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Caspase 3/GSDME-dependent pyroptosis
contributes to chemotherapy drug-induced
nephrotoxicity
Xiujin Shen1,2,3,4,5, Haibing Wang6, Chunhua Weng1,2,3,4,5, Hong Jiang1,2,3,4,5 and Jianghua Chen1,2,3,4,5

Abstract
Chemotherapy drug-induced nephrotoxicity limits clinical applications for treating cancers. Pyroptosis, a newly
discovered programmed cell death, was recently reported to be associated with kidney diseases. However, the role of
pyroptosis in chemotherapeutic drug-induced nephrotoxicity has not been fully clarified. Herein, we demonstrate that
the chemotherapeutic drug cisplatin or doxorubicin, induces the cleavage of gasdermin E (GSDME) in cultured human
renal tubular epithelial cells, in a time- and concentration-dependent manner. Morphologically, cisplatin- or
doxorubicin-treated renal tubular epithelial cells exhibit large bubbles emerging from the cell membrane.
Furthermore, activation of caspase 3, not caspase 9, is associated with GSDME cleavage in cisplatin- or doxorubicin-
treated renal tubular epithelial cells. Meanwhile, silencing GSDME alleviates cisplatin- or doxorubicin-induced HK-2 cell
pyroptosis by increasing cell viability and decreasing LDH release. In addition, treatment with Ac-DMLD-CMK, a
polypeptide targeting mouse caspase 3-Gsdme signaling, inhibits caspase 3 and Gsdme activation, alleviates the
deterioration of kidney function, attenuates renal tubular epithelial cell injury, and reduces inflammatory cytokine
secretion in vivo. Specifically, GSDME cleavage depends on ERK and JNK signaling. NAC, a reactive oxygen species
(ROS) inhibitor, reduces GSDME cleavage through JNK signaling in human renal tubular epithelial cells. Thus, we
speculate that renal tubular epithelial cell pyroptosis induced by chemotherapy drugs is mediated by ROS-JNK-caspase
3-GSDME signaling, implying that therapies targeting GSDME may prove efficacious in overcoming chemotherapeutic
drug-induced nephrotoxicity.

Introduction
Traditional chemotherapeutic drugs, such as cisplatin

and doxorubicin, are commonly used to treat various
cancers, including lung, bladder, and ovarian cancer1–4.
However, severe side effects caused by toxicity to
healthy organs and tissues, particularly the kidney, limit
the clinical application of these drugs5,6. Indeed,

chemotherapeutic drug-induced nephrotoxicity
reportedly occurs in one-third of cancer patients7, the
mechanisms of which have been wide studied8–10.
Tubular injury, inflammation, and vascular injury are
typical characteristics of chemotherapy drug-induced
nephrotoxicity, among which, tubular injury is the most
critical. In the kidneys, chemotherapeutic drugs cause
proximal tubular cell death, leading to acute kidney
injury (AKI)11. However, the associated molecular
mechanisms have not yet been fully characterized.
Therefore, further studies are warranted for the early
diagnosis and treatment of chemotherapeutic drug-
induced AKI.
Pyroptosis is a newly discovered form of programmed

cell death with morphological characteristics that differ
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from those of apoptosis and necrosis12. Pyroptosis can be
induced by activation of the executors, gasdermin E
(GSDME), or gasdermin D (GSDMD), which results in
the cleavage of their N-terminal fragments (GSDME-N or
GSDMD-N, respectively)13–15. GSDME-N or GSDMD-N
then translocate to the cell membrane and mediate cell
perforation, resulting in infiltration of extracellular
material, cell swelling, and pyroptosis16. Moderate cell
pyroptosis can remove pathogenic microorganisms and
antagonize infection, however, excessive cell pyroptosis
not only leads to cell death but also enhances inflamma-
tory responses, resulting in fever, hypotension, septicemia,
as well as other serious symptoms12.
Pyroptosis is associated with diabetes, as well as

infectious, metabolic, nervous, and cardiovascular dis-
eases17–20. Moreover, recent studies have indicated that
GSDMD-dependent pyroptosis is also associated with
kidney diseases, especially AKI21–23; hence, pyroptosis
has become the focus of considerable kidney disease
research. The results of these studies have demon-
strated that renal tubular epithelial cell pyroptosis can
accelerate ischemia-reperfusion and contrast-induced
AKI. Specifically, Zhang et al.21 found that the caspase
4/5/11 signaling pathway promotes contrast-induced
AKI by inducing GSDMD-dependent pyroptosis of
renal tubular epithelial cells, and caspase 11 knockout
mice exhibit reduced AKI damage by inhibition of
GSDMD activation. In addition, Wu et al.24 reported
that miR-155 promotes pyroptosis of renal tubular
epithelial cells through caspase 1, thereby accelerating
ischemia-reperfusion-induced renal damage.
The effect of GSDME, a newly defined executor of

pyroptosis, has recently been reported in various cancers,
with strategies targeting GSDME proposed to block pyr-
optosis25–27. Wang et al.14 reported that GSDME-positive
tumor cells switch cisplatin-induced cell death from
apoptosis to pyroptosis, resulting in extensive inflamma-
tory damage. In addition, GSDME knockout attenuates
cisplatin-induced crypt and villi disruption and attenuates
the reduced spleen weight and lung injury. Further studies
found that caspase 3, an executor protein of apoptosis,
serves as the primary protein responsible for GSDME
cleavage and activation, implying that GSDME, in addi-
tion to GSDMD, plays an essential role in pyroptosis.
However, to the best of our knowledge, the role of
GSDME in chemotherapeutic drug-induced nephrotoxi-
city has not been reported to date.
To clarify the relationship between GSDME and che-

motherapeutic drug-induced nephrotoxicity. We treated
human renal tubular epithelial cells with the chemother-
apeutic drugs, cisplatin, or doxorubicin, to determine the
role of GSDME in cell pyroptosis. This study will provide
new insights into the role of GSDME-dependent pyr-
optosis in chemotherapy-induced nephrotoxicity.

