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Abstract

Cisplatin is effective against many types of carcinoma. However, a high rate of
renal damage is a clinical problem. Thus, there is a need to establish a method
to prevent it. Although various compounds have been reported to be effective
against cisplatin-induced renal injury, there are no examples of their clinical
application. Therefore, we attempted to search for prophylactic agents with a
high potential for clinical application. We used Cascade Eye to identify genes
that are altered during cisplatin-induced renal injury, Library of Integrated
Network-based Cellular Signatures (LINCS) to identify drugs that inhibit
changes in gene expression, and a large database of spontaneous adverse drug
reaction reports to identify drugs that could prevent cisplatin-induced kidney
injury in clinical practice. In total, 10 candidate drugs were identified. Using
the US Food and Drug Administration (FDA) Adverse Event Reporting System
(FAERS), we identified drugs that reduce cisplatin-induced kidney injury.
Fenofibrate was selected as a candidate drug to prevent cisplatin-induced kid-
ney injury based on the FAERS analysis. A model was used to evaluate the
efficacy of fenofibrate against cisplatin-induced renal injury. Studies using
HK2 cells and mouse models showed that fenofibrate significantly inhibited
cisplatin-induced renal injury but did not inhibit the antitumor effect of cis-
platin. Fenofibrate is a candidate prophylactic drug with high clinical appli-
cability for cisplatin-induced renal injury. Analysis of data from multiple big
databases will improve the search for novel prophylactic drugs with high clini-
cal applicability. For the practical application of these findings, evaluation in
prospective controlled trials is necessary.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Current coping strategies in clinical practice do not completely prevent cisplatin-
induced renal injury, warranting development of supportive care.

WHAT QUESTION DID THIS STUDY ADDRESS?

Many drugs and compounds have been reported to be effective against cisplatin-
induced renal injury in basic in vitro and in vivo studies, but none have been
applied clinically. In this study, we used medical big data to identify candidate
prophylactic drugs with high potential for clinical application.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study used an artificial intelligence tool called Cascade Eye and two large
medical information databases, Library of Integrated Network-based Cellular
Signatures (LINCS) and US Food and Drug Administration Adverse Event
Reporting System (FAERS), to identify candidate drugs that reduce cisplatin-
induced kidney injury and found that the candidate drug fenofibrate has the po-
tential to prevent cisplatin-induced kidney injury.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The developed methods can be applied to the development of prophylactic drugs
against various adverse drug reactions and will have an impact on future clinical
pharmacology and translational research.

INTRODUCTION

Cisplatin is a platinum-based anticancer drug used in
the chemotherapy of several malignant solid tumors,
including lung, bladder, and head and neck cancer." It
binds to purine bases in intracellular DNA and forms
cross-links to inhibit DNA replication and transcrip-
tion, thereby exerting an antitumor effect. However,
cisplatin causes numerous side effects, such as acute
kidney injury, hearing impairment, nausea and vomit-
ing, and myelosuppression. In particular, acute kidney
injury occurs in ~30% of patients treated with cisplatin,?
restricting further cisplatin administration. Acute renal
injury may lead to chronic tubulointerstitial fibrosis or
irreversible chronic tubulopathy, possibly resulting in
chronic renal failure.? Additionally, hypomagnesemia is
frequently observed during cisplatin administration be-
cause of increased renal excretion and gastrointestinal
toxicity.* Although various platinum-based drugs have
been developed to reduce side effects, cisplatin remains
widely used in clinical practice. To prevent cisplatin-
induced nephrotoxicity, the administration of supple-
mental fluids such as saline (more than 3 L/day) and
diuretic medication is recommended.* However, renal
injury cannot be completely prevented, and further de-
velopment of supportive care is required. Although basic
experiments have identified a number of candidates for
treating cisplatin-induced renal injury, none have been
commercialized.” In addition to pharmacodynamic
safety, the drug must be safe for use in combination

with cisplatin or other anticancer drugs used with cis-
platin without affecting efficacy. Therefore, a drug that
is determined to be effective in basic experiments may
not be useful in clinical practice. Reverse translational
research can be used to search for effective drugs in the
clinical setting and verify their efficacy and mechanism
of action in basic experiments.

