
Received: 9 November 2024 Revised: 2 February 2025 Accepted: 24 February 2025

DOI: 10.1002/ctm2.70263

RESEARCH ARTICLE

The novel GSDMD inhibitor GI-Y2 exerts antipyroptotic
effects to reduce atherosclerosis

Xiaoxi Fan1,2 Zhenfeng Cheng3 Ruiyin Shao1 Keke Ye1 Xudong Chen1

Xueli Cai1 Shanshan Dai4 Zhixuan Tang5 Si Shi5 Wenyuan Zheng6

Weijian Huang1 Jibo Han2 Bozhi Ye1

1Department of Cardiology and The Key
Laboratory of Cardiovascular Disease of
Wenzhou, the First Affiliated Hospital,
Wenzhou Medical University, Wenzhou,
Zhejiang, China
2Department of Cardiology, The Second
Affiliated Hospital of Jiaxing University,
Jiaxing, Zhejiang, China
3Huzhou Central Hospital, Affiliated
Central Hospital of Huzhou University,
Huzhou, China
4The Key Laboratory of Emergency and
Disaster Medicine of Wenzhou,
Department of Emergency, The First
Affiliated Hospital of Wenzhou Medical
University, Wenzhou, Zhejiang, China
5First School of Medicine, Wenzhou
Medical University, Wenzhou, Zhejiang,
China
6Key Laboratory of Precision Medicine
For Atherosclerosis Disease of Zhejiang
Province, Department of Cardiology,
Affiliated First Hospital of Ningbo
University, Ningbo, Zhejiang, China

Correspondence
BozhiYe,Department ofCardiology,
theFirstAffiliatedHospital,Wenzhou
MedicalUniversity,Wenzhou325035,
China.
Email: fredye2012@163.com

JiboHan,Department ofCardiology,
The SecondAffiliatedHospital of Jiaxing
University, Jiaxing 314000,China.
Email: jibohanjx2y@163.com

WeijianHuang,Department ofCardiology,
theFirstAffiliatedHospital,Wenzhou
MedicalUniversity,Wenzhou325035,
China.
Email:weijianhuang69@126.com

Graphical Abstract

We confirmed GI-Y2 as a novel inhibitor of GSDMD. GI-Y2 directly interacts
with the Arg10 residue of GSDMD and reduces the membrane binding of
GSDMD-N. We constructed macrophage membrane-coated GI-Y2 nanoparticles
to enhance the targeting of GI-Y2 to macrophages in atheromatous plaques and
demonstrated its vascular protective effect.
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Abstract
Introduction: Gasdermin D (GSDMD) and the pyroptosis it mediates are
importantly involved in cardiovascular diseases (CVDs). Identifying and devel-
oping new inhibitors of GSDMD could be a promising strategy for treating
pyroptosis-mediated diseases, such as atherosclerosis.
Objectives:We aimed to develop new inhibitor of GSDMD in atherosclerosis, as
well as clarify the mechanisms underlying this inhibiting effect.
Methods: Surface plasmon resonance and pull-down assaywere used to identify
the amino acid sites of GSDMD inhibited byGI-Y2. Amousemodel of atheroscle-
rosis was established by feeding a high-fat diet for 12 weeks. After treating mice
with GI-Y2 (10 or 20 mg/kg, i.g.), the lipid plaque area on the arterial intimal
surface, lipid deposition, collagen deposition and pyroptosis levels in aortic root
sections were evaluated. Additionally, further treatment of atherosclerotic mice
with macrophage membrane-encapsulated GI-Y2 was conducted to enhance the
targeting ability of GI-Y2 to atherosclerotic plaques.
Results: In this study, we confirmed GI-Y2 as a novel inhibitor of GSDMD via
structure-based virtual screening and pharmacological validation. Mechanisti-
cally, GI-Y2 directly interacts with the Arg10 residue of GSDMD and reduces
the membrane binding of GSDMD-N. Functionally, we revealed that GI-Y2
inhibits the formation of atherosclerotic plaques by targeting GSDMD. Similarly,
GI-Y2 reduces pyroptosis and macrophage infiltration in atherosclerosis. Fur-
thermore, we constructed macrophage membrane-coated GI-Y2 nanoparticles
to enhance the targeting of GI-Y2 to macrophages in atheromatous plaques and
demonstrated its vascular protective effect in vivo.
Conclusion: This work demonstrated that GI-Y2 can potentially alleviate CVDs
by targeting GSDMD and provided a new compound for the study of GSDMD-
mediated pyroptosis.
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Key points
∙ We preliminarily confirmed GI-Y2 as a novel inhibitor of GSDMD via
structure-based virtual screening and pharmacological validation.

∙ GI-Y2 directly interacts with GSDMD and reduces the membrane binding of
GSDMD-N via the Arg10 residue.

∙ GI-Y2 inhibits the formation of atherosclerotic plaques by targeting GSDMD
and GI-Y2 reduces pyroptosis and macrophage infiltration in atherosclerosis.

∙ We constructed macrophage membrane-coated GI-Y2 nanoparticles to
enhance the targeting of GI-Y2 to macrophages in atheromatous plaques and
demonstrated its vascular protective effect in vivo.

1 INTRODUCTION

Atherosclerosis, which is characterized as a chronic
inflammatory condition impacting the arteries, is univer-
sally acknowledged as a significant factor in the progres-
sion of cardiovascular diseases (CVDs).1 Monocyte-derived
macrophages are pivotal inflammatory cells of atheroscle-
rosis, occupying a crucial position throughout its various
stages, encompassing both the initial plaque formation
and eventual rupture.2 Pyroptosis represents a type of pro-
grammed cell death (PCD) closely related to inflammation
and mediates the development of atherosclerosis.3 In ani-
mal models of atherosclerosis, macrophage pyroptosis is
closely linked to the development and instability of plaques
in atherosclerosis.4 Therefore, increasing attention has
been given to macrophage pyroptosis in atherosclerosis.
Gasdermin-D (GSDMD), a key protein in the progres-

sion of pyroptosis, was first discovered and reported in
2015.5,6 Activated inflammatory caspases cleave GSDMD,
releasing an N-terminal domain (GSDMD-N) that exhibits
pore-forming activity.5,6The GSDMD-N protein undergoes
oligomerization on the cell membrane, creating pores
that facilitate the release of inflammatory cytokines from
the cytoplasm, thereby intensifying the inflammatory
response.5,6 Our previous studies showed that the key role
of GSDMD in a variety of CVDs, including septic myocar-
dial dysfunction,7 doxorubicin-induced cardiotoxicity,8
cardiac hypertrophy,9,10 vascular remodelling,11 abdominal
aortic aneurysm12 and arteriosclerosis.13Numerous studies
have reported that GSDMD is involved in the forma-
tion of atherosclerotic plaque.14–17 In arteriosclerosis, we

