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Background: Doxorubicin (DOX) is a commonly used antineoplastic medication in clinical settings. However, its clinical utility
is hampered by pronounced adverse effects such as nephrotoxicity. The interleukin (IL)-13/p-signal transducer and activator
of transcription 6 (STAT6) pathway plays a critical role in various renal diseases. Furthermore, Pitavastatin, a statin drug, has
been recognized for its protective effects against multiple diseases. Therefore, this study aimed to explore whether Pitavastatin
could improve doxorubicin-induced experimental nephrotoxicity by inhibiting the IL-13/p-STAT6 pathway.
Methods: In this study, a doxorubicin-induced mouse model of renal injury was employed, and mice were randomly divided
into five groups: the normal control, Pitavastatin, doxorubicin, doxorubicin + dimethyl sulfoxide (DMSO), and doxorubicin +
Pitavastatin groups. Their renal function was assessed by observing mouse body weight and serum biochemical markers (urea
nitrogen, creatinine, cystatin C). Western blot analysis was used to examine the levels of IL-13 and STAT6, their phosphorylation
in renal tissues, and the expression of inflammatory factors. The effects of Pitavastatin on doxorubicin-induced oxidative stress
and apoptosis were analyzed through 2,7-dichlorodihydrofluorescein diacetate (DCF-DA) fluorescence staining and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining.
Results: Compared to the doxorubicin group, the doxorubicin + Pitavastatin group showed a significant reduction in mouse
body weight and improvement in serum biochemical markers (p < 0.05), indicating that Pitavastatin effectively ameliorated
doxorubicin-induced nephrotoxicity. Furthermore, Pitavastatin suppressed the IL-13/p-STAT6 pathway’s activity and reduced
the expression of inflammatory factors at themolecular level. Additionally, Pitavastatin alleviated doxorubicin-induced oxidative
stress and apoptosis.
Conclusion: This study demonstrates that Pitavastatin can alleviate doxorubicin-induced nephrotoxicity by inhibiting the IL-
13/p-STAT6 pathway. This effect may be correlated to its anti-inflammatory, antioxidant, and anti-apoptotic capabilities. There-
fore, Pitavastatin can be a promising therapeutic drug for treating doxorubicin-induced nephrotoxicity. Furthermore, these
findings offer a novel theoretical foundation for the therapeutic use of Pitavastatin and suggest future avenues for additional
clinical investigations.
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Introduction

Doxorubicin (DOX), an antineoplastic drug, has been
extensively used in treating various cancers due to its re-
markable anticancer efficacy [1–3]. However, its clini-
cal application is limited by pronounced adverse effects,
such as cardiotoxicity and nephrotoxicity. DOX-induced
nephrotoxicity (DOX IN), a prominent adverse impact of
DOX, is characterized by glomerular and tubular damage
within the kidneys [4–6].

Over the past few years, the interleukin-13 (IL-13)/p-
signal transducer and activator of transcription 6 (STAT6)
pathway has been extensively studied due to its potential
role in various inflammatory and fibrotic diseases [7,8]. IL-
13, an immunoregulatory cytokine, participates in regulat-
ing inflammatory responses and fibrotic processes through
the activation of the STAT6 signaling pathway [9–11]. The
activation of IL-13/p-STAT6 in renal disease models is
closely associated with the progression of renal inflamma-
tion and fibrosis [11,12].
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Pitavastatin, an the 3-hydroxy-3-methylglutaryl
coenzyme-A (HMG-CoA) reductase inhibitor primarily
used to lower serum cholesterol levels, has recently been
found to possess potential anti-inflammatory, antioxidant,
and antifibrotic effects [13–16]. Numerous studies have
revealed the significance of the IL-13/p-STAT6 pathway
in renal diseases, and the potential anti-inflammatory and
antifibrotic effects of Pitavastatin. However, none of the
studies has attempted to investigate the preventive or ther-
apeutic impacts of Pitavastatin on DOX-induced nephrotic
disease by inhibiting the IL-13/p-STAT6 pathway. Further-
more, the impacts of Pitavastatin on various components of
the IL-13/p-STAT6 pathway and the significance of these
effects in mitigating kidney damage and promoting renal
repair remain unexplored.

