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Abstract
Cisplatin treatment is effective against several types of carcinomas. However, 
it frequently leads to kidney injury, which warrants effective prevention meth-
ods. Sodium valproic acid is a prophylactic drug candidate with a high poten-
tial for clinical application against cisplatin- induced kidney injury. Therefore, 
in this study, we aimed to elucidate the mechanism underlying the prophylac-
tic effect of valproic acid on cisplatin- induced kidney injury in a mouse model 
and HK2 and PODO cells with cisplatin- induced toxicity. In the mouse model of 
cisplatin- induced kidney injury, various renal function parameters and tubular 
damage scores were worsened by cisplatin, but they were significantly improved 
upon combination with valproic acid. No difference was observed in cisplatin 
accumulation between the cisplatin- treated and valproic acid- treated groups in 
whole blood and the kidneys. The mRNA expression levels of proximal tubular 
damage markers, apoptosis markers, and inflammatory cytokines significantly 
increased in the cisplatin group 72 h after cisplatin administration but signifi-
cantly decreased upon combination with valproic acid. In HK2 cells, a human 
proximal tubular cell line, the cisplatin- induced decrease in cell viability was 
significantly suppressed by co- treatment with valproic acid. Valproic acid may 
inhibit cisplatin- induced kidney injury by suppressing apoptosis, inflammatory 
responses, and glomerular damage throughout the kidneys by suppressing proxi-
mal tubular cell damage. However, prospective controlled trials need to evaluate 
these findings before their practical application.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Current clinical management practices do not completely alleviate cisplatin- 
induced kidney damage, and more substantial supportive measures need to be 
developed.
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INTRODUCTION

Cisplatin is a prominent platinum- based chemotherapy 
drug used in various cancers, particularly solid tumors, 
such as lung, bladder, and head and neck malignancies.1 
However, its adverse effects are often severe and include 
renal and hearing impairment, nausea, and vomiting.1 
Approximately 30% of patients receiving cisplatin de-
velop acute kidney injury,2 an important dose- limiting 
toxicity. Cisplatin- induced cell death and inflammation 
are predominantly observed in the proximal tubule seg-
ment, coinciding with the location of maximal cisplatin 
accumulation.3- 5 Acute kidney injury can result in chronic 
tubulointerstitial fibrosis or irreversible chronic tubulopa-
thy, potentially leading to renal failure.6 However, cispl-
atin continues to be the predominant drug used in clinical 
settings. To alleviate the nephrotoxicity caused by cispl-
atin, it is advisable to implement measures such as ad-
equate fluid intake, including infusion of saline solution 
(>3 L/day), and diuretic medication administration dur-
ing anticancer treatment.7 Nevertheless, it is not possible 
to avert renal damage entirely, and additional supportive 
measures are necessary.

To develop a cisplatin- induced kidney injury prophy-
laxis with high potential for clinical application, certain 
requirements must be met. In addition to ensuring phar-
macodynamic safety, drugs used to treat cisplatin- induced 
renal injury should demonstrate compatibility with cis-
platin and other concurrent anticancer medications 
administered without compromising their anticancer ef-
fectiveness. Here, we focused on valproic acid (VPA) as 
a candidate agent for preventing cisplatin- induced renal 
injury. VPA increases brain gamma- aminobutyric acid 

concentrations and is used to treat seizures and other neu-
ropsychiatric conditions. It is effective in reducing kidney 
damage; it may also exhibit anticancer properties. In renal 
models of tubulointerstitial fibrosis and lupus, VPA treat-
ment has been shown to prevent renal injury and improve 
laboratory serum and urine analysis results.8– 13 VPA also 
decreases inflammatory cytokine expression in ischemia– 
reperfusion- induced renal injury.14,15 Furthermore, VPA 
treatment exerted anticancer effects, such as inhibiting 
the growth of pancreatic cancer cells16 and primary tu-
mors and their metastasis to the lungs, in a mouse breast 
cancer model.17 Furthermore, our preliminary study using 
VigiBase showed that patients taking VPA reported less 
kidney damage as an adverse effect than those not taking 
VPA, suggesting that VPA may be effective as a preven-
tive agent for kidney injury. Here, we aimed to evaluate 
the efficacy of VPA treatment in mitigating or preventing 
cisplatin- induced renal injury in cells and animals.