found that GSDMD is principally expressed in atheroscle-
rotic macrophages and that macrophage-derived GSDMD
promotes aortic pyroptosis and atherosclerotic plaque for-
mation in vivo,13 suggesting that GSDMDholds significant
potential as a drug target for the effective treatment of
atherosclerosis.
The development of GSDMD inhibitors holds promis-

ing prospects. GSDMD is a downstream regulatory factor
of pyroptosis. The inhibition of GSDMD can reduce pyrop-
tosis induced by several inflammasome components, such
as NLPR3 and inflammatory caspases,5,6 and that phar-
macological inhibition of GSDMD exerts protective effects
on atherosclerosis.18 Moreover, inhibiting the aggregation
and perforation of GSDMD-N on the cytomembrane could
block the release of various pyroptotic molecules, such as
IL-1β and IL-18.5,6 In our previous study, we identified GI-
Y1 as an inhibitor of GSDMD via structure-based virtual
screening and revealed the inhibitory activity of GI-Y1 in
cardiac pyroptosis and myocardial ischemia/reperfusion
injury.19 In this study, we optimized the virtual screen-
ing method and screened out GI-Y2 as another potential
candidate.
Here, we confirmed GI-Y2 as a potential inhibitor of

GSDMD via pharmacological validation. Mechanistically,
GI-Y2 directly interacts with GSDMD and specifically
targets the Arg10 residue to attenuate the membrane-
binding capacity of GSDMD-N. Functionally, we revealed
that GI-Y2 inhibits atherosclerotic plaque formation by
targeting GSDMD. Similarly, GI-Y2 reduces pyroptosis
and macrophage infiltration in atherosclerosis. Further-
more, we constructed macrophage membrane-coated
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GI-Y2 nanoparticles to enhance the targeting of GI-Y2 to
macrophages in atheromatous plaques and demonstrated
its vascular protective effect in vivo. This work demon-
strated that GI-Y2 can potentially alleviate atherosclerosis
by targeting GSDMD and provided a new inhibitor for the
study of GSDMD-mediated pyroptosis.

2 MATERIALS ANDMETHODS

2.1 Structure-based virtual screening

We previously screened 7 commercial compound libraries
(approximately 5.5 million compounds) using a modelled
GSDMD-N as the template and identified 30 potential can-
didate compounds.19 In this study, we screened these can-
didate compounds using the crystal structure of GSDMD
pore as a template. The crystal structure of GSDMD pore
(PDB code 6VFE) was obtained from the PDB (http://
www.rcsb.org/pdb/) and imported into Schrödinger Mae-
stro (Schrödinger Release 2020–2: Maestro, Schrödinger,
LLC, 2020). The structure was prepared using the “Pro-
tein Preparation Wizard” to ensure its structural correct-
ness. This preparation included adding missing hydrogen
atoms, assigning correct bond orders, correcting metal
ionization states, and optimizing the hydrogen bond net-
work. The prepared protein structure was then mini-
mized to relieve any steric clashes and ensure a stable
starting conformation. Small-molecule compounds were
prepared using “LigPrep”, which involves generating low-
energy conformations, assigning appropriate protonation
states at physiological pH, and optimizing the geome-
try of the ligands. A receptor grid was generated in the
protein structure using the default parameters in “Recep-
tor Grid Generation”, defining the region of the protein
where the ligands would be docked. The ligands were
docked into the receptor grid using extra precision (XP)
mode. The docked poses were evaluated by docking score,
which combines various energy terms to predict binding
affinities.

2.2 Modelling of the GSDMD-GI-Y2
complex

To enhance the precision and accuracy of predicting the
potential binding sites of GSDMD for small molecules, the
fpocket program was employed.20 Then, the AutoDockFR
1.0 package was applied to predict the binding modes
between GSDMD and GI-Y2.21 A grid box of 25 Å × 25
Å × 25 Å was employed to cover the whole GSDMD
binding site, and affinity maps were generated using the
agfr module in the AutoDockFR 1.0 package.21 Two hun-

dred conformations were generated from the adfrmodule
in the AutoDockFR 1.0 package, and the optimal confor-
mation was applied to molecular dynamics simulation
studies.
The protocol for molecular dynamics simulations

includes calculating the electrostatic potentials for GI-Y2,
aligning the force fields for the GSDMD-GI-Y2 complex,
adding water molecules and appropriate counterions to
the GSDMD-GI-Y2 complex, system minimizations, and
heating and relaxing the system. Finally, 300 ns of MD
simulations were performed, and trajectories from 200
to 300 ns with a total of 1,000 frames were applied for
per-residue binding free energy decomposition according
to the molecular mechanics/generalized born surface area
(MM/GBSA) method.22,23

2.3 GI-Y2-GSDMD binding assays

The research involving human tissue samples was sanc-
tioned by the Ethics Committee of the First Affiliated
Hospital of Wenzhou Medical University (Approval No.
KY2023-053) and adheres to the guidelines set forth in the
Declaration of Helsinki. Prior to the collection, written
consent was obtained from the participants.
GI-Y2 was purchased from SPECS. HUABIO success-

fully synthesized GST-labelled GSDMD wild-type protein
(GST-GSDMD) and GSDMD mutant protein (mutation of
arginine to alanine at Arg10, GST-GSDMDR10A). Pronase
(10165921001, Sigma-Aldrich) was used. Drug Affinity
Responsive Target Stability (DARTS) assay was executed
following the protocol outlined in a previously published
research study.24
To perform the pull-down assay, the streptavidin-

agarose beads (BeaverBeadsTM) were incubated with
either GI-Y2 or Bio-GI-Y2 (room temperature, 2 h).
Untreated beads (Blank), Biotin and GI-Y2 were used as
controls. GSDMD protein, cell lysates and tissue lysates
were subsequently incubated with beads coated with
Bio-GI-Y2. The mixture underwent gently shaken (room
temperature, 6 h), followed by three consecutive washes
with PBS. The eluent was boiled with 5X loading buffer,
and the sample was loaded onto a polyacrylamide gel
for the purpose of western blot analysis. Total lysate was
served as an input control.
To detect GI-Y2 binding to GSDMD, a surface plasmon

resonance (SPR) assay was performed. According to the
instrument operation instructions, GST-GSDMDwas fixed
on the chip surface, and then the GI-Y2 compound was
dissolved in DMSO. GI-Y2 in PBS containing 1% DMSO
was placed on the chip surface. During the dissociation
process of the binding between GST-GSDMD and GI-Y2
in the flow path, the instrument detected changes in the

http://www.rcsb.org/pdb/
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resonance angle (SPR angle), fromwhich the process curve
and dissociation constant (KD) between molecules were
obtained.

