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Gasdermin E-derived caspase-3 inhibitors effectively protect
mice from acute hepatic failure
Wan-feng Xu1, Quan Zhang1, Chu-jie Ding1, Hui-yong Sun1, Yuan Che1, Hai Huang1, Yun Wang1, Jia-wei Wu1, Hai-ping Hao1 and
Li-juan Cao1

Programmed cell death (PCD), including apoptosis, apoptotic necrosis, and pyroptosis, is involved in various organ dysfunction
syndromes. Recent studies have revealed that a substrate of caspase-3, gasdermin E (GSDME), functions as an effector for
pyroptosis; however, few inhibitors have been reported to prevent pyroptosis mediated by GSDME. Here, we developed a class of
GSDME-derived inhibitors containing the core structure of DMPD or DMLD. Ac-DMPD-CMK and Ac-DMLD-CMK could directly bind
to the catalytic domains of caspase-3 and specifically inhibit caspase-3 activity, exhibiting a lower IC50 than that of Z-DEVD-FMK.
Functionally, Ac-DMPD/DMLD-CMK substantially inhibited both GSDME and PARP cleavage by caspase-3, preventing apoptotic and
pyroptotic events in hepatocytes and macrophages. Furthermore, in a mouse model of bile duct ligation that mimics intrahepatic
cholestasis-related acute hepatic failure, Ac-DMPD/DMLD-CMK significantly alleviated liver injury. Together, this study not only
identified two specific inhibitors of caspase-3 for investigating PCD but also, more importantly, shed light on novel lead compounds
for treating liver failure and organ dysfunctions caused by PCD.
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INTRODUCTION
Multiple organ failure (MOF) is the most serious complication of
trauma [1, 2], infection and other diseases with diverse etiologies
[3, 4] and has complicated pathogenesis and high mortality. Acute
hepatic failure refers to a group of hepatocyte dysfunctions
characterized by massive loss of parenchymal cells, which is
usually accompanied by severe synthetic and metabolic disorders,
including jaundice, hepatic encephalopathy, and ascites [5–7].
Programmed cell death (PCD) plays a key role in mediating
hepatocyte death. In addition to the well-known apoptosis,
pyroptosis has emerged as a type of highly inflammatory cell
death that is mainly responsible for immunocyte death and can
also occur in hepatocytes [8]. Thus, targeting multiple forms of
PCD might offer novel opportunities for therapeutic intervention
in acute hepatic failure.
Pyroptosis is a new type of PCD initiated through pathogen-

associated molecular patterns and mediated by inflammatory
caspases, including caspase-1, -4, -5, and -11 [9–11]. Notably,
pyroptosis is characterized by osmotic swelling, cell rupture, and
release of inflammatory cytokines [12], while apoptosis is generally
characterized by cell shrinkage, nuclear condensation, and
exposure of phosphatidylserine, but membrane integrity is
maintained in the early phase [13]. Gasdermin D (GSDMD),
activated by inflammatory caspase-1, -4, and -11, is a key executor
of pyroptosis that targets the cell membrane and eventually leads
to pore formation [9–11]. Interestingly, another protein of the
gasdermin family, DFNA5/gasdermin E (GSDME), could be

specifically cleaved by caspase-3 at the Asp270 site, also generating
an N-terminal fragment that targets the plasma membrane to
induce pyroptosis [14, 15]. Together, these studies suggest a link
between apoptosis and pyroptosis, expanding the scope of
pyroptosis from innate immunity to various types of tissue
damage and chemotherapies under conditions of caspase-3
activation; thus, targeting pyroptosis may be a potential strategy
for treating organ failure.
The GSDMD-derived inhibitor Ac-FLTD-CMK has been reported