Results
Cisplatin or doxorubicin induces pyroptosis of renal
tubular epithelial cells
It has been reported that the typical characteristics of

pyroptosis were increased LDH release, increased PI-
positive cells with flow cytometry, and typical bubbles
emerging from the cell membrane14. We treated human
renal tubular epithelial cells, HK-2, with various con-
centrations of cisplatin (0, 5, 10, 20, and 40 μM) or dox-
orubicin (0, 0.5, 1, 2, and 4 μg/ml). CCK-8 and LDH
analyses indicated that cisplatin and doxorubicin
decreased cell viability and increased LDH release in a
concentration-dependent manner (Fig. S1a–d). Flow
cytometry analysis demonstrated that cisplatin dramati-
cally increased the proportion of propidium iodide (PI)+-
positive cells in a concentration-dependent manner (Fig.
S1e, f) Morphologically, both the cisplatin- and
doxorubicin-treated HK-2 cells showed typical bubbles
emerging from the cell membrane (Fig. S1g). Therefore,
these data indicate that cisplatin and doxorubicin induce
pyroptosis in human renal tubular epithelial cells.

Cisplatin or doxorubicin promotes GSDME cleavage in the
kidney in vitro and in vivo
Cell pyroptosis can be triggered by the cleavage of the

Gasdermin family proteins13,14. Our immunohistochem-
ical results demonstrated that GSDME is positive in renal
tubular epithelial cells of normal human kidney (Fig. S1h),
which was consistent with the expression in the Human
Protein Atlas. In addition, both cisplatin and doxorubicin-
induced the cleavage of GSDME in a concentration- and
time-dependent manner (Fig. 1A–D). We, therefore,
postulate that GSDME is involved in cisplatin- and
doxorubicin-induced pyroptosis of human proximal tub-
ular epithelial cells.
We then examined GSDME cleavage in a cisplatin-

induced mouse model of nephrotoxicity and found that
cisplatin increased serum creatinine and BUN (Fig. 1E, F).
HE staining exhibited severe renal tubular epithelial cell
death in cisplatin-treated mice compared to the control
mice (Fig. 1G). Western blot detection indicated that
cisplatin increased the cleavage of GSDME and caspase 3
activation (Fig. 1H–J).

Caspase 3 activation is associated with GSDME cleavage in
cisplatin- or doxorubicin-treated renal tubular epithelial
cells
Recent studies have indicated that GSDME is an

executor protein of pyroptosis owing to its activation of
intrinsic and extrinsic apoptotic pathways14,28. Our results
show that the levels of activated caspase 3/7/8/9, PARP,
and Bax were elevated, while that of Bcl-XL was reduced
in a concentration- and the time-dependent manner in
response to cisplatin or doxorubicin induction. No
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activation of caspase 6 was observed after cisplatin or
doxorubicin treatment (Fig. S2a–d).
To further verify the connection between the caspase

cascade and GSDME cleavage, we firstly pretreated HK-2
cells with the caspase 3-specific inhibitor, Z-DEVD-FMK.
The results indicate that GSDME cleavage and LDH
release were significantly inhibited, while cell viability was
partially ameliorated following treatment (Fig. 2A–H).
Moreover, pretreatment of cells with the caspase inhi-
bitor, Z-VAD-FMK, showed similar results (Fig. S3a–h).
We then knocked down the expression of caspase 3/7/9 in
HK-2 cells (Fig. S4a–c). Morphologically, the pyroptotic

features in the cisplatin- or doxorubicin-induced HK-2
cells were abrogated following caspase 3 siRNA inter-
vention (Fig. 3A, E). Cell viability was increased and LDH
release was suppressed after caspase 3 siRNA treatment
(Fig. 3B, C, F, G). The western blot results indicated that
caspase 3 siRNA inhibited GSDME cleavage induced by
cisplatin or doxorubicin (Fig. 3D, H). Interestingly, we
found that caspase 9 siRNA did not affect the cisplatin- or
doxorubicin-induced pyroptosis (Fig. 3A–H). Caspase 7
knockdown augmented the cleavage of GSDME and
caspase 3 induced by cisplatin and doxorubicin (Fig.
S4d–k), suggesting that caspase 7 knockdown induces

Fig. 1 Cisplatin or doxorubicin induces cleavage of GSDME in renal tubular epithelial cells in vitro and in vivo. A, B Western blot analysis of
GSDME in HK-2 cells treated with various concentrations of cisplatin (0, 5, 10, and 20 μM) for 48 h, and with 20 μM cisplatin for different times (0, 3, 6,
12, 24, and 48 h). C, D Western blot analysis of GSDME in HK-2 cells incubated with various concentrations of doxorubicin (0, 1, 2, and 4 μg/ml) for
48 h and 4 μg/ml doxorubicin for different times (0, 3, 6, 12, 24, and 48 h). E, F Serum creatinine and BUN detection of normal and cisplatin-treated
mice after 72 h. G Hematoxylin–Eosin (HE) staining of control and cisplatin-treated mice. Scale bar, 50 μm. H–J Western blot analysis of Gsdme in
mice and caspase 3 in control and cisplatin-treated mice. All data are presented as means ± SD from at least three independent experiments (n= 3
for in vitro experiment; n= 6 for in vivo experiment). ***p < 0.001 versus control group, ****p < 0.0001 using two-tailed Student’s t tests.
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other caspase-related proteins, which may increase cas-
pase 3 cleavages, leading to augmentation of GSDME
cleavage.
Necroptosis also reportedly plays an essential role in

cisplatin-induced death of HK-2 cells29. To distinguish
necroptosis from pyroptosis, we used GSK’872 (a
necroptosis inhibitor) to block necroptosis. The results
demonstrated that GSK’872 did not affect the cleavage of
GSDME nor prevent the typical morphology of pyroptosis
(Fig. S5a–d), implying that GSDME activation is not
associated with necroptosis.