2.4 Cell culture

PMA was obtained from MedChemExpress (HY-18739).
Ox-LDL was purchased from Yiyuan Biotechnology (YB-
002). Lipopolysaccharide (LPS, E. coli O111:B4 strain) was
purchased from Sigma Aldrich. Nigericin (HY-100381)
was obtained from MedChemExpress. Human M-CSF
Recombinant Protein was obtained from PeproTech (300-
25-2UG). We collected human peripheral blood and iso-
lated peripheral blood mononuclear cells (PBMCs) with
human whole blood mononuclear cell separation medium
(tbdscience). Then we obtained monocytes through its
adhesion property, which were subsequently induced into
macrophages using human M-CSF recombinant protein.
The experiments utilizing human samples received ethical
approval from the Ethics Committee of the First Affiliated
Hospital of Wenzhou Medical University (Approval num-
ber KY2023-053) and are conducted in accordance with
the principles stipulated by the Declaration of Helsinki.
The THP-1 human monocyte leukaemia cell line, AC16
human cardiomyocyte cell line, HepG2Humanhepatocyte
cell line and HEK-293T human embryonic kidney cell line
were obtained from the Shanghai Institute of Biochemistry
and Cell Biology. Mouse primary peritoneal macrophages
(MPMs) were washed down from the peritoneal cavity of
ApoE−/- mice as previously described.25 MPMs and THP-
1 cells were cultured in completed RPMI-1640 medium
(Gibco). AC16, HepG2, and HEK-293T cells were cultured
in completed DMEM (Gibco). The expression plasmids
for Flag-GSDMD, Flag-GSDMDR10A (mouse) and Flag-
GSDMDR11A (mouse) were constructed by GeneChem
Co., Ltd. The transfection of the GSDMD plasmid
was executed utilizing LipofectAMINE 3000 (Thermo
Fisher).

2.5 Preparation of macrophage
membrane-coated GI-Y2 nanoparticles

PLGA (poly (lactic-co-glycolic acid), 50/50) was purchased
from QIYUE Biology. GI-Y2 powder (1 mg) was dissolved
in 20 µL of DMSO and mixed with 10 mg of PLGA poly-
mer dissolved in 1 mL of acetone. Then, the mixture was
slowly added to 4 mL of distilled water. This mixture
was stirred using a magnetic stirrer (IKA, Germany) at
1500 rpm for 5min, afterwhich the acetone in the emulsion
was allowed to evaporate for 24 h. Thus, we obtained GI-
Y2@NPs.After ultrasonication, RAW264.7 cellmembranes

were isolated by multiple rounds of centrifugation with
membrane extraction buffer. An ultrasound bath was used
to wrap the macrophage membrane on the GI-Y2@NP
microspheres, resulting in macrophage membrane-coated
GI-Y2 nanoparticles (GI-Y2@MM-NPs). The resulting
GI-Y2@MM-NPs were freeze-dried with a freeze dryer
(Christ) for determination of the drug concentration using
a full-wavelength ultraviolet spectrophotometer (Implen
NanoPhotometer, N50). The NP size (diameter, nm) was
determined by a laser nanometre particle size analyser
(Zetasizer Nano ZS, Malvern). The concentration of GI-Y2
in GI-Y2@MM-NPs for injection was 69.52 ± 11.45 (± SD)
mg/L. GI-Y2 at the same concentration was used as a drug
control.

2.6 Animal experiment

Gsdmd gene knockout mice on a C57BL/6J background
(Gsdmd−/−, strain no. T010437) and their littermates were
purchased from GemPharmatech. Gsdmd−/- ApoE−/−
mice were obtained as previous described.13 In compli-
ance with the ethical guidelines set forth by the Laboratory
Animal Ethics Committee (approval document no.WYYY-
IACUC-AEC-2024-055), mice were maintained in the Ani-
mal Experiment Center of the First Affiliated Hospital of
Wenzhou Medical University.

1. Sepsis-related pyroptosis model. After the mice on the
C57BL/6 background were given GI-Y1 (20 mg/kg, i.g.),
GI-Y2 (20 mg/kg, i.g.), or an equivalent volume of vehi-
cle (CMC-Na, i.g.), sepsis was induced by administering
10 mg/kg lipopolysaccharide (LPS, i.p.) for 24 h. Subse-
quently, a second injection of either GI-Y1 (20 mg/kg,
i.g.) or GI-Y2 (20mg/kg, i.g.) was given to themice in the
respective groups. Mice in the LPS groups received an
equivalent volume of vehicle (CMC-Na, i.g.) as an injec-
tion. The survival rate of the mice was then observed
and recorded over a period of 96 h, followed by survival
analysis.

2. Atherosclerosis model. ApoE−/− Mice on the C57BL/6
background or Gsdmd−/- ApoE−/− Mice were adminis-
tered a high-fat diet (HFD) for a duration of 12 weeks
to induce atherosclerosis. The control mice were fed
a normal low-fat diet (LFD). For treatment with the
inhibitor, after a 6-week HFD, the mice were given GI-
Y2 (10 or 20 mg/kg/2 day, dissolved in 1% CMC-Na,
i.g.) and then a 6-week HFD. For GI-Y2@MM-NP treat-
ment, mice were administered a HFD for a duration
of 8 weeks before tail vein injection of GI-Y2@MM-
NPs (0.03 mg/kg/3 days, i.v.). The GI-Y2 group was
given the same concentration of GI-Y2 intravenously
(0.03 mg/kg/3 days). After these experiments were
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completed, the mice were humanely euthanized using
sodium pentobarbital anaesthesia.

2.7 Analysis of atherosclerotic lesions

The entire aorta (aortic arch, thoracic and abdominal
segments) was longitudinally cut and stained with Oil
Red O solution. Images were taken, and the number of
atherosclerotic plaques on the aortic artery surface was
counted. Part of the heart tissue containing the root was
embedded in OCT (Sakura) compound, ensuring that
three valve cusps were visible during the frozen tissue sec-
tioning process. The stained sections of the aortic rootwere
taken from the sections 10–30 µmafter the first appearance
of the aortic valve. Three to six sections from each group
were subjected to Oil Red O staining, Masson’s trichrome
staining, and immunohistochemistry, and 6–8 microscope
fields were randomly selected by blinded experimenters
for analysis. The lesion area was quantified using ImageJ
software, which reflects the lesion size or expression level
of a specific section rather than the average of multiple
sections.

2.8 Immunostaining

The proximal aorta was stained with HE, Oil Red O
and Masson’s trichrome (Solarbio). For immunofluores-
cence, primary antibodies against GSDMD (ab219800,
Abcam, 1:200) and F4/80 (sc-26642, Santa Cruz, 1:200)
were used, followed by incubation with Alexa-488/647
(Abcam, 1:5000) and DAPI. For immunohistochemical
staining, primary antibodies against F4/80 (sc-26642, Santa
Cruz, 1:200), Ly6C (HA500088, Abcam, 1:200) and Ly6G
(0809-11, Abcam, 1:200) were used. Subsequently, the sec-
tions underwent incubation with secondary antibodies,
diaminobenzidine and hematoxylin.

