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a b s t r a c t

The application of Arsenic trioxide (ATO) has greatly improved the cure rates in patients with acute

promyelocytic leukemia (APL) and has shown therapeutic effects in other leukemia types, as evidenced

by an increasing number of preclinical trials. However, its clinical application is still limited due to a

lack of understanding of the underlying mechanisms. In this report, we have demonstrated that ATO

can induce pyroptosis and release damage-associated molecular patterns (DAMPs), such as high mobil-

ity group box 1 (HMGB1) and interleukin-1β (IL-1β). DAMPs can activate the immunogenic cell death

(ICD) mechanism. Our study elucidated the pivotal role of pyroptosis and demonstrated the activation of

the caspase-3/gasdermin E (GSDME) pathway both in vivo and in vitro upon ATO intervention. Proteomic

analysis of cell supernatants revealed the release of the ICD-associated molecule HMGB1. Results from

both in vitro and in vivo experiments collectively demonstrated that the release of HMGB1 is contin-

gent upon GSDME-mediated pyroptosis. Furthermore, label-free quantitative proteomics in vivo indicated

that ATO-induced pyroptosis activates natural killer cells (NKs) and promotes the release of granzyme B

(GZMB). Our study is the first to demonstrate the synergistic interplay between pyroptosis and ICD mech-

anisms during ATO treatment, providing novel insights into the potential of ATO for immunotherapy and

synergistic treatment approaches.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Arsenic trioxide (ATO), mainly applied in the chemotherapy in

acute promyelocytic leukemia (APL) [1]. The remarkable efficacy

of ATO combined with all-trans retinoic acid (ATRA) in the treat-

ment of APL has increased the cure rate to 80%–90%, drawing

widespread attention from the global scientific community [2].

Previous research has demonstrated that ATO is effective in treat-

ing a range of leukemias [3–5]. Moreover, studies have shown that
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ATO exhibits broad-spectrum anticancer effects against hepatocel-

lular carcinoma, glioblastoma, and other malignancies [6–8]. How-

ever, the outcomes of most clinical trials do not exhibit the same

efficacy as observed in preclinical models [9]. Therefore, a more

comprehensive understanding of the tumor treatment mechanisms

of ATO is essential to elucidate its clinical limitations and to de-

velop novel combination therapies and application strategies to

benefit patients.

Pyroptosis is a form of regulated cell death (RCD) mediated by

inflammatory pathways [10,11]. Pyroptosis not only causes mem-

brane rupture but also induces the maturation of caspase-1 and

the release of substantial amounts of inflammatory cytokines, par-
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ticularly pro-inflammatory cytokines such as interleukin-1β (IL-

1β) and IL-18, which can elicit a robust immune response both

locally and systemically [12]. The hallmark of pyroptosis is the

cleavage and activation of gasdermin proteins, such as gasdermin E

(GSDME) and GSDMD. Caspases cleave gasdermins at their central

linker, releasing autoinhibition from the gasdermin-N fragment,

which dictates its pore-forming activity, essential to the process of

pyroptosis. One research has shown that some compounds, such

as polycyclic polyprenylated acylphloroglucinols (PPAPs), can pro-

mote endogenous inflammation and cell death in acute myeloid

leukemia (AML) cells [13,14]. Previous studies have also demon-

strated that arsenic exposure induces pyroptosis in the liver [15].

However, it remains unclear whether the same pyroptosis mecha-

nism occurs during arsenic treatment of tumors.

Immunogenic cell death (ICD) is another form of RCD that not

only leads to the demise of tumor cells but also releases a se-

ries of molecules known as damage-associated molecular patterns

(DAMPs) [16]. These DAMPs, such as high mobility group box 1

(HMGB1), can activate immune cells, such as natural killer cells

(NKs), thereby initiating a specific immune response [17–19]. Fur-

thermore, a mutually reinforcing relationship exists between py-

roptosis and NKs. During pyroptosis, the formation of pores in the

cell membrane leads to the release of DAMPs [20]. Immunopro-

teins, such as HMGB1, can participate in lymphocyte differentia-

tion and regulate the activation of NKs [21,22]. On the other hand,

NKs degranulation release granzyme, which can directly induce

caspase-independent pyroptosis [23,24]. ATO has previously been

shown to enhance the cytotoxicity of NKs [25]. However, it remains

unclear whether pyroptosis is involved in the occurrence of ICD in-

duced by ATO.