Drug repositioning, a method of discovering new ef-
fects in an existing approved drug and developing that
drug as a treatment for a different disease, was used to
find a preventive medication for cisplatin-induced kidney
injury. As information on safety and pharmacokinetics in
humans has been accumulated, repositioned drugs can
be rapidly applied clinically. Even when basic research
has shown some degree of safety and efficacy, ~90% of
drugs are abandoned for further analysis at the clinical
trial stage.® Thus, drug development is a time-consuming
and labor-intensive process. Drug repositioning is gain-
ing worldwide attention to resolve this problem. The
number of papers related to drug repositioning has in-
creased considerably (~160 times) over the past 20years
and has tripled since 2016. Large-scale medical informa-
tion databases have been constructed to provide infor-
mation on changes in gene expression and adverse drug
reactions, making it possible to reuse drugs. We used the
US Food and Drug Administration (FDA) Adverse Event
Reporting System (FAERS) to identify prophylactic drugs
against cisplatin-induced renal injury among existing ap-
proved drugs. FAERS collects and publishes voluntary
reports of adverse events reported worldwide. With over
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14 million reports, it is the largest database of its kind.
Additionally, the Library of Integrated Network-based
Cellular Signatures (LINCS) program is a drug discov-
ery tool that simulates the changes in the expression of
~20,000 genes in response to chemical substances using
human cell lines. It has been applied to research on the
development of novel therapeutics.”® Specifically, it has
been used in many studies, including our own, to iden-
tify drugs that can prevent adverse events of high-risk
drugs.”'! However, the analysis of big data alone is insuf-
ficient as the evidence of efficacy. In this study, we used
big data analysis to identify candidate drugs to prevent
cisplatin-induced renal injury and examined their effi-
cacy and safety in cells and animals.

MATERIALS AND METHODS

Data mining-based selection to identify a
network of genes involved in preventing
kidney damage

Cascade Eye, developed by FRONTEO Inc., was used to
extract a list of genes with altered expression upon renal
injury. Cascade Eye is a natural language processing-
based artificial intelligence (AI) tool that can extract all
genes related to a particular disease or condition that ap-
pears in published papers. It can also identify genes that
are causative or responsive to the disease or condition.
Cascade Eye identified 20 genes that were responsive to
cisplatin-induced renal injury (Table S1).

Selection of prophylactic drug candidates
using the National Institutes of Health
gene expression database

In Cascade Eye, we identified 20 genes that respond
to cisplatin-induced renal injury and further analyzed
these 20 genes with LINCS L1000CDS2. Among these,
genes associated with the promotion of cisplatin-
induced acute kidney injury were classified as “upregu-
lated genes,” and genes associated with the suppression
of cisplatin-induced acute kidney injury were classified
as “downregulated genes” based on a literature search.
These genes were entered into LINCS L1000CDS2, a
web-based search application. The top 50 compounds
causing gene expression opposite to the entered pattern
were searched in the order of the similarity score of the
expression pattern. Among the top 50 compounds in the
search results, compounds that were approved as drugs
by the FDA were selected as candidate prophylactic
drugs.

Effect of concomitant drugs using FAERS

From January 2007 to March 2017, there were 7,738,415
spontaneous adverse event reports that were submitted
to the FAERS, which were downloaded from the FDA
website (https://www.fda.gov/Drugs/GuidanceComplia
nceRegulatoryInformation/Surveillance/AdverseDrug
Effects/ucm082193.htm; data accessed on September
2020)."? Duplicate data were excluded in accordance with
the FDA recommendations, and the remaining 6,994,117
reports were used for analysis. MySQL software (ver-
sion 5.7.21) was used to build a database that integrated
the FAERS data, and R version 3.2.1 (R Foundation for
Statistical Computing, Vienna, Austria) was used for sta-
tistical analyses.

Adverse events were designated according to the
47 extracted terms from the “acute renal failure (SMQ
20000003)” group, which is based on the Medical
Dictionary for Regulatory Activities/J version 23.1,
International Glossary of Pharmaceutical Terms of
International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use
(Table S1).

The risk of adverse events was assessed using the re-
porting odds ratio (ROR) and 95% confidence interval
(CI). Patients administered with cisplatin were classi-
fied into four groups: patients who (1) used drug A and
reported acute renal failure, (2) used drug A and did not
report acute renal failure, (3) did not use drug A and re-
ported acute renal failure, and (4) did not use drug A and
did not report acute renal failure. Based on the following
equation, the ROR and 95% CI were calculated.

AD
ROR = —
BC

1 1 1 1
1= In ROR =+ 1. —+=+=4+—=
95%C exp(n OR + 96\/;+B+C+D>

All tests were two-tailed, and results with p values <0.05
were considered statistically significant.

