OncoTargets and Therapy

Dovepress
open access to scientific and medical research

Open Access Full Text Article

ORIGINAL RESEARCH

OncoTargets and Therapy downloaded from https://www.dovepress.com/ on 10-Jan-2023
For personal use only.

Raloxifene Protects Cisplatin-Induced Renal Injury
in Mice via Inhibiting Oxidative Stress

Jian-Hong An 1
Chun-Yan Li 1
Chun-Ya Chen 1
Jian-Bin Wu 2
Hong Shen 1,3
1
School of Medicine, South China
University of Technology, Guangzhou
Higher Education Mega Center,
Guangzhou, 510006, People’s Republic of
China; 2Department of Oncology, First
Affiliated Hospital, Guangzhou University
of Chinese Medicine, Guangzhou,
510405, People’s Republic of China;
3
Department of Pathology, School of
Basic Medical Sciences, Southern Medical
University, Guangzhou, 510515, People’s
Republic of China

Purpose: Cisplatin is one of the most widely used antineoplastic drugs but has limited
therapeutic effects due to nephrotoxicity. The aim of this study was to determine the possible
renoprotective effect of the antioxidant raloxifene on cisplatin-induced nephrotoxicity in
mice.
Materials and Methods: Cisplatin-induced acute renal injury was established in female
C57 mice that were treated with saline (normal control) or raloxifene over a 7-day period.
The body weight of the mice was recorded. Histopathological examinations of the kidney
tissues were performed using H&E, PAS staining and TEM. The histomorphology of liver
and other organs was observed by H&E staining. The serum levels of creatinine, blood urea
nitrogen (BUN), alanine transaminase (ALT) and glutamic oxalacetic transaminase (AST)
were analyzed by specific kits. Superoxide dismutase (SOD) and glutathione (GSH) activity,
and the content of malondialdehyde (MDA) in the kidney, liver homogenates and HK-2 cells
were measured by WST-8 and thiobarbituric acid colorimetric methods. Moreover, the
mitochondrial structures of HK-2 cells were performed using TEM. The viability and
proliferation of HK-2 cells were examined by CCK-8 and EdU incorporation assays. The
mitochondrial membrane potential was measured by JC-1 fluorescence.
Results: Raloxifene significantly reduced the levels of serum creatinine, urea, ALT and AST
in the cisplatin-treated mice, and alleviated cisplatin-induced renal and hepatic tissue injury.
Furthermore, raloxifene also increased the activity of GSH and SOD in the renal tissues and
HK-2 cells, and reduced MDA levels, thereby limiting oxidative stress in the kidney.
Conclusion: Raloxifene protected against cisplatin-induced nephrotoxicity by activating the
antioxidant system, along with alleviating liver damage. It should be considered as
a potential adjuvant in cisplatin-based chemotherapeutic protocols.
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Cisplatin, aka cis-diamminedichloroplatinum (CDDP, DDP), is the most commonly
used chemotherapeutic against multiple solid tumors despite its considerable side
effects.1,2 It induces DNA damage in tumor cells by forming adducts with nuclear
DNA, which inhibits DNA replication and transcription, eventually leading to
apoptosis.3 In addition, cisplatin also triggers production of reactive oxygen species
(ROS) via mitochondrial DNA (mtDNA) damage, and the resulting oxidative
damage to the proteins involved in electron transport chain exacerbates mitochon
drial dysfunction.4,5 However, almost one-third of the patients receiving the ther
apeutic dose of cisplatin experience nephrotoxicity. Therefore, it is crucial to
explore drugs that reduce cisplatin-induced renal injury and can be administered
as an adjuvant with cisplatin.
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Oxidative stress is the primary mechanism underlying
cisplatin-induced nephrotoxicity. In addition to increasing
ROS production, cisplatin also inhibits the activity of
antioxidant enzymes. The accumulation of free radicals
in the cisplatin-treated cells leads to the peroxidation of
membrane lipids, which alters membrane permeability and
impairs cellular function. Raloxifene (Ral) is a second
generation Selective Estrogen Receptor Modulator
(SERM) approved by the Food and Drug Administration
(FDA) for the prevention of breast cancer and postmenopausal women osteoporosis.6 A population-based,
case-control study provides evidence that raloxifene
reduces endometrial cancer risk in women.7 Osmanova
et al have shown raloxifene is a phenylthiophene com
pound with antioxidant effects.8 Previous studies have
shown that raloxifene can reduce oxidative stress and
lipid peroxidation in the rat brain,8,9 and protects glucosedeficient astrocytes from oxidative injury.10 In addition,
raloxifene can improve hypertension-induced endothelial
dysfunction and vascular injury in rats by increasing
endothelial NO synthase activity and reducing estrogen
receptor-dependent generation of reactive oxygen species
in vascular cells.11 Recently, a study shows that raloxifene
can postpone adjacent segmental intervertebral disk degen
eration development in rats through inhibiting extracellular
matrix metabolic imbalance, nucleus pulposus cell apop
tosis, and vertebral osteoporosis.12 In addition, raloxifene
may inhibit molecules involved in the inflammatory pro
cesses associated with COVID-19.13,14 However, whether
raloxifene could reduce cisplatin-induced renal injury is
unclear. The aim of this study was to analyze the potential
reno-protective effects of raloxifene in a mouse model of
cisplatin-induced acute renal injury, in order to provide an
experimental basis for using raloxifene as an adjuvant in
cisplatin-based chemotherapy.