Therefore, this study aimed to investigate the ther-
apeutic impacts of Pitavastatin on DOX-induced exper-
imental nephrotoxicity by inhibiting the IL-13/p-STAT6
pathway and to explore its underlying potential mecha-
nisms. Additionally, it was intended to examine the effects
of Pitavastatin on renal function, renal inflammatory re-
sponses, and fibrosis by establishing an experimental DOX-
induced nephrotoxicity model. Furthermore, the regula-
tory impact of Pitavastatin on the IL-13/p-STAT6 pathway
was also evaluated. This study provides significant insights
into developing novel treatment strategies for DOX IN and
offers a theoretical foundation for utilizing Pitavastatin in
treating other inflammatory and fibrotic diseases.

Materials and Methods

DOX-Induced Nephrotic Syndrome Mouse Model
Thirty male SPF-grade BALB/c mice (aged 8 weeks

and weighing 25~30 grams) were purchased from Zhejiang
Vital River Laboratory Animal Technology Co., Ltd., Jiax-
ing, China with the license number SYXK (Su) 2018-0020.
Themicewere housed in a barrier facility with free access to
food and water. The temperature and humidity were main-
tained at 20~26 °C and 40%~70%, respectively, with a 12
h light/dark cycle. The experimental protocols involving
animals were approved by the Animal Ethics Committee
of The Second Affiliated Hospital of Baotou Medical Col-
lege, Inner Mongolia University of Science and Technol-
ogy (LW-005). DOXwas obtained fromMedChemExpress
(HY-15142A). After a week of acclimatization, the mice
were randomly classified into five groups: the Normal,
Pitavastatin, DOX, DOX + dimethyl sulfoxide (DMSO),
and DOX + Pitavastatin groups, each group comprising 6
mice. The Normal group received an intravenous injection
of PBS, whereas the model groups received an intravenous
injection of DOX (5 mg/kg). Additionally, the DOX +
Pitavastatin group received a concurrent intraperitoneal in-
jection of Pitavastatin (10 mg/kg). Furthermore, urine sam-
ples were collected every 24 hours using metabolic cages
over two weeks. Subsequently, the mice were euthanized

through cervical dislocation followed by harvesting kidney
tissues and collecting blood samples for further experimen-
tation.

Biochemical Analysis
The urine samples from the mice were collected to as-

sess 24-hour urinary protein (UP) levels. After this, the
mice were euthanized by injecting pentobarbital sodium
(21642-83-1, Shandong Xiya Chemical Industry Co., Ltd.,
Linshu, China, 2%, 40 mg/kg) intraperitoneally, and blood
samples were collected from their abdominal aorta. The
blood samples were centrifuged to isolate serum to evaluate
the serum cystatin C (CYS-C), serum creatinine (Scr), and
blood urea nitrogen (BUN) levels. The 24-hour UP levels
were detected using the bicinchoninic acid (BCA, A045-
4-2, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) method, whereas Scr, BUN, and CYS-C were mea-
sured using an automatic biochemical analyzer (AU5800,
Beckman Coulter, Brea, CA, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)
The corresponding ELISA kits for interleukin (IL)-1β

(Cat No. EK201B), IL-6 (Cat No. EK206), and tumor
necrosis factor (TNF)-α (Cat No. EK282) were purchased
from Hangzhou Lianke Biotech Co., Ltd., Hangzhou,
China and their expression levels in serum and HK-2 cells
were determined following the protocols provided with the
kits. ROS ELISA kit (S0033S), malondialdehyde (MDA)
ELISA kit (S0131S), and lactate dehydrogenase (LDH)
ELISA kit (C0016) were used to assess cellular oxidative
stress and damage. These kits were obtained from Bey-
otime, Shanghai, China. The experimental results obtained
from these assays were normalized.

Western Blot
Animal Protein Extraction

Initially, mouse kidney tissues were homogenized
using a tissue grinder, followed by adding Radio Im-
munoprecipitation Assay Lysis (RIPA, W062-1-1, Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China)
buffer and protease inhibitor phenylmethanesulfonyl flu-
oride (PMSF, P0100, Solarbio Life Sciences, Beijing,
China). The mixture was then lysed on ice and the lysate
was centrifuged (11,296 g) at 4 °C for 30 minutes. The re-
sultant supernatant was utilized to quantify protein content
through the BCA technique. Finally, the protein lysate was
stored at –80 °C for further analysis.