Animal model of cisplatin-induced
nephrotoxicity

All animal experiments were performed in accord-
ance with the ARRIVE guidelines. All experimen-
tal procedures were performed in accordance with
the guidelines of the Animal Research Committee of
Tokushima University Graduate School, and the pro-
tocol was approved by the Institutional Review Board
of Tokushima University Graduate School for Animal
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Protection (Permit Number: T30-85). Nine-to-10-week-
old C57BL/6]J male mice (weighing 24-27g) were
purchased from Nippon CLEA (Tokyo, Japan) and
maintained with ad libitum access to water and food
(type NMF; Oriental Yeast, Tokyo, Japan). The relative
humidity in the breeding room was 50 +10%, and the
room temperature was 26+ 1°C, with a 12-h light/dark
cycle (lights on at 8:00, lights off at 20:00). The mouse
model of cisplatin-induced renal injury was generated
following a previously described method."?

The mice were randomly divided into eight groups
(n = 7-9 per group): vehicle-injected, cisplatin-injected,
and fenofibrate (30, 100, and 300 mg/kg) or bezafibrate (30,
100, and 300 mg/kg) administered to the cisplatin-injected
group. The mice were intraperitoneally injected with cis-
platin (15mg/kg) or vehicle (saline). Thirty minutes before
cisplatin injection, the mice were administered the pro-
phylactic drug candidates or vehicle (0.1% tween20 aque-
ous solution); 72h after cisplatin injection, experimental
mice were anesthetized, and samples (serum, urine, and
kidney) were collected for subsequent analysis. Anesthesia
was induced by the inhalation of isoflurane under a 4% di-
luted vaporizer setting (vaporized in oxygen 1 L/min) and
maintained with isoflurane under a 2% vaporizer setting.
The isoflurane was delivered via a small face mask. The
doses were based on those used in previous animal studies
of these candidates as dyslipidemia agents.”'17

Determination of blood and urine
creatinine and blood urea nitrogen levels

The levels of blood urea nitrogen (BUN), serum creatinine
(serum Cr), and urine creatinine (urine Cr) in the serum
and urine samples collected 72h after cisplatin administra-
tion were determined by Oriental Yeast Industries (Shiga,
Japan). Creatinine clearance (Ccr) was calculated as follows:

Ccr (ml/min/kg) = urine volume (ml/min/kg)
X urine Cr concentration (mg/L)
/ serum Cr concentration (mg/L)

Real-time polymerase chain reaction using
kidney tissues from mice with cisplatin-
induced kidney injury

The kidneys were collected from mice with cisplatin-
induced kidney injury. RNA was extracted from the kid-
ney samples using an RNA extraction solution (NIPPON
GENE, Tokyo, Japan) according to the manufacturer’s
instructions. cDNA was reverse-transcribed using the
PrimeScript RT Reagent kit (Takara Bio, Shiga, Japan)
and a PCR Thermal Cycler Dice (Takara Bio). The cDNA

ASCPT

from each sample was mixed with forward and reverse
primers and THUNDERBIRD SYBR qPCR Mix (Toyobo,
Osaka, Japan); polymerase chain reaction (PCR) was per-
formed using an Applied Biosystems StepOnePlus system
(Applied Biosystems, Foster City, CA). Fold changes in
gene expression relative to those of the control group were
evaluated using mouse Gapdh as an internal standard.
The primer sets used for PCR are presented in Table S1.
All experiments were performed in triplicate. All data
were analyzed using CFX Manager software (Bio-Rad
Laboratories, Hercules, CA).18

Histological analysis

Renal tubular injury was assessed as previously de-
scribed.'® Kidney samples were fixed with 4% paraformal-
dehyde and embedded in paraffin. The samples were cut
into 4-pm sections, which were stained with hematoxylin
and eosin. Tubular damage was scored blindly by three or
more researchers trained in tissue assessment, other than
the experimenter, according to the percentage of dam-
age (tubular necrosis, brush border loss, cast formation,
tubular dilation, and tubular degeneration), as follows: 0,
normal; 1, <25%; 2, 25-50%; 3, 50-75%; and 4, >75%. Ten
random microscopic fields per kidney section were used
for quantification using the BX53 microscope (Olympus,
Tokyo, Japan).

Cell culture

We used HK2 cells (ATCC CRL-2190; human proxi-
mal tubule cell: obtained from American Type Culture
Collection, Manassas, VA) to investigate the effect of
fenofibrate on cisplatin-induced cell death. To test the ef-
fect of fenofibrate on the anticancer effect of cisplatin, we
used mouse Lewis lung carcinoma (LLC) cells and Colon
26 murine colon carcinoma cells. The cells were main-
tained and subcultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 ug/ml streptomycin in
an atmosphere of 95% air/5% CO, at 37°C, according to
the culture protocol. The cells were passaged at 80% con-
fluence, and experiments were performed using cells with
passages between 5 and 15.