2.9 Serum biochemical analysis and
analysis of cell supernatants

After the mice were euthanized, blood was collected and
centrifuged at 2000 × g for 10 min to obtain plasma sam-
ples. Total cholesterol, triglyceride and LDL-cholesterol
levels in the serum were detected by a Beckman AU480
analyzer. Lactate dehydrogenase levels in the cell super-
natant were detected with an assay kit (BC0685, Solarbio)
according to the manufacturer’s instructions. IL-1β and
IL-18 levels were measured by ELISA kits (eBiosciences).
Cell Counting Kit-8 (CCK-8, E-CK-A362, Elabscience) was
employed as a quantitative measurement to evaluate the

vitality of the cells (%). LDHCytotoxicity Assay Kit (C0017,
Beyotime Biotechnology) was employed to evaluate the
cell mortality (%).

2.10 Real-time quantitative polymerase
chain reaction (RT-qPCR)

TRIzol reagent (Thermo Fisher) was used to extract total
RNA from cellular or aortic tissues. cDNA synthesis
was achieved through reverse transcription reactions with
PrimeScript RT reagent kits (Thermo Fisher). Quantita-
tive real-time polymerase chain reaction (RT-qPCR) was
conducted on an Applied Biosystems 7300 system with
SYBR Green reagent kits (TaKaRa). The primer sequences
utilized in this study are presented in Table S1.

2.11 Cell membrane protein extraction

We extracted cell membrane protein with cell membrane
protein and cytoplasmic protein extraction kit (P0033, bey-
otime). The present kit employs a homogenization process
to partially disrupt cells. Subsequently, low-speed cen-
trifugation is utilized to remove the nuclei and a small
number of intact cells, which form the pellet. The super-
natant is then subjected to high-speed centrifugation to
obtain the membrane pellet and the supernatant contain-
ing cytoplasmic proteins. Finally, an optimized membrane
protein extraction reagent is applied to the pellet to extract
membrane proteins.

2.12 Western blot analysis

Primary antibodies against Na-K-ATPase (1:1000, 3010S)
were obtained from CST. Antibodies against IL-1β (ab9722,
1:1000) and GSDMD (ab219800, 1:1000) were obtained
from Abcam. Antibodies against IL-18 (10663-1-AP, 1:1000)
and Flag (1:1000, 20543-1-AP) were obtained from Pro-
teintech. GAPDH (1:10000, MB001) was obtained from
Bioworld. Western blotting was performed as previously
described.8,9

2.13 Electron microscopy and image
processing

Transfer GI-Y2@MM-NPs (10 µL) onto the carbon sup-
port film of the electron microscopy grid and stain with
2% uranyl acetate. Imaging of GI-Y2@MM-NPs was per-
formed using a HITACHI HT7800 electron microscope at
80 kV. The magnification of the images is 80,000×.
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2.14 Statistical analysis

To ensure unbiased evaluation, the data underwent a
blinded analysis. Additionally, GraphPad Prism 8 was
employed as the tool for conducting the statistical analy-
sis. The selection of appropriate data processingmethods is
based on the normality test of the data. Normality is deter-
mined by the Shapiro–Wilk test. If the data is normally
distributed, the Student’s t-test is used for two groups;
for more than two groups, one-way ANOVA with Bon-
ferroni correction is applied. If the data is not normally
distributed, theMann–Whitney test is used for two groups;
for more than two groups, the Kruskal–Wallis test with
Dunn’s multiple comparison is applied. For groups of
three or more, the statistical method of one-way ANOVA
was employed, along with a post hoc analysis incorpo-
rating the Bonferroni correction to ensure the validity
and reliability of the results. To compare the differences
between two groups, the Student’s t-test was employed.
A p-value < 0.05 was considered to indicate statistical
significance.

3 RESULTS

3.1 Structure-based virtual screening
and pharmacological validation identified
GI-Y2 as a novel GSDMD inhibitor

In our previous research, we identified a novel GSDMD
inhibitor, GI-Y1, via structure-based virtual screening.19 In
addition, we discovered that GI-Y1 possesses the capabil-
ity to hinder the pyroptotic pore formation of GSDMD-N
to reduce pyroptosis.19 In this study, we improved the
structure-based virtual screening byusing the crystal struc-
ture of the GSDMD pore (Figure 1A, PDB: 6VFE26) as a
template instead of a modelled GSDMD-N. We previously
screened 7 commercial compound libraries (approximately
5.5 million compounds) using a modelled GSDMD-N
as the template and identified 30 potential candidate
compounds.19 In this study, we screened these candidate
compounds using the crystal structure of GSDMD pore as
the template and found that GI-Y2 had the highest score
(Figure 1B,C).
We first validated the antipyroptotic effect of GI-Y2 in

an LPS+nigericin (LN)-induced macrophage pyroptosis
model. The classic macrophage pyroptosis model was suc-
cessfully constructed in Tph-1 cells (Figure S1A–C). GI-Y2
exhibited greater inhibitory effects than GI-Y1 in PMA-
differentiated THP-1 cells, as evidenced by cell viability
(Figure 1D) and LDH release (Figure 1E). Subsequently,
we found that the binding between cytomembrane and
GSDMD-N could be effectively inhibited by both GI-Y1

and GI-Y2 (Figure 1F–I), indicating that GI-Y2 might sup-
press pyroptosis by inhibiting the cytomembrane binding
of GSDMD-N and the IC50 is 35.40 ± 1.97 µM (Figure
S1D). Finally, we verified the efficacy of GI-Y2 in inhibiting
GSDMD across various tissues, including human car-
diomyocyte cell line AC16, human renal epithelial cell line
293T, human hepatocyte cell line HepG2 (Figure S1E–J).
We also investigated the biosafety of GI-Y2 in vivo.

Administration of GI-Y2 did not affect the body weight,
hematologic system, hepatic function, renal function or
tissue structure of the brain, lung, liver, kidney or heart
(Figure S2). We then examined the antipyroptotic effects
of GI-Y2 in a sepsis-related pyroptosis mouse model. GI-
Y2 was more effective than GI-Y1 at increasing the survival
rate (Figure 1J) and reducing the serum IL-1β and IL-
18 levels (Figure 1K,L) in septic mice. Overall, through
structure-based virtual screening and subsequent phar-
macological validation, we identified GI-Y2 as a GSDMD
inhibitor that inhibits the binding between membrane
with GSDMD-N.