Therefore, our study aimed to explore the association between

ATO treatment, pyroptosis induction, and its effect on ICD in AML.

Our study found that ATO induced pyroptosis primarily through

the GSDME pathway, and HMGB1 release was detected via super-

natant proteomics. Additionally, proteomic analysis in vivo model

revealed abnormal ICD activation, and we confirmed that this

mechanism was driven by the activation of NKs. Moreover, this

activation mechanism is dependent on GSDME-mediated pyropto-

sis. In summary, we found that ATO induces GSDME-mediated py-

roptosis, followed by activation of the NKs-dominated ICD mech-

anism. These findings offer a deeper understanding of the thera-

peutic mechanisms of ATO and suggest potential avenues for sub-

sequent combination therapies.

To explore the biological functions of pyroptosis in AML, 468

AML patient samples from three databases, TARGET (https://ocg.

cancer.gov/programs/target), TCGA (https://portal.gdc.cancer.gov/),

and GEO (https://www.ncbi.nlm.nih.gov/), were analyzed to com-

pare the prognostic outcomes of the GSDMD high and low groups.

As a crucial protein in the pyroptosis pathway, the GSDMD

high and low groups represent high or low expression levels of

pyroptosis-related genes (PRGs). As shown in Fig. S1 (Supporting

information), all three datasets revealed a significant prognostic

difference between high and low expressions of PRGs (Figs. S1A–

C). These results indicate that pyroptosis is closely related to the

development and treatment of AML.

Subsequently, we explored the relationship between ATO and

pyroptosis in clinical treatment. With the consent of the patient

or the patient’s family, we extracted the patient’s primary cells

and performed ATO drug sensitivity tests and next-generation se-

quencing (Fig. S1D). We classified 11 patients into hypersensitive

and hyposensitive groups, using a cyto-inhibition rate of 50% as

the threshold (Fig. S1E). Next, 33 PRGs were extracted from the se-

quencing results of patient cells, and we analyzed the differences

between the hypersensitive and hyposensitive groups. The results

showed that GSDMA, caspase-5 (CASP5), NOD-like receptor protein

3 (NLRP3), IL1B, and GSDME were upregulated in the hyposensitive

group, while GSDMB, CASP3, and nucleotide-binding oligomeriza-

tion domain containing 1 (NOD1) were downregulated (Fig. S1F).

These results were corroborated by the analysis of differences be-

tween AML patient samples from TCGA and TARGET databases and

normal samples from GTEx database (https://www.gtexportal.org)

(Figs. S1A and B). Thus, the expression of PRGs significantly affects

the efficacy of ATO treatment.