METHODS

Data analysis

From January 1968 to December 2021, there were 
28,617,525 voluntary reports documenting adverse events 
were recorded on VigiBase (https://who- umc.org/). Du-
plicate data were excluded per recommendations, and the 
remaining 27,994,584 reports were used. SQLite was used 
for data processing and R (version 3.2.1; R Foundation for 
Statistical Computing) for statistical analyses. Acute renal 
failure was defined using 47 terms of “acute renal fail-
ure (SMQ 20000003),” excluding neonatal and pediatric 

WHAT QUESTION DID THIS STUDY ADDRESS?
Numerous pharmaceuticals and substances have demonstrated efficacy in miti-
gating cisplatin- induced kidney injury through preclinical in vitro and in vivo in-
vestigations; however, their clinical application remains limited. In this research, 
we used large- scale medical data analysis to identify potential preventive agents 
with significant prospects for clinical implementation.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Valproic acid reduced cisplatin- induced kidney injury by suppressing the apop-
tosis of proximal tubular cells, thereby preventing damage to the entire kidney. 
These findings indicate that valproic acid can be a promising preventive agent for 
mitigating cisplatin- induced kidney injury in a clinical setting.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Based on these findings, clinical trials can verify that sodium valproate may be a 
promising prophylactic agent to reduce cisplatin- induced renal injury in clinical 
practice.
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diseases (Table S1), according to the Medical Dictionary 
for Regulatory Activities (MedDRA) version 23.1.

Adverse event risk was assessed using reporting odds 
ratio (ROR) and 95% confidence interval (CI). Patients 
who received cisplatin were classified into the following 
groups: (A) patients who used drug A and reported acute 
renal failure; (B) those who used drug A and did not report 
acute renal failure; (C) those who did not use drug A and 
reported acute renal failure; and (D) those who did not 
use drug A and did not report acute renal failure. ROR 
and 95% CI were calculated using the following equations:

All tests were two- tailed; results with p < 0.05 were 
considered significant.

Animal model of cisplatin- induced 
nephrotoxicity

Animal studies were conducted following the ARRIVE 
guidelines and regulations set by the Animal Research 

Committee of Tokushima University Graduate School. 
The experimental protocol was approved by the Institu-
tional Review Board of Tokushima University Graduate 
School for Animal Protection (Permit Number: T30- 85, 
Approval Date: October 1, 2018). Male C57BL/6N mice, 
aged 9– 10 weeks (Nippon CLEA) and weighing 23– 28 g, 
were acquired and placed under unrestricted access to 
NMF- type food (Oriental Yeast) and water. Male mice 
were used because the degree of renal dysfunction in the 
acute renal failure model is clearly more severe in male 
mice than in female mice, and the expression of OCT2, 
which is involved in cisplatin uptake, is higher in male 
mice. The relative humidity and temperature of the breed-
ing room were 50% ± 10%, and 26°C ± 1°C, respectively, 
following a 12- h light– dark cycle (on at 8:00 h, off at 
20:00 h). To establish a mouse model of cisplatin- induced 
renal injury, we used C57BL/6N male mice following es-
tablished protocols described previously.18,19

Mice were randomly allocated to six groups (n = 5– 8 
mice/group): group 1, vehicle- injected; group 2, VPA- 
treated; group 3, cisplatin- injected; and groups 4– 6, 
cisplatin- injected with add- on VPA at 10, 30, and 100 mg/kg, 
respectively. Mice were intraperitoneally injected with 

cisplatin (groups 3– 6, 15 mg/kg) or vehicle (groups 1 and 
2, saline) once. Twenty- four h before being injected with 
cisplatin, the mice were orally administered VPA (groups 
3– 6) or vehicle (groups 1 and 2, saline) once daily for 2 or 
4 consecutive days, 24 or 72 h after cisplatin treatment. 
The experimental mice were anesthetized and eutha-
nized, and blood, serum, urine, and kidney tissue sam-
ples were obtained for further analyses. Anesthesia was 
induced by administering isoflurane via inhalation in a 
vaporizer set at 4% dilution (vaporized in oxygen at a flow 
rate of 1 L/min) and maintained using 2% isoflurane in 
the vaporizer. Isoflurane was administered via a small fa-
cial mask.

Measurement of serum and urine 
creatinine levels as well as blood urea 
nitrogen levels

Levels of serum creatinine (Cr), urine Cr, blood urea nitro-
gen (BUN), serum albumin (ALB), urine ALB, aspartate 
aminotransferase (AST), and alanine aminotransferase in 
the collected serum and urine samples at 72 h after cis-
platin administration were determined by Oriental Yeast 
Industries (Shiga, Japan). Creatinine clearance (Ccr) was 
calculated using the following formula:

Histological analysis

Renal tubular injury was evaluated according to an es-
tablished protocol.20 Kidney tissue samples were fixed 
in 4% paraformaldehyde solution and embedded in par-
affin. The paraffin- embedded samples were sectioned to 
4- μm- thick slices and stained with hematoxylin and eosin. 
Tubular damage was performed by greater than or equal 
to three independent experts who were not involved in the 
study. Experts evaluated the extent of damage based on 
various criteria, including tubular necrosis, loss of brush 
border, cast formation, tubular dilation, and tubular de-
generation. Damage was scored on a scale of 0– 4: 0 for 
normal, 1 for less than 25%, 2 for 25%– 50%, 3 for 50%– 75%, 
and 4 for greater than 75%. Ten random microscopic fields 
were examined per kidney section using a BX53 micro-
scope (Olympus) for quantification.