Cell viability assay
Cell viability was assessed using a Cell Counting Kit-8

(Dojindo Laboratories, Kumamoto, Japan) according to
the manufacturer’s instructions. The cells were seeded
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into 96-well plates at a concentration of 5x10* cells per
well and incubated at 37°C for 24 h. Then, they were cul-
tured in media with or without 50 uM cisplatin for 24 h.
Fenofibrate (1, 10, and 100 pM) or bezafibrate (1, 10, and
100pM) was used for treatment with or without cispl-
atin administration. Additionally, 2 pM PPAR« inhibitor
GWe6471 was used. Fenofibrate, bezafibrate, and GW6471
were dissolved in dimethylsulfoxide (DMSO) and adjusted
to a final concentration of 0.2% DMSO. Cell viability was
assessed by measuring the absorbance of WST-8 formazan
at 450nm using a plate reader (Model680 microplate
reader; Bio-Rad Laboratories).

Statistical analysis

To compare three or more groups, one-way analysis of
variance (ANOVA) was performed. Tukey’s test was per-
formed as a post hoc analysis. R version 3.2.1 for Windows
was used for statistical analyses. Results with a two-tailed
p<0.05 were considered statistically significant.

RESULTS

Identification of agents capable of
preventing cisplatin-induced kidney injury

First, we extracted genes whose expression was altered by
cisplatin administration. Using an AI tool called Cascade
Eye, we identified 20 genes whose expression was altered
during cisplatin-induced kidney injury. Among these, we
classified seven associated with the promotion of acute
kidney injury as “upregulated genes” and 13 associated
with the suppression of acute kidney injury as “downregu-
lated genes” by literature search (Table S1).

We then used the L1000CDS2 search engine to identify
10 approved drugs that counteract the altered gene expres-
sion in cisplatin (Table 1).

FAERS analysis results

We used FAERS to examine the effects of these 10 drugs
on cisplatin-induced renal injury. We included 28,755 pa-
tients treated with cisplatin in the analysis after excluding
duplicate data from 6,994,117 reports. The RORs for fenof-
ibrate, diltiazem, metoprolol, vorinostat, and cyclosporine
were 0.39, 0.93, 1.02, 1.10, and 1.90, respectively (Table 2).
Of the 10 drugs extracted by LINCS, only the five drugs
mentioned above had reports of concomitant use of cispl-
atin. Based on these results, fenofibrate was identified as a
novel candidate for prophylaxis.

TABLE 1 Drugcandidate selection by LINCS analysis

Cyclosporin A Menadione
Diflorasone diacetate Metoprolol
Diltiazem Niclosamide
Fenofibrate Vinpocetine
Gemcitabine Vorinostat

Note: We identified compounds that promote the expression of suppressor
genes and inhibit the expression of accelerator genes in cisplatin-induced
renal injury by LINCS analysis. Ten approved drugs were extracted.

Abbreviation: LINCS, Library of Integrated Network-based Cellular
Signatures.

Effects of fenofibrate or bezafibrate on
cisplatin-induced kidney injury in mice

Theeffect of fenofibrate or bezafibrate on cisplatin-induced
renal injury was investigated in mice. In cisplatin-treated
mice, body weight was lower than that in solvent-treated
mice; however, kidney weight was unchanged (Table 3).
Cisplatin-treated mice showed renal damage with in-
creased mRNA expression of Kim-1 and Lcn2, markers
of renal tubular damage, increased plasma BUN, and
significantly decreased creatinine clearance compared
with the solvent-treated group (Table 3, Figure 1a,b). The
combination of cisplatin and fenofibrate significantly
ameliorated the cisplatin-induced renal impairment in
a dose-dependent manner (Table 1, Figure 1a,b). In con-
trast, the combination with bezafibrate did not improve
cisplatin-induced renal injury (Figure 1a,b).

Histological evaluation

Histological changes in renal tubules of mice were ob-
served by hematoxylin and eosin staining. In cisplatin-
treated mice, the degeneration and destruction of renal
tissue were observed, including loss of nuclei, hollowing
out of proximal tubular cells, and dilatation of tubules.
Mice treated with fenofibrate exhibited less tubular di-
lation and necrosis of tubular cells than those treated
with cisplatin alone (Figure 1c). Tubular dysfunction in
kidney sections was scored blindly from 0 to 4 by several
researchers. The fenofibrate combination group scored
significantly higher than the cisplatin alone group in a
dose-dependent manner (Figure 1d).