Cell Protein Extraction
After experimental treatment, the culture medium was

discarded and the cells were washed with PBS and lysed
on ice using RIPA lysis buffer and protease inhibitor. The
cells were scraped from the culture dish, and transferred
to 1.5 mL EP tubes. The cell lysate was centrifuged,
and the proteins were quantified using the BCA tech-
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nique. For each group, 25 µg of the quantified proteins
were loaded onto a gel for separation using 12% Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (89888, Thermo Fisher Scientific, Waltham, MA,
USA) and then transferred to the polyvinylidene diflu-
oride (PVDF) membrane (88585, Thermo Fisher Scien-
tific, Waltham, MA, USA). After this, the membranes were
blocked with 5% skim milk for 2 hours. The membranes
were incubated overnight with primary antibodies (di-
luted at 1:1000) against IL-13 (#DF6813, Affinity, Liyang,
China), p-STAT6 (Tyr641) (#AF3301, Affinity, Liyang,
China), STAT6 (#AF6302, Affinity, Liyang, China), Bax
(#2772, CST, BSN, MA, USA), Bcl-2 (#15071, CST, BSN,
MA, USA), and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, #2118, CST, BSN, MA, USA) at 4 °C. The
following day, the membranes were incubated with sec-
ondary antibody for one hour at room temperature. Af-
ter washing with TBST, the blots were developed and vi-
sualized using a chemiluminescence enhanced chemilumi-
nescence (ECL) reagent (BL520B, Biosharp Life Sciences,
Hefei, China). The gray value of strip was analyzed using
ImageJ software (v1.8.0.345, National Institutes of Health,
Bethesda, MD, USA), and GAPDHwas used as the internal
control for quantifying the expression of target proteins.

HK-2 and NRK-52E Cell Culture
Human proximal tubular epithelial cells (HK-2, CRL-

2190) and rat epithelial cell line NRK-52E (CRL-1571)
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were validated us-
ing short tandem repeat (STR) analysis and were screened
for cross-contamination using mycoplasma testing. The ex-
perimental procedures followed the protocols outlined by
You et al. [17], Cheng et al. [18], Ni et al. [19], and
Long et al. [20], with slightmodifications. HK-2 andNRK-
52E cells were cultured in RPMI-1640 medium (KeyGEN
BioTECH, Nanjing, China) supplemented with 10% fetal
bovine serum (FBS) (Gibco, New York, NY, USA) and in-
cubated at 37 °C and 5% CO2 to promote cell prolifera-
tion. The culture medium was refreshed with pre-warmed
medium every 1–2 days. The cells were categorized into 5
groups, such as the control group, the DOX (5 µM) group,
the DOX + DMSO group, the DOX + Pitavastatin (10 µM)
group, and the DOX + Pitavastatin + IL-13 (10 ng/mL)
group. The cells underwent an additional 24-hour incuba-
tion before being proceeded for subsequent experiments.

Cell Counting Kit-8 (CCK-8) Assay
The cell viability was assessed using a Cell Counting

Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan).
To perform this, cells in the logarithmic growth phase were
adjusted to an appropriate concentration and seeded into a
96-well plate with a density of 2.5× 103 cells per well. Af-
ter 24 hours of incubation to facilitate cell attachment, the
cells were treated with DOX (5 µM), Pitavastatin (10 µM),

and IL-13 (10 ng/mL) and allowed to incubate for another
48 hours at 37 °C and 5% CO2. Subsequently, 10 µL of
CCK-8 reagent was added to each well and incubated for an
additional hour. The OD was measured using a microplate
reader, and the inhibition rate of cell proliferation was de-
termined. The experiments were replicated three times to
ensure reproducibility and accuracy.

5-Ethynyl-2′-Deoxyuridine (EdU) Assay for Cell
Proliferation

Cells, administered with experimental treatment, were
cultured onto coverslips within a 6-well plate at a density
of 1 × 105 cells per well and incubated with EdU solu-
tion at a concentration of 10 µmol/L for 2 hours. The cells
were then permeabilized for 10 minutes using 0.5% Triton
X-100, fixed for 15 minutes at room temperature with 4%
paraformaldehyde, and stained for 30 minutes with 4′,6-
diamidino-2-phenylindole (DAPI). After phosphate buffer
saline (PBS) washing and glycerol sealing, microscopy was
performed using a fluorescence microscope (CX41-32RFL,
Olympus Corporation, Tokyo, Japan). The presence of blue
fluorescence signifies the nuclei of cells, while red fluores-
cence marks the cells that are EdU-positive. To enumerate
the population of total and EdU-positive cells, six visual
fields were randomly selected. The rate of EdU incorpora-
tion was determined using the formula: EdU positive rate
(%) = (EdU-positive cell count/Total cell count) × 100%.

