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Emodin ameliorates cisplatin-induced apoptosis of
rat renal tubular cells in vitro by activating autophagy
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Aim: A previous report shows that emodin extracted from the Chinese herbs rhubarb and giant knotweed rhizome can ameliorate the
anticancer drug cisplatin-induced injury of HEK293 cells. In this study, we investigated whether and how emodin could protect renal
tubular epithelial cells against cisplatin-induced nephrotoxicity in vitro.

Methods: The viability and apoptosis of normal rat renal tubular epithelial cells (NRK-52E) were detected using formazan assay and
flow cytometry analysis, respectively. The expression levels of cleaved caspase-3, autophagy maker LC3 I/1l, and AMPK/mTOR signal-
ing pathway-related proteins were measured with Western blot analysis. The changes of morphology and RFP-LC3 fluorescence were
observed under microscopy.

Results: Cisplatin (10-50 pmol/L) dose-dependently induced cell damage and apoptosis in NRK-52E cells, whereas emodin (10 and
100 pmol/L) significantly ameliorated cisplatin-induced cell damage, apoptosis and caspase-3 cleavage. Emodin dose-dependently
increased LC3-Il levels and induced RFP-LC3-containing punctate structures in NRK-52E cells. Furthermore, the protective effects of
emodin were abolished by bafilomycin A1 (10 nmol/L), and mimicked by rapamycin (100 nmol/L). Moreover, emodin increased the
phosphorylation of AMPK and suppressed the phosphorylation of mTOR. The AMPK inhibitor compound C (10 umol/L) not only abol-
ished emodin-induced autophagy activation, but also emodin-induced anti-apoptotic effects.

Conclusion: Emodin ameliorates cisplatin-induced apoptosis of rat renal tubular cells in vitro through modulating the AMPK/mTOR sig-
naling pathways and activating autophagy. Emodin may have therapeutic potential for the prevention of cisplatin-induced nephro-
toxicity.
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Introduction macromolecules”. Autophagy can be induced under certain

Cisplatin (cis-diamminedichloroplatinum II) is a chemo-
therapeutic reagent that is widely used for the treatment of
malignant cancers. Despite its effectiveness, its application is
restricted by the cytotoxic effect of cisplatin on the kidney!™ ?.
Cisplatin causes nephrotoxicity through the induction of oxi-
dative stress, stress-related cell apoptosis and necrosis, espe-
cially in proximal tubules and collection ducts®.

Autophagy (macroautophagy) is an important cellular
process that maintains cellular homeostasis by degrading
defective or aged organelles, protein aggregates, and various
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pathological circumstances, including starvation, oxidative
stress, hypoxia, and ischemia/reperfusion. Both in vivo and in
vitro studies have demonstrated that cisplatin induces autoph-
agy in renal tubular cells, which has been considered an adap-
tive defensive response against cytotoxicity in renal tubular
epithelial cells””. It was recently reported that the activation
of autophagy during acute kidney injury (AKI) might exert
a protective effect for the survival of renal tubular epithelial
cells™”,

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is a natu-
ral anthraquinone that is extracted from the Chinese herbs
rhubarb and giant knotweed rhizome"'!. It has been shown
that emodin possesses various pharmacological properties,
including immunosuppression, anti-inflammation™?, anti-
proliferation ¥, anticancer™ ™ and antioxidant activities!"®.
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Previous studies have shown that emodin exerts renal protec-
tive effects. It suppresses cell proliferation and fibronectin
expression in glomerular mesangial cells cultured under high
glucose (HG)", and Lan et al demonstrated that emodin sup-
presses connective tissue growth factor (CTGF) overexpres-
sion and extracellular matrix (ECM) accumulation through the
inhibition of the p38MAPK pathway!"”.

A recent study found that emodin also protected human
kidney (HEK293) cells against cisplatin-induced cell injury

181 However, the

via its role as a potent free radical scavenger
mechanism underlying this effect remains poorly understood.
Previous studies have shown that emodin is a potent adenos-
ine mono-phosphate (AMP)-activated protein kinase (AMPK)
activator"” and regulates the mammalian target of rapamycin
(mTOR) pathway™. Given that the AMPK/mTOR signaling
pathway plays an important role in the regulation of autoph-
agy”, we hypothesized that autophagy might be regulated by
emodin to mediate its cellular protective effect. In the current
study, our data showing that autophagy is induced by emodin
through the AMPK/mTOR signaling pathways and plays an
important role in the anti-apoptotic effect of emodin against
cisplatin-induced cell death.