GSDME inhibition attenuates cisplatin- or doxorubicin-
induced pyroptosis in the kidney in vitro and in vivo
To clarify the effect of GSDME cleavage on cisplatin- or

doxorubicin-induced pyroptosis in renal tubular epithelial
cells, we generated GSDME knockout (GSDME-KO) HK-

2 cells. The efficiency of the GSDME knockout was ver-
ified by western blot (Fig. 4A). Flow cytometry analysis
indicated that GSDME-KO dramatically decreased
PI+-positive HK-2 cells following cisplatin treatment (Fig.
4B, C). Morphologically, GSDME-KO decreased the pyr-
optotic features of cisplatin- or doxorubicin-treated HK-2
cells (Fig. 4D, G). Furthermore, CCK-8 and LDH analyses
indicated that GSDME-KO increased cell viability and
decreased LDH release induced by cisplatin or doxor-
ubicin in HK-2 cells (Fig. 4E, F, H, I). However, caspase 3
cleavage was not affected in the GSDME-KO group
compared to that in the empty vector (NC) group (Fig. 4J,
K). Taken together, these data imply that GSDME is vital
in cisplatin- or doxorubicin-induced pyroptosis in HK-2
cells.
Considering that the caspase 3 cleavage site in mouse

GSDME is 267DMLD270
14, we next synthesized a

Fig. 2 Z-DEVD-FMK decreases cisplatin- or doxorubicin-induced pyroptosis in HK-2 cells. A, E Representative light microscopy images of HK-2
cells treated with cisplatin (20 μM) or doxorubicin (doxorubicin, 4 μg/ml) before or after Z-DEVD-FMK (100 μM) intervention. The red arrow shows
bubbles emerging from the plasma membrane. Scale bar, 50 μm. Cytotoxicity and cell viability were detected using the LDH assay (B, F) and CCK-8
detection (C, G) in HK-2 cells induced by cisplatin (20 μM) or doxorubicin (4 μg/ml) in the presence or absence of Z-DEVD-FMK (100 μM). Western blot
analysis of GSDME and caspase 3 (CASP 3) cleavage in cisplatin-treated (20 μM) (D) and doxorubicin-treated (4 μg/ml) (H) HK-2 cells in the presence
or absence of Z-DEVD-FMK (100 μM). All data are presented as mean ± SD from three independent experiments (n= 3). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 using one-way ANOVA followed by the Tukey’s method.
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polypeptide Ac-DMLD-CMK to inhibit caspase 3-Gsdme
signaling in vivo. The Gsdme in mice-derived inhibitor
Ac-DMLD-CMK decreased serum creatinine and BUN
compared to cisplatin-induced mice (Fig. 5A, B). Mor-
phologically, HE staining revealed that Ac-DMLD-CMK
alleviated renal tubular epithelial cell death induced by
cisplatin incubation (Fig. 5C). Moreover, western blot

analysis showed that Ac-DMLD-CMK pre-treatment
reduced the abundance of renal Gsdme in mice-N,
cleaved caspase 3, and caspase 3, without apparent effects
on Gsdme in mice-FL compared to cisplatin-treated mice
(Fig. 5D–F). Furthermore, Ac-DMLD-CMK suppressed
expression of the kidney injury-related gene Ngal, and
inflammatory-related genes Il6, Tnfa, and Il1b, however,

Fig. 3 Caspase 3, rather than caspase 9, contributes to cisplatin- or doxorubicin-induced pyroptosis in HK-2 cells. A, E Representative light
microscopy images of HK-2 cells treated with cisplatin (20 μM) or doxorubicin (4 μg/ml) in the presence or absence of CASP 3 or CASP 9 siRNA. A red
arrow indicates bubbles emerging from the plasma membrane. Scale bar, 50 μm. Cytotoxicity and cell viability were determined using LDH assay (B,
F) and CCK-8 detection (C, G) for HK-2 cells treated with cisplatin (20 μM) or doxorubicin (4 μg/ml) in the presence or absence of CASP 3 or CASP
9 siRNA. D, HWestern blot analysis of cleavage of GSDME in cisplatin- (20 μM) or doxorubicin- (4 μg/ml) treated HK-2 cells in the presence or absence
of CASP 3 or CASP 9 siRNA. All data are presented as mean ± SD from three independent experiments (n= 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001 using one-way ANOVA followed by the Tukey’s method.
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Fig. 4 GSDME knockout alleviates cisplatin- and doxorubicin-induced pyroptosis in HK-2 cells. AWestern blot analysis of GSDME expression in
HK-2 cells treated with px459-GSDME-KO plasmid. B, C Percentage of PI+ HK-2 cells were detected by flow cytometry in the normal group (NC) and
GSDME knockout group (GSDME-KO) treated with cisplatin (20 μM) or doxorubicin (4 μg/ml). D, G Representative light microscopy images of HK-2
cells treated with cisplatin (20 μM) or doxorubicin (4 μg/ml) in NC and GSDME-KO group. The red arrow indicates bubbles emerging from the plasma
membrane. Scale bar, 50 μm. Cytotoxicity and cell viability were determined using the LDH assay (E, H) and CCK-8 detection (F, I) in NC and GSDME-
KO HK-2 cells treated with cisplatin (20 μM) or doxorubicin (4 μg/ml). J, K Western blot analysis of cleavage of GSDME and caspase 3 in cisplatin-
(20 μM) or doxorubicin- (4 μg/ml) treated HK-2 cells in NC and GSDME-KO group. All data are presented as mean ± SD from three independent
experiments (n= 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using one-way ANOVA followed by the Tukey’s method.
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did not affect Kim1 (Fig. 5G, H). These results imply that
Ac-DMLD-CMK may protect the kidney by targeting
caspase 3-Gsdme signaling in mice.