Immunostaining of kidneys

Formaldehyde- fixed kidney samples were embed-
ded in paraffin and cut into 4- μm- thick sections. For 

ROR = AD∕BC

95%CI = exp

(

ln ROR ± 1.96

√

1

A
+
1

B
+
1

C
+
1

D

)

Ccr (mL∕min∕kg) =
urine volume (mL∕min∕kg) × urine creatinine concentration (mg∕L)

Serum creatinine concentration (mg∕L)
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deparaffinization, paraffin- embedded sections of the 
kidneys were washed in Heme- De (FALMA), 90% etha-
nol, 80% ethanol, and 70% ethanol for 5 min each, and 
in phosphate- buffered saline (PBS) using 50 μL Triton/
PBS (0.1%) and 50 μL bovine serum albumin/PBS at 4°C 
for 20 min each. The sections were incubated overnight 
at 4°C with the Rat Anti- Mouse primary antibody F4/80 
(1:100; MCA497G; Bio- Rad). The sections were then 
washed in PBS and incubated with a secondary anti-
body, Alexa Fluor 488 goat anti- rat IgG (1:1000; A11006; 
Thermo Fisher Scientific) for 1 h at 20°C, followed by 
the use of ProLong Gold antifade reagent with DAPI 
(P36935; Thermo Fisher Scientific). The sections were 
observed under a confocal laser scanning microscope 
(LSM700; Carl Zeiss).

For each group of immunostained sections, five ran-
domly selected non- overlapping digital images were 
captured for subsequent quantification. Quantitative im-
munostaining analysis was performed by counting the 
F4/80- positive cells using the measurement function of 
Image- Pro Plus software (Media Cybernetics). The result 
is expressed as the number of F4/80- positive cells to the 
total area evaluated. Error bars indicate standard error of 
the mean.

Cell culture

HK2 (ATCC CRL- 2190; American Type Culture Collec-
tion) and PODO/TERT256 cells (CHT- 033- 0256; EVER-
CYTE) were used to examine the effects of VPA treatment 
on cisplatin- induced cell death. The potential antitumor 
properties of VPA were evaluated using human lung can-
cer (A549) and gastric cancer (MKN- 1) cells. The cells 
were cultured and passaged in Roswell Park Memorial 
Institute medium supplemented with 10% fetal bovine 
serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. 
Culture conditions were maintained at 37°C in a humidi-
fied atmosphere of 95% air and 5% CO2. Subculturing was 
performed when the cells reached ~80% confluence, and 
experiments were conducted using cells at passages 10– 20.

Cell viability assay

Cell viability was determined using the Cell Counting 
Kit- 8 (CCK- 8) assay (Dojindo Laboratories), following the 
manufacturer's instructions. The cells were plated in 96- 
well plates at 5 × 104 cells/well density and incubated at 
37°C for 24 h. The cells were then exposed to culture media 
containing or without 10 μM cisplatin for 24 h. VPA (100, 
300, and 1000 μM) was then used to treat these cells (either 
cells cultured in media with cisplatin or those cultured in 

media without it). Cell viability was determined by quan-
tifying the optical density of WST- 8 formazan at 450 nm 
using a microplate reader (Model 680; Bio- Rad).

Real- time polymerase chain reaction

Kidney samples and HK2 cells were obtained from the 
mice with cisplatin- induced kidney injury. RNA extrac-
tion was performed using an RNA extraction solution 
(NIPPON GENE) following the manufacturer's instruc-
tions. Reverse transcription of RNA into cDNA was per-
formed using the PrimeScript RT Reagent Kit (Takara 
Bio) and a polymerase chain reaction (PCR) Thermal Cy-
cler Dice (Takara Bio). Each cDNA sample was combined 
with forward and reverse primers and a THUNDERBIRD 
SYBR qPCR mix (Toyobo), according to the manufactur-
er's protocol. The PCR mixture consisted of 1 μL cDNA, 
5 μL Thunderbird SYBR qPCR mix, 0.2 μL PCR primers, 
and 3.6 μL RNase- free water. PCR was performed using 
the Applied Biosystems StepOnePlus system. Briefly, 
there were 45 cycles of denaturation at 95°C for 15 s, fol-
lowed by annealing and extension at 60°C for 1 min. Ini-
tial analysis was performed using StepOnePlus version 
2.3 (Applied Biosystems). Relative fold changes in gene 
expression compared with those in the control group were 
determined using mouse GAPDH as the internal refer-
ence. PCR was performed using the primer sets listed in 
Table S2. Each experiment was conducted in triplicate.

Statistical analysis

Statistical analysis was conducted using Student's t- test 
for group comparisons. A one- way analysis of variance 
was performed for comparisons involving three or more 
groups. Post hoc analysis was performed using Tukey's 
test. Statistical analyses were performed using R version 
3.2.1 for Windows. Results with p < 0.05 (two- tailed) were 
considered significant.