Materials and methods

Reagents

Emodin, cisplatin, Bafilomycin A1, rapamycin and Dorso-
morphin (compound C) were purchased from Sigma-Aldrich
Chemical Co (St Louis, MO, USA). Dimethyl sulfoxide (DMSO)
was purchased from Biosharp (St Louis, MO, USA). Emodin
was dissolved in DMSO to a concentration of 10 mmol /L.

Cell culture

Normal rat renal tubular epithelial cells (NRK-52E) were
obtained from the American Type Culture Collection (Manas-
sas, VA, USA) and routinely cultured in Dulbecco’s modified
Eagle’s medium/Ham’s F-12 (DMEM/F-12) (Hyclone, Ther-
mokFisher, Beijing, China) supplemented with 5% fetal bovine
serum (FBS).

Evaluation of viable cells

The number of viable cells was assessed by trypan blue exclu-
sion. Cells were resuspended in the trypan blue solution
(0.4%) after scraping and were then counted under a light
microscope with a hemacytometer. A water-soluble tetra-
zolium salt (WST) assay (formazan assay) was also performed
using a Cell Counting Kit-8 (Dojindo Laboratory, Shanghai,
China). At least three independent experiments were conducted.

Western blot analysis

Western blot analysis was performed as previously
described™. Anti- microtubule-associated protein 1 light
chain 3 (LC3) A/B (D3U4C), anti-caspase-3, anti-cleaved cas-
pase-3 (Aspl75), anti-phospho-mTOR (Ser2481), anti-mTOR,
anti-phospho-AMPKa (Thr172), anti-AMPKa, anti-phospho-
p70S6 kinase (Ser371), and anti-PB-actin antibodies, as well as
horseradish peroxidase (HRP)-conjugated anti-rabbit immu-
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noglobulins, were purchased from Cell Signaling Technology
(Beverly, MA, USA). The results were quantified using Image-
Pro Plus 6.0 software (Media Cybernetic, Washington, USA)
and were normalized to the densitometric signal of B-actin.

Flow cytometric (FACS) analysis of apoptosis

The apoptosis of NRK-52E cells was assessed by using flow
cytometry (Becton Dickinson) to analyze Annexin V-FITC and
Pl-stained cells labeled using the Annexin V-FITC Apoptosis
Detection Kit (KeyGEN BioTECH, Nanjing, China) according
to the manufacturer's protocol. Briefly, at the end of the exper-
imental period, cells were harvested in EDTA-free trypsin,
centrifuged at 1000 r/min for 5 min, and washed with PBS.
Cells were re-suspended with binding buffer, incubated for
15 min with Annexin V-FITC and PI, and subjected to FACS
analysis. For the experiment, Annexin V-FITC green fluores-
cence was detected by the channel FITC (FL1), and PI red fluo-
rescence was detected by the channel PI (FL3). The percentage
of Annexin V-FITC and PI stained cells was assessed using
Accuri C6 software (Becton Dickinson).

Transient transfection

NRK-52E cells were transfected with the pmRFP-LC3 plasmid
using Lipofectamine 2000 transfection reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. The pmRFP-LC3 (#21075) plasmid was obtained from
Addgene. NRK-52E cells transfected with pmRFP-LC3 were
then incubated with or without 100 pmol/L emodin for 1 h and
were observed for the formation of autophagosomes under a
fluorescent microscope.

Statistical analysis

The data are expressed as the meantstandard error(SEM).
Statistical analysis was performed using the non-parametric
Mann-Whitney U-test to compare data in different groups. A
P-value < 0.05 was considered to be statistically significant.

Results
Cisplatin induces apoptosis in renal tubular cells
Previous studies have suggested that cisplatin might induce

apoptosis in renal tubular epithelial cells!®.

