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Curcumin Activates ROS Signaling to Promote Pyroptosis
in Hepatocellular Carcinoma HepG2 Cells
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Abstract. Background/Aim: Curcumin is a polyphenol that
exerts a variety of pharmacological activities and plays an
anti-cancer role in many cancer cells. It was recently reported
that gasdermin E (GSDME) is involved in the progression of
pyroptosis. Materials and Methods: HepG?2 cells were treated
with various concentrations of curcumin and cell viability was
examined using MTT assay, apoptosis was analysed using flow
cytometry, reactive oxygen species (ROS) levels using
dihydroethidium, LDH release using an LDH cytotoxicity
assay, and protein expression using western blot. Results:
Curcumin increased the expression of the GSDME N-terminus
and proteins involved in pyrolysis, promoted HspG2 cell
pyrolysis and increased intracellular ROS levels. Moreover,
inhibition of the production of intracellular ROS with n-
acetylcysteine (NAC) improved the degree of apoptosis and
pyrolysis induced by curcumin. Conclusion: Curcumin induces
HspG?2 cell death by increasing apoptosis and pyroptosis, and
ROS play a key role in this process. This study improves our
understanding of the potential anti-cancer properties of
curcumin in liver cancer.
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Curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione (diferuloy 1 methane)] is a type of
polyphenol extracted from the rhizomes of ginger plants,
such as turmeric and zedoary (1), which has been shown to
display various pharmacological activities, including anti-
inflammatory (2), antioxidant (3), hypolipidemic (4), anti-
tumor (5), and immune regulatory (6). Previous studies have
also demonstrated that curcumin exerts anti-cancer effects in
many types of cancer cells, including stomach (7), colon (8),
lung (9), liver (10) and breast (11). In addition, it has been
reported that curcumin can affect the cellular redox balance,
resulting in increased cellular reactive oxygen species (ROS)
production (12). Excessive ROS can directly or indirectly
affect the regulation of anti- or pro-apoptotic proteins by
Bcl-2 family members, leading to cellular apoptosis (13).
Moreover, ROS accumulation has been shown to induce
cellular apoptosis, necroptosis, endoplasmic reticulum stress,
and autophagy in various cancer cells (14). Therefore,
curcumin may also affect cell death in liver cancer cells.

Pyroptosis is a recently discovered type of programmed cell
death that depends on the activation of the inflammation-
related caspases 1,4, 5, and 11, as well as apoptosis-related
caspase-3 (15). The morphology of cells undergoing pyroptosis
differs from that in apoptosis or necrosis, and is characterized
by cell swelling, membrane breakage, pore formation, and
osmotic lysis (16). It was recently reported that gasdermin E
(GSDME) is involved in the progression of pyroptosis (17). In
particular, activated caspase-3 was found to cleave GSDME
between the N-terminus (GSMDE-N) and C-terminus under
certain apoptotic stimuli, thus relieving the self-inhibition of
the C-terminus and releasing the active GSDME-N-terminus
as well as the pore-forming domain (PFD). Consequently, non-
selective pores are formed in the cell membrane, leading to cell
swelling, membrane rupture, and cell pyrolysis (18). However,
the effect of curcumin on GSDME during pyroptotic cell death
in liver cancer cells remains unclear.
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In this study, the effect of curcumin on cell death was
evaluated by examining the viability, apoptosis, pyroptosis,
and expression of related proteins in HepG2 liver cancer
cells treated with curcumin. Together, the findings of this
study provide new insights into the potential anti-cancer
properties of curcumin in liver cancer.