AML cell lines (MV411 and MOLM13) were treated with gra-

dient doses (0, 1.5, 3, and 6 μmol/L) of ATO for 24h in the ATO

group and with DMSO in the negative control (NC) group. Micro-

scopic observations revealed that AML cells treated with ATO ex-

hibited typical pyroptotic morphology, characterized by large bub-

bles (indicated by red arrows) emerging from the plasma mem-

brane and cell swelling, which were not observed in the absence

of ATO treatment. The ratio of pyroptotic cells increased in cor-

relation with the ATO dosage (Fig. 1A and Fig S5D in Supporting

information). Flow cytometry analyses indicated that the percent-

age of propidium iodide (PI)-positive cells increased in accordance

with the ATO dosage (P<0.05) (Fig. S5A in Supporting informa-

tion). The cytotoxicity lactate dehydrogenase (LDH) assay results

demonstrated a significant increase in LDH release activity in AML

cells treated with ATO, which was dose-dependent (Fig. 1C). To

elucidate the mechanism associated with ATO-induced pyroptosis,

we assessed the relative gene expression levels of GSDMD and GS-

DME using real-time quantitative PCR (RT-qPCR). Our findings indi-

cated that GSDME expression levels increased in a dose-dependent

manner with ATO, while GSDMD did not (Figs. S5B and C in Sup-

porting information). Consequently, we conducted a Western blot

(WB) assay to evaluate the activation of the caspase-3/GSDME py-

roptotic pathway, finding that the protein expression levels of the

N-terminal of GSDME (GSDME-N) and cleaved-caspase-3 signifi-

cantly increased in a dose-dependent manner with ATO (Fig. 1B

and Fig S5F in Supporting information). Additionally, we investi-

gated two classical inflammatory factors associated with pyropto-

sis, IL-18 and IL-1β , released in response to ATO treatment, utiliz-

ing enzyme-linked immunoorbent assay (ELISA) assays. The results

demonstrated that the release of IL-1β in the cell culture super-

natant was dose-dependently enhanced with increasing doses of

ATO treatment (Fig. 1D). In contrast, the release of IL-18 was not

enhanced in both AML cell lines (Fig. 1E).

To further verify that ATO-induced pyroptosis occurs via

the caspase-3/GSDME pathway, we administered Z-DEVD-FMK

(a caspase-3 inhibitor) at a concentration of 25 μmol/L in the

ATO+DEVD group. WB results indicated that as the protein level of

caspase-3 was inhibited, the protein level of GSDME-N was signifi-

cantly down-regulated (Fig. 1G and Fig S5G in Supporting informa-

tion). Fig. 1F demonstrated a decreased ratio of pyroptotic cells (in-

dicated by red arrows) and an increased ratio of apoptotic cells (in-

dicated by white arrows) in the ATO+DEVD group. Flow cytometry

analysis also revealed a decreased ratio of PI-positive cells in the

ATO+DEVD group (Figs. S6A–C in Supporting information). The re-

sults of the cytotoxicity LDH assay demonstrated that LDH release

from AML cells significantly decreased in the ATO+DEVD group

(Fig. 1H). Furthermore, compared to the ATO group, the ATO+DEVD

group exhibited a significantly reduced level of IL-1β and IL-18

(Figs. 1I and J). These results indicate that ATO treatment induces

pyroptosis in a dose-dependent manner, characterized by LDH re-

lease and activation of the caspase-3/GSDME pathway.

To further investigate the effects of ATO-induced pyroptosis on

the extracellular environment, as shown in Fig. S2 (Supporting in-

formation), we collected supernatants from AML cells in both NC

and ATO groups for electrophoretic and proteomic analysis (Fig.

S2A). The electrophoretic analysis revealed specific protein bands

in the ATO group. Mass spectrometry analysis identified 1600 pro-

teins in supernatants treated with ATO, compared to 1365 in the

NC group (Fig. S2B). Additionally, mass spectrometry analysis also
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Fig. 1. ATO induced pyroptosis in AML cells via the activation of caspase-3/GSDME pathway. (A) Representative microscopic images of AML cells after ATO treatment for

24h (400×). The red arrows denote the typical balloon in the membrane of pyroptosis cells. Scale bar: 20 μm. (B) The expression levels of GSDME-FL, the GSDME-N, and

cleaved-caspase-3 were detected by WB in AML cells. (C) The release of LDH of AML cells was measured by cytotoxicity LDH assay. (D, E) The release levels of IL-1β and

IL-18 were detected by ELISA in the supernatants of AML cells. (F) Representative microscopic images of AML cells in ATO and ATO+DEVD groups (400×). Scale bar: 20 μm.

(G) The expression levels of GSDME-FL, GSDME-N, and cleaved-caspase-3 were detected by WB after ATO or ATO+DEVD treatment. (H) The release of LDH of AML cells was

measured by cytotoxicity LDH assay. (I, J) The release levels of IL-18 and IL-1β were detected by ELISA in the supernatants of AML cells in ATO and ATO+DEVD groups. All

the data is presented as mean ± SD from at least 3 independent experiments. ns: not significant. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001 using one-way ANOVA.

showed a tenfold or greater increase in 78 proteins in the ATO

group compared to the NC group (listed in Table S3 in Support-

ing information). We further conducted enrichment analysis on the

significantly altered genes. The results indicated multiple factors

closely related to the immune system (Fig. S7 in Supporting infor-

mation), with 78 proteins, including HMGB1, involved in immune

responses (Fig. S2C).