Reactive Oxygen Species (ROS) Detection Using
DCFH-DA Assay

To detect ROS levels using 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) assay,
1 mL of HK-2 cell suspension containing 5 × 104 cells
was cultured in a 35 mm confocal dish. After achieving
90% confluence, the cells were treated for 24 hours. Sub-
sequently, 1 mL of PBS containing the DCFH-DA probe
was added to the cells and incubated at room temperature
for 30 minutes. Finally, the cells were observed using a
laser confocal microscope (Excitation wavelength: 488 nm
and Emission wavelength: 525 nm), and photographs were
captured.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Staining for Apoptosis
Detection

HK-2 and NRK-52E cells were seeded separately in
12-well plates and subsequently treatedwith 0.1%TritonX-
100 (BL934B, Biosharp, Anhui, China) to facilitate perme-
abilization. Following this, the cells were treated with 200
µL of 3% H2O2 (H6520, Merck, Darmstadt, Germany) and
subsequently rinsed with PBS before applying proteinase
K to deactivate any enzymes in the cells. The cells were
incubated with the TUNEL reagent (40306ES60, Yeasen,
Shanghai, China) in the dark for 60 minutes followed by
three PBS washes. Subsequently, the cells were stained us-
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Fig. 1. DOX-induced weight loss and serum biochemical parameter changes in mice. (A) The body weight of mice was measured
during the experimental period (days 1, 7, and 14). ∗∗∗p < 0.001. (B–D) Levels of BUN (B), Scr (C), and CYS-C (D) in serum from
mice of different treatment groups. ∗∗∗p < 0.001. Abbreviations in the figure are as follows: BUN, blood urea nitrogen; Scr, serum
creatinine; CYS-C, serum cystatin C; DOX, doxorubicin; DMSO, dimethyl sulfoxide.
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ing a DAPI solution (40728ES, Yeasen, Shanghai, China)
for twentyminutes and sealed to observe using fluorescence
microscopy. Apoptotic cells were visualized using green
fluorescence, whereas live cells were examined using blue
fluorescence. The percentage of apoptotic cells was deter-
mined using the formula: Apoptosis rate = (Count of apop-
totic cells per field/Total cell count per field) × 100%.

Statistical Analysis
Statistical analysis was conducted using the GraphPad

Prism 8 software (GraphPad Software, Inc., SanDiego, CA,
USA) package and IBM SPSS statistical software 26 (IBM
Corp., Armonk, NY, USA). The quantitative data were pre-
sented in the form of mean ± standard deviation. Two dis-
tinct groups were compared using the t-test, whereas multi-
ple groups were compared using one-way analysis of vari-
ance (ANOVA) followed by Duncan multiple range tests.
A p-value less than 0.05 was considered statistically signif-
icant.

Results

DOX-Induced Weight Loss and Changes in Serum
Biochemical Parameters in Mice

To explore the effects of Pitavastatin on DOX-induced
renal injury, initially, changes in mouse weight and serum
biochemical parameters were observed. The findings
demonstrated that the body weights of mice in the normal
control and those treated with Pitavastatin alone were con-
stant, suggesting that Pitavastatin does not significantly al-
ter body weight. However, the bodyweights of mice treated
withDOXwere significantly decreased, indicating the toxic
effects of DOX. Furthermore, the weight loss in the DOX
+ Pitavastatin group was less than that in the DOX group,
suggesting that Pitavastatin can mitigate the toxic effects
of DOX (Fig. 1A). Blood urea nitrogen (BUN) is an im-
portant indicator of kidney function, reflecting the kidney’s
ability to excrete waste. An increase in the BUN levels
indicates kidney damage or impaired function. The BUN
levels in the normal control group were significantly lower
(p < 0.001) compared to the DOX group, indicating that
DOX is potentially associated with kidney impairment. Al-
though the BUN levels in the DOX + Pitavastatin group
were higher compared to the normal control, they were sub-
stantially lower compared to the DOX group (p < 0.001),
suggesting a crucial role of Pitavastatin in alleviating DOX-
induced kidney damage (Fig. 1B).

