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ABSTRACT: Previous report has confirmed the beneficial effects of α-mangostin
(α-MG), a major and representative xanthone distributed in mangosteen (
Garcinia mangostana) on the cisplatin-induced rat model. However, the molecular
mechanisms related to its renoprotection have not been elucidated exhaustively.
The present study investigated the protective effect of α-MG against cisplatin-
induced cytotoxicity in the human embryonic kidney (HEK293) cell model. In
this study, α-MG prevented cisplatin-induced cell death, accompanied with the
decreased levels of malondialdehyde and increased glutathione content.
Particularly, α-MG significantly suppressed the overproduction of reactive oxygen
species (ROS), restored the activation of phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (Akt), and downregulated the c-JUN N-terminal kinase (JNK)
pathways following cisplatin challenge. Subsequently, the cleavage of caspases and
poly-ADP-ribose polymerase (PARP) implicating ROS-mediated apoptosis
pathways induced by cisplatin was effectively inhibited by α-MG. In conclusion,
our findings provided a rationale for the development of α-MG to attenuate cisplatin-induced nephrotoxicity.

1. INTRODUCTION

Despite cisplatin, a class of cell cycle nonspecific widely
anticancer drug with a unique structure−activity, which is
widely used for treating various solid tumors, its clinical
application is limited due to severe adverse effects for normal
organism.1 Nephrotoxicity is the major dose-dependent and
longstanding cumulative side reaction after cisplatin injection.
Primary targets of cisplatin in kidney are proximal tubules,
which induces the overproduction of oxidative stress, caspase
activation, and even cell apoptosis and necrosis. Peroxidative
damage caused by reactive oxygen species (ROS) is the initial
process of cisplatin-induced renal failure. Briefly, cisplatin
treatment interrupts the balance between oxidants and
antioxidants, contributing to the formation of oxidative stress
in the kidney.2 Hereby, it raises an urgent problem on how to
reduce the nephrotoxicity caused by cisplatin, exert an
antitumor effect, and improve the patients’ chemotherapy
quality.
Garcinia mangostana L. (Clusiaceae) is a tropical tree native

to Southeast Asia known as mangosteen, whose pericarps of
the fruit have a long history of clinical application in the
traditional Chinese medicinal practices for centuries.3 α-MG
(Figure 1A) as a representative xanthone of secondary
metabolites in the medicinal plant was discovered to produce
various biological effects in multiple reports, such as

hepatoprotection,4 neuroprotection,5 antibiofilm,6,7 anti-in-
flammation,8 antioxidant,9 anticancer,10 and antimalarial.11

Actually, it is noteworthy that reports have proven the
beneficial properties of α-MG in diabetic nephropathy in
rats,12 and studies associated with cisplatin-induced neph-
rotoxicity have not been elucidated exhaustively. Based on the
early study in vivo, which has demonstrated the renoprotection
by α-MG against cisplatin-induced kidney injury,13 the present
one studied the beneficial properties of α-MG with the
cisplatin-induced HEK293 cell model, which focused on
oxidative injuries and apoptosis and intensively elaborated
what multiple signaling pathways α-MG act on.

2. RESULTS

2.1. α-MG Ameliorates Cisplatin-Induced Cytotoxicity
in HEK293 Cells. Cell viability was performed to access the
renoprotective effect of α-MG on cisplatin-treated HEK293
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cells by the MTT reduction assay. As shown in Figure 1B,
cultured HEK293 cells were treated with cisplatin in varying
periods of time, and the results indicated that cisplatin alone
evidently decreased the cell viability in a time-dependent
manner. For instance, cells incubated with 20 μM cisplatin for
24 h showed 78.9% cell viability than normal cells (p < 0.01).
To evaluate whether α-MG exerts protective properties,
HEK293 cells were pretreated with gradient concentrations
of α-MG with cells being exposed to 20 μM cisplatin for extra
24 h (Figure 1C). Further, α-MG dramatically elevated cell
viability of cisplatin-treated cells to 100.5 and 90.3% at 24 and
12 h, respectively (p < 0.01) (Figure 1D). The results

demonstrated that α-MG significantly reversed the cisplatin-
induced cytotoxic effect in a time- and dose-dependent manner
(p < 0.05 or p < 0.01). Additionally, α-MG pretreatment did
not affect the cell viability of normal HEK293 cells (Figure
1E).