Materials and Methods
Drugs and Chemicals
Cisplatin (molecular formula: Cl2H6N2Pt, molecular
weight: 300.05) was purchased from Jiangsu Hansoh
Pharmaceutical Group Co. Ltd., and raloxifene (molecular
formula: C28H27NO4S.HCl, molecular weight: 510.05)
from Dalian Meilun Biotechnology Co. Ltd. RIPA (radio
immunoprecipitation assay) buffer, phenylmethanesulfonyl
fluoride (PMSF), BCA protein quantification kit, and the
superoxide dismutase (SOD), malondialdehyde (MDA),
glutathione (GSH) detection kits, JC-1 mitochondrial
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membrane potential assay kit and 5-Ethynyl-2ʹdeoxyuridine (EdU) Cell Proliferation Kit with Alexa
Fluor 594 were purchased from Beyotime Biotechnology.
Hematoxylin and eosin (H&E) staining solutions, cell
counting kit 8 (CCK-8) were purchased from KeyGEN
Biotechnology Co. Ltd. Periodic acid-Schiff (PAS) staining
solutions and corn oil were purchased from Solaibao
Technology Co. Ltd., ethanol and xylene from Aladdin
reagents, and the creatinine and urea nitrogen detection
kits from Kehua Biological Engineering Co. Ltd. Primary
antibody: anti-Bcl-2, anti-Bax, anti-β-actin were purchased
from Wanleibio Company (Shenyang, China). HRP-labeled
secondary antibody was purchased from Proteintech
Company (Wuhan, China).

Cisplatin-Induced Acute Renal Injury
Model and Treatment Regimen
Female C57 mice (SPF grade, weighing 18–22 g) were
purchased from Hunan Slyke Experimental Animal Co.
Ltd. (animal license number SCXK (Xiang)-2019-0004).
All experimental procedures were performed in accor
dance with the Guide for the Care and Use of Laboratory
Animals (National Research Council Publication, 8th
Edition, 2011) and were in compliance with the Chinese
Regulations for the Administration of Affairs Concerning
Experimental Animals. The animal experimental protocol
was approved by the Animal Experimental Ethics
Committee of South China University of Technology
(No. 2018051). The mice were raised in independent ven
tilation box cages at 23–25°C, 55–65% humidity and 12
h circadian rhythm with ad libitum access to food and
water. Thirty mice were randomly divided into the follow
ing groups and subjected to the respective regimens for 7
days: (1) blank control – intragastric gavage of normal
saline, (2) raloxifene – 10 mg/kg raloxifene via intragastric
gavage, (3) Cisplatin – daily saline gavage from day 1
to day 5, and 25 mg/kg cisplatin injected intraperitoneally
2 h after saline administration on the fifth day, (4) combi
nation 1–10 mg/kg raloxifene from day 1 to day 5, and
cisplatin (25mg/kg) injection 2 h after raloxifene on the
fifth day, and (5) combination 2 – identical as above with
12.5 mg/kg cisplatin (half dose).
The mice were weighed every day during the treatment
course prior to drug administration. The mice were eutha
nized on day 7, and the liver and kidneys were removed.
The kidney index was calculated as (kidney mass/body
mass) × 100% and the liver index as (liver mass/body
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mass) × 100% were calculated. The major organs (liver,
kidneys, spleen, lungs, heart and intestines) were partly
snap frozen in liquid nitrogen and the remaining were
fixed in 4% paraformaldehyde for 48 h. The eyeballs
were removed and bled, and the blood was allowed to
coagulate for 30 min. The supernatant was centrifuged at
3500 g and the serum was collected for biochemical
analysis.