Materials and Methods

Chemicals and materials. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and Annexin V apoptosis
detection kit FITC were purchased from Invitrogen (Carlsbad, CA,
USA). Penicillin-streptomycin liquid (P/S), 1 x tris-buffered saline and
Tween 20 (TSBT) buffer solution, n-acetylcysteine (NAC), and
Hoechst 32258 were obtained from Solarbio Life Sciences (Beijing,
China). Propidium iodide (PI) staining kit, horseradish peroxidase (HP)-
conjugated goat anti-rabbit IgG and anti-mouse IgG were purchased
from Sangon Biotech (Shanghai, China). 3-(4,5-dimethylthiazol-2-yl)-
2.5-diphenyltetrazolium bromide (MTT) and curcumin were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Six- and ninety-six-well
plates were purchased from NEST Biotechnology (Wuxi, Jiangsu, PR
China). Dihydroethidium (DHE) and LDH cytotoxicity assay kits were
obtained from Beyotime Biotechnology (Shanghai, PR China). Anti-
Bax (ab32503), anti-Bcl-2 (ab32124), anti-caspase-3 (ab32351), anti-
DFN45/GSDME (ab215191), and anti-a tubulin (ab7291) antibodies
were purchased from Abcam (Cambridge, MA, USA). The
chemiluminescence detection system was obtained from GE Healthcare
Life Sciences (Chalfont, UK). The UV MAX kinetic microplate reader
was purchased from Molecular Devices (LLC, Sunnyvale, CA, USA).
Fluorescence microscopy was performed using an EVOS®xI core cell
culture microscope from the Advanced Microscopy Group (Paisley,
Scotland). Flow cytometry was performed using a FACSCalibur
instrument from BD Biosciences (Franklin Lakes, NJ, USA).
Nitrocellulose membranes were obtained from Millipore (Bedford,
MA, USA).

Cell culture. HepG2 liver cancer cells were cultured in DMEM
supplemented with 10% FBS and 1% P/S, and maintained in a
humidified incubator at 37°C with 5% CO,.

Cell viability assay. Cell viability was analyzed using an MTT
assay. Briefly, HepG2 cells were seeded in 96-well plates (1x104
cells/well) and treated with curcumin for 12 h. Next, 10 ul (0.5
mg/ml) of MTT was added to each well and incubated for 2 h at
37°C in 5% CO,. After the supernatant had been removed, 100 ul
of dimethyl sulfoxide was added and absorbance was measured at
490 nm using a UV MAX kinetic microplate reader.

Apoptosis detection. HepG2 cells were seeded in 6-well plates (2 x
105 cells/well) and treated with curcumin. To detect apoptosis, cells
were prepared using an Annexin V apoptosis detection kit FITC
according to the manufacturer’s protocol and analyzed using
fluorescence microscopy and flow cytometry.

ROS detection. HepG?2 cells were seeded in 6-well plates (2x105
cells/well) and treated with curcumin. Changes in cellular ROS
levels were determined using DHE (1 uM/ml) and nuclei were
visualized qualitatively under a microscope after 20 min of
incubation with Hoechst 32258 dye (2 ug/ml).
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Detection of LDH release. HepG2 cells were seeded in 96-well
plates (1x103 cells/well) and treated with curcumin. Changes in
LDH release were determined using an LDH cytotoxicity assay.
Absorbance was measured at 490 nm using a UV MAX kinetic
microplate reader, according to the manufacturer's instructions.

Lytic cell death assay. HepG2 cells were seeded in 6-well plates
(2x105 cells/well) and treated with curcumin. Lytic cell death was
measured using PI incorporation, as described previously. Nuclei
were visualized using a fluorescence microscope after incubation
with Hoechst 33342 dye (2 pg/ml) and PI for 20 min at room
temperature (19).

Western blot analysis. Cell lysate proteins were separated using 12
% sodium dodecyl sulfate-polyacrylamide gels and transferred onto
nitrocellulose membranes, which were blotted with primary
antibodies against Bax, Bcl-2, caspase-3, GSDME, and a-tubulin at
4°C for 12 h. The membranes were then washed five times with
TBST and incubated with HP-conjugated goat anti-rabbit or anti-
mouse IgG for 2 h at room temperature. After excess antibodies
were removed by washing with TBST, specific binding was detected
using a chemiluminescence detection system according to the
manufacturer's protocol.

