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Cynaropicrin, a sesquiterpene lactone found in artichoke leaves exerts diverse pharmacological effects. This study investigated 
whether cynaropicrin has a paraptosis-like cell death effect in human hepatocellular carcinoma Hep3B cells in addition to the 
apoptotic effects reported in several cancer cell lines. Cynaropicrin-induced cytotoxicity and cytoplasmic vacuolation, a key char-
acteristic of paraptosis, were not ameliorated by inhibitors of necroptosis, autophagy, or pan caspase inhibitors in Hep3B cells. Our 
study showed that cynaropicrin-induced cytotoxicity was accompanied by mitochondrial dysfunction and endoplasmic reticulum 
stress along with increased cellular calcium ion levels. These effects were significantly mitigated by endoplasmic reticulum stress 
inhibitor or protein synthesis inhibitor. Moreover, cynaropicrin treatment in Hep3B cells increased reactive oxygen species genera-
tion and downregulated apoptosis-linked gene 2-interacting protein X (Alix), a protein that inhibits paraptosis. The addition of the 
reactive oxygen species scavenger N-acetyl-L-cysteine (NAC) neutralized cynaropicrin-induced changes in Alix expression and 
endoplasmic reticulum stress marker proteins counteracting endoplasmic reticulum stress and mitochondrial impairment. This 
demonstrates a close relationship between endoplasmic reticulum stress and reactive oxygen species generation. Additionally, 
cynaropicrin activated p38 mitogen activated protein kinase and a selective p38 mitogen activated protein kinase blocker allevi-
ated the biological phenomena induced by cynaropicrin. NAC pretreatment showed the best reversal of cynaropicrin induced 
vacuolation and cellular inactivity. Our findings suggest that cynaropicrin induced oxidative stress in Hep3B cells contributes to 
paraptotic events including endoplasmic reticulum stress and mitochondrial damage.
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INTRODUCTION

The incidence of liver cancer, a very fatal disease frequent-
ly diagnosed mainly in developing countries, has continued 
to increase across several countries, including some Euro-
pean countries and the United States (Sagnelli et al., 2020; 
Younossi et al., 2023). Hepatocellular carcinoma (HCC), the 
most frequent subtype of primary liver cancer, usually arises 
in chronically damaged liver tissues and carries high mortal-
ity and morbidity rates (Samant et al., 2021; Chakraborty and 
Sarkar, 2022). The major etiological factors in the develop-
ment of HCC include viral hepatitis, alcoholic and non-alcohol-
ic liver disease, hepatic steatohepatitis, and other toxic chemi-
cals. Surgical resection, radiotherapy, and chemotherapy 
have been the primary clinical treatments for HCC; however, 
studies have shown low response rates, drug resistance, and 
serious side effects with chemotherapy (Kulik and El-Serag, 
2019; Chidambaranathan-Reghupaty et al., 2021). Therefore, 
new strategies that can control the occurrence, progression, 
and prognosis of HCC are urgently needed. In line with this, 
several researchers have sought to identify effective antican-
cer drugs natural compounds for the treatment of HCC.

Sesquiterpene lactones, which belong to sesquiterpenoids 
containing a lactone ring, have excellent structural diversity 
and a wide range of biological effects, including anticancer 
activity (Aliarab et al., 2018; Fateh et al., 2022). Classified as 
a guaianolide-type sesquiterpene lactone, cynaropicrin, first 
isolated from the leaves of the artichoke plant (Cynara scoly-
mus L.) (Suchý et al., 1960), has been found to have mul-
titudinous bioactivities and health benefits (Cai et al., 2021; 
Spennato et al., 2022; Jin and Leng, 2023). Interestingly, this 
compound has promising anti-hepatitis C viral activity (Else-
bai et al., 2016) and has recently been attracting attention as 
a potential chemotherapeutic agent that acts through various 
signaling pathways. Several studies have demonstrated that 
cynaropicrin exerts its anticancer activity by mainly acting 
directly on cancer cells, inhibiting their growth and inducing 
apoptosis, a programmed cell death (PCD), along with cell 
cycle arrest (Liu et al., 2019; De Cicco et al., 2021; Ding et 
al., 2021; Villarini et al., 2021; Rotondo et al., 2022; Yang et 
al., 2022). Recently, Yang et al. reported that cynaropicrin in-
duced endoplasmic reticulum (ER) stress-dependent protec-
tive autophagy against apoptosis in neuroblastoma (Yang et 
al., 2022). Although cynaropicrin-induced autophagy has also 
been observed in glioblastoma cells (Rotondo et al., 2022), 
its role in cell death remains unclear. In addition, it has been 
suggested that unlike necrosis and apoptosis, cynaropicrin-
induced cell death in multiple myeloma cells was caused by 
parthanatos, a form of PCD characterized by the hyperactiva-
tion of poly (ADP-ribose) polymerase 1 and nuclear translo-
cation of apoptosis-inducing factor from mitochondria (Boulos 
et al., 2023). Although cynaropicrin-induced cancer cell death 
involves mitochondrial damage and excessive production of 
reactive oxygen species (ROS) due to oxidative stress, these 
results suggest that cynaropicrin may induce non-canonical 
PCD rather than typical apoptosis. Recently, it was demon-
strated that sesquiterpene lactones, including cynaropicrin, 
isolated from Cynara cardunculus L., another species of ar-
tichoke plants, can initiate apoptosis in HCC HepG2 cells, 
suggesting their potential as a source of antitumor agents 
for HCC (Hamza et al., 2023). However, little research has 
revealed the mechanism by which cynaropicrin induces cell 

death in HCC cells, and limited evidence has been available 
on which type of PCD may be involved. For this reason, the 
current study explored additional types of cell death and sig-
naling mechanisms involved in the cytotoxicity of cynaropicrin 
in Hep3B cells, an HCC cell line.