Hematoxylin-Eosin (H&E) Staining
The fixed tissues were washed, dehydrated across an etha
nol gradient, cleared in xylene, and embedded in paraffin.
The blocks were sliced into 4 μm-thick sections, dewaxed
and hydrated. The sections were stained with hematoxylin,
cleared with 1% hydrochloric acid alcohol, and counter
stained with eosin. After dehydration and dewaxing, the
stained sections were sealed with neutral gum and
observed under a high-power microscope.

Periodic Acid-Schiff (PAS) Staining
Periodic acid-Schiff (PAS) stain kits were purchased from
Solaibao Technology Co. Ltd. (Beijing, China). Briefly,
paraffin-embedded sections were dewaxed in xylene, rehy
drated in ethanol, and rinsed in distilled water. After oxi
dation in periodic acid for 15 minutes, each section was
stained with Schiff reagent for 10 minutes, rinsed with
distilled water for 5 minutes, and counterstained with
hematoxylin for 2 minutes. The sections were subse
quently washed, dehydrated, and sealed with a neutral
resin for microscopic examination.

Biochemical Assays
Serum creatinine (SCr), blood urea nitrogen (BUN), ala
nine transaminase (ALT), and glutamic oxalacetic transa
minase (AST) levels were detected by automatic
biochemical analyzer according to the manufacturer’s
instructions. The liver and kidney tissues were homoge
nized on an ice bath, and the cultured HK-2 cells were
harvested and washed with PBS. The tissue homogenates
and cell suspensions were resuspended in the suitable
buffers provided with the BCA protein detection kit, and
specific MDA, SOD and GSH kits (Beyotime
Biotechnology, China), and the assays were performed
according to the manufacturer’s instructions. SOD activity
was measured in terms of the absorbance at 450 nm. The
GSH content was measured via DTNB reaction in the
presence of NADPH, and the absorbance at 412 nm was

OncoTargets and Therapy 2021:14

An et al

recorded. MDA absorbance was measured at 530 nm.
Each experiment was performed in triplicates.

Transmission Electron Microscope (TEM)
Analysis
Freshly prepared kidney tissues of mice and HK-2 cells
treated with drugs were immediately fixed for 2 hours in
2.5% glutaraldehyde in 0.1 M phosphate-buffered saline
(pH = 7.4) and post-fixed in 1% OsO4, followed by
washing in distilled water and en bloc staining in 3%
uranyl acetate. Dehydration was conducted using a 70–
100% graded ethanol. The tissues and HK-2 cells were
then embedded, respectively, in Epon polymer and ultrathin sections (70 nm) were obtained with a diamond knife
on a Reichert Jung ultramicrotome (Leica, Germany),
stained with uranyl acetate-lead citrate and observed with
a JEM-1400plus transmission electron microscope (Japan
Electron Optics Laboratory Co., Ltd., Japan). The TEM
images with magnifications ranging from 5000× were
analyzed for the examination of the morphology of sub
cellular constituents and structures, 20,000×were analyzed
for the examination of the mitochondrial structure of HK-2
cells.

Cell Culture
The human renal tubular epithelial cell-line HK-2 was
a kind gift from Professor Ji-Yan Chen of Guangdong
Provincial people’s Hospital affiliated to South China
University of Technology. The use of the cell line was
approved by the institutional Research Ethics Committee
of Guangdong Provincial People’s Hospital (No:KYZ-2021-2151-01). The HK-2 cells were cultured in
DMEM/F12 medium containing 15% fetal bovine serum
and 1% penicillin and streptomycin at 37°C under 5%
CO2. The medium was changed every 2 days, and cells
in the logarithmic growth phase were used for all
experiments.

CCK-8 Assay
HK-2 cells were seeded in a 96-well plate at the density of
1000 cells/well, and allowed to adhere for 24 h. Following
24 h treatment with different concentrations of raloxifene
(0.01–10 μM), cisplatin (0.5–2 μg/mL), or the combination
of cisplatin (2 μg/mL) and raloxifene (1 μM or 10 μM), the
cells were washed twice with complete medium, and incu
bated with 10 µL CCK8 reagent (Beyotime Biotechnology,
Beijing) in 100 µL medium for 2 h. The absorbance at 450
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nm was measured by Microplate Reader (Bio-Tek,
Winooski, VT, USA), and the cell viability was calculated.
Results were expressed by the cell viability of results from
replicated wells. Cell viability was calculated as follows:
(sample group-blank group)/(untreated group-blank group)
*100%, where the blank group represents the absorbance
value of PBS (phosphate buffered saline) in the absence of
cells.