to suppress pyroptosis downstream of inflammasomes such as
caspases-1, -4, -5, and -11 but not caspase-3 [16]. As a key executor
of signal transduction, caspase-3 plays crucial roles in cell death
and tissue damage [17–19]. Several caspase-3 inhibitors have
been developed and are effective in animal models of ischemic
injury, burns, endotoxemia, and neonatal hypoxia [20, 21]. For
example, the pancaspase inhibitor Z-VAD-FMK is potent but has
poor specificity [22, 23]. The peptide DEVD-based inhibitor Ac-
DEVD-CHO is specific for caspase-3 but has poor cell activity and
stability in vivo [24], and Z-DEVD-FMK appears to inhibit other
caspases, such as caspase-2, -7, -8, and -10 [25]. In addition, the
design of canonical caspase-3 inhibitors is based on the cleavage
site peptide of PARP, which is known to be involved in the
execution of apoptosis. Whether such inhibitors show an
inhibitory effect on pyroptosis remains unknown. For determina-
tion of the importance of caspase-3 activation in various forms of
cell death, including apoptosis and pyroptosis, potent, selective,
and multifunctional inhibitors are highly desirable.
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In the present study, we demonstrated that the human/mouse
GSDME cleavage site peptide DMPD/DMLD can directly bind to
the catalytic domains of caspase-3. The GSDME-derived inhibitor
Ac-DMPD/DMLD-CMK significantly suppressed the activation of
caspase-3 as well as the downstream effectors PARP and GSDME,
protecting cells from both apoptotic and pyroptotic cell death.
Furthermore, in a mouse model of acute hepatic failure induced
by bile duct ligation (BDL), Ac-DMPD/DMLD-CMK significantly
reduced the serum lactate dehydrogenase (LDH) release and
alanine aminotransferase/aspartate aminotransferase (ALT/AST)
activities, alleviating hepatocyte injury. Moreover, GSDME deriva-
tives showed a stronger direct inhibition of caspase-3 activity and
cell death than PARP-derived Z-DEVD-FMK. Thus, this study
reports two GSDME-derived inhibitors specific for caspase-3,
which can be used for investigating caspase-3-mediated apoptosis
and pyroptosis and are lead compounds for the treatment of liver
failure and organ dysfunction induced by PCD.

MATERIALS AND METHODS
Reagents
DMPD/DMLD, DEVD, LEVD, IETD, and LEHD peptides were all
synthesized by GenScript (Nanjing, China). Ac-DMPD/DMLD-CMK
(982478/982479), biotin-C6-DMPD/DMLD-NH2 (982482/982483),
and Ac-DMPD/DMLD-AMC (982480/982481) were all synthesized
by the Chinese Peptide Company (Hangzhou, China). LPS (L2630),
deoxycholic acid (DCA, D2510), and cycloheximide (CHX, C7698)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Actinomycin D (ActD, HY17559), Z-DEVD-FMK (HY-12466), and
Z-IETD-FMK (HY-101297) were obtained from MCE (Monmouth
Junction, NJ, USA). Z-LEHD-FMK (S7313) was purchased from
Selleck (Houston, TX, USA). Fugene/HD (E231A) was purchased
from Promega (Madison, WI, USA), and recombinant human-TNFα
(300-01 A) was purchased from Peprotech (Rocky Hill, CT, USA).
Recombinant human active caspase-3-GFP was ordered from
BioGot (Nanjing, China), and active caspase-4-GFP was ordered
from DeTai Bio (Nanjing, China). Recombinant human active
caspase-8 (ab198070) and active caspase-9 protein (ab198061)
were purchased from Abcam (Cambridge, UK).

Animals and treatments
Wild-type male C57BL/6 J mice (Institute for Laboratory Animal
Research: strain code: 219) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China) at the age
of 5 weeks (20–22 g). Animals were maintained at the Animal
Facility according to protocols of the Review Committee of Animal
Care and Use. All animal experiments were conducted with sex-
and age-matched mice and performed with approval from the
China Pharmaceutical University Animal Care and Use Committee.
BDL model: Mice were anesthetized with chloral hydrate

solution (0.3 g/kg). A median abdominal incision was made to
find the common bile duct. The duct was carefully ligated with
7–0 Prolene (Ethicon, Somerville, MA, USA) and dissected without
ligation in the sham operation. The incision was wiped with an
alcohol swab, and 0.5 mL of 0.9% saline was injected into the
incision to improve recovery and survival. The mice were then
used for experiments 5 days after surgery. Inhibitors (5 mg/kg
body weight) were intraperitoneally injected into the mice daily
after surgery, and the same volume of sterile saline was injected
into the sham and BDL model control groups. The serum ALT/AST
levels were detected with ALT/AST Detection Kits (C009-2-1/
C0010-2-1, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China).