In our study,
NRK-52E cells were exposed to different concentrations of cis-
platin (from 10 to 50 pmol/L), and cell viability was evaluated.
As expected, cisplatin resulted in concentration-dependent cell
death. Ata low concentration, cisplatin exhibited minor toxic-
ity by inducing the death of several cells, as revealed by the
appearance of round cells and reduced formazan formation.
At high concentrations (20 and 50 pmol/L), however, cisplatin
caused severe cellular damage (Figure 1A and 1B). These data
indicate that cisplatin induced NRK-52E cell death in a dose-
dependent manner.

We also examined the expression of apoptosis-related
markers after exposing cells to 50 pmol/L cisplatin for differ-
ent time intervals. As shown in Figure 1C, the expression of
cleaved caspase-3 increased when cells were treated with cis-
platin for more than 12 h (Figure 1C and 1D). Taken together,
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Figure 1. Cisplatin induces apoptosis in renal tubular cells. (A and B) NRK-52E cells treated with or without (Ctrl) different concentrations of cisplatin
(10-50 pmol/L) for 24 h were subjected to phase-contrast microscopy (A) and an assessment of cell viability by formazan assay (B). (C) NRK-52E cells
were treated with 50 pmol/L cisplatin at different time points and subjected to Western blot analysis of caspase-3 and cleaved caspase-3 expression.
The B-actin level is shown as a loading control. (D) Quantification of individual signals normalized to the level of B-actin is presented. (E and F) Cells
treated with or without 50 umol/L cisplatin for 24 h were subjected to Annexin V and Pl assay (E) and quantification of the percentage of apoptotic cells (F).

Mean+SEM. n=3. "P<0.05.

these data confirmed the presence of a time- and concentra-
tion-dependent pro-apoptotic effect of cisplatin on NRK-52E
cells. Additionally, after 24 h of treatment, FACS analysis
revealed that an increased fraction of apoptotic cisplatin-
treated cells (8.9% early apoptotic cells and 17.4% late apop-
totic cells) was detected (Figure 1E and 1F).

Emodin ameliorates cisplatin-triggered apoptosis
Some studies have shown that emodin exerts a renoprotec-

18231 To examine

tive effect in cisplatin-induced renal injury
whether cisplatin-triggered apoptosis can be inhibited by emo-
din in renal tubular cells, NRK-52E cells were treated with cis-
platin with or without emodin for up to 24 h, and microscopic
analysis was performed. The cisplatin-treated cells exhibited
abundant cellular death that was markedly attenuated by
treatment with emodin, especially at 100 pmol/L (Figure 2A).
Quantitative analysis showed that the number of apoptotic

cells was significantly decreased by emodin (Figure 2B).
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To further test the effect of emodin on cell viability, NRK-
52E cells were treated with cisplatin in the absence or presence
of emodin for 24 h, then the cells were washed repeatedly and
reseeded in fresh culture medium without cisplatin or emodin
and cultured for another 24 h. We found that the number of
emodin-treated NRK-52E cells was much higher than cispla-
tin-treated cells (Figure 2C). Notably, treatment with emodin
alone did not induce apoptosis within 24 h (data not shown).

The anti-apoptotic effect of emodin was further confirmed
by examining the level of cleaved caspase-3. Western blot
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analysis showed that compared with the cisplatin-treated
group, intervention with emodin restored the level of cas-
pase-3 and significantly suppressed the expression of cleaved
caspase-3 (Figure 2D and 2E). Taken together, these results
indicate that emodin could effectively protect against cispla-
tin-induced apoptosis in NRK-52E cells.