EdU Assay
The EdU assay was performed to determine cell prolifera
tion. HK-2 cells were seeded onto cover slips in 12-well
plate at the density of 50,000 cells/well, and treated with
cisplatin (2 μg/mL) in the presence or absence of ralox
ifene (1 μM or 10 μM) for 24 h. After rinsing in PBS, the
cell line was incubated with 1 μM EdU at 37°C for
2 h. Following incubation, the cell line was fixed with
4% paraformaldehyde for 15 min, incubated with 0.5%
Triton X-100 for 15 min, and washed 3 times with PBS.
Subsequently, the cell line was incubated with a 0.5 mL
click additive solution at ambient temperature for 30
min in the dark. After counterstaining with DAPI at
37°C for 10 min, the cells were observed under
a fluorescence microscope (Zeiss, Ax10 Axio, Germany).

H&E Staining of Cell Climbing Slices
HK-2 cells were seeded onto cover slips in 12-well plate at
the density of 50,000 cells/well, and treated with cisplatin
(2 μg/mL) in the presence or absence of raloxifene (1 μM
or 10 μM) for 24 h. The cell climbing tablets were then
stained with H&E as described above, and observed under
a light microscope (Olympus, Tokyo, Japan).

Mitochondrial Membrane Potential
Detection
HK-2 cells were seeded onto cover slips (NEST
Biotechnology, China) in a 12-well plate (NEST
Biotechnology, China) at the density of 50,000 cells/well,
and treated with cisplatin with or without raloxifene as
described for 24 h. The cells were fixed with 4% parafor
maldehyde and stained with 5 mg/L JC-1 (Mitochondrial
Membrane
Potential
Detection
Kit)
(Beyotime
Biotechnology, China) at 37°C for 1 h. After counterstain
ing with DAPI at 37°C for 10 min, the cells were observed
under a fluorescence microscope (Zeiss, Ax10 Axio,
Germany). JC-1 accumulates in the mitochondrial matrix
in a red-fluorescing polymeric form at high membrane
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potential and as a monomer emitting green fluorescence
signals at low mitochondrial membrane potential. The
ratio of green/red JC-1 fluorescence was evaluated to
assess membrane depolarization.

Western Blot Assay
HK-2 cells were lysed with RIPA lysis buffer on the ice
box. Protein concentrations were detected with BCA pro
tein assay kit (Beyotime Biotechnology, Shanghai, China).
Proteins were separated by electrophoresis on 10% SDSpolyacrylamide gel, transferred on the polyvinylidene
difluoride (PVDF) membrane (Millipore, Burlington,
MA, USA), and blocked by 5% fat-free milk at room
temperature for 2 hours. The membranes were covered
with primary antibodies and incubated at 4°C overnight,
Bcl-2, Bax, β-actin at 1:1000 (Wanleibio, Shenyang,
China). Then, membranes were incubated with HRPlabeled secondary antibody (1:20,000) (Proteintech,
Wuhan, China) at room temperature for 1h after being
washed by TBST for three times. The interested proteins
were detected by ECL chemiluminescence. The data of
blot bands were analyzed with Image J software.

Statistical Analysis
SPSS 26.0 software was used for statistical analysis. The
data are expressed as mean ± standard deviation of at least
three independent experiments. One-way ANOVA and the
post-hoc SNK-q test were used to compare different
groups. P < 0.05 was considered statistically significant.
The bar graphs present the mean ± standard deviation (SD)
of separate experiments. * indicates p < 0.05, and **
indicates p < 0.01, *** indicates p < 0.001, which were
all considered significance. Each assay was performed
independently three times. All graphs were made using
GraphPad Prism 8.0.

Results
Raloxifene Attenuates Cisplatin-Induced
Renal and Hepatic Injury
The reno-protective effect of raloxifene was evaluated in
terms of the renal/body mass index, and the BUN and
serum creatinine (SCr) levels. As shown in Figure 1A,
the cisplatin-treated mice showed significant decline in
body weight compared to the normal control group.
However, pre-treatment with raloxifene increased the
body weight compared to cisplatin control (P < 0.05).
Furthermore, cisplatin-treated group showed significant
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Figure 1 Raloxifene attenuates cisplatin-induced renal injury and liver injury in female C57 mice. Effect of raloxifene and cisplatin on the body weight, kidney/body weight
index and liver/body weight index (A), and the levels of serum creatinine, BUN (B), ALT and AST (C). (D) MDA, SOD and GSH levels in the kidney tissues of mice treated
with Ral (10 mg/kg), DDP (25 mg/kg), Ral (10 mg/kg) + DDP (25 mg/kg) and Ral (10 mg/kg) +1/2 DDP (12.5 mg/kg). Ral – raloxifene; DDP - cisplatin. Values are the mean ±
SD (n=6), **P < 0.01, ***P < 0.001 vs Control.

