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Abstract Pyroptosis is a form of programmed cell death, and recently described as a new molecular

mechanism of chemotherapy drugs in the treatment of tumors. Miltirone, a derivative of phenanthrene-

quinone isolated from the root of Salvia miltiorrhiza Bunge, has been shown to possess anti-cancer ac-

tivities. Here, we found that miltirone inhibited the cell viability of either HepG2 or Hepa1-6 cells, and

induced the proteolytic cleavage of gasdermin E (GSDME) in each hepatocellular carcinoma (HCC) cell
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Cell death;

HepG2;

Hepa1-6
line, with concomitant cleavage of caspase 3. Knocking out GSDME switched miltirone-induced cell

death from pyroptosis to apoptosis. Additionally, the induction effects of miltirone on GSDME-

dependent pyroptosis were attenuated by siRNA-mediated caspase three silencing and the specific cas-

pase three inhibitor Z-DEVD-FMK, respectively. Miltirone effectively elicited intracellular accumulation

of reactive oxygen species (ROS), and suppressed phosphorylation of mitogen-activated and extracellular

signal-regulated kinase (MEK) and extracellular regulated protein kinases 1/2 (ERK1/2) for pyroptosis

induction. Moreover, miltirone significantly inhibited tumor growth and induced pyroptosis in the

Hepa1-6 mouse HCC syngeneic model. These results provide a new insight that miltirone is a potential

therapeutic agent for the treatment of HCC via GSDME-dependent pyroptosis.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hepatocellular carcinoma (HCC), accounting for about 85%e
90% of all primary liver cancers, is one of the most prevalent and
lethal human malignancies worldwide, with about 841,000 new
cases and 782,000 deaths annually1,2. Most patients with HCC are
asymptomatic until the disease develops to an advanced stage,
when they are ineligible for curative therapies such as liver
resection or liver transplantation3. Systemic treatments are the
important option for these HCC patients. Sorafenib, the first mo-
lecular targeted agent of HCC, has been shown to improve the
survival of patients with advanced HCC4,5. Sorafenib is an oral
multi-kinase inhibitor, and mainly targets RAF kinases and
vascular endothelial growth factor (VEGF)6,7. Although sorafenib
is the only standard clinical treatment against advanced HCC,
some patients are intolerant of sorafenib, and the median survival
rate is still less than one year8. Until now, no other agents have
shown promise as the first- and second-line treatments for
expanding the benefits of sorafenib therapy9e11. Therefore, there
is an urgent need to develop new and more specific therapeutic
approaches for HCC therapy.

Pyroptosis is a new form of programmed cell death charac-
terized by cell swelling with large bubbles blowing from the
plasma membrane12,13. Pyroptosis is initially ascribed to the
proteolytic fragmentation of gasdermin D (GSDMD) by caspase
1/4/5/1114. Some recent study demonstrates a completely new
concept that another member of gasdermin family, gasdermin E
(GSDME), can switch caspase 3-mediated apoptosis induced by
chemotherapy agents to pyroptosis15. Similar to GSDMD,
GSDME contains the N- and C-terminal domains, and the N-
terminal monomers oligomerize to form pores in the plasma
membrane. Activated caspase three cleaves GSDME in the
interdomain linker to release the N-terminal domain and form
membrane pores to cause pyroptosis, as evidenced by the cell
membrane ballooning, the lactic dehydrogenase (LDH) activity
elevation, and the increase of propidium iodide (PI) uptake13. This
new GSDME-dependent pyroptosis is the downstream of the
activated mitochondrial-mediated caspase pathway16 and has been
proposed as a nonapoptotic mechanism to eliminate cancer cells15.

Miltirone, an active constituent of a traditional Chinese herbal
medicine Salvia miltiorrhiza Bunge17, has been reported to sup-
press many types of tumors18. Miltirone was highly effective
against colon cancer cells via inducing mitochondrial damage and
the accumulation of intracellular calcium19. Miltirone triggered
acute lymphoblastic leukemia cells apoptosis through reactive
oxygen species (ROS)-generated breakdown of mitochondrial
membrane potential (MMP) and DNA damage20. Moreover, it was
reported that miltirone inhibited the growth of HCC cells and
induced apoptosis in HepG2 cells21,22. These studies suggested
that miltirone could be a potential agent for the treatment of
cancer. However, the effects of miltirone on the tumor growth of
HCC in vivo and the molecular mechanism of its anti-
carcinogenesis remain to be elucidated.

In this study, we aimed to investigate the effects of miltirone on
HCC in vitro and in vivo. Then, we elucidated the possible molec-
ular mechanisms with a special focus on the ability of miltirone to
induce pyroptosis against HCC. Our findings demonstrated that
miltirone inhibited HCC cells growth through BCL2-associated X
(BAX)ecaspaseeGSDME-dependent pyroptotic by regulating
ROS/mitogen-activated and extracellular signal-regulated kinase
(MEK)/extracellular regulated protein kinases 1/2 (ERK1/2)
pathway.

2. Materials and methods

2.1. Chemicals and materials

Miltirone (Fig. 1A) was isolated from the root of S. miltiorrhiza
Bunge (S. miltiorrhiza) in our laboratory. The structure was
characterized by mass spectrum (MS), 1H nuclear magnetic
resonance (NMR), and 13C NMR spectroscopic methods, and the
purity of the compound was greater than 98% and re-suspended in
dimethyl sulfoxide (DMSO; SigmaeAldrich, St. Louis, MO,
USA). Sorafenib was purchased from Bayer (Leverkusen, Ger-
many). N-Acetyl cysteine (NAC) was from Beyotime Institute of
Biotechnology (Nanjing, China). Necrostatin-1 was purchased
from SigmaeAldrich. Ceramide C6 was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