Induction of autophagic activity by emodin in NRK-52E cells
We observed that cells treated with 100 pmol/L emodin
exhibited a prominent vacuolization of the cytoplasm, which
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Figure 2. Emodin ameliorates cisplatin-triggered apoptosis. (A and B) NRK-52E cells were treated with 50 ymol/L cisplatin together with the indicated
concentrations of emodin for 24 h and were subjected to phase-contrast microscopy (A) and quantification of the number of apoptotic cells (B). (C) Cells
were treated with cisplatin in the absence or presence of emodin for 24 h, then were washed repeatedly and reseeded in fresh culture medium without
cisplatin or emodin and cultured for another 24 h. Cells were harvested and counted by trypan blue exclusion. (D) Cells were treated with 50 ymol/L
cisplatin with or without 100 pmol/L emodin for 12 h or 24 h and were subjected to Western blot analysis of caspase-3 and cleaved caspase-3 levels.
The level of B-actin is shown as a loading control. (E) Quantification of individual signals normalized to the level of B-actin is presented. Mean+SEM.
n=4. °P<0.05.
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is a typical morphological change resulting from autophagy.
Autophagy plays a critical role in maintaining cell homeostasis
and might serve as an anti-apoptotic mechanism. We there-
fore examined whether autophagy could be induced in NRK-
52E cells exposed to emodin at different concentrations and
different time points. To this end, we examined changes in the
expression of autophagy biomarkers, including microtubule-
associated protein 1 light chain 3 (LC3) and its lipidated form
(LC3-I)*. The results showed that treatment with emodin
increased the level of LC3-II in a dose- (Figure 3A and 3B) and
time-dependent (Figure 3C and 3D) manner.

There are certain limitations of only testing LC3 conversion
for the activity of autophagy®, and the GFP-LC3 or RFP-
LC3 labeling method is often recommended as an additional
approach. Thus, NRK-52E cells were transiently transfected
with a plasmid expressing pmRFP-tagged LC3 and were
then exposed to emodin. As shown in Figure 3E, follow-
ing emodin exposure, cells contained an increased number
of punctate structures at 1 h, whereas cells without emodin
treatment showed a diffuse distribution of red fluorescence,
which indicated an increase in the formation of autophago-
somes. Together, these results suggest that emodin effectively
induced autophagic activation in NRK-52E cells.

Cisplatin could induce autophagy!””
tective effects against cisplatin-induced apoptosis. Consistent

, which may exert pro-

with previous reports, when NRK-52E cells were exposed to
50 pmol/L cisplatin, LC3-II markedly increased and reached a
maximum level at 1 h and 6 h (Figure 3F and 3G). We further
tested whether emodin affects cisplatin-induced autophagy.
As shown in Figure 3H and 3], cisplatin induced an increase in
LC3-II that was further enhanced by 100 pmol/L emodin treat-
ment. Together, our findings indicated that emodin induces
autophagy and enhances the activation of autophagy induced
by cisplatin.

Autophagy mediates the cytoprotective effect of emodin against
Cisplatin-triggered apoptosis

We next asked whether autophagy was involved in the protec-
tive effect against cisplatin-induced apoptosis. To this end,
rapamycin, which has been reported to activate autophagy by
inhibiting the mTOR signaling pathway!
expected, Western blot analysis showed that autophagic activ-

, was utilized. As

ity was significantly induced by rapamycin treatment at differ-
ent time points (Figure 4A and 4B).

To examine whether the activation of autophagy by rapamy-
cin reproduced the anti-apoptotic effect of emodin, cells were
exposed to cisplatin in the absence or presence of rapamycin
and were subjected to morphological observation (Figure 4C)
and FACS analysis (Figure 4D and 4E). As shown in Figure
4C, microscopic analyses showed that rapamycin attenuated
cisplatin-induced cell death. FACS analysis revealed that the
percentage of apoptotic cells did not differ significantly among
the three treatment combinations during the early stage (2-6 h)
of cisplatin treatment (data not shown). After 24 h, approxi-
mately 12.7% early apoptotic and 11.3% late apoptotic cells
were detected in cisplatin-treated NRK-52E cells (Figure 4D

and 4E). However, in the rapamycin-treated group, the per-
centages of early and late apoptotic cells dropped to approxi-
mately 8.8% and 5.5%, respectively (Figure 4D and 4E).

To further test whether the anti-apoptotic effects of emodin
were mediated by the activation of autophagy, bafilomycin
Al, an autophagic inhibitor that blocks autophagosome-
lysosome fusion, was applied™. As shown in Figure 4F,
cisplatin-induced apoptosis was substantially attenuated in
the emodin-treated group. However, when autophagy flux
was interrupted by bafilomycin Al, the protective effects of
emodin were abolished. Overall, these data demonstrate that
autophagy induced by emodin mediates its cytoprotective
effects against cisplatin-triggered apoptosis.