gain in renal/body mass index when compared with con
trol (P < 0.01), which was abrogated by raloxifene pretreatment (P < 0.05).
As shown in Figure 1B, the contents of serum creati
nine and urea nitrogen in the model group were signifi
cantly higher than that in the normal group (P < 0.05),
indicating glomerular filtration dysfunction and impaired
renal function. Compared with the model group, the com
bined administration of raloxifene could significantly
reduce the contents of serum creatinine and urea nitrogen
(P < 0.05), but did not return to the normal level.
To confirm the renoprotective effect of raloxifene in
cisplatin-treated mice, the morphological changes in the
kidneys tissues were assessed using H&E, PAS staining

OncoTargets and Therapy 2021:14

and TEM. As illustrated in Figure 2, kidneys from mice of
either the vehicle control or raloxifene alone group displayed
normal renal architecture. DDP alone treatment resulted in
severe renal tubular damage, characterized by severe degen
eration, necrosis and desquamation of renal tubular epithelial
cells, dilatation of the tubular lumens and cast formation in
the lumens of tubules, dilation of Bowman’s capsular space.
TEM images show dramatic mitochondrial swelling with
a loss of cristae in epithelial cells (Figure 2). However,
pretreatment with raloxifene at 10 mg/kg significantly atte
nuated the pathological changes in cisplatin-treated mice.
Although some mitochondria are rounded in DDP plus Ral,
there is much less matrix swelling and cristae membranes are
preserved. Importantly, treatment with 10 mg/kg raloxifene
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Figure 2 Raloxifene attenuates cisplatin-induced renal injury in mice. Histopathological examination of the kidney tissues of Control, Ral (10 mg/kg), DDP (25 mg/kg), Ral
(10 mg/kg) + DDP (25 mg/kg) and Ral (10 mg/kg) +1/2 DDP (12.5 mg/kg) groups. H&E-stained and PAS-stained sections were observed under a light microscope (Obj 200
×,400 ×,200×). More severe tubular injury was observed in DDP group mice compared with other mice. Representative H&E-stained and PAS-stained sections indicate acute
kidney injury in DDP group, blue arrows denote severe degeneration, necrosis and desquamation of renal tubular epithelial cells, red arrows indicate dilatation of the tubular
lumens and cast formation in the lumens of tubules, black arrow indicates dilation of Bowman’s capsular space. TEM images show dramatic mitochondrial swelling with a loss
of cristae in epithelial cells in DDP group. Although most mitochondria are rounded in Ral+(1/2)DDP and Ral+DDP group, there is much less matrix swelling and cristae
membranes are preserved, yellow arrows denote mitochondria, red arrow indicate cast formation in the lumens of tubules, green arrows indicate autolysosomes in the
epithelia of injured kidneys.

alone caused no alterations in renal function and morphol
ogy. The results consistent with the biochemical indices.
Although DDP did not increase the liver index signifi
cantly (P > 0.05; Figure 1A), the serum levels of glutamic
pyruvic transaminase and glutamic oxaloacetic transaminase

were markedly higher in the model group compared to the
control (P < 0.05; Figure 1C). In addition, DDP treatment
induced liver tissue damage, including hydro-degeneration
and fatty degeneration of hepatocytes (Figure 3). Raloxifene
significantly improved the serological and histopathological

Figure 3 Effect of DDP and Ral on hepatic pathological changes. Liver histology in mice treated with DDP or DDP plus Ral. The major histopathological change induced by
DDP in mice liver was hydro-degeneration and microvesicular steatosis. Ral treatment suppressed the DDP-induced alterations, with diminished fatty infiltration and minimal
steatosis. H&E-stained sections were observed under a light microscope (200 × and 400 ×).

4884

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.2147/OTT.S314810

DovePress

OncoTargets and Therapy 2021:14

Dovepress

indices of liver function (P < 0.05). The minimal effect of
cisplatin on the liver index can be attributed to the short
modelling duration. In addition, the liver is not the main
organ of cisplatin metabolism, and has a robust compensatory
function. Therefore, the serological changes occurred prior to
tissue damage. The lung, heart, intestine, and spleen did not
exhibit any significant histological change, which can be
attributed to the short modeling period and the fact that these
organs are not the main metabolic targets of cisplatin
(Figure 4).