2.2. α-MG Attenuates Cisplatin-Induced Oxidation in
HEK293 Cells. As shown in Figure 1F, acute incubation with
20 μM cisplatin triggered significantly depletion of the GSH
level in HEK293 cells (2.7 ± 0.3 μmol/mg protein) as
compared with that in the normal cells (11.2 ± 3.1 μmol/mg
protein). However, prior treatment with α-MG increased the
reduced GSH content in a dose-dependent manner (p < 0.01).

Figure 1. α-MG ameliorates cisplatin-induced cytotoxicity in HEK293 cells. (A) Chemical structure of α-mangostin (α-MG). α-MG ameliorates
cisplatin-induced cytotoxicity in HEK293 cells. (B) Cytotoxicity effects of cisplatin on HEK293 cells. The cells were incubated with 20 μM cisplatin
in varying durations (1−24 h). (C) α-MG exerts protective effects against cisplatin-induced decrease in cellular viability. HEK293 cells were
pretreated with α-MG (5−40 μM) for 24 h and then exposed to cisplatin for 24 h. (D) Cells were pretreated with α-MG (40 μM) and then
cultured in the presence of cisplatin (1−24 h). (E) Cells were incubated with α-MG (5−40 μM) alone for 24 h. Cell viability was measured by the
MTT assay. α-MG (0−40 μM) dose-dependently attenuates cisplatin-induced lipid peroxidation in HEK293 cells. (F, G) Levels of (F) GSH and
(G) MDA were determined using commercial kits. Cells pretreated with α-MG (0−40 μM) for 24 h attenuate cisplatin-induced accumulation of
intracellular ROS. (H) Quantitative analysis of ROS. Data are represented as means ± SD; *p < 0.05, **p < 0.01 compared to the control group; #p
< 0.05, ##p < 0.01 compared with the cisplatin group. (I) Representative images indicated the intracellular ROS assay. Green fluorescence shows
positive cells. Note: (a) normal group, (b) 40 μM α-MG separate treatment group, (c) cisplatin separate treatment group, (d) 10 μM α-MG and
cisplatin coprocessing group, (e) 20 μM α-MG and cisplatin coprocessing group, and (f) 40 μM α-MG and cisplatin coprocessing group.
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The level of lipid peroxidation after pretreatment or without α-
MG in cisplatin-evoked HEK293 cells is shown in Figure 1G.
The cellular level of MDA significantly increased after the
exposure to cisplatin (17.2 ± 2.9 nmol/mg protein), whereas
pretreatment with α-MG effectively inhibited the over-
production compared to that exposed to cisplatin alone (p <
0.01). These data emphasized the evidence of α-MG for
effective antioxidant activity against cisplatin-induced oxidative
damage in HEK293 cells.
2.3. α-MG Attenuates Cisplatin-Induced Accumula-

tion of Intracellular ROS. Oxidative stress-induced cell
injury is a vital molecular mechanism in the pathogenesis
process of cisplatin-triggered cytotoxicity. ROS directly acted
on cell components, including lipids, proteins, and DNA,
ultimately destroyed their interior structure. As shown in
Figure 1I, the intracellular ROS levels of HEK293 cells were
significantly elevated when treated with cisplatin alone
compared with untreated one. Meanwhile, the pretreatment
with α-MG and cisplatin remarkably reduced the excessive
ROS generation (p < 0.01), suggesting that the antioxidant
activity of α-MG affected the numerous ROS induced by
cisplatin.
2.4. α-MG Alleviates Cisplatin-Induced Activation of