3.2 GI-Y2 directly interacts with
GSDMD and reduces the membrane
binding of GSDMD-N

To assess the direct association between GI-Y2 and
GSDMD,we conducted drug-protein binding experiments,
including a surface plasmon resonance (SPR) assay, a drug
affinity responsive target stability (DARTS) assay and a
pull-down assay. The SPR assay showed direct binding of
GI-Y2 to the GSDMD protein (Figure 2A, KD value = 36.0
µM). Similarly, the DARTS assay confirmed the interaction
betweenGI-Y2 andGSDMD inHEK/293T expressing Flag-
GSDMD (Figure 2B). Next, GI-Y2was biotinylated (Bio-GI-
Y2, Figure S3A) and subjected to a pull-down experiment.
As shown in Figure S3B–D, Bio-GI-Y2 retained its antipy-
roptotic activity. The pull-down analysis revealed that
Bio-GI-Y2 binds to GSDMD through the utilization of
purified GST-GSDMD protein (Figure 2C), cell lysis from
HEK/293T cells expressing Flag-GSDMD (Figure 2D) and
tissue lysis from mouse (Figure 2E) or human (Figure 2F)
atherosclerotic vascular tissues.
To determine the binding mode between GSDMD and

GI-Y2, we applied molecular docking (Figure 2G) and
molecular dynamics (MD) simulations. The RMSD anal-
ysis revealed that GI-Y2 and GSDMD reached dynamic
stability after 150 ns of simulation (Figure 2H). Afterward,
the stable trajectories from 200 to 300 ns were subjected
to per-residue binding free energy decomposition cal-
culations. As shown in Figure 2I, the 10 residues with
the greatest contributions are Arg11, Arg10, Met1, Arg7,
His176, Ile90, Arg174, Val440, Met86 and Gly2. Structural
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F IGURE 1 Structure-based virtual screening and pharmacological validation identified GI-Y2 as a novel gasdermin D (GSDMD)
inhibitor. (A) The crystal structure of GSDMD pore (PDB: 6VFE). (B) Fifteen top-ranked candidate compounds identified by structure-based
virtual screening. (C) Chemical structural formula of GI-Y2. (D–I) THP-1 cells stimulated with PMA were pretreated with GI-Y2 (20 µM, 1 h)
or GI-Y1 (20 µM, 1 h) and then stimulated with LPS+nigericin (LN; 1 µg/ml, 4 h for LPS; 10 µM, 30 min for nigericin) (n = 3). Cell viability (D)
and LDH release (E) were detected. Expression of GSDMD-N in the THP-1 cell membrane (F) and quantification (G). Immunofluorescence
staining of GSDMD-N (H) and quantification of the mean fluorescence intensity of GSDMD-N (I). (J–L) Mice were pretreated with GI-Y1
(20 mg/kg, i.g., twice), GI-Y2 (20 mg/kg, i.g., twice) or the control vehicle before LPS stimulation (10 mg/kg, i.p., once, 24 h). The survival
curves of the mice were recorded (n = 10) (J), and the serum IL-1β (K) and IL-18 (L) levels in the mice were detected (n = 6). * p < 0.05, **
p < 0.01, *** p < 0.001, **** p < 0.0001.
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F IGURE 2 GI-Y2 directly interacts with gasdermin D (GSDMD) and reduces the membrane binding of GSDMD-N. (A) A surface
plasmon resonance (SPR) was utilized to determine the binding affinity between GI-Y2 and GSDMD (KD = 36.0 µM). (B) HEK/293T cells
transfected with Flag-GSDMD were treated with GI-Y2 (10 µM) for 1 h and then subjected to DARTS. (C–F) The interaction between
biotinylated GI-Y2 (Bio-GI-Y2) and GI-Y2 was detected by a pull-down (PD) assay. GSDMD protein was obtained from purified GST-GSDMD
protein (C), cell lysates from HEK/293T expressing Flag-GSDMD (D) and tissue lysates from mouse (E) or human (F) atherosclerotic vascular
tissues. (G) Overview of GSDMD (yellow) interactions with GI-Y2 (green). Zoom: detailed view of the 10 residues with the greatest
contribution to GSDMD (yellow) interacting with GI-Y2 (green) and hydrogen binding (blue). (H) RMSD curves of the backbone atoms of
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analysis suggested that GI-Y2 forms a total of 4 hydrogen
bonds with Arg10 and Arg11 (Figure 2G).
To determine the binding residue of GI-Y2, we con-

structed 2 mutants of GSDMD (mutation of arginine
to alanine at Arg10 or Arg11, R10A or R11A). Pull-
down experiments showed that GI-Y2 failed to interact
with GSDMDR11A but still interacted with GSDMDR10A

(Figure 2J), suggesting that Arg10 might be the crucial
binding residue of GI-Y2. Pull-down with purified GST-
GSDMD protein (Figure 2K) and DARTS (Figure 2L)
further confirmed that GI-Y2 did not bind to GSDMDR10A.
Notably, Arg10 is predicted to bind lipids and mediate
the oligomerization of GSDMD-N.27 Thus, we exam-
ined whether GI-Y2 targets the Arg10 residue to inhibits
the membrane binding of GSDMD-N. As shown in
Figure 2 M,N, Figure S3E,F, both GI-Y2 and GSDMDR10A

significantly inhibited the membrane binding of GSDMD-
N, while the combination of GI-Y2 and GSDMDR10A

showed no significant increase in their inhibitory effect.
These results were further corroborated by the LDH
release triggered by pyroptotic pore formation (Figure 2O).
The above results indicate that GI-Y2 directly interacts
with GSDMD and targets the Arg10 residue to reduces the
cytomembrane binding of GSDMD-N.

3.3 GI-Y2 exhibits a therapeutic effect
on the formation of atherosclerotic plaques
in vivo

To prove the therapeutic role of GI-Y2 in atherosclero-
sis, ApoE−/− mice were fed a HFD for 6 weeks, followed
by intragastric administration of GI-Y2 (10 or 20 mg/kg/2
day, i.g.) for an additional 6 weeks (Figure 3A). We first
validated the establishment of hyperlipemia in ApoE−/−
mice induced by a HFD (Figure S4). As shown in
Figure 3B,C, administration of GI-Y2 dose-dependently
reduced atherosclerotic plaques in HFD-fed ApoE−/−
mice, as indicated by en face Oil Red O staining of the
aortas. Similarly, a significant reduction in the lesion
size of the aortic root was caused by treatment with
GI-Y2 in a dose-dependent manner (Figure 3D–F). Sim-
ilarly, GI-Y2 exhibited dose-dependent inhibitory effects
on HFD-induced aortic fibrosis in vivo (Figure 3G,H).
These results demonstrated that GI-Y2 has a therapeutic

effect onHFD-induced atherosclerotic plaque formation in
ApoE−/− mice.

3.4 GI-Y2 inhibits the formation of
atherosclerotic plaques by targeting
GSDMD

To examine the effect of GSDMD on GI-Y2-mediated
vasoprotection, we examined the function of
GI-Y2 in atherosclerosis with Gsdmd deficiency
(Gsdmd−/−ApoE−/−, Figure 4A). En face Oil Red O
staining of aortas revealed that atherosclerotic lesions
were reduced by Gsdmd deficiency (Figure 4B,C), while
treatment with GI-Y2 (20 mg/kg/2 day, i.g.) did not have
a greater inhibitory effect on Gsdmd−/−ApoE−/− mice
(Figure 4B,C), implying that the GI-Y2-mediated vasopro-
tective effect on atherosclerosis is achieved by targeting
GSDMD. Similarly, the administration of GI-Y2 did not
further reduce the lesion area (Figure 4D), lipid deposition
(Figure 4E,F) or interstitial fibrosis (Figure 4G,H) in the
aortic roots of HFD-induced Gsdmd−/−ApoE−/− mice.
After the overexpression of GSDMD in macrophages,
there was a notable increase in both membrane-bound
GSDMD-N and the release of IL-1β. Additionally, the
mRNA levels of various inflammatory chemokines and
adhesion molecules, including Cxcl, Ccl2, Vcam1, and
Icam1, also exhibited significant elevation. GI-Y2 mit-
igated these upward trend of these indicators (Figure
S5A–G). These results showed that GI-Y2 inhibited the
formation of atherosclerotic plaques by targeting GSDMD.