Influence of inflammatory cytokines
Quantitative real-time PCR confirmed that the mRNA ex-

pression levels of IL-1f, IL-6, and TNF-a in the kidneys
were increased by cisplatin treatment; however, they were
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candidates on the occurrence of cisplatin S

oo ARE time the FABRS tp ARF (%) without  with the

n 111ce. using the aa Drug the drug drug ROR (95% CI) p Value

analysis
Fenofibrate 8.81(2324/26379) 3.45(2/58) 0.39 (0.05-1.48) 0.236
Diltiazem 7.54 (2009/26662) 6.98 (6/86) 0.93(0.33-2.10) 1
Metoprolol 7.53 (1994/26474) 7.66 (21/274)  1.02(0.33-2.10)  0.909
Vorinostat 8.80 (2320/26375) 9.68 (6/62) 1.10 (0.39-2.54) 0.822
Cyclosporine 8.78 (2315/26371) 16.67 (11/66)  1.90(0.90-3.63)  0.056

Note: Among the 10 drugs extracted by the LINCS analysis, there were five drugs for which FAERS
analysis was possible. Among these, fenofibrate had an ROR <1 in the FAERS analysis, and the number
of reports of cisplatin-induced renal injury was significantly lower than reports without fenofibrate.
Statistical analysis was conducted using Fisher’s exact test.

Abbreviations: ARF, acute renal failure; CI, confidence interval; FAERS, US Food and Drug
Administration Adverse Event Reporting System; LINCS, Library of Integrated Network-based Cellular
Signatures; ROR, reporting odds ratio.

significantly lower in the kidneys of the cisplatin and
fenofibrate combination group than in those of the cispl-
atin group (Figure 2).

Involvement of PPAR« in the inhibitory
effect of fenofibrate on cisplatin-induced
cytotoxicity

The effect of fenofibrate and bezafibrate on cisplatin-
induced cell death was investigated using HK2 cells.
Twenty-four hour after cisplatin (50uM) treatment, the
cell viability of HK2 cells was significantly lower than that
in the vehicle-treated group. A combination of fenofibrate
(1,10, and 100 pM) significantly increased the cell viability
in a dose-dependent manner compared with the cisplatin-
treated group (Figure 3a). In contrast, the combination of
bezafibrate (1, 10, and 100 pM) exhibited no change in cell
viability (Figure 3b). We further investigated the involve-
ment of PPARa in the inhibitory effect of fenofibrate on
cisplatin-induced cytotoxicity; the addition of GW6471, a
PPAR« inhibitor, suppressed the improvement of cell vi-
ability by fenofibrate (Figure 3c).

Effect of fenofibrate on the anticancer
action of cisplatin

The effect of fenofibrate on the anticancer effect of cispl-
atin was examined using LLC cells, a mouse lung cancer
cell line, and colon-26 cells, a mouse colon cancer cell
line. Twenty-four h after cisplatin (50 pM) treatment, the
cell viability of LLC and colon-26 cells was significantly
lower than that in the vehicle-treated group. The com-
bined use of fenofibrate (100 M) did not change the cell
viability as compared with the cisplatin-treated group
(Figure 4).

DISCUSSION

In this study, we searched for candidates for drugs with
high clinical potential to reduce cisplatin-induced renal
injury by analyzing using an Al tool called Cascade Eye
and two large medical information databases, LINCS and
FAERS. Furthermore, basic research using animal mod-
els and cells suggest that fenofibrate, not bezafibrate, is a
potential prophylactic drug for the prevention of cisplatin-
induced renal injury.