Caspase Signal Pathways. As depicted in Figure 2A,
exposure to cisplatin with 40 μM at varying periods of time
significantly elevated cleaved caspase 3 and caspase 9 in a time-
dependent manner (p < 0.05 or p < 0.01). As shown in Figure
2B, incubation of cells with 20 μM cisplatin markedly increased
the activation of cleaved caspase 9 and cleaved caspase 3 in a
dose-dependent manner, respectively (p < 0.01). However, α-
MG significantly suppressed activities of cleaved caspase 9 and
caspase 3 compared to cisplatin alone (p < 0.05 or p < 0.01).
In addition, pretreatment with cisplatin for 24 h elevated poly-
ADP-ribose polymerase (PARP) cleavage activity in compar-
ison to untreated cells (p < 0.01). Conversely, as expected, α-
MG reduced the intracellular PARP cleavage release (p < 0.05
or p < 0.01) following cisplatin exposure. Together, we
proposed that α-MG exerts inhibitory properties against
cisplatin-triggered activation of caspase cascades.
2.5. α-MG Regulates the Expressions of Cisplatin-

Induced Release of Bcl-2 Family Members. Once cisplatin
enters the tubular cell, it exerts toxicity, which culminates in
apoptosis response of the cells. In this study, we performed the
western blotting assay to investigate the protective mechanism
of α-MG against cisplatin caused HEK293 cell apoptosis. As
shown in Figure 3A, after exposure to cisplatin alone for 24 h,
the expressions of proapoptotic proteins Bax and Bad were
significantly increased as simultaneously accompanied with the
reduced levels of Bcl-2 and Bcl-xl with respect to untreated
HEK293 cells (p < 0.01). In contrast, α-MG suppressed
cisplatin-induced Bax and Bad release and maintained a
balance between proapoptosis and antiapoptosis, compared
with those of cisplatin-treated cells (p < 0.05 or p < 0.01).
These data demonstrated that α-MG may act as a potential
target for cisplatin-induced cellular apoptosis by inhibition of
proapoptotic family protein release.
2.6. α-MG Reverses Cisplatin-Induced PI3K/Akt

Suppression and JNK Activation. Previous study showed
that cisplatin can lead to the inhibition of phosphatidylinositol
3-kinase (PI3K)/protein kinase B (Akt) activities in cisplatin-
induced nephrotoxicity.17 To explore whether the PI3K/Akt
pathway affect the protection of α-MG cisplatin-induced
cytotoxicity, we investigated the relative protein expression

levels in the PI3K/Akt signal pathways by western blotting
analysis. As depicted in Figure 4A, cisplatin exposure alone
remarkably decreased the expressions of p-PI3K and p-Akt in
comparison to normal HEK293 cells (p < 0.01). Treatment of
α-MG dose-dependently attenuated the depleted levels of p-
PI3K and p-Akt (p < 0.05 or p < 0.01). These findings revealed
that α-MG may act as a PI3K/Akt activator to enhance the
cytoprotective effect for cisplatin-induced cell apoptosis. In
addition, we examined the effect of α-MG on the expression of
p-JNK and JNK (c-JUN N-terminal kinase) in response to
cisplatin exposure. As shown in Figure 4C, the expression of p-
JNK was increased in HEK293 cells treated with cisplatin for

Figure 2. α-MG alleviates cisplatin-induced activation of caspases.
(A) Time course of activation of caspases caused by cisplatin and
western blotting analysis. The intensities of caspase 9, cleaved caspase
9, caspase 3, and cleaved caspase 3 were standardized to that of β-
actin. (B) α-MG suppressed cisplatin-induced caspase activation in
HEK293 cells in a dose-dependent manner. (C) Quantitative analysis
of scanning densitometry for caspase 9, cleaved caspase 9, caspase 3,
cleaved caspase 3, and PARP cleavage after being exposed to cisplatin
with 40 μM at varying periods of time. (D) Quantitative analysis of
scanning densitometry for caspase 9, cleaved caspase 9, caspase 3,
cleaved caspase 3 and PARP cleavage after adding cisplatin and
different doses of α-MG. Data are represented as means ± SD; *p <
0.05, **p < 0.01 compared to the control group; #p < 0.05, ##p < 0.01
compared with the cisplatin group.
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different durations, which suggested that cisplatin could
stimulate the JNK pathway in a time-dependent manner (p
< 0.05 or p < 0.01). To further investigate the protective
mechanism of α-MG, HEK293 cells were treated with α-MG
and cisplatin together to analyze the protein expression levels
of p-JNK. Interestingly, α-MG significantly extenuated
activation of JNK caused by cisplatin in a dose-dependent
manner (p < 0.01). These findings indicated that α-MG
protects HEK293 cells from cisplatin-induced JNK activation.