Serum creatinine levels are used as a biomarker in
evaluating kidney filtration performance, where a rise in the
levels of this biomarker is a sensitive sign of deterioration in
renal function. The pattern of creatinine changes was com-
parable to that of BUN. Compared to the normal control
group, the creatinine levels were significantly higher in the
DOX group (p < 0.001), indicating kidney damage. Fur-
thermore, the creatinine levels in the DOX + Pitavastatin

group were higher than those in the control group, while
significantly lower than in the DOX group. These observa-
tions further validate the protective effects of Pitavastatin
on DOX-induced kidney injury (Fig. 1C). The results for
cystatin C were consistent with those of BUN and creati-
nine, further validating the protective effects of Pitavastatin
on DOX-induced kidney injury (Fig. 1D).

Pitavastatin Inhibited the IL-13/p-STAT6 Pathway in
Renal Tissue and Reduced Serum Inflammatory
Cytokines Levels

IL-13, a cytokine primarily produced by Th2 cells,
can promote inflammation and fibrosis, and its overexpres-
sion is associated with various inflammatory diseases [21].
The phosphorylated form of STAT6 plays a crucial role
in activating the IL-13 signaling pathway, thereby regu-
lating inflammation [22]. Compared to the normal group,
DOX treatment significantly increased the expression lev-
els of IL-13 and p-STAT6 (p < 0.001), indicating DOX-
induced activation of the IL-13/p-STAT6 pathway, con-
tributing to inflammation in kidney injury. Furthermore,
DOX-induced activation of the IL-13/p-STAT6 pathway
was effectively impeded following Pitavastatin treatment
(Fig. 2A–C). Moreover, compared to the normal group,
DOX treatment significantly elevated the expression levels
of tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and
IL-6, which are associated with the exacerbation of kidney
injury and inflammatory response. However, Pitavastatin
treatment reduced these inflammatory cytokines, indicating
its anti-inflammatory effects and its potential to alleviate
DOX-induced kidney injury (Fig. 2D–F).

Protective Effects of Pitavastatin on HK-2 and
NRK-52E Cell Viability Following DOX Treatment

We evaluated the protective effects of Pitavastatin on
HK-2 and NRK-52E cell viability after DOX treatment.
Both CCK-8 and EdU assays demonstrated that cell via-
bility was the highest in the control group (Ctrl), indicat-
ing that under normal conditions without DOX treatment,
HK-2 cells exhibited the strongest activity and proliferation
capability. Furthermore, compared to both the DOX treat-
ment group (DOX) and the DOX + DMSO group, the cell
viability was significantly higher in the Pitavastatin treat-
ment group (DOX + Pitavastatin) (p < 0.001), indicating
that Pitavastatin improved the reduction in cell viability in-
duced by DOX, exerting protective effects (Fig. 3A,B). Cell
viability in the DOX-treated group and the DOX + DMSO
group demonstrated comparable and lower than the Pitavas-
tatin treatment group, indicating that DOX inhibited cell vi-
ability, while DMSO did not confer protection.

Similarly, CCK-8 and EdU assay indicated that NRK-
52E cell viability was the highest in the control group (p
< 0.001). Compared to both the DOX-treated group and
the DOX +DMSO group, the Pitavastatin-treated group ex-
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Fig. 2. Pitavastatin inhibited the interleukin (IL)-13/p-signal transducer and activator of transcription 6 (STAT6) pathway in
renal tissues and alleviated the levels of inflammatory cytokines in serum. (A–C) The expression levels of IL-13, phosphorylated
(p)-STAT6, and total (t)-STAT6 were determined in the renal tissues of treated groups using Western blot analysis. (D–F) Serum levels
of tumor necrosis factor (TNF)-α (D), interleukin (IL)-1β (E), and IL-6 (F) were evaluated using enzyme-linked immunosorbent assay
(ELISA). ∗∗p < 0.01, ∗∗∗p < 0.001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DMSO, dimethyl sulfoxide.

hibited significantly higher cell viability (p < 0.05). These
findings indicate that Pitavastatin protects NRK-52E cells
from DOX-induced damage (Fig. 3C,D).