RESULTS

VigiBase analysis

Among the 28,617,525 spontaneous adverse event reports 
submitted between January 1968 and December 2021, 
there were 124,685 cases that involved cisplatin adminis-
tration. The ROR for acute renal failure due to VPA ad-
ministration was examined. To confirm the accuracy of 
data analysis, we used ondansetron and palonosetron. 
The ROR for the VPA and cisplatin combination was 0.57 
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(95% CI: 0.08– 4.12), that for the ondansetron and cisplatin 
combination was 1.33 (95% CI: 1.10– 1.61), and that for pa-
lonosetron was 0.45 (95% CI: 0.32– 0.61; Table 1).

Effects of VPA treatment on 
cisplatin- induced kidney injury in mice

Body weight was lower for mice 72 h after cisplatin treat-
ment than for mice treated with a vehicle, but there 
was no significant change in kidney weight (Table  2). 
However, at 24 h after cisplatin treatment, body weight 
remained unchanged (Table  S3). At 72 h after cispl-
atin treatment, renal damage significantly increased 
(p < 0.01), and the levels of Kim- 1 and Lcn- 2, which 
serve as indicators of proximal tubular injury, increased 
(p < 0.01). BUN, urine ALB, urine CRE ratio, and AST 

levels increased (p < 0.01), whereas urine volume and 
Ccr decreased (p < 0.05) compared with those in the ve-
hicle mice (Table 2; Figure 1a,b).

At 24 h after cisplatin treatment, the mice showed renal 
damage with increased expression of Kim- 1 (p < 0.01) but 
presented no change in Lcn- 2 expression (Figure  1c,d). 
The cisplatin and VPA combination resulted in a signif-
icant dose- dependent alleviation of cisplatin- induced 
renal dysfunction (Table 2, Figure 1).

Histological evaluation

At the 72- h timepoint after cisplatin treatment, mice 
displayed evident signs of renal tissue degeneration and 
damage, such as nuclear loss, atrophy of proximal tubu-
lar cells, and tubular enlargement. However, the VPA and 

Drug
ARF (%) without 
the drug

ARF (%) with 
the drug ROR (95% CI) pvalue

Ondansetron 2.28 (2758/121,000) 3.01 (111/3685) 1.33 (1.10– 1.61) <0.01

Palonosetron 2.34 (2828/120,823) 1.06 (41/3862) 0.45 (0.32– 0.61) <0.01

VPA 2.30 (2868/124,610) 1.33 (1/75) 0.57 (0.08– 4.12) 1

Note: Statistical analysis was performed using Fisher's exact test.
Abbreviations: ARF, acute renal failure; CI, confidence interval; ROR, reporting odds ratio; VPA, valproic 
acid.

T A B L E  1  Effect of drugs on the 
occurrence of cisplatin- induced ARF 
based on VigiBase analysis.

T A B L E  2  Body weight, kidney weight, renal function, and liver function in vehicle- treated mice and 72- h cisplatin- treated mice with or 
without VPA treatment.

Vehicle VPA (100) Cisplatin
Cisplatin- 
VPA (10)

Cisplatin- 
VPA (30)

Cisplatin- 
VPA (100)

Initial body weight (g) 26.4 ± 0.6 25.1 ± 0.4 26.8 ± 0.5 25.6 ± 0.6 26.8 ± 0.3 26.8 ± 0.6

Final body weight (g) 25.2 ± 0.6 23.8 ± 0.3 20.8 ± 0.3 ** 20.3 ± 0.6 21.6 ± 0.6 21.6 ± 0.6

Kidney weight (mg) 187.2 ± 5.2 167.6 ± 9.5 164.0 ± 9.6 * 150.3 ± 7.7 165.6 ± 3.2 157.9 ± 3.3

Kidney weight/body 
weight (mg/g)

7.57 ± 0.23 7.06 ± 0.22 7.89 ± 0.17 7.42 ± 0.17 7.68 ± 0.18 7.28 ± 0.19

Urine volume (mL) 1.18 ± 0.13 0.90 ± 0.19 0.64 ± 0.11 * 0.80 ± 0.13 0.96 ± 0.21 1.02 ± 0.13

BUN (mg/dL) 21.3 ± 1.3 20.4 ± 0.7 72.0 ± 5.9 ** 55.3 ± 4.1 59.1 ± 6.4 54.8 ± 8.5

Ccr (mL/min/kg) 6.60 ± 0.58 5.77 ± 0.73 2.41 ± 0.33 * 3.84 ± 0.48 4.69 ± 0.78 7.17 ± 1.49††

Serum ALB (g/dL) 2.87 ± 0.05 2.85 ± 0.06 2.94 ± 0.04 3.01 ± 0.08 3.13 ± 0.03 2.91 ± 0.03