Raloxifene Mitigates Oxidative Stress and
Apoptosis in Cisplatin-Treated Renal
Cells
As shown in Figure 1D, cisplatin significantly reduced the
glutathione content and SOD activity in the kidneys, and
increased MDA levels compared to the control (P < 0.05),
indicating oxidative stress. Raloxifene significantly
increased the content of GSH and SOD activity, and
decreased the level of MDA (P < 0.05). However, glu
tathione, MDA content and SOD activity in the liver were
similar across the five groups (Figure 1E), indicating that

An et al

cisplatin-induced liver injury, as well as the protective
effects of raloxifene, involves other mechanisms.
The toxicity of cisplatin and raloxifene on HK-2 cells was
tested at different concentrations over a time frame of 24 h via
CCK-8 assay. Cisplatin had the potent growth-inhibitory
effect on HK-2 cells (IC50=2 μg/mL), while raloxifene alle
viated the inhibitory effects of HK-2 cells in a dose-dependent
manner (Figure 5A). Raloxifene attenuates cisplatin-induced
HK-2 cells apoptosis. As shown in Figure 5C, cisplatin caused
obvious increase of the proapoptotic protein Bax and decrease
of the antiapoptotic protein Bcl-2. Inhibition of Bax activity
and upregulation of Bcl-2 were evidenced by combine with
raloxifene at 1 μM or 10 μM. To further confirm raloxifene
alleviated cisplatin-induced the inhibitory effects of HK-2 cell
proliferation, EdU incorporation was used, and the results are
shown in Figure 6A. It was observed that DDP induction
could remarkably suppressed the proliferation of HK-2 cells
compared with the control groups, while DDP plus Ral treat
ment alleviated the inhibitory effects of HK-2 cells prolifera
tion compared with DDP group.
In addition, cisplatin-induced shrinkage, cell roundness
and cytoplasmic vacuolization were also rescued by ralox
ifene (Figure 5D). TEM analysis shows mitochondrial

Figure 4 Histopathological examination of the lungs, hearts, intestines and spleens of Control, Ral (10 mg/kg), DDP (25 mg/kg), Ral (10 mg/kg) + DDP (25 mg/kg) and Ral
(10 mg/kg) +1/2 DDP (12.5 mg/kg) groups. H&E-stained sections were observed under a light microscope (100 ×).
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Figure 5 Raloxifene attenuated cisplatin-induced oxidative stress in HK-2 cells. (A) Effect of raloxifene on cisplatin-induced cytotoxicity in HK-2 cells. HK-2 cells were
treated with indicated concentrations of raloxifene (0.01–10 μM), cisplatin (0.5–2 μg/mL), cisplatin (2 μg/mL) + raloxifene (1 μM or 10 μM) for 24 h. (B) MDA, SOD and
GSH levels in HK-2 cells. HK-2 cells were treated with indicated concentrations of cisplatin (2 μg/mL), cisplatin (2 μg/mL) + raloxifene (1 μM or 10 μM) for 24 h. (C)
Western blot assay for the detection of Bcl-2 and Bax expression in each group and quantifications: β-actin was used to normalize protein expression levels. (D) H&E
morphological staining of HK-2 cells (original magnification: × 200). Values are the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs
control. (E) TEM analysis shows mitochondrial swelling and severe disruption of mitochondrial structures in DDP-treated HK-2 cells, only a few mitochondria are present
and they appear swollen and have lost cristae. TEM picture of control group HK-2 cells, showing elongated mitochondria with normal cristae structure. TEM picture of DDP
+Ral (1 μM or 10 μM) groups HK-2 cells, showing many normal mitochondria are still present, but disrupted mitochondria that are swollen are also observed in a few
mitochondria.
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Figure 6 Raloxifene alleviated cisplatin-induced the inhibitory effects of HK-2 cell proliferation and mitochondrial dysfunction. HK-2 cells were treated with the indicated
concentrations of cisplatin (2 μg/mL), cisplatin (2 μg/mL) + raloxifene (1 μM or 10 μM) for 24 h. (A) The cell proliferation was measured by EdU fluorescence. The cells were
fixed and stained with EdU and DAPI, and observed under a fluorescence microscope (original magnification: × 100). (B) The mitochondrial membrane potential was
measured by JC-1 fluorescence. The cells were fixed and stained with JC-1 and DAPI, and observed under a fluorescence microscope (original magnification: × 400).