Emodin induces autophagy by regulating the AMPK/mTOR
sighaling pathways

To identify the mechanism by which emodin induces autoph-
agy, we examined the effects of emodin on AMPK activity
and mTOR signaling, both of which are well-known upstream
regulators of autophagy. When NRK-52E cells were exposed
to different concentrations of emodin (10 and 50 pmol/L),
as shown in Figure 5A and 5B, emodin time-dependently
decreased the phosphorylation of p70 ribosomal S6 kinase
(p70S6K) at both concentrations. Consistently, treatment with
emodin markedly suppressed the phosphorylation of mTOR
and induced the phosphorylation of AMPK (Figure 5C and
5D).

To further investigate the role of AMPK activation in
emodin-induced autophagy and other anti-apoptotic effects,
compound C, a well-known AMPK inhibitor, was used. As
expected, compound C potently suppressed emodin-induced
AMPK phosphorylation. In parallel, emodin-induced LC3
conversion was abolished by compound C (Figure 5E and 5F).
Additionally, as shown in Figure 5G and 5H, following emo-
din exposure, pmRFP-tagged LC3-transfected cells exhibited
increased punctate structures. When compound C was added,
the number of punctate structures was significantly decreased.

We next examined the influence of compound C on the
anti-apoptotic effect of emodin, as indicated by cellular mor-
phological changes and the level of cleaved caspase-3. As
expected, the further induction of LC3 conversion caused by
emodin in addition to cisplatin was significantly inhibited by
treatment with compound C (Figure 6A and 6B). As shown in
Figure 6C, the protective effect of emodin on cisplatin-induced
apoptosis was largely abolished by the inhibition of AMPK
activation. Additionally, Western blot analysis showed that
intervention with compound C significantly increased the
level of cleaved caspase-3 (Figure 6D and 6E). Overall, these
data demonstrated that the emodin-induced activation of
AMPK was important both in the induction of autophagy
and for the cytoprotective effect of emodin against cisplatin-
triggered apoptosis.

Discussion
In the present investigation, we demonstrated that emodin, a
bioactive substance found in rhubarb, suppressed cisplatin-

Acta Pharmacologica Sinica
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induced renal tubular epithelial cell apoptosis. We found effect of emodin.

that this protective effect was mediated by the activation of Tubular epithelial cell apoptosis is an important pathogenic
autophagy. Previous reports have shown that rhubarb and alteration that leads to Cisplatin-related renal injury. Several
emodin possess renal protective potential®™ ). Our current reports have suggested that emodin has anti-apoptotic effects.
findings present a new mechanism for the renal-protective For example, Dai et al reported that emodin could protect
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Figure 6. Inhibition of AMPK activation abolished the anti-apoptotic effect

of emodin. (A) Cells were treated with 50 ymol/L cisplatin with or without 50

umol/L emodin and 10 uymol/L compound C for 1 h and were subjected to Western blot analysis of LC3-I and LC3-Il protein levels. The level of B-actin
is shown as a loading control. (B) Quantification of individual signals normalized to the level of B-actin is presented. (C) Cells were treated with 50
umol/L cisplatin with or without 50 pmol/L emodin and 10 umol/L compound C for 24 h and subjected to phase-contrast microscopy. (D) Cells were
treated with 50 pmol/L cisplatin with or without 50 pmol/L emodin and 10 umol/L compound C for 24 h and were subjected to Western blot analysis of
caspase-3 and cleaved caspase-3 protein levels. The level of B-actin is shown as a loading control. (E) Quantification of individual signals normalized by

the level of B-actin is presented. Mean+SEM. n=3. °P<0.05.

WI-38 cells from Cisplatin-induced apoptosis by affecting
the cell cycle®. Consistently, we observed that emodin pro-
tected cells against Cisplatin cytotoxicity via the induction of
autophagy. However, there have been reports that emodin
promotes apoptosis, especially in tumor cells™. This discrep-
ancy could be due to different experimental conditions, such
as the use of different cell types or intervention approaches.
Interestingly, autophagy is considered an alternative cell death
mechanism. Autophagic and apoptotic cell death are, in fact,
the two main manifestations of programmed cell death® !,
The over-induction of autophagy may also cause cell damage.
Although the detailed mechanisms are unknown, it is possible

that the degree of autophagy induced by emodin might be
dependent on cell type and may therefore differentially affect
cells.