2.2. Cell lines and cell culture

HepG2 cells (human HCC cells line) and Hepa1-6 cells (mouse
HCC cells line) were purchased from Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). HepG2 and
Hepa1-6 cells were cultured in minimum essential medium
(MEM) and Dulbecco’s modified Eagle medium (DMEM; Keygen
Biotech, Nanjing, China), respectively. All the culture media were
supplemented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA), penicillin (100 U/mL) and
streptomycin (100 mg/mL; Hyclone, Logan, UT, USA). The cells
were incubated at 37 �C with 5% CO2.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Miltirone inhibited the viability of HepG2 and Hepa1-6 cells in dose- and time-dependent manners. (A) Chemical structure of

miltirone. (B) and (C) HepG2 and Hepa1-6 cells were treated with miltirone (0e80 mmol/L) or sorafenib (60 mmol/L) for 24 h, cell viability was

analyzed by CCK-8 assay and expressed as mean � SD (nZ 3). (D) HepG2 and Hepa1-6 cells were treated with 40 mmol/L miltirone at indicated

time, cell viability was analyzed by CCK-8 assay and expressed as mean � SD (n Z 3). **P < 0.01 vs. control.
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2.3. Clustered regularly interspaced short palindromic repeats
(CRISPR)ecaspase 9 (Cas9) knockout (KO) cells and siRNA
knockdown

The KO cell line was generated by the CRISPReCas9 technology.
In brief, guide RNA (gRNA) 50-CAAGCTGCAACTTCTAAGTCT-
30 to target Gsdme was cloned into the pU6gRNACas9puro (pGE-2,
GenePharma, Shanghai, China) to construct the pGE-2-Gsdme-KO
plasmid. For Gsdme KO in Hepa1-6 cells, 2 mg pGE-2-Gsdme-KO
plasmid was transfected into 2 � 106 Hepa1-6 cells using Lip-
ofectamine� 2000 transfection reagent (Thermo Fisher Scientific).
Forty-eight hours after the transfection, cells were selected with
1 mg/mL puromycin and the single clones were cultured in 96-well
plates for another 15 days. Anti-GSDME immunoblotting was used
to verify Gsdme KO Hepa1-6 cells.

For siRNA knockdown, Hepa1-6 cells were plated in 96- or 6-
well plates. After 24 h, cells were transfected under identical
conditions with caspase 3-specific siRNA duplexes (siRNA-casp3-
1, siRNA-casp3-2, and siRNA-casp3-3), Gsdmd-specific siRNA
duplexes (siRNA-GSDMD-1, siRNA-GSDMD-2, and siRNA-
GSDMD-3) or control siRNA duplexes. All siRNA duplexes
were purchased from Genepharma. SiRNA transfections were
performed using Lipofectamine� 2000 transfection reagent ac-
cording to the manufacturer’s instructions. Twenty-four hours
later, transfected Hepa1-6 cells were treated with miltirone
(40 mmol/L) for subsequent analyses.

2.4. Cell viability assay and LDH release assay

Exponentially growing HepG2 cells or Hepa1-6 cells were seeded
into 96-well plates (7 � 103 cells/well) for 24 h before stimula-
tion. Miltirone and sorafenib were dissolved in DMSO and diluted
with culture medium to various concentrations. The final con-
centration of DMSO was less than 0.1%, and 0.1% DMSO served
as vehicle control. Cells were treated with miltirone, NAC, or
sorafenib for the indicated times and concentrations. Gsdme KO
Hepa1-6 cells were stimulated with miltirone (40 mmol/L) for
24 h. Cell viability was determined by cell counting kit-8 (CCK-8)
assay (Dojindo Laboratories, Kyushu Island, Japan) as we previ-
ously reported23. The half maximal inhibitory concentration (IC50)
was calculated according to the cell viability values with Prism six
software (GraphPad, San Diego, CA, USA). In other experiments,
Hepa1-6 cells were pre-treated with the caspase three inhibitor
(peptide Z-DEVD-FMK, MedChemExpress, Monmouth Junction,
NJ, USA) for 3 h and further incubated with miltirone or vehicle
control (0.2% DMSO) for 24 h and CCK-8 assay was performed.
For LDH release, cell culture supernatants were collected after
various treatments and the LDH activity was detected using the
LDH assay kit (Beyotime Institute of Biotechnology). Briefly, the
supernatants (120 mL/well) were transferred into a blank 96-well
plate, and 60 mL of LDH detection reagents were added to each
well. The plates were then incubated for 30 min at room tem-
perature in the dark. The absorbance was measured at 450 nm on a
spectrophotometric microplate reader (Thermo Scientific Vari-
oskan LUX, Waltham, MA, USA).

2.5. Microscopy imaging

To examine the morphology of pyroptotic cells, Hepa1-6, Gsdme
KO Hepa1-6 or HepG2 cells were seeded in the 6-well plate at
about 60% confluency. After treated with miltirone or sorafenib,
the bright-field cell images were captured using an Olympus IX53
microscope (Olympus Co., Tokyo, Japan). DMSO (0.1%) served
as vehicle control.
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2.6. Hoechst 33342/PI staining

Hoechst 33342/PI staining assay was performed according to the
manufacturer’s instructions (Apoptosis and Necrosis Assay Kit,
Beyotime Institute of Biotechnology). Briefly, HepG2 and Hepa1-
6 cells were cultured in 35 mm cover glass-bottom culture dishes
(Corning Incorporated, Corning, NY, USA) and subjected to the
indicated treatments. The final concentration of DMSO was less
than 0.1%, and DMSO (0.1%) served as vehicle control. Then,
Hoechst 33342 (5 mL) and PI dye (5 mL) were added and then
incubated for 20 min at 4 �C in the dark and visualized under a
confocal scanning microscope (Zeiss LSM 700, Jena, Germany).

2.7. Measurement of mitochondrial membrane potential (djm)

The fluorochrome dye JC-1 (Beyotime Institute of Biotechnology)
was employed to measure MMP in Hepa1-6 cells. After cultured in
6-well plates, Hepa1-6 cells were treated with the indicated con-
centrations of miltirone (0e40 mmol/L) or sorafenib (60 mmol/L)
for 24 h, and then incubated with an equal volume of JC-1 staining
solution at 37 �C for 20 min. The final concentration of DMSO was
less than 0.1%, and DMSO (0.1%) served as vehicle control. MMP
was monitored using an Olympus IX53 microscope.