Next, we then assessed HMGB1 release capacity in the differ-

ent groups. HMGB1 levels in the extracellular environment were

quantified using ELISA. The results showed that HMGB1 content

increased with ATO dosage, which could be inhibited by Z-DEVD-

FMK (Fig. S2D). We also performed immunofluorescence analysis

to verify the difference in HMGB1 distribution between the NC and

ATO groups. The results showed that HMGB1 in the ATO group was

more prominently distributed in the cytoplasm compared to the

NC group (Fig. S2E). These results suggest that ATO-induced py-

roptosis enhances the release of HMGB1, potentially regulating the

process of ICD to further promote AML cell elimination.

To verify the induction of pyroptosis by ATO and the activa-

tion of the caspase-3/GSDME pathway, we conducted animal ex-

periments with nude mice, which were complied with interna-

tional and national animal welfare guidelines. The in vivo assay

using nude mice were approved by the Institutional Animal Care

and Use Committee of The First Affiliated Hospital of Sun Yat-sen

University (No. [2021] 040). We followed the 3R (replacement, re-

duction, refinement) principles, and proper anesthesia or analgesia

was used to minimize animal discomfort. Mice were transplanted

with MV4–11 cells to develop AML xenograft tumors, which were

then divided into two groups: ATO-treated and phosphate bal-

anced solution (PBS)-treated as control (Fig. 2A). Images of dis-

sected AML xenograft tumors revealed a reduction in tumor size

in the ATO-treated group (Fig. 2B). Consistently, the tumor growth

curve demonstrated a significantly slower increase in tumor vol-

ume in the ATO-treated group compared to the control group (Fig.

2C). Ki-67 (Nuclear Proliferation-Associated Antigen) staining re-

sults revealed lower expression of Ki-67 in the ATO-treated group

compared to the NC group, indicating a suppression of tumor pro-

liferation (Fig. 2D). Hematoxylin and eosin (HE) staining further in-

dicated an expansion of tumor necrosis in the ATO-treated group

(Fig. S8A in Supporting information). To assess the potential side

effects of ATO treatment, body weight, liver weight, and spleen

weight were measured, and liver tissues were examined via HE

staining. The results showed no significant differences between the

ATO-treated and control groups (Figs. S8C–E in Supporting infor-

mation).

Additionally, we examined the expression of pyroptosis-related

proteins and HMGB1 released. WB analysis revealed significantly

increased expression of full-length GSDME (GSDME-FL), GSDME-N,
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Fig. 2. ATO activated caspase-3/GSDME pyroptotic pathway and enhanced the re-

lease of HMGB1 and cytokines IL-1β in vivo. ATO (3mg/kg) was injected intraperi-

toneally into AML xenograft mice (n=5) in the ATO group and the same volume

of PBS was injected in the control group for 15 days. (A) Schematic representation

of the establishment and drug treatment of AML xenograft nude mice in the ATO

group and the control group. (B) The images of dissected tumors of AML xenograft

mice in two groups (C) The average tumor volume (mm3) curve of the two groups

was measured every day in the period of drug treatment. (D) Quantitative analysis

of the immunohistochemical staining of Ki-67. Scale bar: 100μm (left) and 40μm

(right). (E) The relative protein expression levels of GSDME-FL, GSDME-N, cleaved-

caspase-3, and NLRP3 were detected by WB in AML xenograft tumor of the two

groups. (F-H) The release levels of LDH, HMGB1 and IL-1β in the serum of AML

xenograft mice in the two groups were measured by ELISA. The data were pre-

sented as mean ± SEM. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001. GAPDH, glyceraldehyde-3-

Phosphatedehydrogenase.

and cleaved-caspase-3 in the AML xenograft tumors of the ATO-

treated group (Fig. 2E), confirming the activation of the caspase-

3/GSDME pyroptotic pathway. Furthermore, we observed an in-

crease in NLRP3 protein expression in the GSDME-high expres-

sion group, suggesting a positive correlation between NLRP3 and

GSDME-N expression. Additionally, we assessed the serum levels of

DAMPs and proinflammatory cytokines using ELISA, and the results

indicated significantly increased secretion of LDH, HMGB1, and IL-

1β in the ATO-treated group (Figs. 2F–H).