Autophagic and apoptotic cell death are the two primary
manifestations of programmed cell death. Autophagy (type
II programmed cell death) has been considered an alternative
cell death mechanism®” *!
process that results in the digestion of dysfunctional organ-
elles and proteins®. Both autophagy and apoptosis are basic
physiologic processes that play vital roles in maintaining cel-

and is an intracellular metabolic

lular homeostasis. An increasing number of in vivo and in vitro
studies have shown that apoptosis is one of the consequences
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33]

of cisplatin treatment in renal cells*”. There are also studies

indicating that cisplatin is able to induce autophagy in some

71 How-

renal cell lines, such as renal tubular epithelial cells'
ever, the relationship between cisplatin-induced apoptosis and
autophagy remains controversial.

In our study, autophagy might serve as the central pro-
tective mechanism mediating the anti-apoptotic effect of
emodin. Emodin pretreatment further strengthened the
autophagic activity induced by cisplatin, especially at an early
phase, whereas cisplatin-induced apoptosis was significantly
alleviated. Similarly, emodin has been reported to trigger
autophagy in glioma and human vascular smooth muscle
cellsP* !

vates autophagy are unknown. Previous studies have demon-

. However, the mechanisms by which emodin acti-

strated that emodin is a potent AMPK activator via the inhibi-
tion of mitochondrial respiratory complex I activity and thus
leads to increased Ca**/calmodulin-dependent protein kinase
kinase activity™. Other studies have shown that aloe-emodin
can directly bind mTORC2 and inhibit its kinase activity to
suppress tumor growth®. Our data indicated that emodin-
induced autophagy was also mediated by the AMPK/mTOR
pathway. We hypothesized that emodin induces autophagy
by activating AMPK and inhibiting the mTOR signaling path-
way, and it thus exerts a cytoprotective effect against cisplatin-
triggered apoptosis (Figure 7).

Oxidative stress plays a critical role in the pathogenesis of
cisplatin nephrotoxicity. It was recently reported that cispla-
tin treatment generates significant oxidant loading, which
results in accelerated oxidation reactions in kidney tissues™.
Previous studies also showed that emodin exerts antioxidant
effects. Ali et al reported that treatment with emodin resulted
in a remarkable and significant restoration of anti-oxidative

2l Mostafa also

capability in cisplatin-induced nephrotoxicity"
demonstrated that emodin suppressed cisplatin-induced oxi-
dative stress and, hence, protected HEK 293 cells from cellular

damage”g]. Mitochondrial damage results in increased ROS

Emodin

|

AMPK |— Compound C

Rapamycin ——  mTOR
p70S6K
Cisplatin
B PR Bafilomycin A1
(LC3-1/11) Degradation

Renal tubular cells
apoptosis

Figure 7. The hypothesized role of emodin in cisplatin-induced renal
tubular cell apoptosis. Emodin induces autophagy by activating the
AMPK pathway and inhibiting the mTOR pathway, thereby exerting a
cytoprotective effect against cisplatin-triggered apoptosis.
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production, which leads to the release of pro-apoptotic pro-

137]

teins and results in cellular apoptosis™. Impaired mitochon-

dria can also be degraded by autophagy in a process referred

to as mitochondrial autophagy™.

Impaired mitochondria are
specifically engulfed by autophagosomes and are selectively
degraded via fusion with lysosomes, thereby maintaining a
stable intracellular environment. From this viewpoint, the
autophagic activity induced by emodin may help rebalance
mitochondrial metabolism, thereby reducing the generation of
ROS and attenuating cisplatin-induced oxidative stress.

In summary, we found that autophagy is activated in
cisplatin-treated NRK-52E cells and that the strengthening of
the activation of autophagy by emodin plays a cytoprotective
role against cisplatin-triggered apoptosis. These effects are
mediated by the induction of AMPK and the suppression of
mTOR/p70S6K signaling. This study confirmed that emodin
ameliorates cisplatin-induced renal tubular cell apoptosis and
provided additional evidence in support of the clinical usage
of emodin in the treatment of cisplatin-related kidney diseases.
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