Cell culture and treatments
HepG2 (HB-8065, ATCC) and L-929 (CCL-1, ATCC) cells were grown
in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% fetal bovine serum (FBS), 2 mM L-glutamine,

penicillin (50 U/mL) and streptomycin (100 mg/mL). Bone marrow-
derived macrophages (BMDMs) were isolated from C57BL/6 J mice
as previously described [26, 27] and cultured in DMEM medium
containing 10% FBS and 20% L-929 conditional medium. All cells
were maintained in 5% CO2 at 37 °C and were excluded from
endotoxin and mycoplasma by following the instructions of the
Toxin SensorTM limuloid reagent detection kit (L00350, GenScript)
and Mycoplasma Detection Kit (CA1080, Solarbio, Wuhan, China).
Distinct cell death models were established as previously

described [14]. HepG2 cells were pretreated with 10 μg/mL CHX
or 50 μg/mL ActD for 30 min and then synergistically challenged
with 20 ng/mL TNFα for 16 h to induce apoptotic/pyroptotic cell
death. HepG2 or BMDMs were challenged with 200 μM DCA for
4 h to mimic cholestasis-related acute hepatic injury. As a positive
control of caspase-4/11-mediated pyroptosis, cells were primed
with LPS (1 μg/mL) for 12 h, and then, 5 μg/mL of LPS and 0.3%
(v/v) Fugene/HD were simultaneously suspended in 500 μL of
Opti-MEM medium for 30min. The suspensions were brought up
to 3mL with DMEM medium and incubated with cells in a 6-well
plate (80% confluence) for an additional 16 h.

Molecular docking
The crystal structure of caspase-3 (PDB code: 2J30 [28]) was used
for molecular docking, where the position of the cocrystallized
ligand (Ac-DEVD-CMK) was set as the binding site. Autodock 4.2
[29] with the Lamarckian genetic algorithm [30] was employed for
molecular docking due to its good performance in reproducing
the binding mode of the cocrystallized ligands to their targets
[31–33]. Docking parameters: the RMSD of the reproduced
cocrystallized ligand (gray sticks model) is 1.08 Å compared with
the crystallized ligand (green sticks model); a Gasteiger partial
charge [34] was used for the electrostatic interaction calculation;
and the docking space was set as 18.75 Å × 18.75 Å × 18.75 Å
(corresponding to 50 × 50 × 50 grids, with each grid 0.375 Å in
length). All the ligands were docked 100 times for sufficient
sampling, and the validation of docking structures is presented in
Supplementary Fig. S1.

Microscale thermophoresis (MST) assay
Analyses of ligand binding were performed with an MST
instrument (Nano Temper Technology, Munich, Germany).
Inhibitors or peptides were used at 3.125, 6.25, 12.5, 25, 50,
and 100 μM, and LPS was used at 0.06, 0.12, 0.24, 0.48, 0.96, and
1.92 μM. GFP-tagged caspase-3/-4 or caspase-8/-9 (0.2 μM)
tagged with dye provided by the kit (MO-L004, Nano Temper
Technology) was incubated with inhibitors or LPS for 30 min at
room temperature. The mixture was inhaled with capillaries and
placed on a specific measurement frame. The sample was
detected under blue excitation mode with 40% LED power and
80% MST power by using NT Control software. Data were
analyzed by using NT Analyses Version 1.5.41 software. Non-
linear curve-fitting of the binding was performed to calculate
the dissociation constant Kd.

Streptavidin pulldown assay
HepG2 cells were challenged as indicated and lysed with NP-40
lysis buffer containing 1× protease inhibitor cocktail (PIC, P8340,
Sigma-Aldrich). One milliliter of lysis buffer containing 1mg of
protein was incubated with 200 μM biotin-C6-DMPD/DMLD or
biotin-C6 overnight at 4 °C with constant rotation. Streptavidin
magnetic beads (65001, Invitrogen, Carlsbad, CA, USA) were
prepared in advance. In brief, 100 μL of beads per group was
washed three times with PBST before use and then added to a
biotin-protein lysis buffer mixture to perform the standard
pulldown assay for 6 h with constant rotation. The bead-biotin-
protein mixture was washed three times with PBST using a
magnetic separator, and the precipitates were then boiled in 2×
SDS sample buffer followed by immunoblotting analysis.
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Caspase activity assay
For analysis of the potency of Ac-DMPD/DMLD-CMK against
caspases, the following substrates were used: Z-VAD-AMC
(I-1710.0005, BACHEM, Bubendorf, Switzerland) for caspase-3, Ac-
LEVDAMC (ALX-260-083-M005, Enzo, Farmingdale, NY, USA) for
caspase-4, Ac-IETD-AMC (556552, BD Pharmingen, San Diego, CA,
USA) for caspase-8 and Ac-LEHD-AMC (AAT-13426, AAT Bioquest,
Inc., Sunnyvale, CA, USA) for caspase-9. The inhibitor was
preincubated with 50 nM active caspase for 2 h at 25 °C in 100 μL
of reaction buffer (50mM HEPES (pH 7.5), 1 mM EDTA, 10mM DTT,
0.1% CHAPS, 100mM NaCl, and 10% glycerol), and then, 200 μM
substrates were added. Caspase activities were monitored at 37 °C
with Ex 365 nm and Em 450 nm for AMC hydrolysis detection. A
dose-response curve was obtained by testing inhibitors in a series
of concentrations as indicated in the figure legends. IC50 values
were calculated by using GraphPad Prism 6.0.
For determination of the activities of caspase-3 substrates