3.5 GI-Y2 reduces HFD-induced aortic
pyroptosis and macrophage infiltration in
ApoE−/− mice

To verify the antipyroptotic effect of GI-Y2 in atheroscle-
rotic mice, we first tested inflammatory factors in HFD-fed
ApoE−/− mice. Treatment with GI-Y2 dose-dependently
reduced the serum levels of the pyroptosis-related inflam-
matory cytokines IL-1β and IL-18 (Figure 5A,B). Similarly,
GI-Y2 also inhibited the mRNA levels of IL-1β and IL-18 in
aortic tissues (Figure 5C,D). Similarly, the mRNA levels of
other inflammatory chemokines and adhesion molecules

GSDMD and the heavy atoms of GI-Y2 during the 300 ns MD simulation. (I) The top 10 residues of GSDMD bound to GI-Y2. J-K The
interaction between Bio-GI-Y2 and mutant GSDMD (Arg10 or Arg11 residue mutation) was detected by pull-down (PD) assays. GSDMD
protein was obtained from the lysates of HEK/293T cells expressing Flag-GSDMDR10A or Flag-GSDMDR11A (J) and purified GST-GSDMDR10A

protein (K). (L) HEK/293T cells transfected with Flag-GSDMDR10A were treated with GI-Y2 (10 µM) for 1 h and then subjected to DARTS.
(M–O) HEK/293T cells expressing Flag-GSDMDR10A were treated with GI-Y2 (20 µM, 24 h) and then stimulated with LN (1 µg/ml, 4 h for LPS;
10 µM, 30 min for nigericin). Immunofluorescence staining of GSDMD-N in HEK/293T membranes (M). Expression of GSDMD-N in
HEK/293T cell membranes (N). LDH release (O). (n = 3; * p < 0.05, ns p > 0.05).
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F IGURE 3 GI-Y2 exhibits a therapeutic effect on the formation of atherosclerotic plaques in vivo. (A) ApoE−/− mice were fed a high-fat
diet (HFD) for 6 weeks, followed by intragastric administration of GI-Y2 (10 or 20 mg/kg/2 day, i.g.) for an additional 6 weeks. (B, C) Oil Red O
staining of the en face aorta (B) and quantification (C). (D) HE staining of the aortic root. (E, F) Oil Red O staining (E) and quantification of
positive areas (F) of the aortic root. (G, H) Masson’s trichrome staining (G) and quantification of fibrotic areas (H) in the aortic root. (n = 6, **
p < 0.01, *** p < 0.001, **** p < 0.0001).

in aortic tissues, such as Cxcl, Ccl2, Vcam1 and Icam1,
were also reduced by GI-Y2 in a dose-dependent manner
(Figure 5E–H). Our previous study showed that GSDMD
mediated the infiltration and migration of macrophages
during atherosclerosis.13 Here, administration of GI-Y2
dose-dependently reduced the infiltration of inflammatory

cells, such as macrophages (Figure 5I,J, marked by F4/80),
neutrophils (Figure 5K,L,marked by Ly6G) andmonocytes
(Figure 5 M,N, marked by Ly6C). Using single-cell RNA
sequencing, we previously confirmed that the expression
of GSDMD is principally increased in macrophages in
atherosclerosis.13 Here, double fluorescence staining
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F IGURE 4 GI-Y2 inhibits the formation of atherosclerotic plaques by targeting gasdermin D (GSDMD). (A) Schematic illustration
showing the development of atherosclerosis in ApoE−/− and ApoE−/− GSDMD−/− mice treated with GI-Y2 (20 mg/kg/2 day, i.g.). (B, C) Oil
Red O staining of the en face aortas of atherosclerotic mice (ApoE−/− and ApoE−/− GSDMD−/−) treated with GI-Y2 (B) and quantification (C).
(D) HE staining of the aortic root. (E, F) Oil Red O staining (E) of the aortic root and quantification of positive areas (F). (G, H) Masson’s
trichrome staining (G) and quantification of fibrotic areas (H). (n = 6, ns p > 0.05, **** p < 0.0001).

verified these results, and further revealed that GI-Y2
dose dependently reduced the expression of macrophage
GSDMD in HFD-fed ApoE−/− mice (Figure 5O,P).
The above results indicated that GI-Y2 reduces aor-
tic pyroptosis and macrophage infiltration during
atherosclerosis.

3.6 GI-Y2 inhibits ox-LDL-induced
macrophage pyroptosis in vitro

Monocyte-derived macrophages, the key inflammatory
cells involved in the process of atherosclerosis, play an
important role in all stages, from plaque formation to
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F IGURE 5 GI-Y2 reduces high-fat diet (HFD)-induced aortic pyroptosis and macrophage infiltration in ApoE−/− mice. ApoE−/− mice
were fed a HFD for 6 weeks, followed by intragastric administration of GI-Y2 (10 or 20 mg/kg/2 day, i.g.) for an additional 6 weeks. (A, B)
ELISA was used to measure the serum levels of IL-1β (A) and IL-18 (B). (C–H) The mRNA levels of IL-1β (C), IL-18 (D), Cxcl (E), Ccl2 (F),
Vcam1 (G), and Icam1 (H) in the aortas of atherosclerotic mice were measured. (I, J) Immunohistochemical staining of F4/80 (I) was
performed on the aortic root, and the positive areas were quantified (J). (K, L) Immunohistochemical staining of Ly6G (K) in the aortic root
and quantification of Ly6G-positive areas (L). M-N Immunohistochemical staining of Ly6C (M) was performed on the aortic root, and the
positive areas were quantified (N). O Representative immunofluorescence images showing the colocalization of F4/80 and GSDMD in aortic
sections. (P) Quantification of the mean fluorescence intensity of GSDMD/F4-80 (n = 6 for A–D, J, L, N and P; n = 3 for E–H; * p < 0.05 **
p < 0.01, *** p < 0.001, **** p < 0.0001).
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F IGURE 6 GI-Y2 inhibits ox-LDL-induced macrophage pyroptosis in vitro. MPMs were pretreated with GI-Y2 (10 or 20 µM, 1 h) or
vehicle (DMSO, 1 h) and then stimulated with ox-LDL (50 µg/mL, 24 h). (A, B) Oil Red O staining of ox-LDL-induced MPMs pretreated with
GI-Y2 (A) and quantification (B, n = 6). (C) ELISA was used to measure the release of IL-1β in ox-LDL-treated MPMs (n = 6). (D, E) The
mRNA levels of IL-1β and IL-18 (n = 3). F Immunoblot analysis of supernatant IL-1β, supernatant IL-18, and GSDMD-N. G-I. Densitometric
quantification of immunoblot detection of supernatant IL-1β (G), supernatant IL-18 (H), and GSDMD-N (I), in Figure 6F (n = 3). J-K
Representative immunofluorescence images of MPMs (J) and quantification (K, n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