Effects of Pitavastatin on IL-13/p-STAT6 Signaling
and Inflammation in HK-2 Cells, with IL-13
Exacerbating Inflammatory Damage

We investigated the specific effects of Pitavastatin on
IL-13/p-STAT6 signaling and inflammation in HK-2 cells,
along with how IL-13 exacerbates inflammatory damage.
The DOX therapy substantially increased the expression
levels of p-STAT6 and IL-13 (p < 0.001). Treatment with
Pitavastatin (DOX + Pitavastatin group) significantly re-
duced the expressions of IL-13 and p-STAT6 (p < 0.01),
demonstrating that Pitavastatin can inhibit the activation of
the IL-13/p-STAT6 pathway induced by DOX. However,
the addition of IL-13 (DOX + Pitavastatin + IL-13 group)

again significantly increased the expressions of IL-13 and
p-STAT6 (p < 0.01), suggesting that exogenous IL-13 can
reverse the inhibitory effect of Pitavastatin (Fig. 4A–C).
Similar to the trend in IL-13 and p-STAT6 expressions,
DOX treatment significantly increased the levels of these
inflammatory cytokines, while Pitavastatin treatment sub-
stantially reduced their levels (p < 0.001). This finding in-
dicates that Pitavastatin can alleviate the inflammatory re-
sponse induced by DOX. After the addition of IL-13, the
levels of these inflammatory cytokines increased again (p<
0.01), further validating the role of IL-13 in the inflamma-
tory response and affirming the anti-inflammatory property
of Pitavastatin through the inhibition of the IL-13/p-STAT6
pathway (Fig. 4D–F).

The findings from the EdU assay showed that DOX
treatment significantly reduced the proliferative capacity
of HK-2 cells (p < 0.001), whereas Pitavastatin treatment
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Fig. 3. Protective effect of Pitavastatin on HK-2 and NRK-52E cell viability following doxorubicin treatment. (A) CCK-8 assay
was used to evaluate the protective effect of Pitavastatin on HK-2 cell viability. (B) EdU assay was utilized to assess the protective
effect of Pitavastatin on HK-2 cell viability. (C) CCK-8 assay was used to evaluate the protective effect of Pitavastatin on NRK-52E
cell viability. (D) EdU assay was employed to assess the protective effect of Pitavastatin on NRK-52E cell viability. Scale bar: 100 µm.
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. DAPI, 4′,6-diamidino-2-phenylindole; EdU, 5-ethynyl-2′-deoxyuridine; CCK-8, Cell Counting
Kit-8.

improved cell proliferation, indicating its protective effect
against DOX-induced cellular damage. However, after the
addition of IL-13, there was no significant improvement in

cell proliferation, which may be due to IL-13 exacerbating
inflammatory damage, thus offsetting the protective effect
of Pitavastatin (Fig. 4G).
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Fig. 4. Effects of Pitavastatin on IL-13/p-STAT6 signaling and inflammation in HK-2 cells, with IL-13 treatment exacerbating
inflammatory damage. (A–C) The expression levels of IL-13, p-STAT6, and STAT6 were assessed in different groups using Western
blot analysis. (D–F) Levels of TNF-α (D), IL-1β (E), and IL-6 (F) in cells. (G) The protective effect of Pitavastatin on HK-2 cell viability
was evaluated utilizing EdU assay. Scale bar: 100 µm. ∗∗p < 0.01, ∗∗∗p < 0.001.

Pitavastatin Inhibited Oxidative Stress, Exerting
Protective Effects on HK-2 Cells

We elucidated how Pitavastatin exerts protective ef-
fects on HK-2 cells by inhibiting oxidative stress. We ob-
served the potential antioxidative role of Pitavastatin. The
control group showed the lowest reactive oxygen species
(ROS), malondialdehyde (MDA), and lactate dehydroge-
nase (LDH) levels, indicating reduced oxidative stress and
damage under normal conditions (p < 0.001). Conversely,
DOX treatment (DOX and DOX + DMSO groups) resulted