designed in this paper, 6.25–200 μM Ac-DMPD/DMLD-AMC was
incubated with 50 nM recombinant human active caspase-3 at
37 °C for 30 min, and the fluorescence intensity was monitored as
above. Caspase-3 activities are shown as relative values to that of
the vehicle.
For determination of caspase-3 activity in the livers of mice,

10mg tissue was homogenized with lysis buffer containing DTT
and centrifuged at 13,000 × g for 10min, and the supernatant was
collected to determine the protein concentrations. Homoge-
nate containing 150 μg of protein was used for caspase-3 activity
assay, by incubating with 200 μM of the substrate Z-VAD-AMC at
37 °C for 30 min in a 100 μL reaction system. The fluorescence
intensity was detected as above, and normalized caspase-3
activity is shown as the relative value to that of the sham group.

Microscopy
For analysis of the morphology of apoptotic and pyroptotic cells,
cells were seeded in cover-glass bottom dishes at ~40%
confluency and treated as indicated in the figure legends. Then,
cell images were captured using an LSM700 confocal microscope
in DIC mode (Zeiss, Oberkochen, Germany).

Flow cytometry
For flow cytometry analysis, cells were treated as in the
cytotoxicity assays. In brief, approximately 1 × 106 cells per group
were collected and centrifuged at 1500 rpm for 5 min. Each group
was stained with 200 μL of 1× binding buffer containing 2.5 μL of
Annexin V-FITC and 2.5 μL of propidium iodide (PI, 556547, BD
Pharmingen). The cells were resuspended and analyzed by a BD
Accuri C6 plus flow cytometer (BD Biosciences, San Jose, CA, USA).

SiRNA transfection
HepG2 cells were transfected with CASPASE-3 siRNA (sc-29237) or
negative control siRNA (sc-44230) from Santa Cruz Biotechnology
(Dallas, TX, USA) by using a reverse transfection method according
to the instructions. In detail, 500 μL of Opti-MEM medium and 5 μL
of Lipofectamine™ RNAiMAX Transfection Reagent (13778150,
Invitrogen) containing 20 nM siRNA or 20 nM negative control
siRNA were premixed in a six-well plate. HepG2 cells were plated
at a density of 5 × 105 per well, and the optimal transfection time
was 48 h, as the maximal silencing efficiency was shown by
Western blot analysis.

Western blotting
Collected cells or homogenized tissue were lysed in RIPA solution
containing PIC (P8340, Sigma-Aldrich). Protein contents in lysates
were quantitated by the BCA assay kit (Beyotime Biotechnology,
Shanghai, China), determined before the addition of sample buffer
(Bio-Rad, Hercules, CA, USA) and boiled. A total of 60 μg of protein
was subjected to SDS-PAGE electrophoresis (Bio-Rad), transferred
to 2.2 μm polyvinylidene fluoride membranes (Bio-Rad) and

probed with primary antibodies followed by HRP-conjugated
secondary antibodies. Antibodies including GSDME (ab215191)
and GAPDH (ab8245) were purchased from Abcam, caspase-3
(9662), and PARP (9532) antibodies were purchased from Cell
Signaling Technology (Boston, MA, USA), and caspase-4 (sc-56056)
antibody was purchased from Santa Cruz Biotechnology. HRP-
conjugated antirabbit IgG (H+ L) antibody (ab6721) and HRP-
conjugated antimouse IgG (H+ L) antibody (ab6789) were
purchased from Abcam. The immunoreactive bands were
visualized with HRP substrate (170-5061, Bio-Rad) by using an
iBright CL1000 System (Invitrogen). GAPDH was immunoblotted as
an internal control. For Western blot analysis of tissue samples,
tissue homogenates from six mice were merged by three-in-one
into two merged samples.