Statistical analysis. Data from at least three independent
experiments are presented as the meantstandard error of the mean
(SEM). Two-way analysis of variance (ANOVA) was used to
analyze changes over time and differences between groups in each
experiment. For most experiments, Tukey's post hoc test (a=0.05)
was used to determine statistical significance among two groups.
All statistical analyses were conducted using SPSS software
(version 25; IBM Corp). Differences were considered statistically
significant if the p-value was less than 0.05 (¥*p<0.05, **p<0.01,
**%p<0.001).

Results

Curcumin increased cellular ROS levels and induced
apoptosis in HepG2 cells. The chemical structure of
curcumin is shown in Figure 1A. To determine its effect on
HepG2 cell viability, cells were treated with various
concentrations of curcumin (0, 5, 10, 20, or 30 uM) for 12
h and cell viability was examined using an MTT assay.
Curcumin significantly reduced the viability of HepG2 cells
in a dose-dependent manner (Figure 1B). Furthermore, the
effect of curcumin on apoptosis induction was investigated
by treating HepG2 cells with different curcumin
concentrations (0, 20, or 30 uM) for 12 h and with 20 uM
of curcumin for different durations (0, 3, 6,9, 12, or 24 h).
Cellular apoptosis was evaluated using an Annexin-V FITC
detection kit and flow cytometry, and revealed that
curcumin significantly increased apoptosis in HepG2 cells
in a dose- and time-dependent manner (Figure 1C and D).
The effect of curcumin on the cellular ROS levels was also
examined using fluorescence microscopy and flow
cytometry by staining with DHE (a superoxide detection
marker) after HepG2 cells had been treated with different
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Figure 1. Curcumin increased cellular ROS levels and induced apoptosis in HepG?2 liver cancer cells. (A) The chemical structural of curcumin. (B)
Cell viability was analyzed using MTT assay, in HepG2 cells treated with curcumin (0, 5, 10, 20, or 30 uM) for 12 h. (C) Cellular apoptosis was
measured using flow cytometry in HepG2 cells treated with curcumin (0, 20, or 30 uM) for 12 h. Black line: without curcumin; green line: 20 uM
curcumin; red line: 30 uM curcumin. (D) Cellular apoptosis was measured by flow cytometry in HepG2 cells treated with curcumin at different times
(0, 3, 6, or 12 h). The fold increase in apoptotic cells is presented as the mean+SEM (*p<0.05, **p<0.01). (E) Cellular ROS levels were detected by
Sfluorescence microscopy in DHE (red)- and Hoechst (blue)-stained HepG?2 cells treated with curcumin (0, 20, or 30 uM) for 12 h (scale bar=100 um).
(F) Cellular ROS levels were detected by fluorescence microscopy in DHE-stained HepG2 cells treated with curcumin (0, 20, or 30 uM) for 12 h.
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Figure 2. Curcumin induced Iytic cell death and pyroptosis in HepG2 cells. HepG2 cells were treated with curcumin (0, 10, 20, or 30 uM) for 12
h. (A) Morphological changes and pyroptosis were observed using fluorescence microscopy in PI (red)- and Hoechst (blue)-stained HepG2 cells
treated with curcumin (0, 10, 20, or 30 uM) (scale bar=100 um). (B) LDH release in HepG?2 cells treated with curcumin (0, 10, 20, or 30 uM). (C)
Bcl-2, Bax, pro-caspase3, GSDME-Full, and GSDME-N protein expression detected using western blot analysis in HepG?2 cells treated with curcumin
(0, 10, 20, or 30 uM). (D) Quantitative analysis of Bcl-2, pro-caspase3, and GSDME-N protein expression presented as the mean+SEM of three

different samples (¥*p<0.05, **p<0.01, ***p<0.001).

curcumin concentrations (0, 20, or 30 uM). Curcumin
significantly increased intracellular ROS levels in HepG2
cells (Figure 1E and F).