3. DISCUSSION
Cisplatin is a major antineoplastic drug for the treatment of
various solid tumors, but it has dose- and time-dependent
nephrotoxicity. Increasing evidence suggested that cisplatin-
induced nephrotoxicity occurs through multiple molecular
signal pathways. Among these, more and more evidence
showed that oxidative stress and apoptosis were most
implicated in cisplatin-induced cytotoxicity.18 Moreover, α-
MG exerts beneficial antioxidant and antiapoptosis activities in
various experimental animal models.19 Unlike antioxidative and
antiapoptosis, it was revealed that the α-MG exerts the
alleviative effect against cisplatin-induced nephrotoxicity in
vivo13 due to its antifibrotic and anti-inflammatory activities,
but little is known about the underlying protective multi-
factorial molecular mechanisms. Therefore, α-MG was
proposed as a mechanistically targeted preventive approach
to reduce cisplatin nephrotoxicity in vitro. Here, we revealed
the potential beneficial effect of α-MG against cisplatin-
induced oxidative stress and apoptosis on HEK293 cells. Our
results showed that cisplatin inhibited HEK293 cell viability by
inducing oxidative damage, further stimulating apoptosis
through an extrinsic apoptosis pathway, with involvement of
caspase family members’ activation and PARP cleavage, which
are consistent with previous reports.20 Moreover, cisplatin-

induced intracellular stress also suppressed PI3K/Akt pathways
while causing JNK activation.
In the presence of cisplatin, ROS is initially produced via

mitochondria and the NADPH oxidase system and is
implicated in the pathogenesis of cisplatin nephrotoxicity.
Further, ROS directly acts on cell components, such as lipids
and proteins, and destroys their structure and antioxidant
system. Previous report proved that cisplatin triggers excessive
intracellular ROS accumulation, resulting in production of

Figure 3. α-MG regulates the expressions of cisplatin-induced release
of Bcl-2 family members. (A) Protein levels of Bad, Bax, Bcl-xl, and
Bcl-2 were determined by the western blotting assay. (B)
Quantification of target proteins. All data are represented as means
± SD; *p < 0.05, **p < 0.01 compared to the control group; #p <
0.05, ##p < 0.01 compared with the cisplatin group.

Figure 4. α-MG reverses cisplatin-induced PI3K/Akt suppression and
JNK activation. (A) Western blotting analysis of PI3K, p-PI3K, Akt,
and p-Akt proteins. (B) Quantitative analysis of PI3K/Akt. (C) Time
course of activation of JNK caused by cisplatin. (D) α-MG suppressed
the expression of JNK in a dose-dependent manner. (E, F)
Quantitative analysis of p-JNK. All data are represented as means ±
SD; *p < 0.05, **p < 0.01 compared to the control group; #p < 0.05,
##p < 0.01 compared with the cisplatin group.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c01121
ACS Omega 2020, 5, 19960−19967