Statistical analysis
Data are presented as the mean ± SEM and representative of at
least two independent experiments; the number in each group (n)
is stated in the figure legends. Image data of the in vitro
experiments are representative of triplicate samples per group,
and image data of the in vivo experiments are representative of
six mice per group. Statistical significance was determined by one-
way ANOVA. P < 0.05 was considered significant. All statistical
analyses were performed with GraphPad Prism 6.0. For animal
studies, the sample sizes were based on the empirically assessed
variability of the model systems or assays used, and groups
contained no less than six mice to minimize type I/II errors.

RESULTS
GSDME-derived inhibitors specifically target caspase-3
Previous studies identified two caspase-3-cleavable sites,
267DMPD270 in human GSDME and 267DMLD270 in mouse GSDME
[14, 35]. We designed two GSDME derivatives by linking the DMPD
and DMLD peptides to the chloro-methyl ketone (-CMK) group to
produce competitive inhibitors targeting caspase-3, named Ac-
DMPD/DMLD-CMK (Fig. 1a, b). For elucidation of the engagement
of the inhibitors in caspase-3, a crystal structure of the catalytic
domain of human caspase-3 (PDB ID code: 2J30) was docked with
inhibitors. Z-DEVD-FMK was included as a positive control that was
previously derived from the restriction site of PARP (Fig. 1c–e).
Extensive hydrophilic and hydrophobic interactions were detected
between the inhibitors and caspase-3. As previously described
[36], Z-DEVD-FMK formed hydrogen bonds with R64 and R207
from caspase-3 (Fig. 1c). Interestingly, Ac-DMLD-CMK also formed
hydrogen bonds with R207 and F250 from caspase-3 (Fig. 1d),
while Ac-DMPD-CMK formed contacts with R207, S205, and S209
(Fig. 1e). Caspase-3 has four active site loops, the L1-L4 loops [28],
and the analyses of binding residues indicated that all three
inhibitors occupied the L3 (residues 198–213) and L4 (residues
247–263) loops, comprising the sides of the active sites in caspase-
3. These results indicated that these inhibitors may share the same
catalytic groove.
The direct binding of the inhibitors with the human active

caspase-3, -4, -8, and -9 proteins was further confirmed by MST
analysis; LPS for caspase-4 [10] and commercial inhibitors for
caspase-3, -8, and -9 were included as positive control molecules. As
shown in Fig. 1f, compared with Z-DEVD-FMK, which showed a Kd
value of 2.6 μM in binding with caspase-3, both Ac-DMPD-CMK and
Ac-DMLD-CMK could bind with caspase-3 with lower Kd values of
1.62 μM and 1.48 μM, respectively (Fig. 1g), and no significant
binding was observed with human caspase-4, -8, and -9. To exclude
the effects of CMK or FMK modifications, we incubated the DMLD/
DMPD/DEVD peptides with recombinant human caspases, and the
Kd value was measured by MST assays. Consistently, DMPD/DMLD
showed a lower Kd in binding with caspase-3 than DEVD
(Supplementary Fig. S2). Moreover, peptides without modification
showed a higher Kd value in binding with caspase-3 than CMK
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conjugates. These data are consistent with a previous study showing
that CMK or FMK had a covalent binding effect in addition to its
stabilization effect [37]. Collectively, these data suggest direct and
specific binding between Ac-DMPD/DMLD-CMK and caspase-3,
consistent with previous findings that GSDME is only cleaved by
caspase-3, rather than other caspases [14].

Ac-DMPD/DMLD-CMK specifically inhibits caspase-3
Next, to investigate the effects of Ac-DMPD/DMLD-CMK on
caspase activities, we performed in vitro caspase activity assays
by using synthetic caspase substrates. We observed that Ac-
DMPD-CMK and Ac-DMLD-CMK potently inhibited the enzymatic
activities of recombinant human active caspase-3 protein with IC50
values of 0.5456 μM and 0.7455 μM, respectively. Ac-DMPD/DMLD-
CMK exhibited stronger efficacies than the commercial inhibitor Z-
DEVD-FMK, with an IC50 of 1.326 μM (Fig. 2a–c), and nonspecific
interactions with caspase-4, 8, and 9 were excluded (Fig. 2d–i).
Furthermore, HepG2 cell lysates were incubated with active
recombinant human caspase-3 protein, and cleavage of native
GSDME and PARP was markedly inhibited by 20 μM Ac-DMPD-
CMK, Ac-DMLD-CMK and the positive control Z-DEVD-FMK (Fig. 2j).
These observations indicate that Ac-DMPD/DMLD-CMK are
specific for caspase-3, which competitively inhibits the cleavage
of both the apoptotic effector PARP and the pyroptotic effector
GSDME. The PARP-derived inhibitor Z-DEVD-FMK acts much like
GSDME-derived inhibitors, suggesting that they may occupy the
same catalytic sites, further confirming the results of molecular
docking.