Caspase 3-GSDME signaling is involved in doxorubicin-
induced pyroptosis in human podocytes
Although the major targets of chemotherapy drug-

induced nephrotoxicity are renal tubular epithelial cells,
podocytes also serve as target cells of doxorubicin-
induced nephrotoxicity. Hence, we also sought to detect
the activation state and role of the caspase 3/GSDME/
pyroptosis axis in podocytes under the doxorubicin

challenge. To this end, we first compared the expression
of GSDME in renal tubular epithelial cells and podocytes
derived from humans or mice. Results show that GSDME
had much higher expression in humans than in mice (Fig.
S6a). MP and mRTEC also showed GSDME activation
following cisplatin or doxorubicin induction, although
with low baseline expression (Fig. S6b, c). We then sti-
mulated human podocytes with doxorubicin and observed
decreased expression of synaptopodin, suggesting that
doxorubicin can induce podocyte injury (Fig. S6d). Fur-
thermore, doxorubicin-induced GSDME and caspase 3
cleavage in a concentration-dependent manner in human

Fig. 5 Ac-DMLD-CMK decreases cisplatin-induced renal pyroptosis in vivo. A, B Serum creatinine and BUN detected in cisplatin-treated mice
before or after Ac-DMLD-CMK pre-treatment. C HE staining of cisplatin-treated mice before or after Ac-DMLD-CMK pre-treatment. Scale bar, 50 μm.
D–F Western blot analysis of GSDME and caspase 3 in cisplatin-treated mice before, or after, Ac-DMLD-CMK pretreatment. G, H mRNA expression of
kidney injury-related genes and inflammatory-related genes in cisplatin-treated mice before, or after, Ac-DMLD-CMK pretreatment. All data are shown
as means ± SD from six independent experiments (n= 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using one-way ANOVA followed by the
Tukey’s method.
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podocytes (Fig. S6e, f). In addition, we observed that
caspase 3-directed siRNA decreased doxorubicin-induced
activation of GSDME, LDH release, and the number of
pyroptotic human podocytes (Fig. S6g–m). We also
knocked down GSDME using GSDME siRNA (Fig. S7a),
and found increased cell viability, as well as decreased
doxorubicin-induced LDH release and a reduced number
of pyroptotic human podocytes, without impacting cas-
pase 3 activation (Fig. S7b–h). Taken together, these
results indicate that caspase 3-GSDME signaling also
plays a vital role in doxorubicin-induced pyroptosis in
human podocytes.

ERK and JNK signaling mediate GSDME cleavage in the
kidney in vitro and in vivo
Next, we aimed to explore the molecular mechanisms of

cisplatin- or doxorubicin-induced pyroptosis in cultured
HK-2 cells. ERK and JNK signaling reportedly play pivotal
roles in caspase 3 activation30,31, which contributes to
GSDME-dependent pyroptosis. Western blot analysis
indicated that both ERK and JNK became phosphorylated
in cisplatin- or doxorubicin-treated HK-2 cells (Fig. 6A,
F). We then incubated HK-2 cells with the ERK inhibitor,
U0126, or JNK inhibitor, SP600125 (Fig. S8a–d), to detect
GSDME activation. Western blot results indicated that
both U0126 and SP600125 inhibited GSDME cleavage
and caspase 3 activation (Fig. 6B, G). In addition, U0126
and SP600125 increased HK-2 cell viability and decreased
LDH release following cisplatin or doxorubicin induction
(Fig. 6C, D, H, I). Furthermore, U0126- or SP600125-
pretreated HK-2 cells exhibited decreased plasma mem-
brane bubbling compared to cisplatin- or doxorubicin-
treated HK-2 cells (Fig. 6E, J). Moreover, in vivo, both
SP600125 (Fig. 7A) and U0126 (Fig. 7B) suppressed the
increased serum creatinine and BUN induced by cisplatin
(Fig. 7C, D). Meanwhile, the expression of kidney injury-
related genes Ngal and Kim1 decreased following
SP600125 and U0126 pretreatment (Fig. 7E, F). HE
staining further indicated that SP600125 and U0126
alleviated renal tubular epithelial cell death compared to
cisplatin-treated mice (Fig. 7G). In addition, western blot
results indicated that SP600125 and U0126 decreased
cisplatin-induced cleavage of renal Gsdme in mice, and
caspase 3 (Fig. 7H–J), implying that ERK and JNK sig-
naling may act as upstream regulators of GSDME-
dependent pyroptosis in renal tubular epithelial cells,
both in vitro and in vivo.

ROS induces GSDME cleavage through JNK signaling in
renal tubular epithelial cells
The mitochondrial apoptotic pathway, which partici-

pates in the cleavage of GSDME, can be affected by ROS28.
Thus, we speculated that ROS are also involved in cis-
platin- or doxorubicin-induced pyroptosis of HK-2 cells.