2.8. Determination of ROS production

The production of intracellular ROS was detected using fluores-
cent dye 2,7-dichlorofluoresce diacetate (DCFH-DA; Beyotime
Institute of Biotechnology) by confocal microscopy or flow cy-
tometer. For confocal microscopy study, Hepa1-6 cells were
seeded on 35 mm cover glass-bottom culture dishes and allowed
to attach for 24 h. Cells were treated with miltirone or NAC for
indicated time and then loaded with DCFH-DA (10 mmol/L) in
dark at 37 �C for 30 min. Fluorescent images were observed with
confocal laser scanning microscope and processed using the ZEN
imaging software (Zeiss, Weimar, Germany). For flow cytometry,
Hepa1-6 cells were seeded in 6-well plates and treated with mil-
tirone or NAC for indicated time. DMSO (0.1%) served as vehicle
control. Then treated-cells were collected, washed with
phosphate-based buffer (PBS; Hyclone) twice and stained with
DCFH-DA (10 mmol/L) according to the manufacturer’s in-
structions. Subsequently, stained cells were analyzed with flow
cytometer (MACSQuant Analyzer, Miltenyi Biotec, Bergisch
Gladbach, Germany) and data analyses were processed using
FlowJo software.

2.9. Apoptosis evaluation by flow cytometry

Hepa1-6 and GSDME KO Hepa1-6 cells were treated with mil-
tirone according to the indicated treatments. The final concen-
tration of DMSO was less than 0.1%, and DMSO (0.1%) served as
Figure 2 Miltirone triggered pyroptosis in HCC cells (HepG2 and Hepa

or sorafenib (24 h), and microscopic imaging was performed. Arrowhead

scale bar Z 20 mm. (B) HepG2 and Hepa1-6 cells were treated with miltiro

analyzed using LDH assay kit and expressed as mean � SD (nZ 3). (C) H

12, and 24 h. LDH-release was analyzed using LDH assay kit and expresse

were increased in HepG2 and Hepa1-6 cells after the treatment with milt

positive cells were increased in HepG2 and Hepa1-6 cells after treatment w

and (G) HepG2 and Hepa1-6 cells were treated with miltirone or necrosta

release was analyzed using LDH assay kit and expressed as mean � SD
vehicle control. For flow cytometry detection, cells were collected,
washed with PBS twice and stained using the annexin V-fluores-
cein isothiocyanate (FITC) and PI according to the manufacturer’s
instructions (Yisheng, Shanghai, China). Stained cells were
analyzed with a flow cytometer (Miltenyi Biotec) and data ana-
lyses were processed using FlowJo software.

2.10. Western blotting

Cells or tumor tissues were washed with cold PBS twice and
prepared in radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime Institute of Biotechnology), and Western blotting an-
alyses were performed as following steps. Equal amount of cell or
tumor tissue lysates were separated by 10% or 12% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membranes. The membranes were
then blocked with 5% skim milk in Tris-buffered saline with Tween
solution (TBST, 50 mmol/L Tris-HCl, pH 8.0, 150 mmol/L NaCl,
and 0.1% Tween-20) for 2 h, and then immunoblotted overnight at
4 �C with specific primary antibodies including anti-caspase
3 (1:1000, Cell Signaling Technology, Beverly, CA, USA), anti-
caspase 9 (1:1000, Proteintech, Wuhan, China), anti-BAX (1:1000,
Proteintech), anti-poly ADP-ribose polymerase (PARP, 1:1000, Cell
Signaling Technology), anti-phosphorylated-MEK (p-MEK,
1:1000, Cell Signaling Technology), anti-phosphorylated-ERK1/2
(p-ERK1/2, 1:1000, Cell Signaling Technology), anti-MEK
(1:1000, Cell Signaling Technology), anti-ERK1/2 (1:1000, Cell
Signaling Technology), anti-mouse GSDMD (1:1000, Abcam,
Cambridge, MA, USA), anti-human GSDMD (1:1000, Pro-
teintech), anti-GSDME (1:1000, Abcam) and anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, 1:5000, Abways Technol-
ogy, Shanghai, China). After washing with TBST three times,
membranes were incubated with the secondary antibodies of goat
anti-rabbit immunoglobulin G (heavy chain þ light chain)-
horseradish peroxidase [IgG (H þ L)-HRP, 1:10,000, Abways
Technology] or goat anti-mouse IgG (H þ L)-HRP (1:10,000,
Abways Technology) for 2 h. Immunoreactive bands were identi-
fied using an enhanced chemiluminescence (ECL) kit (Yisheng)
and visualized with the ChemiDoc XRS system (Bio-Rad, Hercu-
les, CA, USA). Densitometry analysis for Western blotting was
performed using Gelpro32 imaging software. Expression levels of
proteins were normalized to total GAPDH.

2.11. Animal study

Four-to-five-week-old C57BL/6 male mice were purchased from
comparative medicine center of Yangzhou University (Yangzhou,
China) and maintained in the Animal Experimental Center of
China Pharmaceutical University. Hepa1-6 cells (approximately
3 � 106) were injected subcutaneously into the right flank of
C57BL/6 mice. Considering that miltirone is poorly absorbed with
1-6). (A) HepG2 and Hepa1-6 cells were treated with miltirone (12 h)

s indicate ballooned cell membrane characteristic of pyroptotic cells,

ne or sorafenib at indicated concentrations for 24 h, LDH-release was

epG2 and Hepa1-6 cells were treated with miltirone (40 mmol/L) for 6,

d as mean � SD (n Z 3). (D) The percentage of PI (red) positive cells

irone for 24 h. Scale bar Z 100 mm. (E) The percentage of PI (red)

ith miltirone (40 mmol/L) for 6, 12, and 24 h. Scale bar Z 100 mm. (F)

tin-1 for 24 h, cell viability was analyzed by CCK-8 assay, and LDH-

(n Z 3). NS, no significance, P < 0.01 vs. miltirone alone.
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an absolute oral bioavailability of approximately 3.4%24, we
treated the mice with miltirone by intravenous injection via caudal
vein. We performed the pilot experiments to determine the dosage
of miltirone and found that miltirone significantly inhibited the
growth of HCC solid tumors at a dose of 6 mg/kg (data not
shown). Therefore, once the tumors volume reached an average of
100 mm3, the mice were randomized into five groups (n Z 7 in
each group) and treated with either vehicle control [5% Tween-20,
intravenous (i.v.)], lower dose of miltirone (1 mg/kg body weight,
i.v.), middle dose of miltirone (3 mg/kg body weight, i.v.), or
higher dose of miltirone (6 mg/kg body weight, i.v.) respectively
once a day. As a positive control, mice were injected with sor-
afenib [10 mg/kg, intraperitoneal (i.p.)] once a day. The tumor
volume (length � width � width � 3.14/6) and body weight of the
mice were monitored every three days. At the end of treatment,
mice were sacrificed and the tumors were removed, weighted,
imaged, and analyzed via hematoxylin and eosin (H&E) staining
and Western blotting. The animal experimental procedures com-
plied with the guidelines for animal care of China Pharmaceutical
University (Nanjing, China), and were approved by the Animal
Ethics Committee of this institution (Nanjing, China).