To further investigate the involvement of the caspase-3/GSDME

pathway in ATO-induced pyroptosis, MV4–11 cells, with stable

GSDME knockdown via small hairpin RNA (shRNA) packaged

lentivirus, were transplanted into nude mice to develop sh-GSDME

AML xenograft tumors in mice. When tumors reached approxi-

mately 100mm3, AML xenograft mice were treated with 3mg/kg

ATO intraperitoneally once daily. After 15 days, serum and tumor

samples were collected. The effectiveness of GSDME knockdown

was validated by WB analysis both in vivo and in vitro (Fig. S9

in Supporting information). Images of dissected AML xenograft tu-

mors and the tumor growth curve demonstrated significantly in-

creased tumor size and progression rate in the sh-GSDME group,

indicating that GSDME knockdown accelerated AML tumor pro-

gression in vivo (Figs. 3A and B). Consistent with previous findings,

the GSDME pathway plays a key role in ATO-induced pyroptosis.

Fig. 3. GSDME knockdown rescue tumor inhibition and inhibit IL1β release through

NLRP3. (A) The images the dissected tumors of AML xenograft mice in two groups

after 3mg/kg ATO treatment daily for 15 days. (B) The average tumor volume (mm3)

curve of the two groups was measured every day in the period of drug treatment

(presented as mean ± SD). (C) The relative protein expression levels of NLRP3 were

detected by WB in AML xenograft tumor. (D–F) The release levels of IL-1β , LDH,

and HMGB1 in the serum of AML xenograft mice were measured by ELISA. ∗P<0.05

using t-test.

GSDME-N is known to stimulate the expression of NLRP3 [26].

To further investigate whether NLRP3 was activated by GSDME-

N in our AML xenograft models, we examined NLRP3 expres-

sion in the sh-GSDME and sh-NC groups and found that GSDME

knockdown significantly inhibited NLRP3 activation (Fig. 3C). Fur-

thermore, we assessed serum levels of LDH, HMGB1, and IL-1β
by ELISA. The results revealed that IL-1β secretion was signifi-

cantly lower in the sh-GSDME group compared to the sh-NC group,

indicating that GSDME knockdown significantly suppressed ATO-

induced IL-1β upregulation (Fig. 3D). However, no significant dif-

ferences in LDH or HMGB1 release were observed between the two

groups (Figs. 3E and F). The downstream molecule NLRP3 is signifi-

cantly downregulated, leading to the mature IL-1β reduced. Collec-

tively, these data suggest that ATO activates the caspase-3/GSDME

pathway to induce pyroptosis, and GSDME upregulates NLRP3 ex-

pression, which in turn enhances IL-1β release and inhibits tumor

progression in AML xenograft mice.

To further elucidate the underlying mechanisms and functional

systems involved in the anti-tumor effect of ATO, as shown in Fig.

S3 (Supporting information), we employed label-free quantitative

proteomics to analyze the differentially expressed proteins (DEPs)

in AML xenograft tumors from the ATO and control (PBS) groups

(Fig. S3A). A total of 4618 proteins were identified through quan-

titative proteomic analysis. Based on the criteria of a fold change

greater than 1.5 and P-value < 0.05, we identified 63 upregulated

and 20 downregulated proteins in the ATO group compared to

the PBS group (Table S5 in Supporting information). The DEPs are

presented as a volcano plot (Fig. S3B). This finding is consistent

with the in vitro proteomic results. Kyoto encyclopedia of genes

and genomes pathway (KEGG) pathway analysis revealed that the

immune system exhibited the highest number of DEPs (Fig. S3C).