19963

https://pubs.acs.org/doi/10.1021/acsomega.0c01121?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01121?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01121?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01121?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01121?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01121?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01121?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01121?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01121?ref=pdf


oxidative stress, even death in the kidney tubular cell.21

Additionally, cisplatin disturbed antioxidant defense mecha-
nisms followed an apparent decrease in GSH and increase in
the MDA content. In addition, abnormal lipid peroxidation
and hypoxia damage could result in the excessive free radicals
or ROS in the model of cisplatin-induced acute renal injury.
Our results showed that cisplatin increased intracellular ROS
levels, which is similar with the previous study that cisplatin
can lead to accumulation of ROS, and further activated ER
stress, even cellular death.22 To mitigate the toxic and side
effects of cisplatin’s toxic metabolites, many potential targets
have been evaluated in which the supplementation with natural
antioxidant has been considered for the nephroprotective
strategy.23 Our study showed that α-MG remarkably reduced
the generation of intracellular ROS, increased MDA, and
elevated the content of GSH in HEK293 cells in a dose-
dependent manner, suggesting that α-MG protection in
cisplatin-induced cytotoxicity is mediated by suppression of
ROS-induced oxidative damage.
Cisplatin-induced oxidative stress contributes to the

activation of apoptosis at various concentrations of cisplatin.24

Lines of evidence have shown that the caspase pathway was
involved in cisplatin-mediated nephrotoxicity in vivo and in
vitro.25,26 Briefly, cisplatin ultimately triggered intrinsic
apoptotic pathways via activating caspase cascade and
caspase-independent pathways. Oxidative stressors and DNA
fragments initiated the mitochondrial pathway by releasing
cytochrome c and resulted in caspase 9 activation. Caspase 9
activates caspase 3, which is a primary apoptotic regulatory
factor causing nuclear death and other changes in regard to
apoptosis. PARP was able to shear by caspase 3, and its
cleavage is regarded as a symbol of cellular apoptosis. Hence,
PARP inhibition might be an important mechanism respon-
sible for the renoprotection. As anticipated, in the present
study, cisplatin exposure increased the protein expression of
caspase 9, caspase 3, and PARP cleavage in HEK293 cells. On
the other hand, α-MG intervention could effectively block the
release of caspase 9, caspase 3, and PARP cleavage and
dramatically increase the cell viability of HEK293. Previous
studies also provided evidence that Bcl-2 family members
regulated activation of caspases through suppressing cyto-
chrome c release from the mitochondria in a cell model.27

Under apoptotic conditions, Bax was activated and accumu-
lated at the mitochondrial outer membrane, leading to the
release of proapoptotic factors.28 Bad, a proapoptotic member
of the Bcl-2 family, has the ability to directly interact and bind
to Bcl-2 and Bcl-xl, resulting in the blocking of their survival
function in the presence of cisplatin stimuli.29 Therefore,
antiapoptosis measures have been conducted for the
renoprotective strategy. In agreement with previous reports,
our data showed that cisplatin triggered the overexpressions of
Bax and Bad, along with reduced levels of Bcl-2 and Bcl-xl in
HEK293 cells. However, we observed a prominent increase of
Bcl-2 and Bcl-xl when the cells were treated with α-MG for 24
h. These data suggested that α-MG suppressed the induction
of mitochondrial-mediated apoptotic pathways triggered
cisplatin by regulating Bcl-2 family members.
The PI3K/Akt pathway is a well-known critical signaling

pathway that regulates multiple cellular processes, including
cell proliferation, growth, survival, metabolism, and motility.30

The knockout of PI3K exhibited excessive apoptosis
accumulated in renal tubular epithelial cells, suggesting a
critical role of the PI3K/Akt pathway in the maintenance of

renal function in cisplatin-induced acute kidney injury.31 In the
present study, the protein levels of p-PI3K and p-Akt were
markedly downregulated after cisplatin treatment in HEK293
cells, while α-MG reversed these changes in a dose-dependent
manner, suggesting that α-MG enhanced the survival rate of
HEK293 cells in part via activating the PI3K/Akt pathway.
Cisplatin was recently shown to activate ERK and p38

proteins, both in vitro and in vivo.32 JNK is one of the three
main serine/threonine kinases pertaining to MAPK family,
which participates in cell proliferation and differentiation and is
widely associated with cellular apoptosis and death. Our
previous findings in vivo have proved that activation of JNK
(phospho-JNK) aggravated kidney dysfunction, causing intra-
cellular apoptosis after cisplatin challenge, which clarified a
mechanistic part of JNK in the cisplatin-induced renal toxicity
model.33 Consistent with previous conclusion, reduction of
JNK activation by α-MG may represent another potential
mechanism for preventing cisplatin-mediated cytotoxicity.
In summary, it was determined that the salutary effect of α-