2.12. Histopathologic examination

The tumor tissues, kidneys, and livers of mice were harvested and
fixed in 4% paraformaldehyde, dehydrated, and embedded in
paraffin. The paraffin-embedded tissue samples were sectioned
into 5 mm slices and then stained with H&E. The histological
features were observed and captured under a digital scanner
(NanoZoomer 2.0, Hamamatsu, Japan).

2.13. Statistical analysis

Quantified results are shown as mean � standard deviation (SD).
Statistical analyses were performed with Prism six software
(GraphPad). All in vitro experiments were performed at least three
times. In all experiments, comparisons between two groups were
tested for significance using the two-tailed Student’s t-test. Sta-
tistical comparisons between three or more groups were per-
formed using one-way analysis of variance (ANOVA) followed by
Tukey multiple comparison. P values less than 0.05 were
considered to be statistically significant.

3. Results

3.1. The effects of miltirone on HCC cells growth

To investigate the anti-cancer effects of miltirone in hepatocellular
carcinoma, we used the HCC cells lines, HepG2 and Hepa1-6
(human and mouse, respectively), for our analyses. Sorafenib is a
multi-kinase inhibitor that has shown efficacy against HCC7. As
Figure 3 GSDMD is not involved in miltirone-induced cell death in Hep

miltirone (0e40 mmol/L) for 24 h, total cellular extracts were prepared

GSDMD and GADPH. (B) Hepa1-6 cells were transfected with siRNA tar

control) for 24 h, total cellular extracts were prepared and subjected to We

(n Z 3). (C) and (D) Hepa1-6 cells were transfected with siRNA targetin

viability was analyzed by CCK-8 assay, and LDH-release was analyzed us

(E) and (F) HepG2 and Hepa1-6 cells were treated with miltirone (0e40 m

24 h, total cellular extracts were prepared and subjected to Western blott

GADPH. Protein levels are expressed as mean � SD (n Z 3). **P < 0.0
shown in Supporting Information Fig. S1, the cell viability of
HCC cells (HepG2 and Hepa1-6) was substantial inhibited by
treatment with sorafenib for 24 h in a dose-dependent manner.
Based on these results, sorafenib (60 mmol/L) was used in the
subsequent experiments as a positive control. To assess the effects
of miltirone on HCC cells lines, the doseeresponse and time-
course studies were performed in HepG2 and Hepa1-6 cells.
Similar to the positive control, miltirone treatment dose-
dependently inhibited HCC cells growth (Fig. 1B and C). The
IC50 of miltirone for HepG2 and Hepa1-6 cells were 23.18 and
10.49 mmol/L, respectively (Supporting Information Table S1).
Moreover, miltirone treatment significantly suppressed the cell
viability of HepG2 or Hepa1-6 cells in a time-dependent manner
(Fig. 1D). Collectively, these results suggested that miltirone
inhibited the viability of either HepG2 or Hepa1-6 cells in dose-
and time-dependent manners.

3.2. Miltirone changed cellular morphology and plasma
membrane permeabilization

Firstly, the morphological changes were observed in HepG2 or
Hepa1-6 cells upon miltirone or sorafenib exposure. As shown in
Fig. 2A, miltirone-treated HepG2 and Hepa1-6 cells exhibited
large bubbles emerging from the plasma membrane and cell
swelling, which were distinct from classic apoptotic blebbing and
reminiscent of characteristic pyroptotic cell morphology. Sec-
ondly, The HCC cells treated with miltirone displayed LDH
release in a dose- and time-dependent manners, further indicating
plasma membrane rupture and leakage (Fig. 2B and C). Confocal
microscopy analysis demonstrated that miltirone treatment
increased the percentage of PI-positive cells for HCC cells
(HepG2 and Hepa1-6, respectively) in dose- and time-dependent
manners (Fig. 2D and E). In the pyroptotic cells, pores can be
formed in the cell membrane, permitting membrane impermeant
dyes, such as PI, to enter into the cells and stain nuclei25. The
increased LDH activities and PI-positive staining cells indicated
that miltirone can change the plasma membrane permeability of
HCC cells. Due to that cells undergoing necroptosis also showed
membrane disruption, cell swelling, and lysis, the necroptosis
inhibitor necrostatin-1 was used to distinguish pyroptosis from
necroptosis26. As shown in Fig. 2F and G, necrostatin-1 had no
significant effects on miltirone-induced cell death and LDH
release. These data indicated that miltirone might trigger cell
death by inducing plasma membrane permeabilization.

3.3. GSDME was essential for miltirone-induced pyroptosis in
HCC cells

In gasdermin protein family members, GSDMD was identified as
the substrate of caspase 1/4/5/11, and the cleavage of GSDMD can
release the N-terminal domain of GSDMD to the membrane and
G2 or Hepa1-6 cells. (A) HepG2 and Hepa1-6 cells were treated with

and subjected to Western blotting analyses using antibodies against

geting Gsdmd (Gsdmd-siRNA-1/2/3) or control siRNA (NC, negative

stern blotting analyses using antibodies against GSDMD and GADPH

g Gsdmd (Gsdmd-siRNA-1/2/3) or control siRNA (NC) for 24 h, cell

ing LDH assay kit and expressed as mean � SD (n Z 3). NS vs. NC.

mol/L) for 24 h, or treated with miltirone (40 mmol/L) for 6, 12, and

ing analyses using antibodies against caspase 3, PARP, GSDME, and

5, **P < 0.01 vs. control.