Curcumin induced lytic cell death and pyroptosis in HepG2
cells. To elucidate the features of cell death induced by
curcumin, we performed PI and Hoechst staining in HepG2
cells treated with different curcumin concentrations (0, 10,
20, or 30 uM) for 12 h. The observation of morphological
changes using a fluorescent microscope revealed swelling,
membranolysis, and the formation of numerous pyroptotic
bodies in curcumin-treated HepG?2 cells (Figure 2A). LDH
release is a marker of cell death that is closely related to cell
membrane destruction; therefore, we examined LDH release
in HepG2 cells treated with various curcumin concentrations
(0, 10, 20, or 30 uM) for 12 h. Curcumin significantly
increased LDH release in HepG2 cells in a dose-dependent
manner (Figure 2B), indicating that curcumin treatment
increases cell death. In addition, western blotting analysis
revealed that curcumin treatment significantly down-

regulated pro-caspase 3 and Bcl-2 (anti-apoptotic) protein
expression but up-regulated Bax (pro-apoptotic) protein
expression in HepG2 cells (Figure 2C and D). Next, we
measured the expression of the GSDME protein, which is a
known marker of pyroptosis, after curcumin treatment, and
found that increasing curcumin concentrations down-
regulated full length GSDME and up-regulated GSDME-N
(Figure 2C and D). Thus, curcumin treatment appears to
increase pyroptosis in HepG2 cells.

ROS inhibition reduced cellular apoptosis and LDH release.
To verify the regulatory effect of curcumin-induced ROS
levels on cell death, HspG2 cells were pre-treated with NAC
(a ROS scavenger) for 30 min and then, treated with
curcumin for 12 h. Flow cytometry and fluorescence
microscopy analyses revealed that NAC treatment
significantly reduced curcumin-stimulated cellular ROS
levels, as detected using DHE staining (Figure 3A and B). In
addition, NAC treatment reversed the reduction in cell
viability induced by curcumin in HepG2 cells (Figure 3C);
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Figure 3. ROS inhibition reduces cellular apoptosis and LDH release. HepG2 cells were pre-treated with NAC, a ROS scavenger, for 30 min. (A) Cellular
ROS levels were detected using flow cytometry with DHE staining. Black: no treatment; red: curcumin treatment; blue: NAC pretreatment and curcumin
treatment. (B) Cellular ROS were detected using a fluorescence micrograph with DHE (red) and Hoechst (blue) staining (scale bar=100 um). (C) Cell
viability was analyzed using an MTT assay. (D) Cellular apoptosis was detected using flow cytometry and Annexin V - FITC staining of HepG?2 cells. Black:
normal cells; red: curcumin treatment; blue: NAC pretreatment and curcumin treatment. (E) Quantitative analysis of cellular apoptosis shown in (D). (F)
LDH production in HepG2 cells following three different treatments, as indicated. Data represent the mean+=SEM of three different samples (***p<0.001).
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Figure 4. ROS inhibition reduces lytic cell death and pyroptosis. HepG2 cells were pretreated with NAC for 30 min and then, treated with curcumin
for 12 h. (A) Morphological changes and pyroptosis were observed using fluorescence microscopy of PI (red)- and Hoechst (blue)-stained HepG2
cells treated with curcumin (30 uM) (scale bar=100 um). (B) Bcl-2, Bax, pro-caspase3, GSDME-Full, and GSDME-N protein expression was
detected using western blot analysis in HepG2 cells treated with curcumin. (C) Quantitative analysis of Bcl-2, pro-caspase3, and GSDME-N protein
expression presented as the mean+SEM of three different samples (*p<0.05, **p <0.01, ***p<0.001).

therefore, we examined the effect of NAC on curcumin-
induced cellular apoptosis and pyroptosis in HepG2 cells.
NAC treatment significantly reduced curcumin-induced cell
apoptosis and LDH release in HepG2 cells (Figure 3D-F).