Adverse effects of cisplatin, including renal im-
pairment, are a major clinical challenge as they inter-
fere with the continuation of treatment. Using an Al
tool called Cascade Eye, we extracted a group of genes
that have been reported to be involved in the mecha-
nism of cisplatin-induced kidney injury development.
Furthermore, using LINCS, we searched for drugs that
can reverse the gene expression changes induced by
cisplatin and extracted 10 existing approved drugs. We
also used FAERS to compare the reported frequency
of cisplatin-induced kidney injury in patients treated
with cisplatin with and without the candidate drugs.
Fenofibrate achieved an ROR <1, suggesting that it re-
duces the incidence of cisplatin-induced renal injury
(Table 2). Although fenofibrate is used as a treatment
for dyslipidemia, in the FAERS database, we searched
for statins that treat dyslipidemia as well as a simi-
lar drug, bezafibrate. Fenofibrate had the smallest re-
ported odds ratio for cisplatin-induced kidney injury
(data not shown). A number of other drugs had odds
ratios >1, indicating that dyslipidemia drugs do not
uniformly reduce the risk of developing renal injury.
Therefore, the improvement of dyslipidemia may not
contribute to the improvement of renal impairment by
cisplatin. Furthermore, analysis of rhabdomyolysis, a
known side effect of fenofibrate, showed that the ROR
for rhabdomyolysis was smaller than 1 (data not shown)
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TABLE 3 Body weight, kidney weight, and renal function in vehicle-treated mice and cisplatin-treated mice with or without fenofibrate or bezafibrate

Cisplatin + Beza
(300 mg/kg)

Cisplatin+ Feno Cisplatin+Beza Cisplatin+ Beza

Cisplatin + Feno
(100 mg/kg)

Cisplatin + Feno
(30mg/kg)

Beza

Feno

(100 mg/kg)

(30mg/kg)

(300mg/kg)

Cisplatin

(300mg/kg)

(300mg/kg)

Vehicle

26.3 +£0.6 26.7 £0.5 26.8 £0.5 25.8 £0.5 254 +£0.5 26.1 £0.6

23.9+£0.5

244 +£0.7

27.8 £0.5

24.4 +£0.5

Initial body weight, g

209 +0.4 22.1 £0.8 22.2+0.8 214 +£0.8 21.3 £0.5

23.1+0.8 18.9 +0.2F 20.5+0.7

26.6 £0.5

24.5 +£0.5

Post body weight, g

155.6 +4.8

164.3 +5.1

155.1 +6.0

1643 +6.4

155.6 +3.9

1544 +5.8

140.0 +10.

163.8 +6.9

170.8 +£17.2

167.5 +8.4

Kidney weight, mg

7.45 +£0.23 7.45 +0.37 6.98 +0.17 7.73 +£0.28 7.30 +£0.14

6.44 +0.73 7.11 +0.28 7.41 +£0.49 7.54 +£0.32

6.86 +0.38

Kidney weight/body

weight, mg/g

0.63 +0.08 0.81 +£0.14 0.96 +0.12 0.89 +0.13 0.69 +£0.10

1.67 +0.17 1.52 £0.20 0.74 +0.117F 0.43 £0.05

1.66 +£0.15

Urine volume, ml
BUN, mg/dl

83.5+14.4

104.0 +28.7

66.4 +5.3* 43.3 +1.6** 79.2 +14.8

80.9 +£5.8

234 +1.5 132.4 +13.27

19.3+1.0

19.2+2.3

5.53 £0.57** 4.29 +£0.51* 4.95 +£0.59* 3.94 +£043

3.75 £0.72

9.80 +£1.53 8.67 £0.53 2.14 £0.36F 2.47 +0.30

11.59 +£1.82

Ccr, ml/min/kg

22.2 +6.1* 8.5 +£1.0%* 26.4 +8.8* 23.1 +5.8* 22.8 +4.0*

EE 2.7+0.3 86.4 £25.97 35.6 +6.2

2.1+03

22+04

BUN Cer ™! ratio

Note: Data are presented as mean +SEM. 'p <0.05 versus vehicle mice, *p <0.05 and **p <0.01 versus cisplatin mice. n = 4-9 in each group.

Abbreviations: Beza, bezafibrate; BUN, blood urea nitrogen; Ccr, creatinine clearance; Feno, fenofibrate.

in patients who used fenofibrate in combination with
cisplatin compared to those who used fenofibrate alone.
Our data suggest that the combination of cisplatin and
fenofibrate may not increase side effects. These results
suggest that fenofibrate has a high potential for clini-
cal application as a prophylactic agent against cisplatin-
induced renal injury. It has been reported that PPAR«x
stimulators and fibrates are effective against cisplatin-
induced renal injury in basic in vivo and in vitro stud-
ies (PMID: 26536032 and 27193727). However, in vivo
studies using mouse models of cisplatin-induced kidney
injury have not compared fenofibrate and bezafibrate,
which are fibrates frequently used in clinical practice,
and their mechanisms of action are controversial. As
fenofibrate was extracted as a candidate drug through
big data analysis, we also examined the effect of beza-
fibrate, a known fibrate drug. The doses of fenofibrate
and bezafibrate were determined based on those used in
previous studies to treat mice.”>* In addition to BUN
and Ccr, the expression levels of Kim-1 and Lcn-2 in the
kidneys were measured and evaluated histologically as
indicators of renal damage. Cisplatin-induced renal in-
jury is assumed to be caused by proximal tubular cell in-
jury, and just as BUN and Ccr values reflect GFR, Kim-1,
and Lcn-2 in the kidneys are considered to be suitable
indicators of renal injury. In animal experiments, Kim-1
and Lcn-2 in the kidneys are significantly increased in
cisplatin-induced kidney injury models.**** IL-6, IL-
1, and TNF-a are pro-inflammatory cytokines; TNF-a
plays an important role in the progression of cisplatin-
induced renal injury and is involved in the release of
other pro-inflammatory cytokines. Previous studies
have shown that the release of TNF-« in renal cells, but
not immune cells, is involved in the worsening of renal
injury. 26?7