KEGG pathway analysis further shows that the upregulated DEPs

are predominantly enriched in the mitogen-activated protein ki-

nases (MAPK) cell death signaling pathway, NOD-like receptor sig-

naling pathway, and Th17 cell differentiation (Figs. S3D and E).

Notably, the MAPK cell death signaling pathway and NOD-like re-

ceptor signaling pathway were the most significantly altered. The

targets of these pathways included cathepsin B (CTSB), mitogen-
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activated protein kinase 14 (p38), p53, and NLRP3, which were

subsequently validated by WB analysis (Fig. 3D and Fig. S3F).

As suggested by the proteomic results, the immune system has

been activated. We hypothesized that pyroptosis induced by ATO

could enhance the immune cell death (ICD) activity of NKs. There-

fore, we compared NKs recruitment and GZMB degranulation be-

tween the ATO and NC groups. To validate the involvement of

GSDME-mediated pyroptosis in the activation of NKs by ATO, we

transplanted MV4–11 cells with stable knockdown of endogenous

GSDME via shRNA-expressing lentivirus into nude mice in the sh-

GSDME group to establish AML models with reduced GSDME ex-

pression. MV4–11 cells infected with control shRNA lentivirus were

transplanted into the sh-NC group as a control. Flow cytometry

analysis of NKs (CD16+CD49b+) demonstrated that the percent-

age of NKs was significantly increased in the tumors, peripheral

blood, and spleen of mice in the ATO group compared to the con-

trol group (Fig. 4A). Furthermore, the percentage of NKs was re-

duced in the sh-GSDME group compared to the sh-NC group (Fig.

4B), suggesting that ATO upregulated the recruitment and tumor

infiltration capacity of NKs, a process dependent on GSDME.

Additionally, the expression and release of GZMB were evalu-

ated. Immunofluorescence staining results indicated that the ex-

pression levels of GZMB were upregulated in tumor-infiltrating NKs

in the ATO group (Figs. 4C and D). WB analysis further revealed

that the expression level of GZMB in the ATO group was higher

than that in the control group (Fig. S12 in Supporting informa-

tion). Additionally, the GZMB release level in the serum of the ATO

group was significantly higher compared to the control group (Fig.

4E). And the release level in the sh-GSDME group tended to de-

crease compared to the sh-NC group (Fig. 4F). This suggests that

ATO stimulated GZMB granulation in NKs in vivo, a process medi-

ated by the GSDME pathway.

Next, we conducted co-culture experiments to investigate the

crosstalk between pyroptosis and ICD induced by ATO. MV4–11

cells were pretreated with ATO (0, 3, 6 μmol/L), washed with

PBS to remove residual drug, and then co-cultured with NK92-MI

cells (Fig. 4G). Cell counting kit-8 (CCK-8) assay results demon-

strated that the proliferation of NK-92MIs co-cultured with MV4–

11 cells pretreated with ATO was significantly upregulated com-

pared to those co-cultured with MV4–11 cells without ATO pre-

treatment (Fig. 4H). ELISA results revealed that GZMB release from

NK-92MIs co-cultured with MV4–11 cells pretreated with ATO was

significantly increased in a dose-dependent manner compared to

those co-cultured with MV4–11 cells without ATO pretreatment

(Fig. 4I). This increase was inhibited by Z-DEVD-FMK (caspase-3

specific inhibitor) (Fig. 4J). In conclusion, ATO-treated AML cells ac-

tivate the Caspase-3-GSDME pathway, inducing pyroptosis and re-

leasing HMGB1 and other DAMPs. The released DAMPs further ac-

tivate NKs to release GZMB, thereby triggering the ICD mechanism

and promoting tumor cell death (Fig. 4K).

ATO is well-established in the clinical chemotherapy of

leukemia and is recognized for its ability to directly target and kill

AML cells. However, the clinical application of ATO treatment has

shown unsatisfactory outcomes [27]. Further mechanisms underly-

ing ATO treatment need to be explored. In this study, we demon-

strate that ATO induces pyroptosis via the GSDME pathway, and

that pyroptosis triggers the release of DAMPs, particularly HMGB1,

thereby further inducing ICD, which promotes recruitment of NKs

and the release of GZMB and contributes to the coordinated killing

of tumor cells. This discovery not only offers new insights into the

therapeutic mechanisms of ATO but also proposes novel strategies

for treating drug-resistant recurrent tumors.