Urine ALB (μg/mL) 21.6 ± 2.6 22.5 ± 0.3 3289.2 ± 710.3** 1170.9 ± 583.6† 592.9 ± 113.8†† 808.6 ± 221.2††

Urine ALB
Urine Cr−1 ratio

0.97 ± 0.1 1.07 ± 0.1 95.96 ± 20.1** 39.86 ± 19.8 20 ± 3.7†† 24.21 ± 6.7††

AST (IU/L) 142.3 ± 9.5 152.0 ± 25.1 234.5 ± 10.2** 209.6 ± 8.6 229.9 ± 15.9 207.9 ± 11.1

ALT (IU/L) 38.8 ± 8.8 33.8 ± 8.9 50.0 ± 5.4 41 ± 2.7 51.5 ± 6.1 43.9 ± 2.6

Note: Data are presented as mean ± standard error of the mean.
Abbreviations: ALB, serum albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Ccr, creatinine clearance; 
Cr, creatinine.
*p < 0.05 and **p < 0.01 versus vehicle, †p < 0.05 and ††p < 0.01 vs. cisplatin, n = 4– 8 in each group.

 17528062, 2023, 11, D
ow

nloaded from
 https://ascpt.onlinelibrary.w

iley.com
/doi/10.1111/cts.13638 by T

okushim
a U

niversity, W
iley O

nline L
ibrary on [14/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2374 |   YOSHIOKA et al.

cisplatin combination resulted in reduced tubular dilation 
and necrotic tubular cell proportion compared to cispl-
atin (Figure  1e). The groups administered the VPA and 

cisplatin combination demonstrated lower scores than the 
group administered cisplatin alone (p < 0.01), and this ef-
fect was dose- dependent (Figure 1f).

F I G U R E  1  Effect of valproic acid treatment on cisplatin- induced toxicity in the mouse kidneys. (a– d) The mRNA expression levels 
of the kidney injury markers Kim- 1 (a, c) and Lcn- 2 (b, d) were assessed in the renal tissue of mice from each experimental group. The 
measurements were conducted at two different timepoints: (a, b) 72 h after cisplatin treatment and (c, d) 24 h following cisplatin treatment. 
(e, f) Histological evaluation of the renal tubules in mice. (e) Representative hematoxylin and eosin staining of kidney sections from vehicle-  
and cisplatin- treated mice with or without valproic acid treatment. Scale bar indicates 100 μm. (f) Quantitative analysis of renal damage 
scores. Values are expressed as mean ± standard error of the mean. **p < 0.01 versus vehicle, †p < 0.05, ††p < 0.01 versus cisplatin, n = 4– 8 in 
each group. CDDP, cisplatin; VPA, valproic acid.

(a) (b)

(c)

(e) (f)

(d)
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Effect of VPA on platinum concentration 
in whole- blood and kidney tissue samples

Eight h after cisplatin administration, renal platinum and 
whole- blood platinum concentrations did not change with 
VPA treatment (Figure S1), indicating that VPA does not af-
fect platinum accumulation in the kidneys or whole blood.

Influence on inflammatory cytokines 
in the kidneys

Quantitative real- time PCR confirmed that the mRNA 
expression of the inflammatory cytokines TNF- α, IL- 1β, 

and IL- 6 in the kidneys increased 72 h after cisplatin 
treatment (IL- 1β, p < 0.05; TNF- α, and IL- 6, p < 0.01); 
however, TNF- α, IL- 1β, and IL- 6 expression signifi-
cantly reduced in the kidneys of the cisplatin and VPA 
combination group compared with that in the kidneys 
of the cisplatin- alone group (TNF- α and IL- 1β, p < 0.05; 
IL- 6, p < 0.01). This decrease in expression was dose- 
dependent (Figure 2a– c).

In contrast, quantitative real- time PCR confirmed 
that TNF- α expression in the kidneys increased 24 h after 
cisplatin treatment (p < 0.05); however, its expression 
reduced in the kidneys of the cisplatin and VPA combi-
nation group compared with that in the cisplatin- alone 
group (p < 0.05; Figure  2d). No significant differences 

F I G U R E  2  Impact of valproic acid administration on the expression of inflammatory cytokines in the renal tissues of mice. The 
mRNA levels of TNF- α (a, d), IL- 1β (b, e), and IL- 6 (c, f), which are inflammatory cytokines, were measured in the kidneys of mice in 
each experimental group. (a– c) Mice at 72 h after cisplatin treatment. (d– f) Mice 24 h after cisplatin treatment. Values are expressed as 
mean ± standard error of the mean. *p < 0.05, **p < 0.01 versus vehicle, †p < 0.05, ††p < 0.01 versus cisplatin, n = 4– 8 in each group. CDDP, 
cisplatin; VPA, valproic acid.

(a) (b) (c)

(d) (e) (f)
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were observed in IL- 1β and IL- 6 expression in the kid-
neys of mice treated with cisplatin for 24 h and vehicle- 
treated mice (Figure 2e,f).

