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As one of the most common cancer chemotherapy drugs, cisplatin is widely used in cancer management. However, cisplatin-
induced nephrotoxicity occurs in patients who receive this drug. This study is aimed at developing therapeutic agents that
effectively alleviate the nephrotoxic effects during cisplatin treatment. We identified a compound named pyrocatechol (PCL)
from a natural product library that significantly alleviated cisplatin-induced cytotoxicity in vitro. Pyrocatechol treatment
substantially ameliorated cisplatin (20mg · kg-1) treatment-induced neuropathological indexes, including inflammatory cell
infiltration and apoptosis, in vivo. Mechanistically, pyrocatechol significantly prevented oxidative stress-induced apoptosis by
activating glutathione peroxidase 4 (GPX4) to reduce reactive oxygen species (ROS) accumulation in cisplatin-treated cells. In
addition, pyrocatechol significantly inhibited ROS-induced JNK/P38 activation. Thus, we found that pyrocatechol prevents
ROS-mediated JNK/P38 MAPK activation, apoptosis, and cytotoxicity through GPX4. Our study demonstrated that
pyrocatechol is a novel therapeutic agent against cisplatin-induced kidney injury.

1. Introduction

Cisplatin (dichloro diammine platinum) is one of the most
commonly used and effective chemotherapy drugs, and it
is widely used for the treatment of solid malignant tumors,
such as head and neck, lung, ovarian, and bladder cancer
[1, 2]. Despite its excellent antitumor activity, its applica-

tion is hindered by a wide range of toxic side effects, such
as nephrotoxicity, ototoxicity, neurotoxicity, and emeto-
genicity, of which nephrotoxicity is the most important
sequela; renal dysfunction occurs in approximately one-
third of cisplatin-treated patients [3, 4]. Therefore, how
to alleviate cisplatin-induced kidney injury has become
an urgent problem.
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The main mechanisms by which cisplatin causes kidney
injury include oxidative stress, necrosis, autophagy, and apo-
ptosis [5]. Oxidative stress resulting from excessive produc-
tion of reactive oxygen species (ROS) plays a critical role
in cisplatin-induced kidney injury [6]. Cisplatin destroys
intracellular antioxidants, disrupts the redox balance, and
interferes with the mitochondrial respiratory chain, leading
to elevated ROS [7]. Many studies have reported that excess
ROS induce the JNK/P38 MAPK signaling pathway and
activate caspase-dependent apoptosis [8, 9]. Glutathione
peroxidase 4 (GPX4) is a ubiquitously expressed, glutathi-
one- (GSH-) dependent enzyme that plays a central role in
counteracting ROS-mediated cytotoxicity. Moreover, inacti-
vation of GPX4 was reported to lead to intracellular ROS
accumulation [10].

This study was aimed at exploring small molecule drugs
that could alleviate the nephrotoxic effects of cisplatin. We
screened a natural product library of 1600 compounds and
identified a compound called pyrocatechol that significantly
attenuated cisplatin-induced cytotoxicity. Pyrocatechol is a
small naturally occurring compound in plants such as Bone-
llia macrocarpa, Semecarpus anacardium, onions, apples,

and olive oil [11, 12]. This compound has been utilized in
the management of various cancers, including glioblastoma
[13], lung cancer cells [14], and breast cancer cells [15].
Pyrocatechol has also been reported to exert anti-inflamma-
tory, antiapoptotic, and antioxidant activities [16–18].

However, the effects of pyrocatechol on cisplatin-
induced nephrotoxicity and its molecular mechanism
remain unknown. In this study, we investigated the benefi-
cial effects of pyrocatechol on cisplatin-induced kidney
injury in vivo and in vitro. At the molecular level, pyrocate-
chol directly inhibited apoptosis by regulating the ROS-JNK/
P38 MAPK signaling pathway in a GPX4-dependent man-
ner. In conclusion, this study demonstrates for the first time
that pyrocatechol has a significant protective effect against
cisplatin-induced renal injury by impeding apoptosis, reveal-
ing its target of action.

2. Materials and Methods

2.1. Animal Experiments. Male C57BL/6 mice (8-10 weeks,
20-25 g) were purchased from Yancheng Biotechnology
Company (Guangzhou, China). All experimental
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Figure 1: Pyrocatechol inhibits the cytotoxicity of cisplatin. (a) Screening for compounds that inhibit cytotoxicity in the presence of
cisplatin was determined using the CCK-8 assay. (b) Chemical structure of the target compound pyrocatechol. (c, d) Pyrocatechol is
protective against cisplatin-induced cytotoxicity. HK-2 and 293T cells were treated with cisplatin (20 μM) to observe the changes in cell
viability after 24 h of pyrocatechol action at different concentrations. Data are presented as means ± the standard deviation (n = 3). Data
were normalized to the vehicle condition.
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procedures were approved by the Institutional Animal Care
and Use Committee of Jinan University. Mice were fed
under standard conditions. After one week of adaptation
to feeding conditions, the mice were injected intraperitone-
ally with cisplatin (20mg · kg-1) to induce a model of kidney
injury. The mice were divided into four groups: control, cis-
platin (20mg ·kg-1), cisplatin (20mg ·kg-1) +pyrocatechol
(30mg ·kg-1), and pyrocatechol (30mg ·kg-1) [14, 19, 20].
Pyrocatechol was injected intraperitoneally 6 hours before cis-
platin injection and administered daily. The control group was
given saline only. After three days, all animals underwent cer-
vical dislocation, and blood and kidney samples were collected
for further experiments.

2.2. Cell Culture and Treatment. HEK293T cells were pur-
chased from the American Type Culture Collection (ATCC)
and cultured in DMEM (Gibco) with 10% FBS (Excell,
Shanghai, China), 100U/mL penicillin (Vivacell, Shanghai,
China), and 100U/mL streptomycin. HK-2 cells were
obtained from the China Cell Bank and were maintained
in DMEM/Ham’s F12 (BI) with 5% fetal bovine serum
(BI). All the cells were cultured in 37°C incubators with 5%

CO2. Cells were treated with various concentrations of cis-
platin, pyrocatechol, and other drugs for 24 hours.

2.3. Hematoxylin and Eosin (H&E) Staining. Kidney tissues
from mice were embedded in paraffin and cut into sections.
Then, the sections were stained with hematoxylin and eosin
(H&E). A semiquantitative score was used for renal tubular
injury; 0 corresponded to 0% injury or 0.5% to <10% injury,
1 to 10-25% injury, 2 to 2-50% injury, 3 to 51-75% injury,
and 4 to 76-100% injury. At least six renal regions were ran-
domly selected for each slide under the microscope.