swelling and severe disruption of mitochondrial structures
in DDP-treated HK-2 cells, only a few mitochondria are
present and they appear swollen and have lost cristae.
TEM picture of control group HK-2 cells, showing elon
gated mitochondria with normal cristae structure. TEM
picture of DDP+Ral (1 μM or 10 μM) groups HK-2
cells, showing many normal mitochondria are still present,
but disrupted mitochondria that are swollen are also
observed in a few mitochondria (Figure 5E). Consistent
with the in vivo results, cisplatin enhanced the oxidative
stress in HK-2 cells, and raloxifene normalized the indices
of glutathione, MDA and SOD activity (Figure 5B). In
addition, cisplatin-treated cells showed significant mito
chondrial membrane depolarization, as indicated by the
high green/red JC-1 fluorescence intensity ratio, compared
to cells pre-treated with raloxifene (1 μM or 10 μM). Thus,
raloxifene also alleviated cisplatin-induced mitochondrial
dysfunction in the renal cells (Figure 6B).

Discussion
We demonstrated the protective effects of raloxifene against
cisplatin-induced nephrotoxicity and hepatotoxicity a mouse
model, and elucidated the underlying mechanisms. Cancer is
a major public health issue associated with high mortality
rates.15 Cisplatin, the most common first-line chemotherapy
drug for most solid tumors, is associated with acute
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ototoxicity and nephrotoxicity, among other severe side
effects.16 Cisplatin-based or compatible drugs account for
70–80% of all anti-tumor chemotherapy regimens in
China,17 and one-third of the patients treated with cisplatin
experience kidney damage.18 Acute nephrotoxicity asso
ciated with high-dose cisplatin can lead to impaired renal
function, delayed treatment and other complications.19 In
addition, acute renal damage also delays cisplatin
clearance,20 which exacerbates the risk of adverse events.
Therefore, it is vital to incorporate an adjuvant in cisplatin
regimens that can mitigate its toxic effects. Raloxifene is
a phenylthiophene selective estrogen receptor inhibitor with
antioxidant activity.8 Previous studies have shown that ralox
ifene can reduce oxidative stress and lipid peroxidation in the
rat brain,8,9 and protects glucose-deficient astrocytes from
oxidative injury.10 In addition, raloxifene can improve hyper
tension-induced endothelial dysfunction and vascular injury
in rats by increasing endothelial NO synthase activity and
reducing estrogen receptor-dependent generation of reactive
oxygen species in vascular cells.11 In this study, raloxifene
administered at a dose of 10 mg/kg significantly restored
DDP-induced alterations in biochemical markers and antiox
idant status in the liver and kidneys. The beneficial role of
raloxifene against DDP-induced oxidative damage observed
in the present study may be mediated by the inhibition of
MDA, increase in GSH and SOD expression.
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Cisplatin decreases the glomerular filtration rate, which
reduces blood flow through the renal vessels and may lead
to renal ischemia,21 loss of renal function and eventually
renal failure. In this study, the serum creatinine and urea
levels increased significantly in the cisplatin-treated mice,
which confirmed the nephrotoxicity of cisplatin as
reported by previous studies on rat models.22–24 In addi
tion, cisplatin also led to severe histopathological changes
in the kidneys, including vacuolization of renal tubular
epithelial cells, inter-tubular capillary hyperemia, glomer
ular mesangial cell proliferation, inflammatory cell infil
tration, glomerular atrophy and focal renal hemorrhage.
Furthermore, in this study, cisplatin induced liver damage,
as indicated by the high AST and ALT levels, as well as
hydro-degeneration and fatty degeneration of liver cells in
the treated mice, which was consistent with the results of
previous studies.25,26 Raloxifene significantly improved
the serological and histopathological indices of liver
function.
Cisplatin triggers oxidative stress in tumor cells by
promoting ROS generation,27,28 inhibiting antioxidant
enzymes and decreasing glutathione (GSH) levels,29,30
which are also the underlying factors of nephrotoxicity.
Free radicals oxidize the lipids of cell membrane and alters
membrane permeability, leading to excessive calcium
influx and mitochondrial dysfunction. Impaired mitochon
drial function in the renal proximal tubule epithelial cells
affects the reabsorption of glucose, resulting in edema and
cellular degeneration.30 Compared to the untreated con
trols, cisplatin significantly reduced the content of the
antioxidant enzyme GSH as well as the activity of SOD
in renal tissues, and increased the levels of the lipid
peroxidation product MDA. Thus, cisplatin treatment
impaired the ability of renal cells to scavenge the free
radicals, which was restored by raloxifene, in agreement
with its previously reported antioxidant effects.
Interestingly, the indices of oxidative damage were not
affected in the liver tissues of cisplatin-treated mice, indi
cating that the protective effect of raloxifene on cisplatininduced liver injury involves other mechanisms.
Various antioxidants have been applied to inhibit oxida
tive stress of cisplatin-induced nephrotoxicity, such as ami
fostine N-acetylcysteine (NAC), Superoxide dismutase
(SOD) and catalase (CAT). However, although several
kinds of drugs are applied clinically in response to cisplatininduced kidney injury, these drugs exhibit different degrees
of shortage. Amifostine is a broad-spectrum cytoprotective
agent approved by the FDA as a nephroprotective agent
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during cisplatin chemotherapy in patients with advanced
ovarian cancer; however, due to blood pressure drops and
hypocalcemia, its application in other tumors is limited.31,32
N-acetylcysteine (NAC) is widely used to treat paracetamol
overdose, with a remarkable antioxidant and antiinflammatory capacity. Javaherforooshzadeh F found that
administration of N-acetylcysteine can reduce the incidence
of acute kidney injury in patients treated coronary artery
bypass graft surgery and promoted kidney functions.33
However, another study indicated that when evaluated in
patients with stage 3 chronic kidney disease, 600 mg oral
NAC supplementation was not able to alter serum creatinine
or Cystatin C.34 Lastly, there is the debate regarding NAC
efficacy with kidney disease. Both SOD and CAT are anti
oxidant enzyme in the body. SOD acts as a catalyzes the
dismutation of superoxide. The reaction helps to conduit in
transmission of the injury caused by free radicals but with
hydrogen peroxide as a by-product. CAT acts as a catalyst
for the conversion of hydrogen peroxide to oxygen and
water. Both SOD and CAT plays an important role in antiaging and disease treatment. However, because of extre
mely rapid plasma clearance time and poor stability, the
clinical application of SOD and CAT as therapeutic agents
was very limited.35–37 By comparison, raloxifene with
a good stability and administration is highly tolerated and
does not present significant adverse effects. It was well
tolerated with doses of 30–600 mg/day in clinical trials
which the subjects most were postmenopausal women.
The most common side-effects were hot flushes and leg
cramps.38,39
There are several studies have shown that raloxifene
can induce apoptosis on tumor cells and reduces endome
trial cancer risk in women. Shi W demonstrated raloxifene
inhibited constitutive activation of STAT3 in breast cancer
cell-line MDB-MB-231, colon cancer cell-line HCT116
and multiple myeloma cancer cell-line U266. Raloxifene
also inhibited phosphorylation of STAT3 induced by IL-6
in MCF-7, HT29 and MM.1S cancer cell lines.40
DeMichele A provides evidence that raloxifene reduces
endometrial cancer risk in women with a populationbased, case-control study.7 Olivier S found raloxifene
induces myeloma cell cycle arrest and apoptosis through
NF-kappa B-dependent mechanisms.41 Jiang HS reported
raloxifene induces apoptosis in estrogen receptor-negative
human cancer cells through the aryl hydrocarbon receptor
(AhR).42 Based on these evidences, we speculate that
raloxifene may enhance the therapeutic effect of cisplatin
on tumors.
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Findings and Limitations

