similar pathways [17]. However, thiedt of autophagy, pro-survival
or pro-death, are controversial in candeor example, quercetin can induce a
pro-survival autophagy in esophageal squamousrmama cells angastric cancer
cells [39], whereas resveratrol or plumbagin indu@a autophagic cell death
chronic myelogenous leukemia cells or in human sl cell lung cancer cells,
respectively [38]In summary, autophagy and apoptosis can coopeaatagonize,
or assist each other to differentially influence fhate of the cell. In the present study,
inhibition of autophagy by pre-treatment with 3-M&nd WT diminished JG-
induced cell death. Intriguinglyhe pharmacological inhibition of both autophagy
and apoptosis by combination of 3-MA and z-VAD-frmkarkedly decreased

JG-induced cell death, suggesting JG-induced aatpphwvas a pro-apoptotic
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mechanism in HCC cells.

Recently, there is accumulating evidence revedtag ROS, especially through
the mitochondria, not only play critical roles mduction of apoptosis but are also as
the potent regulators for autophagy [41]. Consisteith most of previous studies,
our results showed that both the autophagic mari®eslin-1 and LC3-1l) and
apoptotic markers (caspase-3 and PARP) were sigguotdsy the ROS inhibitor
NAC in JG-treated cells. Accumulating evidence has inddahat autophagic cell
death is triggered by the MAPKs [16, 42]. Additiipya recent studies have
suggested that JG could activate ERK1/2, p38 MA&i, INK1/2 [9, 10, 11, 43]. In
HepG2 cellsye found that treatment with JG resulted in actorabf JNK and p38,
but did not changEBRK phosphorylationlnhibition of p38 MAPK with SB203580
notably promoted JG-induced autophagy and apoptdsiwever, inhibition of JINK
with SP600125 only impaired JG-induced autophadySRs involved in activation
of the downstream signalingathways, such as PI3K/Akt and MAPK [44, 45].
Therefore, we presume that ROS production may $jgoresible for the activation of
MAPK upon JG treatment. The results showed thattne@ment with NAC
prevented JG-induced phosphorylation of JNK and pBSPK, suggesting that
induction of ROS might activate JNK and p38 MAPKgddead to apoptosis and
autophagy in HepG2 cells.

In conclusion, our study, for the first time, deratrated that JG could effectively
suppress viability of HepG2 cells, induce cell eydrrest at G2/M phase, and

subsequently cause apoptotic andophagic cell death. In addition, JG triggered

18



381 apoptosis and autophagiathe activation of ROS-mediated JNK and p38 sigmgalin
382 pathway. These findings contribute to the develognaepromising agent for the

383 treatment of human HCC.
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Legendsto Figures
Fig. 1. Effect of JG on the proliferation and cell cyclestdbution in the human
hepatic cell line.
(A) HepG2 cells were treated with indicated concaidgns of JG for 12 h, 24 h and
48 h, and the viability was measured by MTT as@yColony-formation assay was
performed with and without JG treatmeahd the colonies were counted. (C) The
distribution of cell cycle was assessed by flonoayetry. The percentage of cell cycle
distribution (mean + S.D.) is from three replicatells and representative of three
separate experiments. (D) The expressions of gallegegulated proteins were
analyzed by western blot. Relative expression énitieensities of protein bands were
measured by quantitative software. Data shown a&&nnt SD (n=3)*p < 0.05 and

**p < 0.01 vs control.

Fig. 2. Effect of JG on HepG2 cell apoptosis.

Cells were treated with JG (0, 10, 20, anduB0) for 24 h. (A) Apoptotic nuclear
changes were stained with Hoechst 33258 and oltbemder a microscopy. (B)
Cell apoptosis was analyzed by Annexin V-FITC/Riirihg and flow cytometry.
The histograms illustrated the percentage of gatiptosis from three independent
experiments. Cells were treated with 8 pM) for different hours or with
indicated concentrations for 24 h. (C) The mitoahtal membrane potential was
analyzed using fluorescent probe JC-1 and preseagedar diagrams, and (D)
apoptosis-related proteins were determined by wedbot, Actin was used as
control. Relative expression in the intensitiespoftein bands were measured by
quantitative software (E) HepG2 cells were pretgéawith z-VAD-fmk for 2 h

before JG treatment for a further 24 h. Cell apsigtovas analyzed by flow
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cytometry and presented as bar diagrams. Eachepaesents the mean + SD of
three independent experimertp.< 0.05 and*p < 0.01 vs control#p < 0.05 and
##p < 0.01 versus JG treatment.