2.4. Terminal Transferase dUTP Nick-End Labeling
(TUNEL) Assay. The TUNEL assay was used to assess cell
death in mouse kidney tissue. Briefly, kidney tissue sections
were dewaxed in xylene and ethanol, washed in PBS, and
then incubated with a concentration of 20μg/mL of Nase
K-free protease for 15 minutes at room temperature,
followed by three washes in PBS or HBSS. The sections were
then incubated with the TUNEL reaction mixture for 2
hours at 4°C. The kidney tissue of the mice was observed
with a microscope and photographed.
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Figure 2: Pyrocatechol exerts a protective effect on apoptosis in vitro. (a) Representative microscopic images showing cytotoxicity after 24
hours of treatment of HK-2 and 293T cells with drugs. (b) Flow cytometry analysis of apoptosis results of pyrocatechol on cisplatin-treated
HK-2 cells. (c) The expression levels of apoptosis-associated proteins B-cell lymphoma 2 (Bcl-2) and Cleaved Caspase-3 in HK-2 cells by
western blotting. Values are presented as the means ± SD (n = 3). The statistical analysis was performed with two-way ANOVA.
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2.5. Renal Functional Parameters. Blood creatinine and
blood urea nitrogen levels in mice were measured using a
colorimetric kit (C011-2-1, Nanjing Jiancheng Institute of
Biological Engineering, Nanjing, China) and an enzymatic
assay kit (C013-2-1, Nanjing Jiancheng Institute of Biologi-
cal Engineering, Nanjing, China), respectively, according to
the protocol provided by the manufacturer. Mouse renal
function was assessed based on measured blood creatinine
and urea nitrogen levels in mice.

2.6. Cell Counting Kit-8 (CCK-8) Assay. Cell viability was
determined using the CCK-8 assay. Cells were cultured in
96-well plates and treated with the drug. After treatment,
the CCK-8 reagent (10μL; Dojindo) was added to the cell
culture medium. After incubation in an incubator at 37°C
for 1 hour, the absorbance of cells from different study
groups was measured at 450nm using an enzyme marker.

2.7. GSH Assay. GSH concentrations in mouse kidney lysates
were measured using a GSH assay kit purchased from Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China)
following the instructions for the reagents.

2.8. MDA Assay. Malondialdehyde (MDA) is one of the end
products of lipid peroxidation, and concentrations were
assessed in mouse kidney lysates using a lipid oxidation
(MDA) assay kit purchased from Beyotime Biotechnology
(Shanghai, China) according to the manufacturer’s instruc-

tions. The manufacturer’s instructions were followed to
measure renal lipid peroxidation.

2.9. Intracellular ROS Measurement. Intracellular ROS levels
were measured by the DCF method. After treatment, cells
were collected using a PPS wash, followed by an examination
of intracellular ROS levels using 2′,7′-dichlorofluorescein
diacetate (H2DCF-DA, Thermo Fisher Scientific). Cells were
incubated with DCFH-DA (20μM) for 30 minutes at room
temperature in the dark, washed three times with PBS, and
evaluated using an Eisen Biologics flow cytometer (Novocyte
2060r) to measure intracellular ROS levels.

2.10. SOD and CAT Assay. Cells were harvested with 0.25%
trypsin and washed twice with PBS. Then, the cellular activ-
ities of superoxide dismutase (SOD) and catalase (CAT)
were determined using the CAT Assay Kit (Beyotime,
Shanghai, China) and Total Superoxide Dismutase Assay
Kit with WST-8 (Beyotime, Shanghai, China) according to
the manufacturer’s instructions. Briefly, the SOD assay was
performed by mixing 20μL of protein sample with 160μL
of WST-8 enzyme working solution and 20μL of diluted
reaction start working solution and then incubated at 37°C
for 30 minutes. After reaction, the absorbance of the sample
was measured at 450nm, while the CAT assay kit is per-
formed by mixing 36.5μL of Catalase Assay Buffer with
3.5μL of protein sample and then incubated with 10μL of
250mM hydrogen peroxide solution. 10μL of the above
samples was mixed with 200μL of coloring working solution
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Figure 3: (a) Cellular ROS levels were examined with H2DCF-DA using flow cytometry. (b) The effect of pyrocatechol on glutathione
(GSH) levels was evaluated in HK-2 cells. (c) The expression of glutathione peroxidase 4 (GPX4) in HK-2 cells was measured. Values are
presented as the means ± SD (n = 3). The statistical analysis was performed with two-way ANOVA.
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and incubated for 15 minutes. After reaction, the absorbance
of the sample was measured at 520nm.

2.11. Real-Time PCR Analysis. Total RNA was extracted
from tissues or cells using the Total RNA Extraction Kit
(R1200, Solarbio) following the manufacturer’s instructions.
cDNA was extracted using a reverse transcription kit
(Vazyme, Nanjing, China). qRT-PCR was performed with
the SYBR Green Real-Time PCR Master Mix (Vazyme, Nan-
jing, China). Actin was used as a standard control. The rela-
tive RNA expression levels were calculated using the 2−ΔΔCT

method. All primers were custom-made by Sangon Biotech.

2.12. Annexin V/PI Double Staining. After HK-2 cells were
treated for 24 hours, the cells were digested with trypsin,
washed with PBS, and transferred to flow cytometry tubes.
Cells were coincubated with Annexin V-Fluorescein Isothio-
cyanate (FITC) and PI for 5 minutes in the dark. Apoptotic
cells were detected by flow cytometry.