Furthermore, biotinylated DMPD and DMLD (Fig. 3a) were
designed and applied to investigate the binding between DMPD/
DMLD sites and native caspase-3 in cells. HepG2 cells were treated
with TNFα/CHX and TNFα/ActD to induce caspase-3 activation,
while LPS transfection was used to induce caspase-4 activation.
Streptavidin pulldown assays demonstrated that the catalytic
fragment of caspase-3 (p15) was pulled down by biotin-DMPD/
DMLD, while no obvious interaction of caspase-4 (p20) with biotin-
DMPD/DMLD was detected (Fig. 3b). To further identify the
affinity, we designed the novel caspase-3 substrates Ac-DMPD/
DMLD-AMC (Fig. 3c) in this paper. With the increase in substrates
incubated with recombinant human caspase-3, caspase-3 activ-
ities showed a linear correlation, which matched the first-order
kinetic equation of enzymatic reactions (Fig. 3d, e). Together,
these findings suggest that DMPD/DMLD peptides can bind with
the caspase-3 catalytic domain.

Ac-DMPD/DMLD-CMK inhibit both pyroptosis and apoptosis
Previous studies have indicated that some peptide inhibitors, such
as Bz-DAVD-phenylpropyl ketone, had poor cell activity due to
limited cell permeability [38]. To probe the inhibition of Ac-DMPD/
DMLD-CMK in cells, we studied the effects of these inhibitors on
cell death induced by chemotherapy drugs. CHX or ActD
synergistically treated with TNFα is a classical apoptosis inducer;
however, recent studies have shown that cells highly expressing
GSDME undergo pyroptosis upon “apoptotic stimulation,” includ-
ing chemotherapy drugs; [14] thus, these two chemotherapy
drugs can simultaneously induce apoptotic and pyroptotic cell

Fig. 1 Ac-DMPD/DMLD-CMK specifically interacts with caspase-3. a and b Chemical structures of the human and mouse GSDME-derived
inhibitors Ac-DMPD-CMK and Ac-DMLD-CMK. c–e Molecular docking between inhibitors as indicated and mature caspase-3 fragments;
hydrogen bonds are indicated as green dotted lines. The inhibitors are shown in green sticks, and the caspase-3 structure is shown in gray
(PDB ID code: 2J30). f MST analysis between inhibitors and human caspase-3, -4, -8, and -9 catalytic domains. g Values of Kd calculated from
(f) are listed in the table.
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death in HepG2 cells with high expression of GSDME [15]. The
potency of the inhibitors against cytotoxicity was measured by
LDH release assays. The results showed that both Ac-DMPD/
DMLD-CMK inhibited HepG2 cell death (Fig. 4a–f) more potently

(IC50) than the commercial inhibitor Z-DEVD-FMK. As predicted,
cleavage of PARP or GSDME induced by chemotherapy drugs was
concurrently blocked by Ac-DMPD/DMLD-CMK (Fig. 4g, h). To
probe the specific effects of the two inhibitors on cell apoptosis

Fig. 3 The GSDME-derived peptides DMPD and DMLD directly bind to the caspase-3 catalytic domain. a Chemical structures of the
biotinylated DMPD and DMLD. b Streptavidin pulldown assays of biotinylated DMPD/DMLD binding to native caspase-3 or -4 in HepG2 cells.
c Chemical structures of the GSDME-derived fluorogenic substrates Ac-DMPD-AMC and Ac-DMLD-AMC. d and e Relative enzymatic activities
of human active caspase-3 protein with Ac-DMPD-AMC (d) and Ac-DMLD-AMC (e). Data are expressed as the mean ± SEM (n= 3).