Morphologically, cisplatin- or doxorubicin-induced cell
bubbles were mostly inhibited by the ROS inhibitor NAC
incubation (Fig. 8A, F). Furthermore, NAC increased HK-
2 cell viability and decreased LDH release after cisplatin-
or doxorubicin induction (Fig. 8B, C, G, H). We also found
that ROS levels, augmented by cisplatin or doxorubicin,
were markedly attenuated by NAC (Fig. 8D, I). In addition,
NAC dramatically inhibited GSDME cleavage and caspase
3 activation, as shown by western blot (Fig. 8E, J). ROS also
affects mitogen-activated protein kinase (MAPK) signaling
pathways32,33. We found that the phosphorylation of JNK
induced by cisplatin or doxorubicin was abolished fol-
lowing NAC treatment, while ERK phosphorylation was
not affected (Fig. 8K–N). Taken together, these data
indicate that ROS induces the caspase 3-GSDME via JNK
signaling in HK-2 cells.

Discussion
In the present study, we demonstrated that cisplatin- or

doxorubicin-induced renal pyroptosis is dependent on the
cleavage of GSDME, which becomes induced by caspase 3
activation. In addition, we revealed that caspase 3-
GSDME activation is regulated by ROS-JNK signaling.
Hence, this study furthers the understanding of the
mechanism responsible for chemotherapeutic drug-
induced nephrotoxicity.
Earlier studies demonstrated that apoptosis and necro-

sis are the primary types of cell death associated with
chemotherapeutic drug-induced AKI2,34,35. However, we
observed characteristic large bubbles emerging from the
plasma membrane after long exposure to cisplatin or
doxorubicin in human HK-2 cells, implying the emer-
gence of pyroptosis. Moreover, GSDME became activated
in a concentration- and time-dependent manner follow-
ing treatment with chemotherapy drugs, implying that
chemotherapeutic drug-induced pyroptosis of HK-2 cells
is GSDME-dependent.
Pyroptosis can be induced by caspase 4 and 5 (in

humans) or caspase 11 (in mice) activation via GSDMD
cleavage, leading to cell bubbling and the release of IL-
1β21,36–38. Recently discovered caspase 3/GSDME signal-
ing was also reported to be one of the signaling mechan-
isms for cell pyroptosis14,28,39–41. Moreover, GSDME-
positive cancer cells reportedly undergo pyroptosis, while
GSDME-negative cancer cells undergo apoptosis upon
stimulation with chemotherapy drugs14,27. Thus, GSDME
expression might determine the type of cell death that
results from chemotherapeutic drug exposure. In this
study, we showed that similar to other GSDME-positive
cells, caspase 3 inhibition with siRNA or the specific
inhibitor Z-DEVD-FMK prevented GSDME activation and
subsequent pyroptosis in HK-2 cells, implying that caspase
3 is involved in HK-2 cell pyroptosis via GSDME cleavage.
However, caspase 9 siRNA showed no effect on the
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activation of GSDME in HK-2 cells, which differed from
the results of Zhou et al.28 in colon cancer cells and
Tsuchiya et al.42 in macrophages. This discrepancy might

be caused by cell-type differences. Moreover, caspase 3
inhibition has been reported to reflexively activate caspase
714. Herein, we found that caspase 7 knockdown activated

Fig. 6 GSDME cleavage is induced by ERK and JNK signaling in HK-2 cells. A, F Western blot analysis of ERK and JNK phosphorylation in HK-2
cells incubated with cisplatin (20 μM) or doxorubicin (4 μg/ml) for 3 h. B, GWestern blot analysis of the cleavage of GSDME and caspase 3 in cisplatin-
(20 μM) or doxorubicin- (4 μg/ml) treated HK-2 cells for 48 h with or without pretreatment of U0126 (10 μM) and SP600125 (10 μM). Cytotoxicity and
cell viability were determined using the LDH assay (C, H) and CCK-8 detection (D, I) in HK-2 cells treated with cisplatin (20 μM) or doxorubicin (4 μg/
ml) for 48 h with or without pre-treatment of U0126 (10 μM) and SP600125 (10 μM). E, J Representative light microscopy images of HK-2 cells treated
with cisplatin (20 μM) or doxorubicin (4 μg/ml) for 48 h with or without pre-treatment of U0126 (10 μM) and SP600125 (10 μM). The red arrow
indicates bubbles emerging from the plasma membrane. Scale bar, 50 μm. All data are presented as mean ± SD from three independent experiments
(n= 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using one-way ANOVA followed by the Tukey’s method.
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Fig. 7 U0126 and SP600125 alleviate cisplatin-induced renal pyroptosis in vivo. A, BWestern blot analysis of ERK and JNK in kidney tissues from
different groups. C, D Serum creatinine and BUN detected in cisplatin-treated mice before or after U0126 and SP600125 pretreatment. E, F mRNA
expression of renal injury-related genes in kidney tissues from different groups. G Representative images of HE staining in kidney tissues from
different groups. Scale bar, 50 μm. H–J Western blot analysis of GSDME and caspase 3 in cisplatin-treated mice before, or after, Ac-DMLD-CMK
pretreatment. All data are presented as mean ± SD from six independent experiments (n= 6). **p < 0.01, ***p < 0.001, ****p < 0.0001 using one-way
ANOVA followed by the Tukey’s method.
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caspase 3, resulting in increased cleavage of GSDME.
Taken together, these results indicate that GSDME is
recognized by caspase 3 in HK-2 cells.