2.13. Western Blotting. A lysis buffer (RIPA, Beyotime,
China) was added to each group of cells or tissues to fully
lyse and extract total protein from the cells. Lysates were
electrophoresed on 6-12% gels using sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis (PAGE). Protein
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Figure 4: Pyrocatechol alleviates cisplatin-induced apoptosis through P38/JNK pathway. (a) Western blotting was used to measure the
expression of MAPK pathway proteins after treatment with cisplatin and pyrocatechol. The expression of MAPK pathway proteins,
including p38, p-p38, c-Jun N-terminal kinase (JNK), p-c-Jun N-terminal kinase (p-JNK), extracellular signal-regulated kinase (ERK),
and p extracellular signal-regulated kinase (p-ERK). (b) Western blotting was used to measure the expression of MAPK pathway
proteins after treatment with cisplatin and ROS inhibitor (NAC, N-Acetyl-L-cysteine). (c) Western blotting was used to measure the
expression of proteins treated with the P38/JNK agonist anisomycin, including p38, p-p38, JNK, p-JNK, and Cleaved Caspase-3. (d) Flow
cytometric analysis of apoptosis in anisomycin-treated HK-2 cells. Values are presented as the means ± SD (n = 3). The statistical analysis
was performed with two-way ANOVA.
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isolates were transferred to PVDF membranes (Millipore,
USA) and blocked in 5% skim milk powder solution for
1 h at room temperature. The cells were incubated with pri-
mary antibody overnight at 4°C. Primary antibodies against
GPX4 (Proteintech, USA), B-cell lymphoma-2 (Bcl-2)
(Abcam, USA), Cleaved Caspase-3 (CST, USA), p-ERK
(CST, USA), ERK (CST, USA), p-p38 (CST, USA), p38
(CST, USA), p-JNK (CST, USA), JNK (CST, USA), and β-
actin (Santa Cruz, USA) were used. The appropriate second-
ary antibody (1 : 5000; Cell Signaling Technology, USA) was
incubated for 1 hour at 37°C on a shaker, and the bands were
observed using ECL chemiluminescence (Beyotime Biotech-
nology, China). ImageLab software was used for data
analysis.

2.14. RNA Interference. HK-2 cells were cultured and then
infected with GPX4-shRNA lentivirus for 72 hr. HK-2 cells
were screened with puromycin (Beyotime Biotechnology,
China). Single-cell clones resistant to puromycin were
amplified and screened by western blotting using an anti-
GPX4 antibody (1 : 1,000, Beyotime Biotechnology, China).

2.15. Statistical Analysis. SPSS 26.0 and GraphPad Prism 7
software were used for statistical analysis. All measurements
were tested for normality and homogeneity of variance, and
the data are presented as the mean ± SEM. Differences
between two or more groups were assessed by performing
Student’s t test and one-way ANOVA. P < 0:05 indicates
that the differences are statistically significant.
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Figure 5: The antiapoptotic effect of pyrocatechol is dependent on glutathione peroxidase 4 (GPX4). (a) The knockout efficacy was
investigated using western blotting. (b) GPX4-KO HK-2 cells were treated with cisplatin (20 μM) in the absence or presence of
pyrocatechol for 24 hours, and cell viability was then determined. (c) GPX4-KO HK-2 cells were treated with cisplatin (20 μM) in the
absence or presence of pyrocatechol for 24 hours, and then, their ROS levels were measured by flow cytometry. Values are presented as
the means ± SD (n = 3). The statistical analysis was performed with two-way ANOVA.
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3. Results

3.1. Pyrocatechol Alleviates Cisplatin-Induced AKI. To iden-
tify compounds that alleviate cisplatin-induced cytotoxicity,
we performed chemical screening using a natural product
library consisting of approximately 1600 representative
compounds. Renal epithelial cells (HK-2) were treated with

cisplatin in the presence or absence of each compound in
the library for 48 hours, and cell viability was determined
using the CCK-8 assay (Figure 1(a)). With this screening
strategy, pyrocatechol was found to significantly inhibit
cisplatin-induced cytotoxicity (Figure 1(b)). Cotreatment
with pyrocatechol and cisplatin significantly increased the
viability of renal cells, including HK-2 and H293T cells,
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Figure 6: Pyrocatechol protects against cisplatin-induced nephrotoxicity in vivo. (a) Schematic design of animal experiments showing mice
induced with cisplatin or pretreated with pyrocatechol. (b) Blood urea nitrogen (BUN) and serum creatinine levels between the treatment
groups. The four groups of mice were treated differently according to the experimental design chart. (c, d) The low panel shows
semiquantitative scores for tubular injury (c); a micrograph of a representative H&E-stained kidney section after hematoxylin and eosin
(H&E) staining (d). Scale bars, 50μM. (e) The levels of the renal injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin
(NGAL), and klotho mRNAs in kidney tissue were measured using real-time PCR. Data are presented as means ± the standard deviation
(n = 6). The statistical analysis was performed with one-way ANOVA.
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Figure 7: Continued.
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compared with cisplatin treatment alone (Figures 1(c) and
1(d)).

3.2. Pyrocatechol Exerts a Protective Effect on Apoptosis In
Vitro. Cisplatin causes apoptotic cell death in various types
of cells, which is attributed to its cytotoxicity [21, 22]. Hence,
we examined whether pyrocatechol could prevent cisplatin-
induced apoptosis in HK-2 and 293T cells. As shown in
Figure 2(a), we found that pyrocatechol treatment completely
abolished cisplatin-induced cell death. Moreover, annexin V
staining analysis showed that cisplatin induced apoptosis in
25 ± 2:4% of HK-2 cells, while the combination of pyrocate-
chol and cisplatin reduced the number of apoptotic cells to 9
± 2:8% (Figure 2(b)). In addition, western blot analysis
showed that cisplatin treatment significantly reduced the
Bcl-2 protein expression and increased the level of the Cleaved
Caspase-3 protein. However, pyrocatechol almost completely
blocked the reduction in Bcl-2 and Caspase-3 cleavage in
HK-2 cells (Figure 2(c)).

3.3. Effect of Pyrocatechol on Oxidative Stress in Cisplatin-
Treated HK-2 Cells. Oxidative stress was reported to be the
main mechanism for cisplatin-induced apoptosis [23]. To
investigate the level of intracellular ROS, we next used the
sensitive fluorescent probe DCFH-DA to label the ROS in
cells. The results showed a significant increase in intracellu-
lar ROS levels in the cisplatin-treated cells. However, pyro-

catechol reversed the increase in ROS (Figure 3(a)). We
then investigated the level of glutathione, which is a major
antioxidant in the mitigation of cisplatin nephrotoxicity
[24, 25]. The results showed that compared with the control,
cisplatin could significantly reduce the glutathione level in
HK-2 cells. However, pyrocatechol reversed the cisplatin-
induced decrease in GSH levels (Figure 3(b)). We next
examined the protein expression of GPX4, which is a
GSH-dependent enzyme that inhibits the production of
ROS. As shown in Figure 3(c), cisplatin treatment signifi-
cantly reduced the expression of GPX4 protein. However,
pyrocatechol almost completely restored the protein expres-
sion level of GPX4. These findings support the hypothesis
that pyrocatechol can substantially alleviate oxidative stress
induced by cisplatin-induced renal injury.