Fig. 2 Ac-DMPD/DMLD-CMK specifically inhibited caspase-3. a–i Relative enzymatic activities of human caspase-3, caspase-4, caspase-8, and
caspase-9 in the presence of 0.375–25 μM inhibitors as indicated. j Representative immunoblots of GSDME and PARP in HepG2 cells incubated
with inhibitors as indicated and recombinant active caspase-3. Data are expressed as the mean ± SEM (n= 3).
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and pyroptosis, we quantified the Annexin V-FITC- and PI-positive
cells with flow cytometry analysis (Supplementary Fig. S3). The
statistical proportions of HepG2 cell death showed that both the
apoptotic and pyroptotic rates were significantly decreased by Ac-
DMPD/DMLD-CMK and Z-DEVD-FMK (P < 0.05, P < 0.01, P < 0.001,
respectively; Fig. 4i, j). To further intuitively confirm that the two
types of PCD were both blocked by inhibitors, we investigated the
changes in HepG2 cell morphology. The results showed that cell
shrinkage (apoptosis, blue arrows) and cell rupture (pyroptosis, red
arrows) were both reversed (Fig. 4k). Together, our data suggest
that Ac-DMPD/DMLD-CMK potently inhibits both apoptosis and
pyroptosis at the cellular level.

Ac-DMPD/DMLD-CMK protect against hepatic injury in mice with
BDL
Since the 1980s, with the development of medication therapy,
mechanical assistance, and organ transplantation, treatments for
single organ failure have substantially improved. However, many
patients eventually die from MOF-like symptoms [3, 4, 39]. One of
the most pressing issues of MOF is hepatic injury because of its
importance in metabolism and detoxification. Acute hepatic
failure is often accompanied by the loss of a large number of
parenchymal cells and lacks effective clinical therapies [40, 41]. To
further explore the in vivo activity of Ac-DMPD/DMLD-CMK, we
next investigated the relevance of our in vitro findings in a mouse
model of BDL, which could induce cholestasis and hepatocyte
death and eventually mimic acute hepatic failure. Ac-DMPD/
DMLD-CMK or Z-DEVD-FMK (5mg/kg) was intraperitoneally

injected into the mice daily after BDL surgery for 5 days, and
the serum levels of ALT/AST and LDH were all significantly
reduced in the mice with BDL after treatment with Ac-DMPD/
DMLD-CMK, which was better than Z-DEVD-FMK as predicted (P <
0.05, P < 0.01, P < 0.001; Fig. 5a–c). We next explored the effects of
the inhibitors on caspase-3 activity in vivo. Caspase-3 activity in
liver tissue was entirely blocked by Ac-DMPD/DMLD-CMK, even
decreasing to levels comparable to those in the sham group (P <
0.05, P < 0.01, P < 0.001; Fig. 5d). Moreover, representative H&E-
stained sections of the liver showed that mice were effectively
protected by Ac-DMPD/DMLD-CMK from hepatic injuries, as
shown by alleviated parenchymal cell death and fibrosis (Fig. 5e).
As predicted, immunoblot analysis showed that Ac-DMPD/DMLD-
CMK significantly inhibited the cleavage of GSDME and PARP in
the livers of the mice with BDL (Fig. 5f). Collectively, these findings
suggest that Ac-DMPD/DMLD-CMK act as promising inhibitors of
caspase-3 activation in vivo.

Ac-DMPD/DMLD-CMK inhibit cell death in hepatocytes and
macrophages induced by bile acid
To further validate the mechanism of Ac-DMPD/DMLD-CMK, we
used DCA as a cytotoxicity inducer to mimic cholestatic liver
injury, as the accumulation of DCA is a risk factor for hepatocyte
damage and inflammation in cholestasis [42–44]. BMDMs were
also included as model primary macrophages. All inhibitors
counteracted the DCA-induced cell death in both HepG2
(Fig. 6a–c) and BMDMs (Fig. 6e–g) and concurrently inhibited
GSDME and PARP cleavage (Fig. 6d) in HepG2 cells. Flow

Fig. 4 Ac-DMPD/DMLD-CMK inhibit both pyroptosis and apoptosis. a–f LDH release assays for the cytotoxicity of HepG2 cells. Cells were
treated with inhibitors at 3.125–200 μM for 2 h, followed by TNFα/CHX or TNFα/ActD for 16 h. g and h Representative immunoblots of GSDME
and PARP in HepG2 cells. i and j Flow cytometry analysis of Annexin V-FITC- or PI-positive HepG2 cells. k Changes in HepG2 cell morphology
were observed with a microscope (scale bar= 20 μm, magnification of the microphotograph, ×200). Data are expressed as the mean ± SEM
(n= 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the vehicle group of TNFα/CHX; #P < 0.05 vs. the vehicle group of TNFα/ActD.
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cytometric analysis of Annexin V-FITC/PI staining and morpholo-
gical changes of BMDMs indicated that both apoptosis and
pyroptosis were completely blocked by these inhibitors (P < 0.01,
P < 0.001, respectively; Supplementary Fig. S4 and Fig. 6h–j). To
further identify the effects of the inhibitors on caspase-3 activity,
we performed CASPASE-3 knockdown in HepG2 cells with siRNA
(Fig. 6k). Cytotoxicity (P < 0.05, P < 0.01; Fig. 6l), cell death (P < 0.05,
P < 0.01; Supplementary Fig. S5 and Fig. 6m, n) and morphological
changes (Fig. 6o) were all blocked by the inhibitors, and similar
results were observed in the CASPASE-3-silenced HepG2 cells. It
appears that inhibition of caspase-3 by Ac-DMPD/DMLD-CMK can
restrain DCA-induced apoptosis and pyroptosis in both hepato-
cytes and macrophages. Collectively, our study proposed a novel
hepatoprotective strategy using GSDME-derived peptides directed
against caspase-3-induced cell death in vitro and in vivo.