Figure 4 GSDMEmediates pyroptosis inHCCcells in response tomiltirone. (A)Gsdmewild-type (WT) andGsdmeKOHepa1-6 cellswere treatedwith

miltirone (40 mmol/L) for 24 h, total cellular extracts were prepared and subjected toWestern blotting analyses by using antibodies against caspase 3, PARP,

GSDME, andGADPH(nZ3). (B)GsdmeWTandGsdmeKOHepa1-6 cellswere treatedwithmiltirone (40mmol/L) for 12h, andmicroscopic imagingwas

performed. Arrowheads indicate ballooned cell membrane characteristic of pyroptotic cells, scale barZ 20 mm. (C) and (D) GsdmeWTand Gsdme KO

Hepa1-6 cells were treated with miltirone (40 mmol/L) for 6, 12, and 24 h. Cell viability was analyzed by CCK-8 assay, and LDH-release was analyzed by

LDH assay and expressed as mean � SD (nZ 3). **P< 0.01 vs. GSDMEWT. (E) and (F) GsdmeWTand Gsdme KO Hepa1-6 cells were treated with

miltirone (40 mmol/L) for 1e6 h, stained by annexin V-FITC and PI, and analyzed by flow cytometry (nZ 3). *P < 0.05, **P < 0.01 vs. GsdmeWT.
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induce pyroptosis27. Although GSDMD were expressed in HepG2
and Hepa1-6 cells, miltirone treatment cannot induce the cleavage
of GSDMD (Fig. 3A). Furthermore, knockdown of Gsdmd in
Hepa1-6 (Fig. 3B) by siRNA did not affect miltirone-induced
cell death and LDH release (Fig. 3C and D). Therefore,
GSDMD is not involved in miltirone-induced cell death in HepG2
or Hepa1-6 cells.

GSDME, causally implicated in an autosomal-dominant her-
itable deafness, is a newly recognized effector of cell pyropto-
sis15,28. The previous report observed that no or little GSDME
was expressed in several tumor types due to promoter hyper-
methylation15. Nevertheless, we found that GSDME were
expressed in several HCC cell lines, which is consistent with the
results from the Cancer Genome Atlas (TCGA) pan-
cancergenomic interrogation (Supporting Information Fig. S2).
Subsequent Western blotting analyses were performed and the
results showed that miltirone induced cleavage of caspase three
and PARP in HCC cells (HepG2 and Hepa1-6, respectively) in a
dose-dependent manner (Fig. 3E and F). Importantly, miltirone
treatment induced the release of N-terminal GSDME
(N-GSDME), a marker of pyroptosis, in HepG2 or Hepa1-
6 cells. These results are consistent with the pattern of caspase
three cleavage (Fig. 3E and F). Miltirone treatment induced
time-dependent cleavage of caspase 3, PARP, and GSDME in
HCC cells (HepG2 and Hepa1-6, respectively, Fig. 3E and F).
Then, we hypothesized that GSDME might be essential for
miltirone-induced pyroptosis. To validate this hypothesis, we
knocked out the Gsdme in Hepa1-6 cells using CRISPR-Cas9
technology (Fig. 4A). Genetic deletion of Gsdme resulted in
significant reduction of miltirone-induced LDH release and
plasma membrane ballooning, while did not rescued cell death in
response to miltirone treatment (Fig. 4BeD). Miltirone-treated
Hepa1-6 cells proceeded rapidly to the annexin V and PI
double-positive stage, while KO of Gsdme delayed the process
with increasing the proportion of annexin V single-positive cells
and decreasing the percentage of double-positive cells (Fig. 4E
and F). All these results suggested that the deficient of Gsdme
might switch miltirone-induced cell death from pyroptosis to
apoptosis. Western blotting analyses show that the cleavage of
GSDME into N-GSDME was completely absent in Gsdme KO
Hepa1-6 cells (Fig. 4A). Meanwhile, miltirone-treated Gsdme
KO cells yielded more cleaved PARP (Fig. 4A), further con-
firming the apoptotic switch. Taken together, we concluded that
GSDME is a key effector of miltirone-induced pyroptosis in
HCC cells.

3.4. Miltirone activated the mitochondrial intrinsic apoptotic
pathway to elicit GSDME-dependent pyroptosis

Recent findings have validated that GSDME-mediated pyroptosis
can be triggered by the mitochondrial intrinsic apoptotic
pathway16,29. Exposure of Hepa1-6 cells to miltirone caused
disruption of MMP as evidenced by an increase in the proportion
of cells with green fluorescence and a decrease in the proportion
of cells with red JC-1 fluorescence (Supporting Information
Fig. S3A). We also examined the level of caspases in response to
miltirone by Western blotting. As expected, miltirone effectively
increased the protein levels of BAX and cleaved-caspase nine in
dose-dependent manners, indicating that the miltirone-induced
pyroptosis in Hepa1-6 cells might be mediated through caspase
pathway (Figs. S3B and S3C). Then, combined treatment with
miltirone and the caspase 3-specific inhibitor, Z-DEVD-FMK,
considerably decreased proteolytic cleavage of GSDME and
extracellular release of LDH (Fig. 5A and B). Additionally, the
siRNA technology was employed to verify whether caspase three
is involved in pyroptosis induction. In Hepa1-6 cells, three siRNA
duplexes against caspase three were evaluated, whereas the ex-
pressions of caspase three were weakly inhibited. Nonetheless,
knockdown of caspase three resulted in the visible decrease of
N-GSDME generation (Fig. 5C), LDH release (Fig. 5D), and the
percentage of annexin V-PI double positive cells (Fig. 5E). These
results demonstrated that miltirone induced GSDME-dependent
pyroptosis in HCC cells by activating the mitochondrial intrinsic
apoptotic pathway.