3.4. Pyrocatechol Alleviates Cisplatin-Induced Apoptosis
through P38/JNK Pathway. To further verify the protective
mechanism of pyrocatechol in cisplatin-induced apoptosis,
we analyzed the MAPK-related signaling pathway by west-
ern blotting. The results are shown in Figure 4(a). Pyrocate-
chol attenuated the levels of p-JNK and p-p38 in the
cisplatin-treated HK-2 cells. However, pyrocatechol did not
affect the level of p-ERK. Moreover, we found that NAC
(N-acetyl-l-cysteine), an ROS scavenger, could block
cisplatin-induced JNK and p38 activation (Figure 4(b)).
These results suggest that cisplatin activates the MAPK
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Figure 7: Effects of pyrocatechol on cisplatin-induced inflammatory response and oxidative stress. (a, b) The levels of TNF-α and IL-6 in
kidney tissue were measured using real-time PCR. (c–e) The levels of multiple chemokines, such as C–C motif chemokine ligand 2 (MCP-1),
TNF superfamily member 12A (Fn14), and TNF superfamily member 12 (TWEAK), in kidney tissue was measured using real-time PCR. (f)
The effect of pyrocatechol on glutathione (GSH) levels was evaluated. (g) The effect of pyrocatechol on superoxide dismutase (SOD) levels
was evaluated. (h) The effect of pyrocatechol on catalase levels was evaluated. (i) Expression of glutathione peroxidase 4 (GPX4) in
pyrocatechol-treated kidney tissue lysates by western blotting. Data are presented as means ± the standard deviation (n = 6). The statistical
analysis was performed with one-way ANOVA.
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signaling pathway through stimulation of ROS production,
thereby inducing apoptosis.

We further used anisomycin (a specific activator of P38/
JNK) to explore the roles of P38/JNK activation in
pyrocatechol-mediated inhibition of cisplatin-induced HK-
2 cell apoptosis. Interestingly, the results showed that aniso-
mycin reversed the inhibitory effect of pyrocatechol on the
expression of p-JNK and p-p38, as well as Cleaved Cas-
pase-3, in the cisplatin-treated cells (Figure 4(c)). Moreover,
analysis of apoptosis by annexin V staining showed that ani-
somycin reversed the antiapoptotic effect of pyrocatechol on
cisplatin-treated cells (Figure 4(d)). These results suggest
that pyrocatechol alleviates cisplatin-induced apoptosis
through the P38/JNK pathway.

3.5. Pyrocatechol Reduces ROS Accumulation Induced by
Cisplatin in HK-2 Cells in a GPX4-Dependent Manner. We
found that pyrocatechol could block the cisplatin-induced
GPX4 reduction (Figure 3(c)). We hence speculate that
pyrocatechol exerts its protective effects on ROS-mediated
cytotoxicity, including cell apoptosis and MAPK activation,
through GPX4. To test this hypothesis, we used the
CRISPR/Cas9 technique to knock out the expression of
endogenous GPX4 in HK-2 cells (Figure 5(a)). As expected,
we found that pyrocatechol could not restore cisplatin-
mediated inhibition of GPX4 knockout (GPX4-KO) cell via-
bility (Figure 5(b)). Furthermore, pyrocatechol could not

inhibit cisplatin-induced elevation of ROS production in
the GPX4 knockout cells (Figure 5(c)). The above results
suggest that the GPX4 protein plays a vital role in the effect
of pyrocatechol on cisplatin-induced AKI.

3.6. Pyrocatechol Protects against Cisplatin-Induced AKI in
Mice. A mouse model of cisplatin-induced kidney injury
was used to investigate whether pyrocatechol could alleviate
cisplatin-induced nephrotoxicity. Cisplatin (20 mg·kg-1) was
injected intraperitoneally to induce kidney damage in mice
according to the experimental design (Figure 6(a)). The
treatment group received oral administration of pyrocate-
chol (30 mg·kg-1) 6 hours before cisplatin injection and con-
tinued daily administration once after cisplatin treatment.
Pathological analysis of the mouse kidney injury score
showed that pyrocatechol significantly alleviated cisplatin-
induced AKI in mice (Figure 6(c)). Moreover, treatment
with pyrocatechol reversed the cisplatin-induced increase
in SCr and BUN levels (Figure 6(b)). To examine the protec-
tive effect of pyrocatechol on cisplatin-induced histopathol-
ogical damage to the kidney, we stained mouse kidney
sections with H&E. As shown in Figure 6(d), the kidneys
of the cisplatin-treated mice showed severe damage with
inflammatory cell infiltration and tissue vacuolation. How-
ever, renal tissue tubular damage was significantly relieved
in the pyrocatechol and cisplatin combination-treated mice.
More importantly, the serum creatinine and blood urea

Cisplatin

Pyrocatechol

OH
OH

GSH

GPX4

ROS

P38/JNK pathway

AKI

Apoptosis

(c)

Figure 8: Pyrocatechol mitigated apoptosis in cisplatin-injured kidneys. (a) Expression of apoptosis-associated proteins B-cell lymphoma 2
(Bcl-2) and Cleaved Caspase-3 in pyrocatechol-treated kidney tissue lysates by Western blotting. (b) Representative images of TUNEL
staining tests in kidney tissue. Scale bar, 100μM. Quantification of the number of positive cells assessed for TUNEL staining. Data are
presented as means ± the standard deviation (n = 6). (c) Schematic diagram illustrating PCL inhibition of cisplatin-mediated apoptosis
upregulating GPX4 to regulate AKI. The statistical analysis was performed with one-way ANOVA.
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nitrogen from the mice that received pyrocatechol alone
showed no significant change compared with those from
the control mice. Furthermore, H&E staining of the kidneys
showed that pyrocatechol did not induce nephrotoxicity.

To further explore the roles of pyrocatechol in cisplatin-
induced nephrotoxicity, we investigated the mRNA expres-
sion of kidney injury molecule-1 (KIM-1) and neutrophil
gelatinase-associated lipocalin (NGAL), two known tubular
biomarkers of early kidney injury [26]. The results showed
(Figure 6(e)) that the expression levels of KIM-1 and NGAL
were significantly increased in the cisplatin-injured kidneys.
However, combined treatment with cisplatin and pyrocate-
chol significantly reversed the increase in KIM-1 and NGAL
expression. Klotho is mainly expressed in the distal convo-
luted tubules of the kidney and has anti-inflammatory and
antioxidant properties. The onset of acute kidney injury is
usually accompanied by low levels of klotho [27]. We further
evaluated klotho expression, and the results showed that
klotho expression was decreased in the cisplatin-treated
group. However, cotreatment with cisplatin and pyrocate-
chol significantly alleviated the loss of klotho caused by
cisplatin-induced acute kidney injury. In conclusion, pyro-
catechol was effective in protecting against cisplatin-
induced renal injury.