DISCUSSION
In recent years, an increasing number of patients has shown
unexplained liver failure; [45, 46] this condition is difficult to
predict and cure due to the rapid deterioration of liver function.
Patients with different etiologies need specific therapeutic
strategies, which increases the level of difficulty in treating liver
failure [47, 48]. However, a common pathological mechanism in
hepatic failure is massive cell death, and excessive hepatocyte
death amplifies inflammatory damage and promotes the devel-
opment of fibrosis and ultimately liver failure [49, 50]. Thus,
inhibiting the cell death of hepatocytes and immunocytes has
been suggested to be a plausible therapeutic strategy for hepatic
injury, especially acute hepatic failure. A number of studies are
underway to develop inhibitory agents to target cell death
signaling molecules, such as the mixed lineage kinase inhibitor
CEP-1347 and poly (ADP-ribose) polymerase inhibitor for nigral
dopaminergic neurons [51]. Caspase-3 plays a key role in cell
death by activating the downstream effectors PARP and GSDME
[14], and inhibition of caspase-3 can potently protect mice from
ischemic injury, burns and endotoxemia [17, 21]. Since GSDME has
been shown to control cell fate in conditions of caspase-3
activation, the GSDME cleavage site may be a potent hepatopro-
tective therapeutic target.
Although GSDME is known as an effector of pyroptosis acting

downstream of caspase-3, the development of specific and potent
dual peptide inhibitors for caspase-3-induced apoptotic and
pyroptotic cell death remains elusive in this field. The present

study demonstrated interactions between caspase-3 and the
GSDME-derived inhibitors Ac-DMPD/DMLD-CMK as well as pep-
tides containing the cleavage site residues DMPD/DMLD. Our data
suggest that the cell-permeable inhibitors Ac-DMPD/DMLD-CMK,
directed against the caspase-3 cleavage site, effectively blocked
caspase-3-dependent PARP and GSDME activation, dually protect-
ing hepatocytes and macrophages from apoptotic and pyroptotic
cell death. Moreover, Ac-DMPD/DMLD-CMK are more potent than
the widely used caspase-3 inhibitor Z-DEVD-FMK. Notably, the
DMPD/DMLD-derived inhibitors significantly alleviated extensive
hepatic injury and reduced the serum ALT/AST and LDH levels in
mice undergoing cholestasis. Collectively, our study proposed a
novel hepatoprotective strategy using GSDME-derived peptides
directed against caspase-3-induced cell death in vitro and in vivo.
In conclusion, we demonstrated that two novel cell-permeable

inhibitors, Ac-DMPD-CMK and Ac-DMLD-CMK, can exert excellent
protective effects against apoptotic and pyroptotic cell death
in vitro and in vivo. However, further improvement is required
because these inhibitors could potentially target other caspases at
high concentrations, and more work is needed in the field of drug
discovery against organ failure. Nonetheless, Ac-DMPD/DMLD-
CMK can be useful tools for studying the importance of caspase-3
activation in experimental systems and, more importantly,
contribute to lead compound discovery for the treatment of
organ failure.
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Fig. 5 Ac-DMPD/DMLD-CMK protects against hepatic injury in mice with bile duct ligation. a–c Serum LDH, ALT, and AST levels in the mice,
n= 6. d Caspase-3 activity in the liver tissue of the mice, n= 6. e Representative H&E sections of the liver (scale bar= 50 μm, magnification of
the microphotograph, ×200). f Representative immunoblots of GSDME and PARP in the livers of the mice. Data are expressed as the mean ±
SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the BDL group; ##P < 0.01, ###P < 0.001 vs. the sham group.
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