MG against cisplatin-induced renal cytotoxicity was multi-
factorial. As depicted in Figure 5, our study demonstrated that

α-MG reverses cisplatin-induced renal cytotoxicity in HEK293
cells through inhibition of ROS-mediated apoptosis and
modulation of the PI3K/Akt and JNK signaling pathways.
These effects presumably illustrated the antioxidant and
antiapoptotic properties of α-MG.

4. MATERIALS AND METHODS
4.1. Chemicals and Reagents. Cisplatin were manufac-

tured by Sigma-Aldrich (St. Louis, MO, USA). DMSO and
MTT were purchased from Sigma Chemicals Co. (St. Louis,
MO, USA). Dulbecco’s modified Eagle’s medium (DMEM),
antibiotic (10,000 U/mL penicillin and 10,000 μg/mL
streptomycin), and fetal bovine serum (FBS) were purchased
from HyClone (Logan, UT, USA). 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased
from Biotopped Technology Co., Ltd. (Beijing, China). The
commercial assay kits of GSH and MDA were bought from
Nanjing Jiancheng Bioengineering Research Institute (Nanjing,
China). Antibodies against rabbit proteins such as anticaspase
3, anticaspase 8, anticaspase 9, anticleaved PARP, anti-PI3K,
anti-Akt, and anti-JNK were acquired from Cell Signaling
Technology (Danvers, MA, USA). Antibody anti-rabbit-β-actin

Figure 5. Underlying molecular mechanism related to the
ameliorative effects of α-mangostin, a dietary xanthone, against
cisplatin-induced nephrotoxicity in HEK293 cells.
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was accessed by Proteintech (Rosemont, USA). Antibodies
rabbit anti-Bax and rabbit anti-Bcl-2 were obtained from
Abcam (Cambridge, UK). 2′,7′-Dichlorofluorescein diacetate
(DCFDA) were purchased from Wanleibio (Shenyang,
China).The remaining reagents were analytically pure and
provided by Beijing Chemical Works (Beijing, China).
4.2. Preparation of α-MG from Mangosteen Pericarp.

Mangosteen was purchased from Carrefour in Changchun and
authenticated by Prof. Wei Li (College of Chinese Medicinal
Material, Jilin Agricultural University, Changchun, China). The
voucher specimen (no. 160517) was stored in the Jilin
Agricultural University, Chinese herbal medicine laboratory.
The pericarp of the fruits was parched at a temperature of 50
°C, smashed into a homogeneous type using a disintegrator
(HX-200A, Yongkang Hardware and Medical Instrument
Plant, China) and then filtrated (30−40 mesh). The
desiccative mangosteen pericarp powder (20 g) was extracted
with 200 mL of 85% ethanol for 5 min twice by the smashing
tissue extraction (STE) method.4 The purity of α-MG is more
than 98%.
4.3. Culture of HEK293 Cells and Drug Treatment.

HEK293, an epithelial cell derived from human embryonic
kidney cell line, was purchased from ATCC Cell Bank and
conventionally cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). The incubator environment is 37 °C under a
5% CO2 atmosphere. All experiments were performed when
cells were grown to 80% confluence in DMEM. Then, cells
were treated with various concentrations of α-MG 24 h prior
to the injection of cisplatin (20 μM) for the indicated
stimulation time course.
4.4. MTT Assay. Cell viability was assessed by the MTT