in a significant increase in ROS, MDA, and LDH levels
(p < 0.01), suggesting significant oxidative stress and cel-
lular damage induced by DOX. Furthermore, Pitavastatin
treatment (DOX + Pitavastatin group) significantly reduced
ROS, MDA, and LDH levels (p < 0.05). However, after
the addition of IL-13 (DOX + Pitavastatin + IL-13 group),
ROS, MDA, and LDH were comparable to those in the
DOX treatment group, indicating that IL-13 can reverse the
protective effect of Pitavastatin (Fig. 5A–C).
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Fig. 5. Pitavastatin mitigated oxidative stress and exerted protective effects on HK-2 cells. (A–C) The levels of ROS (A), MDA
(B), and LDH (C) were assessed using ELISA. (D) The levels of superoxide dismutase (SOD) were evaluated in different treatment
groups using ELISA. (E) ROS activity was observed by measuring DCF-DA fluorescence intensity under fluorescence microscopy.
Scale bar: 50 µm. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Abbreviations in the figure are as follows: ROX, reactive oxygen species;
MDA, malondialdehyde; LDH, lactate dehydrogenase.
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Fig. 6. Effects of Pitavastatin on apoptosis in HK-2 and NRK-52E cells following doxorubicin treatment. (A) Apoptosis in HK-2
cells was assessed using TUNEL staining after different treatments. (B) Statistical analysis of apoptosis in each group. (C) Apoptosis
in NRK-52E cells was assessed through TUNEL staining after different treatments. (D) Statistical analysis of apoptosis. (E–G) Western
blot analysis of apoptosis markers (Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2) in cells following doxorubicin treatment.
Scale bar: 200 µm. ∗p <0.05, ∗∗p <0.01, ∗∗∗p <0.001. TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

The superoxide dismutase (SOD) activity results
showed that the control group exhibited the highest SOD ac-
tivity (p< 0.001), suggesting robust antioxidative capabili-
ties. In contrast, DOX treatment significantly reduced SOD
activity (p< 0.001), indicating that DOX impaired the cell’s
antioxidative defense mechanism. Moreover, Pitavastatin
treatment significantly increased SOD activity (p< 0.001),
demonstrating its ability to enhance the cell’s antioxida-

tive capacity and alleviate oxidative stress. However, af-
ter the addition of IL-13, SOD activity was comparable to
the DOX treatment group, indicating that IL-13 negated
the antioxidative effect of Pitavastatin (Fig. 5D). The con-
trol group showed the lowest DCF-DA fluorescence inten-
sity, suggesting lower ROS activity. DOX treatment sig-
nificantly increased DCF-DA fluorescence intensity (p <

0.001), indicating increased ROS production. In contrast,
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Pitavastatin treatment resulted in a significant reduction in
DCF-DA fluorescence intensity (p < 0.01), demonstrating
its ability to reduce ROS production and alleviate oxidative
stress. However, after the addition of IL-13, DCF-DA flu-
orescence intensity was comparable to the DOX treatment
group, further validating that IL-13 can reverse the antiox-
idative protective effect of Pitavastatin (Fig. 5E).

Effects of Pitavastatin on HK-2 and NRK-52E Cells
Apoptosis after DOX Treatment

Finally, we examined the effects of Pitavastatin on
HK-2 and NRK-52E cells apoptosis following DOX treat-
ment. Analysis involving HK-2 cells revealed that the
apoptosis rate was significantly reduced in the control group
(p< 0.01). In contrast, the DOX treatment group (DOX and
DOX + DMSO) and the DOX + Pitavastatin + IL-13 group
showed comparable and increased cell apoptosis rates, indi-
cating the induction of apoptosis by DOX. However, the ad-
dition of IL-13 reversed the protective effect of Pitavastatin.
Notably, the Pitavastatin treatment group (DOX + Pitavas-
tatin) showed a higher apoptosis rate than the control group.
However, it was significantly lower than that of the DOX
treatment group (p < 0.05), indicating that Pitavastatin can
reduce DOX-induced cell apoptosis (Fig. 6A,B).

Furthermore, analysis involving NRK-52E cells
demonstrated that the control group exhibited the lowest
cell apoptosis rate. Conversely, the DOX treatment group
(DOX and DOX + DMSO) and the DOX + Pitavastatin +
IL-13 group showed comparable and increased cell apopto-
sis rate. The Pitavastatin treatment group (DOX + Pitavas-
tatin) exhibited a higher apoptosis rate than the control
group, although it was significantly lower than the DOX
treatment group (p < 0.001). Moreover, we observed that
Pivastatin alleviated DOX-induced apoptosis (Fig. 6C,D).