Effect of VPA treatment on 
cisplatin- induced inflammatory cell 
infiltration

Figure  3a shows a typical image of a kidney from each 
group that was immunostained for F4/80. At 72 h after cis-
platin treatment, the number of F4/80 cells significantly 
increased (p < 0.01; Figure 3b). Mice treated with VPA had 
fewer F4/80 cells than those treated with cisplatin alone 
(p < 0.01; Figure 3b).

Influence of VPA treatment on apoptosis 
marker expression in the kidneys

Quantitative real- time PCR analysis demonstrated up-
regulated expression of the apoptosis markers Bax/Bcl-
 2, FOXO3, and augmented renal clearance (ARC) in the 
kidneys at 72 h after cisplatin treatment (FOXO3 and 
ARC, p < 0.05; Bax/Bcl- 2, p < 0.01); however, their expres-
sion decreased in the kidneys of the cisplatin and VPA 

combination group compared with that in the cisplatin- 
alone group (p < 0.05; Figure 4a– c).

Effect of VPA treatment on cytotoxicity 
induced by cisplatin

After 24 h of cisplatin treatment (10 or 20 μM), the vi-
ability of cisplatin- treated HK2 and PODO cells mark-
edly reduced compared with that of vehicle- treated cells 
(p < 0.01; Figure  4d,e). The 1000- μM VPA add- on treat-
ment increased HK2 cell viability compared with that in 
the cisplatin- only treatment group (p < 0.01; Figure  4d). 
However, treatment with VPA at any dose did not alter 
the viability of PODO cells compared with that in the 
cisplatin- only treatment group (Figure 4e).

Effects of VPA treatment on 
cisplatin- induced kidney injury and 
apoptosis in HK2 cells

Quantitative real- time PCR analysis validated the upregula-
tion in Kim- 1, Bax/Bcl- 2, FOXO3, and ARC expression in HK2 
cells upon treatment with cisplatin alone (FOXO3, p < 0.05; 
Kim- 1 and Bax/Bcl- 2, p < 0.01); however, these expressions 

F I G U R E  3  Effect of valproic acid on inflammatory cell infiltration in mouse kidneys. (a) Representative confocal images of 
immunostaining of F4/80 (green), DAPI nuclear staining (blue), merged images of F4/80 immunostaining (green), and DAPI nuclear 
staining (blue) of kidney sections of vehicle-  and cisplatin- treated mice with or without valproic acid treatment. Scale bar indicates 50 μm. 
(b) Quantification of cells that stained positive for F4/80. Values are expressed as mean ± standard error of the mean. **p < 0.01 versus 
vehicle, ††p < 0.01 versus cisplatin, n = 5– 8 in each group. CDDP, cisplatin; VPA, valproic acid.

(a)

(b)
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were lower in the cisplatin and VPA combination- treated 
cells than in the cisplatin- treated cells (FOXO3, p < 0.05; 
Kim- 1, Bax/Bcl- 2, and ARC, p < 0.01; Figure 4f– i).

Anticancer effect of VPA with cisplatin

The cytotoxicity of the VPA and cisplatin combina-
tion was evaluated in A549 and MKN- 1 cells, which are 

representative human lung and stomach cancer cell lines, 
respectively. After 24 h of treatment with cisplatin (25 μM), 
the viability of both A549 and MKN- 1 cells markedly re-
duced compared with that of cells cultured in cisplatin- 
free medium (p < 0.01; Figure  5). Adding VPA did not 
alter the viability of A549 cells compared with that of cells 
cultured in media containing cisplatin but without VPA 
(Figure 5a). The viability of MKN- 1 cells treated with cis-
platin and VPA (300 and 1000 μM) was significantly lower 

F I G U R E  4  Effect of valproic acid treatment on the apoptosis- related gene ratio or expression in mouse kidneys 72 h after cisplatin 
treatment and on cisplatin- induced toxicity in kidney cells. (a) The ratio of Bax/Bcl- 2 mRNA levels. mRNA expression levels of apoptosis 
markers FOXO3 (b) and ARC (c) in each group. Values are expressed as mean ± standard error of the mean. *p < 0.05, **p < 0.01 versus 
vehicle, ††p < 0.01 versus cisplatin, n = 4– 8 in each group. (d, e) Preventive effect of valproic acid treatment against cisplatin- induced toxicity 
in HK2 (d) and PODO (e) kidney cells. Viability of cells after 24 h of incubation in a medium with or without cisplatin treatment (10 or 
20 μM) was calculated as 100% for vehicle- treated cells. Valproic acid and cisplatin were simultaneously administered. Values are expressed 
as mean ± standard error of the mean. **p < 0.01 versus vehicle- treated cells, ††p < 0.01 versus cisplatin- treated cells, n = 16 in each group. 
(f– i) The effect of valproic acid treatment on cisplatin- induced toxicity in HK cells. (f) The mRNA expression level of Kim- 1. (g) The ratio of 
Bax/Bcl- 2 mRNA levels. mRNA expression levels of FOXO3 (h) and ARC (i) in each group. Values are expressed as mean ± standard error 
of the mean. *p < 0.05, **p < 0.01 versus vehicle- treated cells, †p < 0.05, ††p < 0.01 versus cisplatin- treated cells, n = 5 in each group. CDDP, 
cisplatin; VPA, valproic acid.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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than that of cells treated with cisplatin alone (Figure 5b). 
In HT29, Caco2 human colon cancer cells, Colon26 mouse 
colon cancer cells, and LLC mouse lung cancer cells, VPA 
in combination with cisplatin did not affect the antitumor 
effect of cisplatin (data not shown).