By analyzing published datasets of AML patients, we found that

pyroptosis plays a key role in AML prognosis and ATO treatment

outcomes (Fig. S1). This led us to hypothesize that pyroptosis may

play a pivotal role in ATO treatment. We then conducted cell ex-

periments, during which we observed that AML cells treated with

ATO exhibited typical pyroptotic morphology in a dose-dependent

manner (Fig. 1A), which is a key feature of pyroptotic cells. A previ-

ous studies have shown that activated caspase-3 (cleaved-caspase-

3) cleaves GSDME-FL at its central linker, liberating the GSDME-

N to form pores in the plasma membrane, leading to pyropto-

sis. Consistently, further mechanistic investigations in vitro and

in vivo demonstrate that ATO induces pyroptosis via the CASP-

GSDME pathway (Figs. 1B and 2E), and that this pyroptosis can be

mitigated by pyroptosis inhibitors (Figs. 1F and G). Furthermore,

GSDME-N can stimulate the expression of NLRP3, an inflamma-

some that facilitates the maturation and release of IL-1β [28]. Our

results also demonstrate that GSDME-N upregulates the expression

of NLRP3 (Figs. 2E and 3C), and thus enhances the release of the

pro-inflammatory cytokine IL-1β in vivo (Figs. 2G and 3D). In sum-

mary, ATO treatment induces pyroptosis via the CASP-GSDME path-

way.

Activation of gasdermins not only permits the release of pro-

inflammatory cytokines but also facilitates the release of DAMPs,

which can activate anti-tumor immune responses and elicit long-

term efficacy of chemotherapeutic drugs [29]. Thus, we investi-

gated the DAMPs released by ATO-induced pyroptotic cells through

proteomic analysis and found that ATO stimulated AML cells to

release immune-related proteins, specifically HMGB1 (Fig. S2).

HMGB1 is one of the most critical DAMPs associated with pyrop-

tosis and plays a crucial role in stimulating immune responses

[30]. We identified that ATO-induced pyroptosis stimulated the

extracellular release of HMGB1 (Figs. S2D–E). Our experiments

also demonstrated that ATO-induced release of HMGB1 was ob-

served in vivo (Fig. 2H), and this phenomenon was abolished when

GSDME was knocked out (Fig. 3F). These findings indicate that

ATO-induced pyroptosis promotes the release of HMGB1. How-

ever, HMGB1 levels exhibited no significant changes in GSDME-

knockdown models, potentially attributed to compensatory regu-

latory pathways, such as nuclear factor-κB (NF-κB) signaling and

microRNA-mediated mechanisms, that maintain its basal expres-

sion [31]. Notably, the progression of AML following GSDME knock-

down was associated with enhanced HMGB1 release triggered by

cellular stress responses, which may serve as a compensatory

mechanism to offset the functional loss of GSDME.

Furthermore, previous studies have shown that HMGB1 func-

tions to recruit inflammatory cells and mediate signaling between

NKs and other immune cells [32–35]. Therefore, we focused on

whether ATO-induced pyroptosis could further trigger the occur-

rence of the ICD mechanism. To further investigate the mechanism

underlying the anti-leukemia activity of ATO treatment in vivo,

we performed label-free quantitative proteomic analysis to iden-

tify DEPs in AML xenograft tumors. Consistent with our hypothesis,

KEGG pathway analysis suggests that ATO treatment primarily mo-

bilizes the immune system in AML xenograft mice (Figs. S3A–D).

Next, we assessed the activity of NKs in vivo. The results show that

ATO treatment significantly increased the activation and infiltration

of NKs, along with enhanced GZMB release (Figs. 4A and C–E). This

activation and release were notably rescued after GSDME knock-

down (Figs. 4B and F). Additionally, in vitro co-culture experiments

confirmed that ATO activates NKs to release GZMB via the pyropto-

sis pathway (Figs. 4G–J). In summary, ATO-induced pyroptosis en-

hances the release of DAMPs (HMGB1) and pro-inflammatory cy-

tokines, which in turn promotes the recruitment and tumor infil-

tration of NKs, leading to increased GZMB expression and release

in the microenvironment, thereby further contributing to tumor

cell destruction.