plaque rupture.28 Oil Red O staining revealed that GI-
Y2 dose-dependently inhibited the uptake/phagocytosis of
ox-LDL in MPMs (Figure 6A,B). Furthermore, we delved
into the inhibitory effect of GI-Y2 on ox-LDL-induced
macrophage pyroptosis. As shown in Figure 6C, GI-Y2
exhibited a dose-dependent inhibitory effect on the release
of IL-1β induced by ox-LDL. RT-qPCR analysis revealed
a reduction in the transcript levels of IL-1β and IL-18
with increasing doses of GI-Y2 (Figure 6D,E). Similar

trends of supernatant IL-1β and IL-18 were observed in
GI-Y2-treated MPMs (Figure 6F–H). Western blot analysis
showed a dose-dependent reduction in the protein expres-
sion of GSDMD-FL, and GSDMD-N in ox-LDL-treated
MPMs (Figure 6F,I,J). Likewise, GI-Y2 inhibited the mem-
brane expression of GSDMD-N in a dose-dependent
manner (Figure 6K,L). To verify the clinical application
potential of GI-Y2, we collected human macrophages
and observed that GI-Y2 effectively inhibited the ox-LDL-
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induced IL-1β released and the membrane aggregation
of GSDMD-N (Figure S6). These results demonstrated
that GI-Y2 inhibits ox-LDL-induced pyroptosis in cultured
macrophages.

3.7 GI-Y2 loaded in macrophage
membrane-coated nanoparticles alleviates
atherosclerosis by targeting macrophages
in atheromatous plaques

GSDMD is principally distributed in macrophages during
atherosclerosis.13 Macrophages in atheromatous plaques
promote positive feedback to recruit additional inflamma-
tory cells to these areas.28 To enhance the targeting of
GI-Y2 to macrophages in atheromatous plaques, we con-
structed macrophage membrane-coated GI-Y2 nanoparti-
cles (GI-Y2@MM-NPs). MM-NPs were produced by son-
ication of the RAW264.7 cell line (Figure S7A). GI-Y2
was encapsulated into MM-NPs using PLGA technology29
(Figure 7A). As shown in Figure S7B,C, the diameter of
the GI-Y2@MM-NPs was between 200 and 300 nanome-
tres. To confirm the ability of GI-Y2@MM-NPs to target
atheromatous plaques, the photodynamic agent DilC18(5)
(DiD) was applied to aortas harvested frommice. Using an
ex vivo fluorescence bioimaging system, we found that the
aorta tissues of the GI-Y2@MM-NP-treated group exhib-
ited stronger fluorescence than those of the GI-Y2-treated
group (Figure S7D). The fluorescence images of F4/80 and
DID in aortic sections also show that the group treated
with GI-Y2@MM-NPs exhibited stronger overlapping flu-
orescence compared to the group treated with GI-Y2 alone
(Figure S7E).
We investigated the biosafety of GI-Y2@MM-NPs in

vivo. Administration of GI-Y2@MM-NPs did not affect
the body weight, haematologic system, hepatic function,
renal function, or tissue structure of the brain, lung,
liver, kidney or heart (Figure S8). ApoE−/− mice under-
went an 8-week HFD diet, subsequently receiving GI-
Y2@MM-NPs (0.03 mg/kg/3 days, i.v.) for 4 additional
weeks (Figure 7B). (To accommodate the requirements
for intravenous administration of GI-Y2@MM-NPs, we
adjusted the dosing frequency and cycle to achieve a
comparable total dosage.) Oil Red O staining of the En
face aortas demonstrated that GI-Y2@MM-NPs exhib-
ited greater inhibition of atherosclerotic plaques than
did GI-Y2 (Figure 7C,D). Similarly, GI-Y2@MM-NPs were
more effective than GI-Y2 at reducing the lesion area
(Figure 7E), lipid deposition (Figure 7F,G) and intersti-
tial fibrosis (Figure 7H,I) in the aortic roots of HFD-fed
ApoE−/− mice. However, the administration of MM-NPs
alone did not exert a substantial impact on the formation
of atherosclerotic plaques. The above results proved that

GI-Y2@MM-NPs can target macrophages in atheromatous
plaques and have a therapeutic effect on atherosclerosis.

4 DISCUSSION

Identifying and developing new inhibitors of GSDMD
could be a promising strategy for treating pyroptosis-
mediated diseases. ComparedwithNLRP3 orCaspase1/4/5
inhibitors, GSDMD inhibitors simultaneously reduce
pyroptosis induced by multiple inflammasome compo-
nents, such as NLPR3 and inflammatory caspases.5,6 In
addition, unlike neutralizing antibodies against single
inflammatory factors, GI-Y2, which inhibits GSDMD-N
induced pore formation on the cell membrane, can
simultaneously block the release of multiple pyroptotic
cytokines, such as IL-1β and IL-18.5,6 Several strate-
gies have been applied to the development of GSDMD
inhibitors, including rational design,30,31 fluorogenic lipo-
some leakage assay-based high-throughput screening32
and structure-based virtual screening.19 Structure-based
virtual screening is used to identify the most promising
compounds for drug discovery from databases through
computational docking methods.33,34 In our previous
study, we revealed GI-Y1 as an inhibitor of GSDMD via
GSDMD-N-based virtual screening and confirmed the pro-
tective effect of GI-Y1 on myocardial ischemia/reperfusion
injury.19 In this study, we optimized the virtual
screening method and screened out GI-Y2 as another
potential candidate using full-length GSDMD as the
template.
Currently, GSDMD inhibitors have been developed to

reduce pyroptosis through different mechanisms, such
as inhibiting the cleavage of GSDMD35 and reducing
the cytomembrane oligomerization of GSDMD-N.31,32 The
mechanisms of action of GSDMD inhibitors are mainly
based on the amino acid binding sites of GSDMD.
Among these GSDMD inhibitors, both disulfiram32 and
necrosulfonamide36 bind to Cys191 of GSDMD, which is
a crucial residue for the oligomerization of GSDMD-N.
Emodin interacts with the Trp415 and Leu290 residues
of GSDMD, thereby inhibiting the cleavage of GSDMD.35
Here, we demonstrated that GI-Y2 inhibits the binding
between cytomembrane andGSDMD-N to reduce pyropto-
sis. Our molecular docking and molecular dynamics (MD)
simulations revealed that the top 10 residues contributing
most significantly to the interaction with GI-Y2 are Arg11,
Arg10, Met1, Arg7, His176, Ile90, Arg174, Val440, Met86,
and Gly2. Among these, the highest-ranked residues,
Arg10 and Arg11, form hydrogen bonds with GI-Y2. Struc-
tural prediction analysis indicated that Arg11 does not play
a significant role in NTD-CTD domain interactions, lipid
binding, or oligomerization.27 Furthermore, we discovered
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F IGURE 7 GI-Y2 loaded in macrophage membrane-coated nanoparticles alleviated atherosclerosis by targeting macrophages in
atheromatous plaques. (A) A schematic diagram of the preparation method of GI-Y2@MM-NPs. MM-NPs were produced by sonication of
RAW264.7 cells. Subsequently, GI-Y2 was encapsulated into MM-NPs using poly(lactic acid-glycolic acid) (PLGA) technology. (B) ApoE−/−