DISCUSSION

Here, we assessed the effect of VPA treatment on cisplatin- 
induced renal injury using VigiBase, animal models, and 
cell lines. Our findings indicate that VPA has the poten-
tial to serve as a preventive medication against cisplatin- 
induced renal injury.

Although several candidates have been identified 
for managing cisplatin- induced renal injury, none have 
been commercialized.21 Drugs that are effective in basic 
experiments are not necessarily useful in clinical set-
tings. Irrespective of their preclinical safety and effec-
tiveness, ~90% of the drugs are discontinued during 
the clinical development phase.22 Hence, we used Vi-
giBase to examine the potential of VPA as an inhibitor 
of cisplatin- induced kidney injury. We compared the 
reported incidence of kidney injury in patients receiv-
ing cisplatin alone versus in those receiving cisplatin 
in combination with candidate drugs. A previous study 
using a large medical information database and hos-
pital medical records found an increased incidence of 
cisplatin- induced kidney injury in patients administered 
ondansetron and a decreased incidence in those admin-
istered palonosetron.18 Our results are similar to those 
of the previous study, thus confirming the accuracy of 
the present analysis. VPA exhibited an ROR of less than 
1, indicating reduced occurrence of cisplatin- induced 
renal injury (Table  1). These findings strongly support 
the clinical potential of VPA as a preventive agent for 
cisplatin- induced renal injury.

To elucidate the renal protective effect and mecha-
nism of action of VPA, we used a cisplatin- induced renal 

injury mouse model. VPA dose was established by refer-
ring to the doses used in previous mouse studies.23,24 The 
half- maximal effective concentration of VPA, an index of 
anti- epileptic effect in mice, is 400– 500 mg/kg. The dose 
of valproic acid at which renal damage was prevented in 
this study was 100 mg/kg, which is lower than that used 
for achieving anti- epileptic effects. Therefore, there 
is a high possibility that the same dose currently used 
clinically in humans will also be effective in prevent-
ing renal damage. We demonstrated that VPA is a safe 
drug to treat cisplatin- induced kidney injury, as it did 
not induce any overt adverse tissue responses (Table 2). 
VPA- treated kidneys appeared similar to vehicle- treated 
kidneys when imaged. Evaluation at 72 h after cisplatin 
administration showed that renal function significantly 
decreased because of cisplatin treatment, whereas co- 
administration of VPA led to a dose- dependent improve-
ment. The levels of markers of proximal tubular injury, 
Kim- 1 and Lcn2,7,25 as well as inflammatory markers 
IL- 6, IL- 1β, and TNF- α, significantly increased follow-
ing cisplatin administration, but their levels were sig-
nificantly reduced when VPA was co- administered. IL- 6, 
IL- 1β, and TNF- α are cytokines that promote inflamma-
tion. TNF- α is particularly critical in the progression of 
cisplatin- induced kidney damage and contributes to the 
release of other pro- inflammatory cytokines. The pro-
duction of TNF- α in kidney cells, rather than in immune 
cells, exacerbates renal injury.26,27 Inflammatory cell 
infiltration was also decreased with VPA co- treatment 
(Figure 3). A previous study reported that VPA reduces 
conjunctival inflammation in a mouse model of con-
junctival scarring. VPA has been suggested as a poten-
tial drug for therapeutic targeting of macrophages.28 
Furthermore, a marker of glomerular injury, the urine 
ALB/CRE ratio, significantly increased with cisplatin 
treatment, but VPA co- administration attenuated this 
effect. Until now, cisplatin- induced renal injury has 
been mainly associated with acute proximal tubular in-
jury.29,30 However, our study revealed, for the first time, 

F I G U R E  5  Anticancer effects of valproic acid with cisplatin on tumor cells. Viability of A549 (a) and MKN- 1 (b) cells. Viability of cells 
after 24 h of incubation in a medium with or without 25 μM cisplatin treatment was calculated as 100% for vehicle treatment. Valproic acid 
and cisplatin were simultaneously administered. Values are expressed as mean ± standard error of the mean. **p < 0.01 versus vehicle- 
treated cells, ††p < 0.01 versus cisplatin- treated cells, n = 8– 16 in each group. CDDP, cisplatin; VPA, valproic acid.