Furthermore, both the MAPK and NOD-like receptor signaling

pathways were activated in the proteomic analysis (Fig. S3E). Pre-

vious studies have shown that these two signaling pathways are

crucial for the initiation of pyroptosis and the induction of cancer
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Fig. 4. Pyroptosis induced by ATO stimulates the recruitment and GZMB release of NKs in vivo. (A, B) NKs in the blood, tumor and spleen were stained with anti-mouse

CD49b-APC and anti-mouse CD16-AF700 antibodies, followed by flow cytometric analysis. (A) Data from NC and 3mg/kg ATO-treated xenograft mice, and (B) data from the

sh-GSDME and sh-NC groups after 3mg/kg ATO treatment. (C, D) Representative images of immunofluorescence staining of AML xenograft tumors in the ATO group and

the control group, indicating co-localization of CD16 (red) with GZMB (green). Cell nuclei were counterstained with 4′ ,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar:

50 μm. (E, F) The release levels of GZMB in the serum of AML xenograft mice were quantified by ELISA in different groups. (G) Schematic representation of the in vitro

co-culture model. (H) Assessment of cell viability in NK92-MI cells in the control and co-culture groups. (I, J) The release levels of granzyme B (GZMB) in the supernatants

of NK92-MI cells were quantified by ELISA. Z-DEVD-FMK (25 μmol/L), a caspase-3 specific inhibitor, was included in the reaction to inhibit caspase-3 activity. (K) Schematic

diagram of pyroptosis induced NK-related ICD mechanism. All data are presented as mean ± SD from at least 3 independent experiments. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001,
∗∗∗∗P<0.0001 using two-way ANOVA test.

cell death [36–38]. The DEPs in these pathways included p38, p53,

CTSB, and NLRP3, all of which showed upregulation in our study

(Fig. S3). As previously reported, p53 can be uniquely activated by

HMGB1 and p38 [39,40], and in turn, p53 promotes GSDME tran-

scription [38], which may convert apoptosis into pyroptosis [41].

Here, we demonstrated that ATO upregulates the expression of p38

and p53, as well as the release of HMGB1, which may contribute to

the induction of pyroptosis. Moreover, DAMPs (HMGB1 and LDH)

released from pyroptotic cells can induce lysosome destabilization

and stimulate the release of CTSB [42], which in turn can directly

activate the NLRP3 inflammasome, leading to the maturation and

release of IL-1β [43]. Our results show that ATO-induced pyropto-

sis enhances the expression of NLRP3 and CTSB in AML xenograft

tumors, simultaneously increasing the release of HMGB1, LDH, and

IL-1β .

Nevertheless, there are some limitations in this research. Re-

garding the mechanism of ATO-induced pyroptosis, our study fo-

cused only on the caspase-3/GSDME pathway, while recent studies

have shown that GZMB can directly cleave GSDME. It remains to be

investigated whether ATO-induced pyroptosis could be regulated

by a positive feedback loop involving the GZMB/GSDME pathway

in AML. We plan to expand our research in the future to gain a

more comprehensive understanding of the effects of ATO on AML.

In conclusion, our findings indicate that ATO induces pyrop-

tosis in AML cells via the caspase-3/GSDME pathway, leading to

the release of HMGB1 and the pro-inflammatory cytokine IL-1β .

6



J.-Y. Su, S. Song, Z.-M. Song et al. Chinese Chemical Letters 37 (2026) 111585

Additionally, we show that ATO-induced pyroptosis activates the

ICD mechanism, which enhances the recruitment and infiltration of

NKs within the AML microenvironment. This study sheds light on

the mechanisms how ATO exerts its anti-tumor effects, providing

valuable insights into its potential applications in immunotherapy

and combination treatments, and suggesting potential therapeutic

strategies for patients with relapsed and drug-resistant tumors.
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