3.7. Effects of Pyrocatechol on the Cisplatin-Induced
Inflammatory Response and Oxidative Stress. The inflamma-
tory response is one of the major causes of cisplatin-induced
acute kidney injury [28]. To investigate the effect of pyrocat-
echol on the inflammatory response in mouse renal tubular
cells, we examined the expression of proinflammatory cyto-
kines, including IL-6 and TNF-α, in each group. The results
showed (Figures 7(a) and 7(b)) that the mRNA levels of the
inflammatory factors IL-6 and TNF-α were significantly
increased in the cisplatin-treated group; however, cotreat-
ment with pyrocatechol significantly attenuated the increase
in cisplatin-induced inflammatory factors. In addition, the
increased expression of chemokines, including C–C motif
chemokine ligand 2 (CCL2/MCP-1), TNF superfamily
member 12A (TWEAK receptor; TNFRSF12A; Fn14), and
TNF superfamily member 12 (TWEAK; TNFSF12), during
cisplatin treatment was significantly suppressed by pyrocat-
echol (Figures 7(c)–7(e)). Therefore, the above results dem-
onstrated that pyrocatechol significantly attenuated the
cisplatin-induced inflammatory response.

Previous reports showed that cisplatin could significantly
reduce glutathione, superoxide dismutase, and catalase
activities in renal tissue [29]. We hence examined the levels
of superoxide dismutase and catalase; compared with the
cisplatin group, we found that the pyrocatechol treatment
group significantly increased glutathione levels, but did not
reverse cisplatin-induced reductions in superoxide dismut-
ase and catalase activities (Figures 7(f)–7(h)). We further
examined the protein expression of GPX4. As shown in
Figure 7(i), cisplatin treatment significantly reduced the
expression of GPX4 protein. Intriguingly, pyrocatechol
almost restored the protein expression level of GPX4. Previ-
ous studies reported that GSH is the primary detoxification
mechanism of cisplatin nephrotoxicity [30, 31]. Therefore,

the results in Figure 7 show that pyrocatechol alleviates oxi-
dative stress induced by cisplatin-induced renal injury
mainly by reversing GSH and GPX4 levels.

3.8. Pyrocatechol Ameliorates Acute Renal Injury in
Cisplatin-Treated Mice by Inhibiting Apoptosis. Kidney cells
often undergo apoptotic cell death during renal injury [32].
We next analyzed apoptosis by examining Bcl-2 and Cleaved
Caspase-3, which are hallmarks of apoptosis, to further clar-
ify the role of apoptosis in cisplatin-induced kidney injury
in vivo. As shown in Figure 8(a), cisplatin treatment signifi-
cantly reduced the expression of Bcl-2 protein and increased
the expression of Cleaved Caspase-3, indicating that cis-
platin induces kidney cell apoptosis. However, cotreatment
with pyrocatechol fully restored the changes in these pro-
teins. Moreover, the TUNEL assay further revealed that
pyrocatechol could significantly diminish the cisplatin-
induced increase in the number of TUNEL-positive cells in
kidney tissues (Figure 8(b)), indicating that pyrocatechol
exerted a beneficial effect on cisplatin-induced kidney injury
by inhibiting apoptosis in mice. In summary, pyrocatechol
exerted a beneficial effect on cisplatin-induced kidney injury
by inhibiting apoptosis (Figure 8(c)).

4. Discussion

Cisplatin is one of the most widely used chemotherapeutic
drugs, and AKI is the main side effect of cisplatin-based
therapy [33]. Approximately one-third of patients treated
with cisplatin develop renal dysfunction. According to ear-
lier reports, the main mechanisms of cisplatin-induced acute
kidney injury (AKI) include oxidative stress, inflammation,
and apoptosis [5]. We aimed to explore compounds that
alleviate the nephrotoxic effects of cisplatin. First, we found
a natural product called pyrocatechol, which could alleviate
cisplatin-induced nephrotoxicity, by screening a library of
1600 natural products. Pyrocatechol is a small naturally
occurring compound present in plants, including B. macro-
carpa, S. anacardium, onions, apples, and olive oil [12]. Ear-
lier studies have shown that pyrocatechol has a potent
antioxidant and anti-inflammatory effect in various human
diseases [18, 20]. In our current study, we aimed to investi-
gate the protective effect of pyrocatechol on cisplatin-
induced nephrotoxicity in vitro and in vivo.

Our study demonstrated that pyrocatechol significantly
alleviates cisplatin-induced nephrotoxicity in mice. This
protective effect of pyrocatechol on kidney injury was man-
ifested by a reduction in renal tubular apoptosis, an
improvement in the renal tubular inflammatory response,
and an increase in the antioxidant capacity of the kidney.
In our study, we tested pyrocatechol in vivo at a dose of
20mg · kg-1. The in vivo experiments showed that treatment
with pyrocatechol alone did not cause significant adverse
effects in mice. At this safe dose, pyrocatechol significantly
reduced serum creatinine and blood urea nitrogen levels in
the cisplatin-treated mice and reversed inflammation in the
mice. Therefore, pyrocatechol is a safe and effective drug
candidate for cisplatin-induced AKI.
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Cisplatin accumulates as a highly active metabolite in
renal epithelial cells, disrupting renal cell antioxidant func-
tions, which consequently leads to ROS accumulation and
causes mitochondrial impairment [34, 35]. In this study,
we demonstrate that pyrocatechol significantly inhibits the
elevation of ROS levels and oxidative stress induced by
cisplatin-induced renal injury in vivo and in vitro by revers-
ing the changes in GSH and GPX4. Renal tissue damage,
characterized by tubular cell death, is a common histopa-
thological feature of cisplatin nephrotoxicity [3]. Under this
condition, apoptosis is the primary type of tubular pro-
grammed cell death. Our results showed that apoptosis in
cisplatin-treated mouse kidney tissue was significantly
attenuated.