Cisplatin-induced renal injury occurs when cisplatin
is taken up by proximal tubular cells in the kidney via
the high-affinity copper transporter 1 and organic cation
transporter (OCT2) on the basement membrane side of the
cell.* Because fenofibrate has been reported to downregu-
late the renal OCT2 transporter via a PPARa-independent
pathway,'® renal platinum levels were measured to inves-
tigate the effect of fenofibrate on cisplatin accumulation
in the kidneys. Consequently, there was no change in the
amount of platinum in the kidneys, whole blood, or urine
(data not shown).

Cisplatin-induced renal injury is believed to be caused
by cisplatin-induced oxidative stress and DNA damage,
which inhibit the nuclear translocation of PPAR«, result-
ingin ATP depletion, lipotoxicity, and tubular cell damage.
The beta-oxidation of free fatty acids is a major energy-
producing pathway in the kidneys and is inhibited in acute
renal failure. The inactivation of PPARa and decreased
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FIGURE 1 Effect of fenofibrate on cisplatin-induced nephrotoxicity. (a, b) The mRNA expression levels of kidney injury markers Kim-1
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expression of PPARy are considered the main causes of
the inhibition of fatty acid oxidation.'” Additionally, a
PPAR«a agonist (WY-14643) has been reported to inhibit
cisplatin-induced renal injury via PPARa.'* Based on
these reports, we conducted cell experiments to investi-
gate whether PPAR« is involved in the mechanism of the
inhibitory effect of fenofibrate on cisplatin-induced renal
injury. The results showed that fenofibrate ameliorated
cisplatin-induced cytotoxicity; however, the addition of
GW6471, a PPARa inhibitor, tended to decrease cell via-
bility. In addition, pretreatment with fenofibrate had the
same effect as simultaneous treatment (data not shown).
Therefore, the mechanism of the inhibition of cisplatin-
induced renal injury by fenofibrate may partly involve
the activation of PPAR«, which has been reported to have
anti-inflammatory effects.?®

The difference in the effects of fenofibrate and beza-
fibrate on cisplatin-induced renal injury may be partly
related to the difference in the affinity of fenofibrate and

bezafibrate for PPARa. Reportedly, the half-maximal ef-
fective concentration (EC,,) values of fenofibrate and
bezafibrate for human PPARa are 30 and 50 pM, respec-
tively.” However, cell experiment results suggest that
the activation of PPAR« is only part of the mechanism
of the nephroprotective action of fenofibrate. Another
possible pathway of fenofibrate is the inhibition of ox-
idative stress.*® Previous studies using oxidative stress-
induced ischemic kidney injury models have reported
that PPARa agonists reduce the levels of BUN, Ccr,
inflammatory cytokines, and serum creatinine, which
are exacerbated in mouse models of ischemic kidney
injury.*'~** Fenofibrate has been reported to have an-
titumor effects in numerous cell and animal experi-
ments alone.'®** The present cell experiments suggest
that fenofibrate does not interfere with the antitumor
effect of cisplatin. Previous reports have shown that
fenofibrate has a direct antitumor effect in vitro (PMID:
29760790) and an inhibitory effect on tumor growth
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by inhibiting angiogenesis in vivo (PMID: 18199835).
Therefore, it is suggested that in patients with cancer,
fenofibrate itself is unlikely to interfere with the thera-
peutic effect of cisplatin.