Previous reports have indicated that GSDMD is the
main executor of pyroptosis in chemotherapy drug-
induced AKI22,43, in which they observed that cisplatin

Fig. 8 ROS induce cleavage of GSDME through JNK signaling in HK-2 cells. A, F Representative light microscopy images of HK-2 cells treated
with cisplatin (20 μM) or doxorubicin (4 μg/ml) with or without pretreatment of N-acetylcysteine (NAC, 5 mM) for 48 h. The red arrow indicates
bubbles emerging from the plasma membrane. Scale bar, 50 μm. Cell viability and cytotoxicity were detected using the LDH (B, G) and CCK-8
detection (C, H) in HK-2 cells. D, I The ROS level of cisplatin (20 μM) or doxorubicin (4 μg/ml) treated HK-2 cells for 48 h in the presence or absence of
NAC (5 mM). E, J Western blot analysis of cleavage of GSDME and caspase 3 in cisplatin- (20 μM) or doxorubicin- (4 μg/ml) treated HK-2 cells for 48 h
with or without pretreatment of NAC (5 mM). K–N Western blot analysis of ERK and JNK phosphorylation in HK-2 cells treated with cisplatin (20 μM)
or doxorubicin (4 μg/ml) for 3 h in the presence or absence of NAC (5 mM). All data are presented as mean ± SD from three independent
experiments (n= 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using one-way ANOVA followed by the Tukey’s method.
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cleaved renal GSDMD by upregulating the expression of
caspase 11, which subsequently initiates cell pyroptosis.
Furthermore, Miao et al.43 showed that GSDMD defi-
ciency alleviates cisplatin-induced renal morphological
changes, and renal function deterioration, as well as
urinary IL-18 release. Our results demonstrated that
GSDME also functions as a critical target of chemother-
apy drug-induced AKI. Similar to that of other
reports40,44,45, our in vitro results indicated that GSDME
knockout alleviated renal tubular epithelial cell pyr-
optosis. In vivo, the Gsdme-derived inhibitor, Ac-DMLD-
CMK, alleviated deterioration of kidney function, atte-
nuated renal tubular epithelial cell injury, reduced
inflammatory cytokine secretion, and inhibited caspase 3-
GSDME signaling induced by cisplatin. Similarly, a pre-
vious study reported that GSDMEb knockout- or
GSDMEb-derived inhibitor Ac-FEID-CMK-treated zeb-
rafish exhibited reduced proximal renal tubule structure
injury compared to the control, indicating that GSDMEb
plays an essential role in proximal tubular cell pyroptosis-
mediated AKI in zebrafish46. In fact, in addition to the
kidney, GSDME also plays an important role in other
organs and diseases, however, most of the current studies
on GSDME focus on tumors14. For instance, GSDME has
been reported to function as a tumor suppressor gene by
directly inducing tumor cell pyroptosis through caspase 3,
as well as indirectly by acting on T lymphocytes through
Granzyme B14,47. Furthermore, one study showed that
GSDME amplified the apoptotic pathway by creating
holes in the mitochondria membrane, leading to the
release of cytochrome c48. Taken together, these results
demonstrate the complexity of the mechanism associated
with GSDME cleavage. Hence, further investigation is
required to clarify the precise mechanism responsible for
GSDME regulation.
The MAPK signaling pathway plays an essential role in

renal tubular epithelial cell proliferation, survival, and
differentiation. Jo et al.31 indicated that the ERK inhibitor
U1026 alleviates cisplatin-induced kidney injury and
attenuated necrosis of tubular cells by reducing cisplatin-
induced caspase 3 cleavage. Similarly, the JNK inhibitor
SP600125 also reportedly alleviates cisplatin-induced
renal injury49. In addition, Yu et al.30 reported that JNK
is involved in lobaplatin-induced colon cancer cell pyr-
optosis by activating the caspase 3/GSDME signaling
pathway. In our in vitro study, we found that both ERK
and JNK were activated following cisplatin or doxorubicin
treatment, while inhibitors targeting ERK and JNK alle-
viated cisplatin- or doxorubicin-induced HK-2 cell pyr-
optosis via inhibition of caspase 3 and GSDME activation.
Meanwhile, our in vivo study demonstrated a protective
effect for U0126 and SP600125 on decreased kidney
function as well as GSDME, and caspase 3 activation in
the kidney. Note, SP600125, elicited a stronger protective

effect, indicating that both JNK and ERK, particularly
JNK, are involved in renal tubular epithelial cell
pyroptosis.
The p38 signaling was also reported to participate in

cisplatin-induced nephrotoxicity50. Thus, we assessed the
effect of p38 on cell pyroptosis using the p38 inhibitors,
SB203580 and SB202190, however, no protective effect
was observed in HK-2 cells (data not shown), suggesting
that p38 is not involved in HK-2 cell pyroptosis. However,
Ramesh et al.50 found that p38 MAP kinase inhibition
alleviated cisplatin-induced nephrotoxicity in mice. The
discrepancy between these results requires further
investigation.
As common chemotherapy drugs, cisplatin and doxor-

ubicin have been reported to induce ROS production11.
Indeed, ROS generation is believed to be one of the major
mechanisms of chemotherapeutic drug-induced nephro-
toxicity. Excessive ROS causes cell death by activating the
MAPK signaling pathway. Zhou et al.28 found that ROS
elevation stimulates caspase 3/GSDME-dependent pyr-
optosis in iron-treated cancer cells. Similarly, we
demonstrated that NAC, a ROS inhibitor, significantly
alleviates cisplatin- or doxorubicin-induced ROS and cell
pyroptosis in HK-2 cells. Furthermore, NAC inhibited
JNK phosphorylation without a noticeable effect on ERK
activation, suggesting that ROS is an upstream regulator
of JNK in HK-2 cells. Another study also demonstrated
that NAC attenuates lobaplatin-induced colon cancer cell
pyroptosis by regulating JNK phosphorylation30. It was
reported that phosphorylated JNK can recruit Bax to
mitochondria, prompting cytochrome c release into the
cytosol, and subsequently activating caspase 3 and pyr-
optosis30. Considering these data, we conclude that che-
motherapy drug-induced pyroptosis in renal tubular
epithelial cells is regulated via the ROS/JNK/caspase 3/
GSDME signaling pathway.
Pyroptosis was reported to be important for the anti-