Disclosure

Some findings of this study have not been reported in the
past: In this study, we demonstrated for the first time that
pretreatment with raloxifene protected against cisplatininduced acute kidney injury through inhibition of oxida
tive stress. But, there are some limitations in this study. We
have preliminarily studied and proved raloxifene protected
against cisplatin-induced acute kidney injury by histo
pathological and biochemical analyses, but we have not
explored it very deeply, especially molecular mechanism.
In addition, although many biological functions and beha
vior of mice are close to human and mice are good models
for study, our results cannot completely represent the
effects on human. Clinical trial needs to be conducted to
elucidate raloxifene to protect against cisplatin-induced
nephrotoxicity.

The authors have declared that no competing interest
exists.

Conclusion
Raloxifene alleviates cisplatin-induced acute renal injury
by reversing oxidative stress, and has a protective effect on
the liver as well. Raloxifene can reduce the side effects of
cisplatin when used as an adjuvant. Our findings also
indicate that a drug–drug interaction might occur with coadministration of raloxifene and cisplatin, which could
affect the cisplatin content and distribution in the kidney
and in the HK-2 cells. We suggest that raloxifene used in
combination with cisplatin during chemotherapy, which is
of great clinical significance. As raloxifene showed no
toxic effects in HK-2 cells and mice, we propose that
raloxifene should be considered as a nephroprotective
agent during cisplatin chemotherapy.
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