assay, a quantitative assay with 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, to assure that only cells with
viability over 95% were used. Cytotoxicity of cisplatin or/and
α-MG was screened, and HEK293 cells were seeded in 96-well
plates at 1 × 104 cells per well and treated with cisplatin (20
μM) in varying periods of time (0, 1, 3, 6,12, and 24 h) or with
α-MG (24 h) for gradient concentrations (5, 10, 20, and 40
μM). For the protective treatment, the cells were pretreated
with α-MG for different concentrations (5, 10, 20, and 40 μM)
for 24 h and copretreated with cisplatin for another 24 h. Cells
were washed twice with PBS followed by MTT (5 mg/mL).
After that, the cells were incubated for 3 h, and then the
solution was aspirated and the formed formazan salt was used
as the solvent in 150 μL of DMSO per well. The precipitate in
each well was dissolved for 5 min, and the optical density
(OD) was read at 490 nm using a microplate reader
(SPECTROstar Nano).
4.5. Analysis of Cell Oxidative Stress Indicators. Cells

were pretreated with α-MG (5, 10, 20, and 40 μM) for 24 h
and then treated with or without cisplatin (20 μM) for 24 h.
Subsequently, cells were washed with 1.0 mL of 100 mM
phosphate buffer (pH 7.4). The level of GSH was determined
by commercially available diagnostic kits according to
manufacturer’s programs (Nanjing Jiancheng Bioengineering
Research Institute, Nanjing, China).
4.6. Measurement of Cell Lipid Peroxidation. The

MDA content was measured using a commercial thiobarbituric
acid reactive substances (TBARS) assay kit according to the
manufacturer’s protocols.14 Briefly, HEK293 cells were
hatched in a 6-well plate for 24 h until the cell density is 1
× 105, and then the cells were incubated with α-MG (5, 10, 20,

40 μM) or/and cisplatin (20 μM). After treatments, cells were
scraped, pelleted, and collected in 1 mL of phosphate-buffered
saline (PBS) solution (pH 7.4) and homogenized (3 min
setting on ice) to cell lysates. MDA reacts with thiobarbituric
acid to form a colored product and was measured at an
absorbance of 532 nm.

4.7. Determination of ROS Accumulation. The relative
levels of intracellular ROS were determined by a fluorometric
assay (DCFH-DA assay).15 HEK293 cells were hatched in a 6-
well plate for 24 h, and then the cells were incubated with α-
MG (5, 10, 20, and 40 μM) or/and cisplatin (20 μM). After
incubation, treated HEK293 cells were incubated with a 10 μM
DCFH-DA probe at 37 °C with 5% CO2 in dark for 30 min.
The medium was discarded, and cells were washed by PBS
twice. Then, the generation of ROS was determined by the
fluorescence intensity under a fluorescence microscope (Leica
TCS SP8, Solms, Germany).

4.8. Western Blotting Analysis. After treatments,
HEK293 cell extracts were collected and the total protein
concentration was determined using the BCA protein assay kit
(Beyotime Biotechnology, China).16 Equal amounts of protein
(15 μg) were loaded on the 12% SDS-polyacrylamide gel
electrophoresis and electroblotted onto a PVDF membrane.
The membranes were blocked with 5% BSA in TBS with 0.1%
Tween 20 for 2 h at room temperature and then incubated
overnight at 4 °C with indicated primary antibodies followed
by secondary antibodies conjugated with horseradish perox-
idase (HRP) for 1 h at room temperature. Protein−antibody
complexes were detected using an emitter-coupled logic (ECL)
substrate (Pierce Chemical Co., Rockford, IL, USA). Protein
band intensities were quantified using Quantity One software
(Bio-Rad Laboratories, Hercules, CA, USA).

4.9. Statistical Analysis. All data were expressed as means
± standard deviation (SD) derived from at least three separate
experiments and analyzed with a two-tailed test or a one-way
analysis of variance (ANOVA). The p values of less than 0.05
or 0.01 in differences between groups were considered to be
significant. Statistical graphs were produced using software of
GraphPad Prism 6.0.4 software (Graphpad Software, Inc., San
Diego, USA).
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