Dysregulation of ROS levels leading to oxidative stress
plays a crucial role in cisplatin-induced kidney injury. Cis-
platin is reported to increase free radical levels to induce cell
death [36]. ROS activate antioxidant systems including GSH
and SOD, which subsequently reduces ROS-induced oxida-
tive damage [37]. Meanwhile, the activation of the antioxi-
dant system such as GSH, SOD, and glutathione
peroxidase is also recognized as the biomarkers for oxidative
stress [38]. In another way, the severe impairment of antiox-
idant enzymes such as GSH, SOD, catalase, and GPXs is also
important indicators to ascertain the oxidative stress index
[39, 40]. For instance, MDA is rapidly overproduced in
response to lipid peroxidation and is usually accompanied
with GPX4 reduction [41]. In the present study, our data
showed that cisplatin treatment significantly decreased
GSH, catalase, and SOD activity, indicating that server oxi-
dative stress is induced by cisplatin treatment. However,
pyrocatechol could reverse the reduction of these antioxi-
dant enzymes caused by cisplatin treatment. These data pro-
vide evidences that pyrocatechol potently alleviated
cisplatin-induced oxidative stress. In addition, cisplatin-
induced increases in ROS levels damage mitochondria and
activate mitogen-activated protein kinases (MAPKs), includ-
ing p38, c-Jun N-terminal kinase (JNK), and extracellular
signal-regulated kinase 1/2 (ERK1/2), thereby inducing apo-
ptosis [42–44]. In our study, pyrocatechol alleviates
cisplatin-induced apoptosis through the P38/JNK pathway.
Anisomycin, a specific activator of p38/JNK [45], reverses
the inhibitory effect of pyrocatechol on the expression of
p-JNK, p-p38, and the apoptotic protein Cleavage Caspase-
3 in cisplatin-induced cells.

GPX4 is a selenocysteine-containing peroxidase enzyme
catalyzing reduction of toxic peroxides, organic hydroperox-
ides, and lipid hydroperoxides into respective nontoxic alco-
hols [46]. GPX4 belongs to the glutathione peroxidase family
member protein, which is a central component of the cellu-
lar antioxidation system and uses reduced glutathione
(GSH) as a reducing agent [47, 48]. As one of the main anti-
oxidant mediators, GPX4 plays an important role in regula-
tion of oxidation-induced cell death, and it is considered as
the main suppressor of ferroptosis, a cell death induced by
lipid peroxidation [10]. Our study demonstrated that pyro-
catechol almost completely restored cisplatin-induced
reduction of cellular GPX4 protein expression. And we
proved that pyrocatechol could alleviate cisplatin-induced

apoptosis by affecting the expression level of GPX4 and reg-
ulating the ROS/P38/JNK pathway. Our study indicated that
the pyrocatechol-induced decrease in intracellular ROS gen-
eration in cisplatin-treated cells was completely inhibited by
GPX4 knockdown. Therefore, the possible mechanism by
which pyrocatechol induces cisplatin-induced kidney injury
is that pyrocatechol activates GPX4 and regulates the ROS/
JNK/p38 MAPK signaling pathway to protect the kidney.

5. Conclusion

In conclusion, our findings suggest that pyrocatechol has a
protective effect against cisplatin-induced renal injury by
attenuating oxidative stress, inflammation, and apoptotic
pathways. This protective effect was mainly through activa-
tion of GPX4, inhibition of the ROS/JNK/p38 MAPK signal-
ing pathway, and then modulation of apoptosis to protect
the kidney. This result provides a basis for the clinical treat-
ment of cisplatin-induced AKI, and further validation of the
molecular mechanism of apoptosis inhibition by pyrocate-
chol is necessary.

Data Availability

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.
Some data may not be made available because of privacy
or ethical restrictions.

Ethical Approval

The animal experimental protocol was reviewed and
approved by the Institutional Animal Ethical Committee,
Experimental Animal Center of Jinan University, and
followed the Guide for the Care and Use of Laboratory Ani-
mals by the US National Institutes of Health.

Conflicts of Interest

The authors declare no competing interests.

Authors’ Contributions

G.C, J.F., and C.L. designed and managed the project. X.X.
and F.W. performed experiments and analyzed data. F.W.
wrote the manuscript. J.T. and Z.L. participated in cell cul-
ture and in vitro experiments. H.L. and G.L. participated in
animal experiments. H.H. and D.B. helped with data analy-
sis. Y.L. and J.C. helped with graphs. Z.C. and G.C. made
suggestions on the manuscript. All authors read and
approved the final manuscript. Xuexia Xie and Fan Wu con-
tributed equally to this work and they are co-first authors.

Acknowledgments

Parts of the figure were drawn by using pictures from Servier
Medical Art. This research was supported by the Science and
Technology Project of the Health Bureau of Yangjiang City
(2021036 to C.Y.L., SF2021212 to C.Y.L.), Sixth Affiliated
Hospital of Jinan University PhD Start-Up Fund

13Oxidative Medicine and Cellular Longevity



(JDLY2021003 to C.Y.L., JDLY2021004 to C.Y.L.), Guang-
dong Medical Research Foundation (A2022186 to C.Y.L.),
National Natural Science Foundation of China (82073042
to G. Chen), Guangdong Basic and Applied Basic Research
Foundation (2022B1515020105 to G. Chen), National Natu-
ral Science Foundation of China (81974430 to J. Fan), and
Natural Science Foundation of Guangdong Province
(2019A1515012037 to J. Fan).

References

[1] S. Dasari and P. B. Tchounwou, “Cisplatin in cancer therapy:
molecular mechanisms of action,” European Journal of Phar-
macology, vol. 740, pp. 364–378, 2014.

[2] S. Ghosh, “Cisplatin: the first metal based anticancer drug,”
Bioorganic Chemistry, vol. 88, article 102925, 2019.

[3] N. Pabla and Z. Dong, “Cisplatin nephrotoxicity: mechanisms
and renoprotective strategies,” Kidney International, vol. 73,
no. 9, pp. 994–1007, 2008.

[4] C. V. Burns, S. B. Edwin, S. Szpunar, and J. Forman, “Cis-
platin-induced nephrotoxicity in an outpatient setting,” Phar-
macotherapy, vol. 41, no. 2, pp. 184–190, 2021.

[5] S. J. Holditch, C. N. Brown, A. M. Lombardi, K. N. Nguyen,
and C. L. Edelstein, “Recent advances in models, mechanisms,
biomarkers, and interventions in cisplatin-induced acute kid-
ney injury,” International Journal of Molecular Sciences,
vol. 20, no. 12, p. 3011, 2019.

[6] L. Zhu, Y. Yuan, L. Yuan et al., “Activation of TFEB-mediated
autophagy by trehalose attenuates mitochondrial dysfunction
in cisplatin-induced acute kidney injury,” Theranostics,
vol. 10, no. 13, pp. 5829–5844, 2020.

[7] S. Reuter, S. C. Gupta, M. M. Chaturvedi, and B. B. Aggarwal,
“Oxidative stress, inflammation, and cancer: how are they
linked?,” Free Radical Biology & Medicine, vol. 49, no. 11,
pp. 1603–1616, 2010.

[8] J. Checa and J. M. Aran, “Reactive oxygen species: drivers of
physiological and pathological processes,” Journal of Inflam-
mation Research, vol. 13, pp. 1057–1073, 2020.