The expression analysis of Bax and Bcl-2 proteins re-
vealed that the control group exhibited the lowest Bax ex-
pression (p< 0.001). In contrast, the DOX treatment group
and the DOX + Pitavastatin + IL-13 group showed the high-
est and equal levels of Bax expression (p < 0.01). The
Pitavastatin treatment group exhibited lower Bax expres-
sion than the DOX treatment group (p < 0.01), indicating
that Pitavastatin can reduce Bax expression, thereby reduc-
ing cell apoptosis. Moreover, the control group showed the
highest expression of Bcl-2 (p < 0.001), while the DOX
treatment group and the DOX + Pitavastatin + IL-13 group
exhibited the lowest and equal levels of Bcl-2 expression
(p < 0.01). The Bcl-2 expression levels were significantly
higher in the Pitavastatin treatment group than the DOX
treatment group but were lower than the control group (p
< 0.01), indicating that Pitavastatin can increase Bcl-2 ex-
pression, thereby inhibiting cell apoptosis (Fig. 6E–G).

Discussion

Previous studies have correlated DOX-induced renal
injury with a significant increase in serum biochemical
markers [23–25]. Our findings demonstrated that mice
treated with Pitavastatin exhibited substantial improve-
ments in renal function indicators compared to the DOX
group, suggesting its potential to protect the kidneys from
DOX-induced damage. At the molecular level, we found
a reduction in the expression levels of IL-13 and phos-
phorylated STAT6 in renal tissues of mice treated with
DOX following Pitavastatin treatment, consistent with pre-
vious research. These observations suggest that Pitavastatin
acts by inhibiting the IL-13/p-STAT6 pathway. Addition-
ally, Pitavastatin reduced the expression of inflammatory
cytokines, further confirming its anti-inflammatory effect
[26,27]. Furthermore, studies have shown that Pitavastatin
improved cardiac function through the phosphoinositide 3-
kinase (PI3K)-protein kinase B (AkT) signaling pathway
and protected the liver through the nuclear factor kappa-B
(NF-κB) signaling pathway [14,28]. These studies provide
the direction for our subsequent investigations.

Related studies have highlighted that DOX-induced
renal injury is accompanied by an increase in oxidative
stress and apoptosis [29–31]. Notably, the protective effect
of Pitavastatin against DOX-induced renal injury is closely
related to its inhibition of oxidative stress. Our findings
revealed that Pitavastatin reduced ROS and MDA levels
while increasing SOD activity, indicating its antioxidant
effects. Since oxidative stress is one of the crucial mech-
anisms of DOX-induced renal injury [29,32], Pitavastatin
further protects the kidneys from DOX damage by allevi-
ating oxidative stress. Additionally, we found that Pitavas-
tatin reduced DOX-induced renal cell apoptosis. Through
TUNEL staining and Western blot analysis, we observed a
reduction in the expression of Bax and an increase in the
expression of Bcl-2 after Pitavastatin treatment, indicating
that Pitavastatin can inhibit cell apoptosis, thereby protect-
ing renal cells.

This study showed that Pitavastatin effectively in-
hibits the IL-13/p-STAT6 pathway, thereby ameliorating
DOX-induced experimental kidney damage. This finding
provides a new perspective for understanding the renal pro-
tective mechanism of Pitavastatin and establishes a theoret-
ical foundation for developing new strategies for treating
DOX-induced renal injury. Future research should explore
the potential efficacy and safety profile of Pitavastatin for
clinical use in treating DOX-induced renal injury.

However, this study also has some limitations. The in-
hibitory mechanism of Pitavastatin on the IL-13/p-STAT6
pathway has not been fully elucidated, requiring further
molecular biological research. Moreover, considering that
Pitavastatin may potentially modulate other signaling path-
ways, future studies should explore the effects of Pitavas-
tatin on other related signaling pathways.
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Conclusion

In this study, we determine the expression levels of
body weight, serum biochemical indexes, and inflamma-
tory factors in DOX-induced mice, validating the benefi-
cial impact of Pitavastatin. Furthermore, Pitavastatin can
reduce oxidative stress and apoptosis induced by DOX,
thereby protecting renal cells from damage. More impor-
tantly, Pitavastatin canmitigate DOX-induced nephrotoxic-
ity by inhibiting the IL-13/p-STAT6 pathway. In summary,
this study provides a new perspective on the renal protective
mechanism of Pitavastatin, and offers a theoretical basis for
the treatment strategy of DOX-induced kidney injury.
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