3.5. Miltirone inhibited MEK/ERK1/2 signaling pathway for
pyroptosis induction

The phosphatidylinositol 3-kinase (PI3K)/AKT serine/threonine
kinase (AKT)/mammalian target of rapamycin (mTOR) and the
RAF/MEK/ERK1/2 signaling pathways are critical for several
cancer development and progression, including HCC30,31. Recent
studies have established that activated AKT and ERK1/2 are
associated with frequent intrahepatic metastasis and vascular in-
vasion, advanced tumor stage, and high proliferation index in
HCC32e34. As compared with the control, the protein levels of
AKT and phosphorylated-AKT (p-AKT) were no significant
change in miltirone-treated Hepa1-6 cells (Fig. 6A). The total
protein levels of MEK and ERK1/2 showed no obvious changes,
but phosphorylated levels of MEK and ERK1/2 decreased in
response to miltirone treatment (Fig. 6B and C). Remarkably,
ERK1/2 activator, ceramide C6 (Santa Cruz Biotechnology),
effectively reduced the release of LDH and inhibited the cleavage
of GSDME and caspase 3 (Fig. 6DeF). Therefore, we deduced
that miltirone-induced pyroptosis in HCC cells was mediated
through MEK/ERK1/2 signaling pathway.

3.6. Miltirone induced pyroptosis through ROS mediated
damage in HCC cells

Miltirone has been reported to induce HCC cells apoptosis by
activating the ROS-dependent mitochondrial intrinsic apoptotic
pathway22. However, whether miltirone-elevated ROS is associ-
ated to pyroptosis is currently unknown. We first performed
confocal microscopy and flow cytometry to determine the intra-
cellular ROS accumulation. Flow cytometric and confocal
microscopic analyses illustrated that miltirone treatment triggered
overproduction of ROS in Hepa1-6 cells, and this effect was
markedly abrogated by the ROS scavenger NAC (Fig. 7A and
Supporting Information Fig. S4). The level of ROS did not change
obviously in sorafenib group (Fig. S4). To evaluate the role of
ROS in miltirone-induced pyroptosis in HCC cells, the NAC
pretreated Hepa1-6 cells were stimulated with miltirone and the
cell viability was assessed. The results showed that NAC can
rescue miltirone-induced cell death (Fig. 7B). Moreover, com-
bined treatment with miltirone and NAC reversed the release of
LDH, activation of BAX, and cleavage of caspase 9, caspase 3,
and GSDME (Fig. 7CeG).

It has been reported that MEK/ERK1/2 is the downstream
signal transducers involved in the activation of ROS-mediated
cascades31. We sought to elucidate how ROS and MEK/ERK1/2
signal pathway participated in the miltirone-induced pyroptosis. In
Hepa1-6 cells, miltirone treatment decreased both p-MEK and p-
ERK1/2 protein levels, while combined treatment with NAC can
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Figure 6 Miltirone induced HCC cells pyroptosis is mediated through RAF/MEK/ERK1/2 signaling pathway. (A)e(C) Hepa1-6 cells were

treated with miltirone (0e40 mmol/L) for 24 h, total cellular extracts were prepared and subjected to Western blotting analyses using AKT, p-

AKT, MEK, p-MEK, ERK1/2, p-ERK1/2, and GADPH antibodies. Protein levels were expressed as mean � SD (n Z 3). (D) Hepa1-6 cells were

treated with miltirone (20 mmol/L) in the absence or presence of ceramide C6 (10 mmol/L) for 6, 12, and 24 h, LDH release were measured by

LDH assay and expressed as mean � SD (n Z 3). *P < 0.05, **P < 0.01, vs. miltirone alone at each indicated time. (E) Hepa1-6 cells were

treated with miltirone (20 mmol/L) in the absence or presence of ceramide C6 (10 mmol/L) for 24 h, total cellular extracts were prepared and

subjected to Western blotting analyses using antibodies against ERK1/2, p-ERK1/2, caspase 3, GSDME, and GADPH (n Z 3).
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reverse these changes (Fig. 7HeI). Overall, these data revealed
that ROS, as a negative regulator of MEK/ERK1/2, played an
essential role in miltirone-induced pyroptosis.

3.7. Miltirone inhibited the tumor growth and induced HCC
cells pyroptosis in vivo

Using the Hepa1-6 mouse HCC syngeneic model, the anti-HCC
activity of miltirone was tested in vivo. As a positive control,
Figure 5 Miltirone activates the mitochondrial intrinsic apoptotic pathway

with miltirone (40 mmol/L) in the absence or presence of Z-DEVD-FMK (20

Western blotting analyses using antibodies against caspase 3, GSDME, and G

L) in the absence or presence of Z-DEVD-FMK (20 mmol/L) for 6, 12, and

mean � SD (n Z 3). **P < 0.01, vs. miltirone alone at each indicated time.

casp3-1/2/3) or control siRNA and then treated with miltirone for 24 h. (C)

analyses using antibodies against caspase 3, GSDME, and GADPH (n Z
mean� SD (nZ 3). **P< 0.01, vs.miltirone alone at each indicated time. (E
tumor growth was strongly inhibited by sorafenib, which was
consistent with the previous studies7. Miltirone at all three doses
significantly inhibited the growth of HCC solid tumors (on Day
27). The effects of miltirone at the high dose (6 mg/kg) on tumor
volume and weight were comparable to those of sorafenib
(Fig. 8A). The average of tumor weight decreased from 812.1 mg
(vehicle) to 451.3 mg (miltirone at 1 mg/kg dose), 338.4 mg
(miltirone at 3 mg/kg dose), 188.3 mg (miltirone at 6 mg/kg dose),
and 142.8 mg (sorafenib at 10 mg/kg dose), respectively (Fig. 8B).
to elicit GSDME-dependent pyroptosis. (A) Hepa1-6 cells were treated

mmol/L) for 24 h, total cellular extracts were prepared and subjected to

ADPH (nZ 3). (B) Hepa1-6 cells were treated with miltirone (40 mmol/

24 h, LDH-release was analyzed using LDH assay kit and expressed as

Hepa1-6 cells were transfected with siRNA targeting caspase 3 (siRNA-

Total cellular extracts were prepared and subjected to Western blotting

3). (D) LDH-release was analyzed by LDH assay and expressed as

) Annexin V-FITC and PI stained cells were analyzed by flow cytometry.
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Images of the tumors confirmed the efficacy of miltirone in
reducing tumor burden in the HCC model (Fig. 8C). Histological
assessment of tumors from vehicle-treated animals shows loss of
architecture and presence of hyper chromatin and hypercellularity.
Treatment with miltirone at the high dose (6 mg/kg) resulted in
obvious cell cavitation and condensed chromatin in tumor tissues
(Fig. 8H). The average body weight of miltirone-treated mice did
not significantly decrease as compared with that of the control
mice (Fig. 8D). In addition, no morphological changes were
observed in the kidneys and livers of the miltirone-treated mice,
suggesting miltirone had no significant toxicity to the mice
(Fig. 8H).