[9] K. Sinha, J. Das, P. B. Pal, and P. C. Sil, “Oxidative stress: the
mitochondria-dependent and mitochondria-independent
pathways of apoptosis,” Archives of Toxicology, vol. 87, no. 7,
pp. 1157–1180, 2013.

[10] W. S. Yang and B. R. Stockwell, “Ferroptosis: death by lipid
peroxidation,” Trends in Cell Biology, vol. 26, no. 3, pp. 165–
176, 2016.

[11] R. Moo-Puc, E. Caamal-Fuentes, S. R. Peraza-Sánchez et al.,
“Antiproliferative and Antiestrogenic activities of bonediol
an alkyl catechol from Bonellia macrocarpa,” BioMed Research
International, vol. 2015, Article ID 847457, 6 pages, 2015.

[12] P. K. R. Nair, S. J. Melnick, S. F. Wnuk, M. Rapp, E. Escalon,
and C. Ramachandran, “Isolation and characterization of an
anticancer catechol compound from Semecarpus anacar-
dium,” Journal of Ethnopharmacology, vol. 122, no. 3,
pp. 450–456, 2009.

[13] D. M. De Oliveira, B. P. S. Pitanga, M. S. Grangeiro et al., “Cat-
echol cytotoxicity in vitro: induction of glioblastoma cell death
by apoptosis,” Human & Experimental Toxicology, vol. 29,
no. 3, pp. 199–212, 2010.

[14] D. Y. Lim, S. H. Shin, M.-H. Lee et al., “A natural small mole-
cule, catechol, induces c-Myc degradation by directly targeting

ERK2 in lung cancer,” Oncotarget, vol. 7, no. 23, pp. 35001–
35014, 2016.

[15] C. G. Vazhappilly, R. Hodeify, S. S. Siddiqui et al., “Natural
compound catechol induces DNA damage, apoptosis, and
G1 cell cycle arrest in breast cancer cells,” Phytotherapy
Research, vol. 35, no. 4, pp. 2185–2199, 2021.

[16] L. T. Zheng, G.-M. Ryu, B.-M. Kwon, W. H. Lee, and K. Suk,
“Anti-inflammatory effects of catechols in
lipopolysaccharide-stimulated microglia cells: inhibition of
microglial neurotoxicity,” European Journal of Pharmacology,
vol. 588, no. 1, pp. 106–113, 2008.

[17] D. Luo, T. C. T. Or, C. L. H. Yang, and A. S. Y. Lau, “Anti-
inflammatory activity of iridoid and catechol derivatives from
Eucommia ulmoides Oliver,” ACS Chemical Neuroscience,
vol. 5, no. 9, pp. 855–866, 2014.

[18] J. P. De La Cruz, M. I. Ruiz-Moreno, A. Guerrero et al., “Role
of the catechol group in the antioxidant and neuroprotective
effects of virgin olive oil components in rat brain,” The Journal
of Nutritional Biochemistry, vol. 26, no. 5, pp. 549–555, 2015.

[19] M. M. Abdel-Daim, O. M. Mahmoud, M. H. Al Badawi,
J. Alghamdi, S. Alkahtani, and N. A. Salem, “Protective effects
of Citrus limonia oil against cisplatin-induced nephrotoxicity,”
Environmental Science and Pollution Research International,
vol. 27, no. 33, pp. 41540–41550, 2020.

[20] M. Funakoshi-Tago, Y. Nonaka, K. Tago et al., “Pyrocatechol,
a component of coffee, suppresses LPS-induced inflammatory
responses by inhibiting NF-κB and activating Nrf2,” Scientific
Reports, vol. 10, no. 1, p. 2584, 2020.

[21] S. Tanida, T. Mizoshita, K. Ozeki et al., “Mechanisms of
cisplatin-induced apoptosis and of cisplatin sensitivity: poten-
tial of BIN1 to act as a potent predictor of cisplatin sensitivity
in gastric cancer treatment,” International Journal of Surgical
Oncology, vol. 2012, Article ID 862879, 8 pages, 2012.

[22] V. M. Gonzalez, M. A. Fuertes, C. Alonso, and J. M. Perez, “Is
cisplatin-induced cell death always produced by apoptosis?,”
Molecular Pharmacology, vol. 59, no. 4, pp. 657–663, 2001.

[23] M. Peyrou, P. E. Hanna, and A. E. Cribb, “Cisplatin, gentami-
cin, and p-aminophenol induce markers of endoplasmic retic-
ulum stress in the rat kidneys,” Toxicological Sciences, vol. 99,
no. 1, pp. 346–353, 2007.

[24] F. Zunino, G. Pratesi, A. Micheloni, E. Cavalletti, F. Sala, and
O. Tofanetti, “Protective effect of reduced glutathione against
cisplatin-induced renal and systemic toxicity and its influence
on the therapeutic activity of the antitumor drug,” Chemico-
Biological Interactions, vol. 70, no. 1-2, pp. 89–101, 1989.

[25] D. M. Townsend, K. D. Tew, L. He, J. B. King, andM. H. Hani-
gan, “Role of glutathione S-transferase Pi in cisplatin-induced
nephrotoxicity,” Biomedicine & Pharmacotherapy, vol. 63,
no. 2, pp. 79–85, 2009.

[26] N. Obermüller, H. Geiger, C. Weipert, and A. Urbschat, “Cur-
rent developments in early diagnosis of acute kidney injury,”
International Urology and Nephrology, vol. 46, no. 1, pp. 1–7,
2014.

[27] J. A. Neyra, M. C. Hu, and O. W. Moe, “Klotho in clinical
nephrology: diagnostic and therapeutic implications,” Clinical
Journal of the American Society of Nephrology, vol. 16, no. 1,
pp. 162–176, 2020.

[28] H. Rabb, M. D. Griffin, D. B. McKay et al., “Inflammation in
AKI: current understanding, key questions, and knowledge
gaps,” Journal of the American Society of Nephrology, vol. 27,
no. 2, pp. 371–379, 2016.

14 Oxidative Medicine and Cellular Longevity



[29] M. H. Hanigan and P. Devarajan, “Cisplatin nephrotoxicity:
molecular mechanisms,” Cancer Therapy, vol. 1, pp. 47–61,
2003.

[30] K. Husain, C. Morris, C. Whitworth, G. L. Trammell, L. P.
Rybak, and S. M. Somani, “Protection by ebselen against
cisplatin-induced nephrotoxicity: antioxidant system,” Molec-
ular and Cellular Biochemistry, vol. 178, no. 1/2, pp. 127–
133, 1998.