tumor activity of chemotherapy drugs. More recently,
many studies have indicated that reagents or drugs tar-
geting GSDME showed an antitumor effect. For instance,
Miltirone, derived from a traditional herb Salvia miltior-
rhiza, was shown to possess antitumor activity by indu-
cing GSDME activation in hepatocellular carcinoma51.
Furthermore, a PLK1 kinase inhibitor was reported to
improve the effect of cisplatin in the treatment of eso-
phageal squamous cell carcinoma by inducing pyr-
optosis52. Diverse small-molecule inhibitors have also
been shown to augment the anti-cancer effect by inducing
GSDME cleavage. However, our results showed that the
chemotherapy drugs cisplatin or doxorubicin induce
GSDME activation, leading to the pyroptosis of normal
renal tubular epithelial cells, implying that GSDME-
targeted anticancer therapy would worsen renal pathol-
ogy. Most of the healthy organs were GSDME-positive14.
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Similarly, Xu et al.53 demonstrated that GSDME cleavage
is involved in acute hepatic failure. Thus, to protect
healthy organs from chemotherapeutic drug toxicity by
inhibiting GSDME activation could adversely affect the
antitumor effect of chemotherapy drugs. Hence, the
toxicity and associated adverse side effects of che-
motherapy drugs on normal organs should be carefully
considered when designing antitumor therapies
targeting GSDME.
In conclusion, we have found that the chemotherapy

drugs cisplatin or doxorubicin induce pyroptosis of
human renal tubular epithelial cells via ROS/JNK/caspase
3/GSDME signaling. Therapies targeting GSDME could
be effective in attenuating chemotherapy drug-induced
nephrotoxicity. This study may advance the under-
standing of this process.

Materials and methods
Cell culture and treatments
The human proximal tubular epithelial cell line, HK-2,

was bought from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Briefly, HK-2 cells were
cultured in DMEM/F12 medium (Cat# D8437, Sigma,
MO, USA) supplemented with 10% fetal bovine serum
(FBS) (Cat# 10091-148, Gibco, CA, USA), streptomycin
(100 mg/ml), and penicillin (100 U/ml) at 37 °C with 5%
CO2. Human podocytes (HP) were donated by professor
Youying Mao at Shanghai Children’s Medical Center. HP
was cultured in RPMI 1640 with 10% FBS and ITS (1:100,
Cat# 41400045, Gibco, CA, USA) with 5% CO2 at 33 °C,
after which HP was transferred to 37 °C for differentiation.
To induce cell pyroptosis, the HK-2 cells and HP were
incubated in a serum-free medium overnight and treated
with cisplatin (Cat# S1166, Selleck, MA, USA) or doxor-
ubicin (Cat# D1515, Sigma). For the intervention experi-
ment, cells were preincubated with 50 μM of Z-VAD-
FMK (Cat# ALX-260-020, ENZO, NY, USA), 100 μM of
Z-DEVD-FMK (Cat# FMK004, R&D, MN, USA), 10 μM
of GSK872 (Cat# S8465, Selleck), 10 μM of U0126 (Cat#
9903, Cell Signaling Technology, MA, USA), 10 μM of
SP600125 (Cat# S1460, Selleck), or 5 mM of N-
acetylcysteine (NAC, Cat# S0077, Beyotime, Shanghai,
China) for 1 h before cisplatin or doxorubicin treatment.

Small interfering RNA (siRNA) and shRNA (short-hairpin
RNA) knockdown
The siRNAs for caspase 3, caspase 9, and GSDME were

purchased from the GenePharma Company and trans-
fected into HK-2 cells. Briefly, HK-2 cells and HP were
seeded in 6-well plates and transfected with scrambled,
caspase 3, caspase 9, or GSDME siRNA using Lipofecta-
mine RNAiMAX (Life Technologies, CA, USA) transfec-
tion reagent according to the manufacturer’s protocols.
The HK-2 cells were incubated for 48 h at 37 °C with 5%

CO2. The efficacy of the siRNA knockdown was deter-
mined using western blot analysis. The sequences of the
siRNAs used in the experiments were shown in Table S1.
For shRNA knockdown, the HK-2 cells were seeded in

24-well plates and transfected with control constructs or
caspase 7 shRNA (Genechem, Shanghai, China) using
Lipofectamine 3000 (Life Technologies, CA, USA)
according to the manufacturer’s instructions. After 48 h,
the transfected HK-2 cells were selected by their pur-
omycin resistance. The efficacy of the caspase 7 shRNA
was determined by western blot analysis.

CRISPR–Cas 9 knockouts of GSDME
HK-2 cells were seeded in a 24-well plate at 1 × 104

cells/well and transfected with the px459 empty plasmid
and px459-GSDME-KO plasmid (YouBio, Changsha,
Hunan, China) using Lipofectamine 3000 (Life Technol-
ogies, CA, USA) for 48 h. Then, the transfected HK-2 cells
were selected by puromycin treatment. The specificity of
GSDME-KO was determined by western blot analysis.

Ethics statement
Normal human renal biopsy specimens were collected

from healthy donors for kidney transplantation, which
was approved by the Ethics Committee of the First
Affiliated Hospital, Zhejiang University, School of Medi-
cine (2020-607). The relevant experiments were con-
ducted following approved guidelines of the First
Affiliated Hospital, Zhejiang University, School of
Medicine.