Additionally, we examined whether reduction of tumor volume
was associated with miltirone-induced pyroptosis. The level of
serum LDH is increased in either miltirone or sorafenib treatment
group as compared with vehicle group (Fig. 8E). Moreover, we
analyzed the protein levels of pyroptosis-related factors in tumor
tissues. The results show that miltirone treatment upregulated the
protein levels of N-GSDME and cleaved-caspase three in a dose-
dependent manner (Fig. 8F and G). Collectively, these results
suggest that miltirone might inhibit the growth of HCC tumors
in vivo by inducing pyroptosis.

4. Discussion

This study demonstrated that miltirone, a potential anti-cancer
agent isolated from S. miltiorrhiza, significantly suppressed
HCC in vitro and in vivo by inducing pyroptosis. We further
investigated the underlying molecular mechanism and revealed
that the pro-pyroptosis activity of miltirone was associated with
its ability to stimulate ROS production, suppress MEK/ERK1/2
activation, and activate mitochondrial intrinsic apoptotic
pathway.

HCC represents a common international health problem.
Despite improved surveillance programs globally achieved, the
overall 5-year survival remains poor (20%)35,36. Chemotherapy
remains the mainstay of treatment for advanced HCC37,38. Sor-
afenib is the standard therapy for patients with advanced HCC, but
it only provides limited survival benefit for patients8,39. Therefore,
there is an urgency to identify more promising agents of high
curative value as well as low toxicity for HCC therapy. Cell
viability assay demonstrated that miltirone can inhibit the growth
of HepG2 or Hepa1-6 cells. Additionally, in vivo experimental
HCC model revealed that treatment with miltirone significantly
inhibited the HCC tumor growth. Our data concur with previous
reports about the therapeutic potential of miltirone in cancer
treatment18e22.

Apoptosis was generally considered as the predominant form
of regulated cell death responsible for tumor therapies, a notion
that was widely reported by numerous studies40,41. Miltirone used
for cancer therapy attributed to its ability to inhibit cancer cell
growth and to induce cancer cell apoptosis19e21. Zhou et al.22 has
demonstrated the apoptotic induction activity of miltirone in
HepG2. In this present study, we expanded the conventional view,
and proposed the GSDME-dependent pyroptosis was involved in
Figure 7 ROSeMEK/ERK1/2 signaling pathway participates in miltiro

with miltirone and/or NAC for 2 h, intracellular ROS content was measur

treated with miltirone and/or NAC for 24 h. (B) and (C) Cell viability and L

(n Z 3). (D)e(I) Total cellular extracts were prepared and subjected to

caspase 3, GSDME, MEK, p-MEK, ERK1/2, p-ERK1/2, and GADPH. **
the therapy of miltirone in HCC, as supported by the following
evidence. Firstly, our results showed that the hallmark features of
pyroptosis, such as GSDME cleavage, balloon-like bubbles, LDH
release, and PI-positive staining, were observed in miltirone-
treated HCC cells. It should be noted that cells undergoing nec-
roptosis also exhibit plasma membrane permeabilization, cell
swelling, and lysis26. Necrostatin-1, an inhibitor of necroptosis,
had no significant effects on cell viability and LDH release. It was
suggested that cell death triggered by miltirone in our study was
not necroptosis. Secondly, we compared the GSDME protein
expression in five HCC cell lines with human liver cells (L02), and
confirmed that GSDME was commonly expressed in HCC cell
lines. During pyroptosis, pores open in the cell membrane,
permitting annexin V to enter the cells and stain the inner leaflets
of the membrane. In contrast, membrane impermeant dyes, such
as 7-aminoactinomycin D (7-AAD) or PI, stain pyroptotic cells by
entering through the pores, but do not stain apoptotic cells25,42.
We found that miltirone-treated Hepa1-6 cells proceeded directly
to the annexin Vand PI double-positive stage, while KO of Gsdme
delayed the process with increasing the proportion of annexin V
single-positive cells and decreasing the percentage of double-
positive cells. Gsdme KO did not rescue cell death in response
to miltirone treatment, whereas resulted in reduction of miltirone-
induced LDH release and plasma membrane ballooning, further
confirming pyroptosis to apoptosis switch. Activated GSDMD
protein is also found to determine pyroptosis13. But, knockdown
of Gsdmd in Hepa1-6 by siRNA did not affect the miltirone-
induced cell death and LDH release. Although GSDMD was
expressed in HCC cells, miltirone-treatment did not induce the
cleavage of GSDMD. Therefore, GSDMD is not involved in
miltirone-induced pyroptosis in HCC cells. Thirdly, the GSDME-
dependent pyroptotic cell death can be triggered by the mito-
chondrial apoptotic signaling16,29,43. Consistently, our findings
showed that miltirone induced mitochondrial depolarization and
dose-dependently increased the protein levels of BAX, cleaved-
caspase 9, cleaved-caspase 3, and N-GSDME in Hepa1-6 cells.
In contrast, the siRNA of caspase three and the caspase 3-specific
inhibitor Z-DEVD-FMK inhibited miltirone-induced pyroptosis,
suggesting that the activation of mitochondria-mediated caspases
was required for miltirone-induced pyroptosis in HCC cells.
Lastly, in vivo evidences further demonstrated that miltirone
induced tumor cell pyroptosis in HCC tumors.