(b)(a)
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that glomerular injury is also induced by cisplatin. Inter-
estingly, VPA significantly suppressed cisplatin- induced 
glomerular injury as well, providing important evidence 
that glomerular injury inhibition may have implications 
for preventing renal failure progression.

To clarify the action mechanism of VPA, we analyzed 
the early pathophysiology of cisplatin- induced renal in-
jury. At 24 h after cisplatin administration, renal dysfunc-
tion and elevated inflammatory markers were not detected, 
but a significant increase in Kim- 1 expression indicated 
early proximal tubular cell injury, which was effectively 
suppressed by VPA co- administration. Kim- 1 expression 
level may be a promising marker for the early detection of 
renal damage.15,31,32 Our results are consistent with those 
of previous studies. Here, VPA did not demonstrate a pro-
tective effect in PODO cells against cisplatin- induced cell 
damage, but it showed a protective effect in HK2 cells.

An important factor in the development of cisplatin- 
induced renal injury is the amount of cisplatin accumu-
lated in the kidneys.4 Our previous study suggested that 
differences in cisplatin accumulation at 4 h after cispla-
tin administration affect the extent of cisplatin- induced 
renal injury.18 To demonstrate that VPA is not related 
to cisplatin levels, renal platinum concentrations were 
determined to examine the effect of VPA on cisplatin 
accumulation in the kidneys. Our findings revealed no 
alterations in platinum levels in the kidneys or whole 
blood (Figure  S1). Based on these results, we propose 
that cisplatin- induced renal injury may initiate from 
proximal tubular injury, followed by a subsequent in-
flammatory response leading to renal dysfunction and 
glomerular injury. VPA may exert its protective effect by 
inhibiting early proximal tubular injury after cisplatin 
administration, thereby attenuating subsequent inflam-
matory responses and glomerular damage.

We focused on FOXO3 as an upstream factor targeted 
by VPA. FOXO activation promotes apoptosis.33– 36 Cis-
platin covalently binds to purine bases, induces the de-
phosphorylation and nuclear translocation of FOXO3, 
suppresses downstream gene expression, and induces 
apoptosis.37 Upon FOXO3 activation, gene expression 
in the mitochondria is suppressed, leading to cell death 
processes.38 FOXO expression was significantly down-
regulated by the VPA add- on compared with that by cis-
platin only in the kidneys and HK2 cells. This finding 
suggests that, in normal cells, VPA may suppress FOXO 
expression and inhibit apoptosis. Previous studies have 
reported that histone deacetylase (HDAC) inhibitors 
inhibit FOXO3 expression and exhibit cell- protective ef-
fects in the heart and liver.39,40 VPA induces neuropro-
tective effects by inhibiting HDAC.41– 43 We believe that 
a similar mechanism was involved in the inhibition of 
proximal tubular cell damage observed in the present 

study. Recently, it has been reported that VPA inhibits 
the decrease in mitochondrial antioxidant enzyme ex-
pression in the kidneys caused by cisplatin through its 
HDAC inhibitory effect, which supports our findings.44 
Contrarily, in various cancer cells, HDAC inhibitors, 
such as VPA, induce FOXO expression and promote cell 
death.34,35,38,45,46 We also confirmed that VPA, as a single 
agent, exerts antitumor effects in various cancer cells 
(Figure S2). Experiments using A549 and MKN- 1 cells 
showed that the anticancer effect of cisplatin was not 
suppressed by VPA, suggesting that VPA does not im-
pede the therapeutic efficacy of cisplatin.

This study has certain limitations. First, the VigiBase 
database comprises voluntary reports, which could be 
influenced by biases, such as under- reporting and over- 
reporting. Moreover, VigiBase included only a small num-
ber of patients with acute renal failure treated with cisplatin 
in combination with VPA. Unfortunately, this study did not 
provide data regarding certain factors that may contribute 
to cisplatin- induced renal injury, such as other nephrotoxic 
substances and hydration status. Second, this study relied 
solely on mouse and cell models to demonstrate the poten-
tial mitigation of cisplatin- induced kidney injury by VPA. 
Therefore, it is important to exercise caution when ex-
trapolating these findings to humans, as clinical trials are 
necessary to validate the clinical application of our results. 
Prospective controlled trials are needed to further investi-
gate the efficacy and safety of VPA in this context.

Nevertheless, the study suggests the potential of VPA 
as a promising preventive agent for mitigating cisplatin- 
induced kidney injury. To our knowledge, this is the 
first study to elucidate that VPA can effectively suppress 
proximal tubular cell apoptosis through the inhibition 
of FOXO3 expression, thereby inhibiting the progression 
of cisplatin- induced renal dysfunction and glomerular 
injury. The observed prophylactic effect of VPA against 
cisplatin- induced renal injury may be partially attributed 
to its ability to inhibit HDAC activity. Clinical trials are 
warranted to verify our findings in humans.
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