Animal experiment
Adult male C57BL/6 mice (Shanghai Laboratory Animal

Center, Shanghai, China) weighing 20–25 g at about
6–8 weeks were used in this experiment. The procedures
were approved by the Guidelines for Animal Care and Use
of Laboratory Animals from the First Affiliated Hospital,
College of Medicine, Zhejiang University (2020-1541).
The mice were randomly divided into five groups: for the
AKI injury model, the mice were administered a single
intraperitoneal injection of cisplatin (25 mg/kg body
weight). For the intervention groups, U0126 (10 mg/kg, in
5% DMSO+ 30% PEG300+ 5% Tween 80; Cat#S1102,
Selleck), SP600125 (10 mg/kg, in 5% DMSO+ 30%
PEG300+ 5% Tween 80; Cat# S1460, Selleck) or Ac-
DMLD-CMK (5mg/kg/day, in 0.9% saline; Chinese Pep-
tide Company, Hangzhou, China) were administered via
intraperitoneal injection 1 h before cisplatin administra-
tion. The control mice were administered the same
volume of 5% DMSO+ 30% PEG300+ 5%Tween 80 or
0.9% saline. After 72 h, the mice were anesthetized with
pentobarbital sodium. Serum creatinine and blood urea
nitrogen (BUN) were detected using the FUJIDRI-CHEM
7000i biochemistry analyzer (FUJIFILM, Tokyo, Japan).
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Mouse kidneys were collected for western blot detection
and HE staining.

Cell cytotoxicity and viability assays
Cells were seeded into a 96-well plate (10,000 cells/well

in 200 μl medium) and treated with related reagents for
48 h. Next, cell cytotoxicity and viability were assessed
using a kit (Cat# CK17, Dojindo, Tokyo, Japan) according
to the manufacturer’s instructions. The absorbance was
measured using a Microplate Reader (Infinite® M1000,
TECAN, Switzerland).

Flow cytometric analysis
For flow cytometry detection, each group of HK-2 cells

was treated and collected after trypsin digestion. The HK-
2 cell suspension was washed with cold phosphate-based
buffer, resuspended, and labeled with Annexin V-FITC
and PI according to the manufacturer’s protocol (Cat#
556547, Becton Dickinson, NJ, USA). Apoptosis was
analyzed by flow cytometry (BD). PI-positive cells were
considered pyroptotic cells.

Reactive oxygen species (ROS) measurement
The ROS levels in HK-2 cells were detected with the

DCFH-DA Detection Kit (S0033, Beyotime, Shanghai,
China). Briefly, the HK-2 cells were seeded in a 6-well
plate and incubated with cisplatin or doxorubicin in the
presence or absence of NAC for 48 h. After washing, the
cells were stained with 10 μM of DCFH-DA at 37 °C for
30min according to the manufacturer’s instructions.

Immunohistochemistry
Fixed, paraffin-embedded human renal biopsy speci-

mens (1.5-μm thick) were deparaffinized, rehydrated, and
blocked with 1.5% H2O2–methanol. After washing with
phosphate-buffered saline (PBS), the slides were subjected
to antigen retrieval in citrate buffer. Non-specific binding
was blocked with 10% donkey serum for 30min. After
that, the slides were incubated with a rabbit anti-GSDME
antibody (1:100, Cat# ab215191, Abcam, MA, USA)
overnight at 4 °C. Then, the donkey anti-rabbit/mouse
antibody was incubated for 30min and washed with PBS.
After staining with 3,3′-diaminobenzidine (DAB), the
slides were counterstained with hematoxylin and exam-
ined under a microscope (Leica DMLB, Wetzlar,
Germany).

qRT-PCR
Total RNA extraction of the mouse kidney cortex was

performed with Trizol reagent (Cat# 15596018, Invitro-
gen, CA, USA). The Prime-Script RT reagent kit (Cat#
RR047B, Takara Biotechnology, Dalian, China) was then
used to reverse transcribe the RNA to cDNA. RT-PCR
was performed with the SYBR Green Mix (Cat# Q711-02/

03, Vazyme, Nanjing, China) on the ViiA7 Real-Time PCR
system (Applied Biosystems, CA, USA). Primer sequences
used were listed in Table S2.

Western blot analysis
Cells were lysed in the denaturing buffer of the Total

Protein Extraction Kit (Cat# SD-001, Invent Biotechnol-
ogies, Beijing, China) to obtain protein extracts. Then,
20 μg of total protein from each group were subjected to
SDS-PAGE gels and transferred to PVDF membranes
(Millipore, Billerica, MA, USA). The membranes were
incubated with primary antibodies targeting GSDME
(Cat# ab215191, Abcam), caspase 3 (Cat# 14220, CST),
caspase 6 (Cat# 9762, CST), caspase 7 (Cat# 12827, CST),
caspase 8 (Cat# 9746, CST), caspase 9 (Cat# 9502, CST),
PARP (Cat# 9532, CST), Bax (Cat# 5023, CST), Bcl-XL
(Cat# 2764, CST), JNK (Cat# 9258, CST), p-JNK (Cat#
4668, CST), ERK (Cat# 4695, CST), p-ERK (Cat# 4370,
CST), β-actin (Cat# sc-47778, Santa Cruz) and GAPDH
(Cat# BK7021, Bioke, Hangzhou, China). The membranes
were then washed with TBST and incubated with horse-
radish peroxidase-conjugated secondary antibodies. The
bands were then visualized by the ECL Chemilumines-
cence Kit (Cat# abs920, Absin Biotechnologies, Shanghai,
China) and captured by the enhanced chemiluminescence
detection system ChemiDoc MP (Bio-RAD, CA, USA).

Statistical analysis
Each experiment is repeated at least three times inde-

pendently. Data are presented as means ± standard
deviations. Quantitative results were analyzed using
GraphPad Prism 7 (GraphPad Software Inc., San Diego,
CA, USA). Comparisons between two groups were made
using two-tailed Student’s t tests. Data from multiple
groups were compared using one-way ANOVA followed
by the Tukey’s post hoc method. p < 0.05 was considered
to indicate statistical significance.
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