[31] Q. Huang, R. T. Dunn, S. Jayadev et al., “Assessment of
cisplatin-induced nephrotoxicity by microarray technology,”
Toxicological Sciences, vol. 63, no. 2, pp. 196–207, 2001.

[32] A. Havasi and S. C. Borkan, “Apoptosis and acute kidney
injury,” Kidney International, vol. 80, no. 1, pp. 29–40, 2011.

[33] A. Ozkok and C. L. Edelstein, “Pathophysiology of cisplatin-
induced acute kidney injury,” BioMed Research International,
vol. 2014, Article ID 967826, 17 pages, 2014.

[34] K. A. Mapuskar, H. Wen, D. G. Holanda et al., “Persistent
increase in mitochondrial superoxide mediates cisplatin-
induced chronic kidney disease,” Redox Biology, vol. 20,
pp. 98–106, 2019.

[35] R. M. El-Sayed, R. E. A. El Gheit, and G. A. Badawi, “Vinca-
mine protects against cisplatin induced nephrotoxicity via
activation of Nrf2/HO-1 and hindering TLR4/ IFN-γ/CD44
cells inflammatory cascade,” Life Sciences, vol. 272, article
119224, 2021.

[36] K. R. McSweeney, L. K. Gadanec, T. Qaradakhi, B. A. Ali,
A. Zulli, and V. Apostolopoulos, “Mechanisms of cisplatin-
induced acute kidney injury: pathological mechanisms,” Can-
cers, vol. 13, no. 7, 2021.

[37] M. Schieber and N. S. Chandel, “ROS function in redox signal-
ing and oxidative stress,” Current Biology, vol. 24, no. 10,
pp. R453–R462, 2014.

[38] E. Birben, U. M. Sahiner, C. Sackesen, S. Erzurum, and
O. Kalayci, “Oxidative stress and antioxidant defense,”
World Allergy Organization Journal, vol. 5, no. 1, pp. 9–
19, 2012.

[39] C. J. Weydert and J. J. Cullen, “Measurement of superoxide
dismutase, catalase and glutathione peroxidase in cultured
cells and tissue,” Nature Protocols, vol. 5, no. 1, pp. 51–66,
2010.

[40] D. Li, B. Liu, Y. Fan et al., “Nuciferine protects against folic
acid-induced acute kidney injury by inhibiting ferroptosis,”
British Journal of Pharmacology, vol. 178, no. 5, pp. 1182–
1199, 2021.

[41] S. Gaweł, M. Wardas, E. Niedworok, and P. Wardas, “Malon-
dialdehyde (MDA) as a lipid peroxidation marker,” Wiado-
mości Lekarskie, vol. 57, no. 9-10, pp. 453–455, 2004.

[42] M. Cargnello and P. P. Roux, “Activation and function of the
MAPKs and their substrates, the MAPK-activated protein
kinases,” Microbiology and Molecular Biology Reviews,
vol. 75, no. 1, pp. 50–83, 2011.

[43] J.-S. Deng, W.-P. Jiang, C.-C. Chen et al., “Cordyceps cicadae-
Mycelia ameliorate cisplatin-induced acute kidney injury by
suppressing the TLR4/NF-κB/MAPK and activating the HO-
1/Nrf2 and Sirt-1/AMPK pathways in mice,” Oxidative Medi-
cine and Cellular Longevity, vol. 2020, Article ID 7912763, 17
pages, 2020.

[44] X. Chen, W. Wei, Y. Li, J. Huang, and X. Ci, “Hesperetin
relieves cisplatin-induced acute kidney injury by mitigating
oxidative stress, inflammation and apoptosis,” Chemico-Bio-
logical Interactions, vol. 308, pp. 269–278, 2019.

[45] M. Nikaido, T. Otani, N. Kitagawa et al., “Anisomycin, a JNK
and p38 activator, suppresses cell-cell junction formation in
2D cultures of K38 mouse keratinocyte cells and reduces
claudin-7 expression, with an increase of paracellular perme-
ability in 3D cultures,” Histochemistry and Cell Biology,
vol. 151, no. 5, pp. 369–384, 2019.

[46] G. C. Forcina and S. J. Dixon, “GPX4 at the crossroads of lipid
homeostasis and Ferroptosis,” Proteomics, vol. 19, no. 18, arti-
cle e1800311, 2019.

[47] T. M. Seibt, B. Proneth, and M. Conrad, “Role of GPX4 in fer-
roptosis and its pharmacological implication,” Free Radical
Biology & Medicine, vol. 133, pp. 144–152, 2019.

[48] F. Ursini and M. Maiorino, “Lipid peroxidation and ferropto-
sis: the role of GSH and GPx4,” Free Radical Biology & Medi-
cine, vol. 152, pp. 175–185, 2020.

15Oxidative Medicine and Cellular Longevity


	Pyrocatechol Alleviates Cisplatin-Induced Acute Kidney Injury by Inhibiting ROS Production
	1. Introduction
	2. Materials and Methods
	2.1. Animal Experiments
	2.2. Cell Culture and Treatment
	2.3. Hematoxylin and Eosin (H&E) Staining
	2.4. Terminal Transferase dUTP Nick-End Labeling (TUNEL) Assay
	2.5. Renal Functional Parameters
	2.6. Cell Counting Kit-8 (CCK-8) Assay
	2.7. GSH Assay
	2.8. MDA Assay
	2.9. Intracellular ROS Measurement
	2.10. SOD and CAT Assay
	2.11. Real-Time PCR Analysis
	2.12. Annexin V/PI Double Staining
	2.13. Western Blotting
	2.14. RNA Interference
	2.15. Statistical Analysis

	3. Results
	3.1. Pyrocatechol Alleviates Cisplatin-Induced AKI
	3.2. Pyrocatechol Exerts a Protective Effect on Apoptosis In Vitro
	3.3. Effect of Pyrocatechol on Oxidative Stress in Cisplatin-Treated HK-2 Cells
	3.4. Pyrocatechol Alleviates Cisplatin-Induced Apoptosis through P38/JNK Pathway
	3.5. Pyrocatechol Reduces ROS Accumulation Induced by Cisplatin in HK-2 Cells in a GPX4-Dependent Manner
	3.6. Pyrocatechol Protects against Cisplatin-Induced AKI in Mice
	3.7. Effects of Pyrocatechol on the Cisplatin-Induced Inflammatory Response and Oxidative Stress
	3.8. Pyrocatechol Ameliorates Acute Renal Injury in Cisplatin-Treated Mice by Inhibiting Apoptosis

	4. Discussion
	5. Conclusion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