There are certain limitations to this study. First, the
gene expression recorded in LINCS is based on cell line
data. Therefore, rather than using LINCS alone to de-
termine candidate drugs, FAERS was used to evaluate
the efficacy of LINCS on the reported rate of cisplatin-
induced renal injury. In fact, FAERS analysis results
showed that none of the existing approved drugs ex-
tracted from the LINCS except fenofibrate were effective
against cisplatin-induced renal injury events, and these
were subsequently excluded as candidate drugs. Second,
although FAERS is a database for reporting spontaneous
adverse events, it does not include all patients who have
used cisplatin or concomitant medications because pa-
tients who have not experienced adverse events are not
registered. Additionally, some patients who experienced
adverse events were not reported. Therefore, the reported
incidence of renal injury owing to cisplatin calculated
in the FAERS analysis may be different from the actual

incidence in clinical practice. Third, the FAERS analysis
does not consider the effect of confounding factors; the
ROR is calculated based on the number of reports on the
use of concomitant medications but is not adjusted for
age, gender, or medical history. Moreover, medical his-
tory could not be evaluated because it was not listed in
FAERS. Because of these limitations, the results of the
FAERS review may not accurately reflect the actual pa-
tients. However, considering the difficulty of collecting
case reports of inconsistent adverse effects, such as renal
impairment caused by cisplatin, FAERS analysis results,
which contains a large amount of data from actual pa-
tients, may be useful in investigating actual clinical prac-
tice. Therefore, further evidence, such as multicenter
randomized clinical trials, is needed to determine
whether fenofibrate is effective in preventing renal injury
events in patients receiving cisplatin.

Furthermore, it has recently been reported that the ad-
verse effect of fenofibrate, an elevation in serum creatinine
tested at the time of diagnosis of rhabdomyolysis, is tran-
sient and reversible. Fenofibrate has also been reported to
inhibit proteinuria and may have a renoprotective effect



DISCOVERY OF PREVENTIVE DRUGS FOR CDDP-INDUCED AKI | 1673

ASCPT

@) (b) o
[o) o
100 100 o5 B3
o < 00
S =
= 2
= 50 Z 50¢ =
g 'S
G >
@) @)
. 0
Cis (uM) Cis (uM) - -
Feno (uM) - 100 - 1 10 100 Beza (uM) - 100 - 1 10 100

o P<0.05

() ° o

_100ry %0 " |

S ocF T

z o

S 50f

=

G

O

0

Cis(uM) - - 50 50 50 50
Feno (uM) - 10 - 10 - 10
GW M) - - - - 2 2

FIGURE 3 Effect of fibrates on cisplatin cytotoxicity using HK2 cells. Cell viability after 24 h of incubation in medium with or without
50 uM cisplatin was calculated as 100% for the vehicle group. (a, b) Fenofibrate (1, 10, 100 uM) a or bezafibrate (1, 10, 100 uM) b was
administered simultaneously with cisplatin. (c) The 2 pM of GW6471, a PPAR« inhibitor, was used. Values are expressed as mean + SEM.
Cis, cisplatin; Beza, bezafibrate; Feno, fenofibrate; GW, GW6471. +p <0.05 versus vehicle, *p <0.01 versus cisplatin, n = 8 in each group

(@ (b)
(®)
;\; 100 glﬂ(} - WO NS.
= 2
: z
2 s0f 2 50}
3 S
0 0

Cis (M) - 50 50 Cis (UM) - 50 50

Feno (uM) - - 100 Feno (uM) - - 100

FIGURE 4 Effect of fibrates on the anticancer effect of cisplatin on tumor cells, LLC (a), Colon-26 (b). Cell viability after 24 h of
incubation in medium with or without 50 pM cisplatin was calculated as 100% for the vehicle group. Fenofibrate (100 pM) was administered
simultaneously with cisplatin. Values are expressed as mean + SEM. Cis, cisplatin; Feno, fenofibrate. ‘p <0.05 versus vehicle. N.S. indicates
not significant. n = 16 in each group

in the long term. However, when high doses of fenofi-  monitoring of serum creatinine is necessary.” Therefore,
brate are used in patients using drugs that decrease renal as fenofibrate-associated increase in serum creatinine
blood flow or in patients with impaired renal function, level has been reported, the use of fenofibrate to prevent
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cisplatin-induced acute kidney injury should be preceded
by the risk-benefit analysis for patients with normal and
impaired renal function, and the need for monitoring
serum creatinine should be evaluated.

To summarize, this study analyzed an AI tool called
Cascade Eye and two large medical information data-
bases, LINCS and FAERS, to identify candidate drugs that
reduce cisplatin-induced kidney injury and found that the
candidate drug, fenofibrate, is a drug with high potential
for clinical application as a preventive agent for cisplatin-
induced kidney injury events.
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