mice were fed a HFD for 8 weeks, followed by the administration of GI-Y2@MM-NPs (0.03 mg/kg/3 days, i.v.) for an additional 4 weeks. (C,
D) Oil Red O staining of the en face aorta (C) and quantification (D). (E) HE staining of the aortic root. (F, G) Oil Red O staining (F) of the
aortic root and quantification of positive areas (G). (H, I) Masson’s trichrome staining (H) of the aortic root and quantification of fibrotic areas
(I). (n = 6, ns p > 0.05, * p < 0.05, ** p < 0.01, **** p < 0.0001).
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that GI-Y2 directly interacts with GSDMD and specifi-
cally targets the Arg10 residue. The amino acid Arg10 is
located within the α1 helix of the secondary structure,
which is indispensable for the lipid-binding function of
GSDMD-N.27 This structural relationship aligns with the
mechanism by which GI-Y2 exerts its pharmacological
activity through inhibiting lipid binding and pyroptotic
pore formation of GSDMD-N. Although there are species
differences in the Arg10 residue (with Arg10 predomi-
nantly found in homospecies),27 the α1 helix, where Arg10
resides, may represent a promising secondary structure
for the development of GSDMD inhibitors. In contrast,
GI-Y1 binds to the Arg7 residue of GSDMD as previously
reported in our earlier publication.19 Notably, Arg10 is
predicted to play a dual role in lipid binding and as an inter-
face between the N-terminal and C-terminal domains of
GSDMD, whereas Arg7 is only involved in lipid binding.27
This functional distinction may account for the stronger
inhibitory activity of GI-Y2 onGSDMD compared to GI-Y1.
Recently, we reported that the expression of GSDMD

is increased in atherosclerosis and that GSDMD defi-
ciency ameliorates atherosclerotic plaque formation.13
Many studies15,18 have shown that GSDMD is a promising
drug target for atherosclerosis therapy. Here, GI-Y2 exhib-
ited a therapeutic effect on the formation of atheroscle-
rotic plaques. GI-Y2 was administered to ApoE−/- mice
following a 6-week period of HFD. This administered
strategy was specifically employed to replicate therapeu-
tic interventions in a clinical setting. Additionally, we
have previously established that atherosclerosis devel-
ops prior to the initiation of inhibitor administration in
HFD-fed mice after 6 weeks, as reported in our ear-
lier publication.13 Furthermore, using Gsdmd−/−ApoE−/−
mice, we ascertained that the protective effect of GI-Y2
against atherosclerosis is mainly achieved by targeting
GSDMD. Our previous studies revealed that GSDMD
is principally distributed in atherosclerotic macrophages
and that macrophage-derived GSDMD promotes aortic
pyroptosis and atherosclerotic plaque formation in vivo.13
Here, we also demonstrated the inhibitory effect of GI-
Y2 on pyroptosis and macrophage infiltration during
atherosclerosis. Additionally, GI-Y2 inhibited ox-LDL-
inducedmacrophage pyroptosis in culturedMPMs isolated
from ApoE−/− mice.
Currently, some GSDMD inhibitors exhibit organ tox-

icity, such as the FDA-approved disulfiram (DSF). DSF
has been reported to reduce atherosclerosis in hyperlipi-
daemic mice,37 but the concomitant cardiotoxicity38 limits
its use in CVD treatment. Although GI-Y2 has no obvi-
ous side effects, the lack of targeting efficacy would cause
unsatisfactory accumulation at the aortic plaques after
systemic administration. Cell membrane-coated nanopar-

ticles (M-NPs) have emerged as a promising drug delivery
method.39,40
M-NPs possess not only the capability to deliver

nanoparticles but also demonstrate the inherent biolog-
ical functionalities of the cell membrane, which can
target injured tissues.41 In CVDs, a precedent has been
established for the utilization of M-NPs in the treatment
of coronary artery disease.42 Macrophages in atheroma-
tous plaques promote positive feedback to recruit addi-
tional inflammatory cells to these areas.28 Given that
GSDMD is principally distributed in macrophages during
atherosclerosis,13 we constructed macrophage membrane-
coated GI-Y2 nanoparticles (GI-Y2@MM-NPs) to enhance
the targeting of GI-Y2 to macrophages in atheromatous
plaques. The membrane receptors of macrophages can
target specific ligands and surface proteins.43,44 Likewise,
GI-Y2@MM-NPs targeted atherosclerotic plaques via rele-
vant proteins on the membrane surface of macrophages.
GI-Y2@MM-NPs can significantly reduce atherosclerotic
plaque formation. The drug utilization rate of GI-Y2@MM-
NPs is better than that of GI-Y2, suggesting that GI-
Y2@MM-NPs have precise targeting ability and in vivo
stability.
Technologies regarding the size and electrochemical

gradient of GSDMD pores have emerged nowadays. In
the study of GSDMD inhibitors similar to GI-Y2, such as
disulfiram, researchers found that using disulfiram could
significantly alleviate the pore formation of GSDMD in
nanodiscs.32 Unfortunately, the study still does not provide
information on the change in pore size. As for cryoelectron
microscopy,26 but if we need to study the effect of GI-Y2 on
the electrochemical gradient of GSDMDprotein, wewould
be affected by the impact of DMSO on liposomes. The dif-
ficulty in obtaining these images remains a limitation of
our experiments, andwehope to improve the experimental
conditions in subsequent research to obtain representative
images.
In summary, we identified a novel GSDMD inhibitor,

GI-Y2, via structure-based virtual screening and phar-
macological validation. Mechanistically, GI-Y2 directly
interacts with GSDMD and targets the Arg10 residue to
reduce the membrane binding of GSDMD-N. Function-
ally, we revealed that GI-Y2 inhibits the formation of
atherosclerotic plaques by targeting GSDMD. Similarly,
GI-Y2 reduces pyroptosis and macrophage infiltration in
atherosclerosis. Furthermore, we constructedmacrophage
membrane-coated GI-Y2 nanoparticles to enhance the tar-
geting of GI-Y2 to macrophages in atheromatous plaques
and demonstrated its vascular protective effect in vivo.
This work revealed a therapeutic drug for CVD that tar-
gets GSDMD and provided new insights for the study of
GSDMD-mediated pyroptosis.
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