ROS play a key role in curcumin-induced HepG2 cell
pyroptosis. To verify the regulatory role of ROS in
curcumin-induced pyroptosis, HepG2 cells were pre-treated
with NAC for 30 min, treated with curcumin for 12 h, and

morphological changes were observed using fluorescence
microscopy after staining with PI and Hoechst (Figure 4A).
NAC treatment reversed curcumin-induced cell swelling,
membranolysis, and pyroptotic body formation in HepG2
cells; therefore, we examined protein expression in HepG2
cells following curcumin and NAC treatment to identify the
molecular mechanism of ROS in curcumin-induced
pyroptosis. Interestingly, NAC treatment reversed the down-
regulation of pro-caspase 3 and Bcl-2 and up-regulation of
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Bax protein induced by curcumin in HepG2 cells, as well as
the down-regulation of full length GSDME and up-regulation
of GSDME-N (Figure 4B and C).

Discussion

Liver cancer is one of the most common tumors worldwide,
with around one million individuals being diagnosed each
year (20). Current treatments for liver cancer mainly involve
surgical resection and chemotherapy (21); however, both of
these methods have limitations. For instance, surgical
resection can only be conducted in a small proportion of
patients, and chemotherapy can also kill normal cells in
addition to cancer cells, causing adverse side effects.
Therefore, it is necessary to find novel, safe and effective
treatment strategies for liver cancer.

The use of herbal medicines has been recorded in
pharmacological papers dating back to ancient Korea and
China (22); however, traditional Chinese herbal medicine has
attracted interest from scientists due to their high quantity and
variety, good safety, and low price (23). In-depth research has
revealed that Korean and Chinese herbal medicines and their
extracts can exert good inhibitory effects against cancer at all
stages of development (24). For instance, quercetin is a natural
flavonoid that can inhibit proliferation and metastasis of a
variety of tumor cells (25), while salidroside has been shown
to inhibit the proliferation of A549 lung cancer cells (26).
Similarly, Salvia miltiorrhiza can inhibit the over-expression
of the proto-oncogene c-myc (27), and curcumin has been
found to inhibit cancer cell proliferation by inhibiting DNA
synthesis (28). Thus, Chinese herbal medicine extracts can
exert a variety of anti-cancer effects.

Curcumin is a type of polyphenol extracted from the
rhizome of ginger plants that has been shown to exert anti-
cancer effects, such as inhibition of cell proliferation and
induction of apoptosis via ROS (29). Consistent with
previous research, our study demonstrated that curcumin can
effectively induce apoptosis in HepG?2 liver cancer cells in a
time- and concentration-dependent manner. Moreover,
morphological observation revealed that curcumin treatment
causes cells to swell, form pores, and release LDH,
suggesting that curcumin induces pyrolysis in HepG2 cells.

Pyroptosis is a recently discovered form of programmed
cell death characterized by swelling that results in cell
membrane rupture, the release of cell contents, and the
activation of a strong inflammatory response. Previous
studies have indicated that small-molecule drugs can induce
pyrolysis by mediating various cell signaling pathways
involving proteins of the GSDM family (30). In this study,
we found that curcumin can increase GSDME-N expression
as well as the expression of proteins involved in pyrolysis,
thereby promoting pyrolysis. In addition, we revealed that
curcumin can increase intracellular ROS levels, suggesting
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that inhibition f intracellular ROS production can promote
the degree of apoptosis and pyrolysis induced by curcumin.
Taken together, our results demonstrate that curcumin can
promote apoptosis and pyroptosis in liver cancer cells by
regulating ROS production, thus exerting anticancer effects.

In conclusion, our results suggest that curcumin can
induce liver cancer cell death by increasing apoptosis and
pyroptosis, and that ROS play a key role in this process. In
addition, curcumin activates the GSDME-related scorch
death and mitochondria-dependent apoptosis signaling
pathways. Thus, curcumin may be a potential new strategy
for treating liver cancer.
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