The preliminary observation of signaling interrelation between
pyroptosis and apoptosis suggests that the two death modes may
reciprocally regulate each other to produce cytotoxic inhibition.
While, there exists great divergence about how tumor cell
apoptosis and pyroptosis were co-opted and orchestrated in the
context of chemotherapy. Yu et al.43 demonstrated that two forms
of regulated cell death may exist simultaneously upon chemo-
therapy drugs exposure. Consistent with this previous study, our
results indicated that the biochemical markers for apoptosis and
pyroptosis were invariably synchronously detected in miltirone-
stimulated HCC cells. We also supported that a conceivable
interplay between cell pyroptosis and apoptosis might exist and
substrates cleaved by caspases in a cellular context were
ne-induced pyroptosis in HCC cells. (A) Hepa1-6 cells were treated

ed with confocal microscopy. Scale bar Z 40 mm Hepa1-6 cells were

DH release were measured, respectively, and expressed as mean � SD

Western blotting analyses using antibodies against BAX, caspase 9,

P < 0.01 vs. control; ##P < 0.01, vs. miltirone alone.
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Figure 9 A schematic summary of this study, showing that through regulating ROS/ERK1/2 pathway, miltirone can elicit

BAXecaspaseeGSDME-dependent pyroptosis.
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responsible for the type of cell death29. Knocking out Gsdme
switches miltirone-induced cell death from pyroptosis to
apoptosis, reinforces the point that therapy-induced pyroptosis
might precede apoptosis. Moreover, GSDME has been reported to
augment caspase 3/7 activation and apoptotic cell death by tar-
geting the mitochondria44. Cleavage of GSDME by death receptor
signaling bridges the extrinsic to the intrinsic apoptotic pathway44.
Considering of these results, we proposed that the signaling
crosstalk between pyroptosis and apoptosis may have implication
in determining the type of cell death.

RAF/MEK/ERK1/2 signaling pathway exerts a core role in
regulating cancer cell proliferation, differentiation, and survival7,32.
Activation of the RAF/MEK/ERK1/2 signaling pathway was
detected in up to 58% of all HCC samples analyzed45e47. A scin-
tillation proximity assay for the high-throughput screening and
identification of selective RAF/MEK/ERK1/2 enzyme inhibitors
had already been developed48. And as the first oral multi-kinase
inhibitor that targets RAF/MEK/ERK1/2 pathway, sorafenib has
been discovered and approved for advanced hepatocellular carci-
noma6. Miltirone was previously reported to induce HCC cells
apoptosis by inhibiting the phosphorylation of ERK1/222. However,
whether RAF/MEK/ERK1/2 signaling pathway is involved in the
miltirone-induced pyroptosis remains unclear. In this present study,
Figure 8 Miltirone inhibits the tumor growth and induces HCC cells py

tumor model as described in the Material and methods. Mice bearing tumor

body weight of miltirone (1 mg/kg), 3 mg/kg body weight of miltirone (3

weight of sorafenib (Sorafenib), respectively. (A) The tumor volume measu

error of mean (SEM), n Z 7. (B) The tumors were dissected and weighted

isolated tumors at Day 27 after treatment. (D) Body weight of mice during t

LDH in the mice was measured by LDH assay (presented as mean � SD, n

caspase 3, cleaved-caspase 3, caspase 9, cleaved-caspase 9, and BAX e

mean � SD (nZ 3). (H) Histological analysis of tumors, kidneys, and liver

vs. vehicle treatment; #P < 0.05 vs. indicated treatment.
we found that miltirone treatment significantly inhibited the phos-
phorylation of MEK and ERK1/2 in Hepa1-6 cells. Moreover,
ceramide C6 (an ERK1/2 activator) inhibited the miltirone-induced
pyroptosis in Hepa1-6 cells, as indicated by the LDH assay. These
data suggest that, at least partially, MEK/ERK1/2 signaling is
involved in the miltirone-induced pyroptosis. RAF/MEK/ERK1/2
pathway is associated with the intrinsic apoptotic pathway charac-
terized by overexpression of BAX, release of cytochrome c from
mitochondria and activation of caspase 349�51. Indeed, inhibited
RAF/MEK/ERK1/2 signaling pathway induced activation of BAX
and cleavage of caspase 9, caspase 3, and GSDME inHepa1-6 cells.
Thus, it was suggested that MEK/ERK1/2 was likely an upstream
regulator of caspase-mediated GSDME activation. While, whether
the suppression of MEK/ERK1/2 signaling is directly related to
caspase activation needs to be further investigated.

Previous studies have shown that ROS induced by miltirone is
essential for its therapeutic effect on HCC22,31. Excessive accu-
mulation of ROS can cause the oxidation and oligomerization of
the mitochondrial outer membrane protein Tom20. BAX is
recruited to mitochondria by oxidized Tom20, which facilitates
the cytochrome c release to cytosol to activate caspase 3, even-
tually triggering pyroptotic death by inducing GSDME cleav-
age52. Consistently, we proved that miltirone administration could
roptosis in vivo. Hepa1-6 cells were inoculated into mice to establish

s were randomly grouped and administered vehicle (Vehicle), 1 mg/kg

mg/kg), 6 mg/kg body weight of miltirone (6 mg/kg), or 10 mg/kg

rement was proceeded every other day, presented as mean � standard

(presented as mean � SD, n Z 7). (C) Representative photographs of

he 27 days (presented as mean � SD, nZ 7). (E) The release of serum

Z 7). (F) and (G) Western blotting analyses of GSDME, N-GSDME,

xpression in treated tumor tissues. Protein levels were expressed as

s at the end of experiment. Scale barZ 50 mm. *P < 0.05, **P < 0.01
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lead to the elevation of ROS, which in turn causing
BAXecaspaseeGSDME mediated pyroptosis in HCC cells. On
the other hand, we also demonstrated that NAC, a ROS scavenger,
reversed the miltirone-induced pyroptosis induction and suppres-
sion of p-ERK1/2 in Hepa1-6 cells. However, ROS generation was
not significantly affected by the MEK/ERK1/2 pathway inhibitor,
implying that ROS is a regulator of MEK/ERK1/2 signaling.
Moreover, it was demonstrated that miltirone inhibited MEK/
ERK1/2 signaling pathway for pyroptosis induction. These evi-
dences suggested that miltirone induced pyroptosis through
BAXecaspaseeGSDME pathway in HCC cells via the ROS/
MEK/ERK1/2 signaling.

5. Conclusions

Our results demonstrated that miltirone might be a potential
candidate agent for the treatment of HCC. We further investigated
the mechanism of these effects, and indicated that a central
signaling axis, ROS/ERK1/2eBAXecaspase 9ecaspase
3eGSDME, was demonstrated to regulate the miltirone-induced
pyroptotic process (Fig. 9). These findings provide a new insight
that GSDME-dependent pyroptosis is an unrecognized mechanism
by which miltirone exerts therapeutic action.
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