Fig. 3. Effect of JG on autophagy induction in HepG2 cells

(A) HepG2 cells were infected with Ad-GFP-LC3B 24 h, and then incubated
with JG (30 uM) for different hours (Upper pane) or treated witlarious
concentrations of JG for 24 h (Bottom panel). Tledscwere visualized under a
fluorescent microscope, JG -treated cells displaypdttern of GFP-LC3 expression,
indicating formation of autophagosomes. (B) Cel&avincubated with JG (2aV)
for indicated hours or treated with various concaidns of JG for 24 h.
Autophagy-related proteins, LC3 and beclinl, wenalyed by western blot and
presented as bar diagrams. Relative expressioheirintensities of protein bands
were measured by quantitative softwéape< 0.05 and*p < 0.01 vs control.

Fig. 4. Involvement of autophagy in JG -induced cell death

HepG2 cells were infected with Ad-GFP-LC3B for 24 dnd thencells were
pretreated with 3-MA or z-VAD-fmk for 2 h before d&atment for a further 24 h.
(A) GFP-LC3 puncta was assessed by fluorescenceosompy.(B) Cell viability
was assessed by MTT assay. (C) Cell apoptosis wab/ze&d using Annexin
V-FITC/PI by flow cytometry. The histograms indicdteat apoptosiproportion
from three separate experiments. (D) The expres$aamutophagy and apoptosis
-regulated proteins was assessed by western btbtpeesented as bar diagrams.

Actin was used as loading control. Relative expogss the intensities of protein
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bands were measured by quantitative software. (Ejntination of 3-MA or
z-VAD-fmk was added to cells 2 h before JG treatim@fter 24 h, cell viability was
determined. Data are presented as means = SD (fp=3)0.05 and*p < 0.01 vs
control,#p < 0.05 and#p < 0.01 versus JG treatment.

Fig. 5. Involvement of JNK1/2 and p38 MAPK in JG-inducedtaqinagy and
apoptosis.

(A) Cells were treated with various concentratiohdG for 24 h or incubated with
JG (30uM) for different hours. Levels of p-JNK, JNK, p-p3838, p-ERK1/2 and
ERK1/2 were analyzed by western blotting. Cells everetreated with U0126
(ERK1/2 inhibitor, 20uM), SB203580 (p38 MAPK inhibitor, 2AM), or SP600125
(JNK1/2 inhibitor, 4QuM) for 2 h followed by treatment with or without XGr 24 h.
(B) Cell viability was measured by MTT assay. (Q)eTpercentages of apoptotic
cells were evaluated by flow cytometry. (D) GFP-L@8ncta was assessed by
fluorescence microscopy. (E) Apoptosis-related metécleaved PARP and cleaved
caspase-3), autophagy-related proteins (LC3 andlim@¢cand phospho-p38,
phospho-JNK were analyzed by western blotting aresgnted as bar diagrams.
Actin was used as loading contrBlelative expression in the intensities of protein
bands were measured by quantitative software. ¥akegresent the mean = SD of at
least three independent experimefips< 0.05 and™*p < 0.01 vs control#p < 0.05
and##p < 0.01 versus JG treatment.

Fig. 6. Roles of ROS production in JG-induced autophagy apaptosis in HepG2

cells.
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(A) Cells were treated with various concentratiohdG for 24 h or incubated with
JG (30uM) for different hours. The level of ROS was detemed by flow cytometry.
Quantitative analysis of ROS generation was showrhistograms. Cells were
pretreated with NAC for 2 h, and then treated wi (30uM) for 24 h. (B) The
mitochondrial membrane potential and (C) The pdegges of apoptotic cells were
evaluated by flow cytometry and presented as bagrdms. (D) Autophagy and
apoptosis-regulated proteins was assessed by wéxdter Actin was used as loading
control. (E) GFP-LC3 puncta was assessed by fluenegcmicroscopy. (F) HepG2
cells were pre-treated with 5 mM NAC for 2 h folles by treatment with JGhe
expressiorf phospho-p38 and phospho-JNK was analyzed byewebtot analysis.
Actin was used as loading control. Relative expogss the intensities of protein
bands were measured by quantitative software. @fidts were expressed as mean +
SD of three independent experimerifs< 0.05 and™*p < 0.01 vs control#p < 0.05

and##p < 0.01 versus JG treatment versus JG treatment.
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Highlights

(1) JG-induced ROS production caused oxidative damage to mitochondria and
DNA.

(2) JG kills HepG2 cells through the induction of apoptosis.

(3) JG triggers autophagy, which contributes to JG-induced cell death.

(4) The autophagic cell death was dependent on ROS generation and the
activation of p38 MAPK and JNK pathways.

(5) JG isapotentia therapeutic agent for the treatment of HCC.