MATERIALS AND METHODS

Reagents and antibodies
Cynaropicrin (Fig. 1A), dimethyl sulfoxide (DMSO), carbo-

benzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone 
(z-VAD-fmk), necrostatin-1, bafilomycin A1, 4-phenylbutyric 
acid (4-PBA), cycloheximide (CHX), 2′,7′-dichlorofluorescin di-
acetate (DCF-DA), 4′,6-diamidino-2-phenylindole (DAPI), and 
N-acetyl-L-cysteine (NAC) were obtained from Sigma-Aldrich 
Co. (St. Louis, MO, USA). All materials required for cell culture 
were provided by WelGENE Inc. (Gyeongsan, Korea). Annexin 
V-Fluorescein isothiocyanate (FITC)/Propidium Iodide (PI) 
Apoptosis Detection Kit, ER-Tracker™ Red, Fluo-4 AM, and 
enhanced chemiluminescence (ECL) substrates were obtained 
from Thermo Fisher Scientific (Waltham, MA, USA). MitoTrack-
er® Green and 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-
5-(4-pyridyl)-imidazole (SB203580) were provided by Cell 
Signaling Technology, Inc. (Danvers, MA, USA). Immobilon®-P 
polyvinylidene difluoride membranes and the Bio-Rad protein 
assay kit were purchased from Merck Millipore (Billerica, MA, 
USA) and Bio-Rad Laboratories, Inc. (Hercules, CA, USA) re-
spectively. Cell Counting Kit 8 (CCK-8) and peroxidase-labeled 
immunoglobulins were obtained from Abcam, Inc. (Cambridge, 
UK). Antibodies against poly(ADP-ribose) polymerase (PARP), 
apoptosis-linked gene 2-interacting protein X (Alix), p38 mito-
gen activated protein kinase (MAPK), extracellular signal-regu-
lated kinase (de Ridder et al., 2023), c-Jun N-terminal kinases 
(JNK), phosphor (p)-JNK, and β-actin were purchased from 
Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Anti-
bodies for caspase-3, inositol-requiring enzyme 1α (IRE1α), C/
EBP homologous protein (Chop), protein disulfide isomerase 
(PDI), ER oxidoreductin 1-Lα (Ero1-Lα), p-ERK, p-p38 MAPK, 
and JNK were supplied by Cell Signaling Technology, Inc. Cell 
Counting Kit 8 (CCK-8) and peroxidase-labeled immunoglob-
ulins were obtained from Abcam, Inc. All remaining reagents 
used were analytical grade.

Cell culture, treatment and cell viability assay
Hep3B cells were grown in Eagle’s minimum essential me-

dium with 10% (v/v) fetal bovine serum in a humidified atmo-
sphere containing 5% CO2 at 37°C according to previously 
described methods (di Vito et al., 2023). To examine the cyto-
toxicity of cynaropicrin in Hep3B cells, cells were cultured in 
medium containing various concentrations of cynaropicrin for 
24 h. Additionally, to evaluate the role of cynaropicrin in cel-
lular signaling pathways, cells were pretreated with inhibitors 
specific for each signaling cascade for 1 h before cynaropicrin 
treatment for the indicated times. The viability of the cells cul-
tured under different conditions using CCK-8 assay supplies 
was then calculated by measuring absorbance at 460 nm us-
ing a microplate reader (Molecular Devices, Sunnyvale, CA, 
USA) according to the manufacturers’ protocol. Changes in 
the morphology of the cells were observed using a light micro-
scope (Carl Zeiss, Oberkochen, Germany).
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Flow cytometry 
To determine whether cell death and ER stress were in-

duced, cells were stained using the Annexin V-FITC/PI or ER-
Tracker according to the manufacturer’s recommendations. 
Briefly, cells cultured under various conditions were washed 
with phosphate-buffered saline (PBS), and then stained with 
Annexin V/PI or ER-Tracker according to the manufacturer’s 
protocol (Kim et al., 2023; Lee et al., 2023a). To quantitatively 
evaluate intracellular calcium ion (Ca2+) levels, mitochondrial 
dysfunction, and ROS generation, Fluo-4 AM, a cell-perme-
able Ca2+ indicator; MitoTracker® Green, a dye that measures 
mitochondrial mass; and DCF-DA, a cell-permeant indicator 
of ROS, were used. A series of experiments were performed 
using a flow cytometer (Becton, Dickinson and Co., Franklin 
Lakes, NJ, USA) installed at TRCORE, Dong-eui University 
(Busan, Korea) after reacting the treated cells with each re-
agent according to the instructions provided with the kits.

Immunoblotting
Hep3B cells stimulated with cynaropicrin for the appro-

priate time with or without 4-PBA, CHX, NAC, or SB203580 
were then suspended in lysis buffer and incubated for 30 min 
at 4°C to extract total proteins as previously described (Lee 
et al., 2023b; Manigandan and Yun, 2023). To measure the 
protein concentrations of each cell pellet, a Bio-Rad protein 
assay kit was used, and equal amounts of protein were elec-
trophoresed on sodium dodecyl sulfate-polyacrylamide gels 
and transferred onto membranes. The membranes were then 
blocked with 5% skim milk for 30 min, reacted with primary 
antibodies overnight at 4°C, washed with PBS-T (PBS with 
Tween 20) for 10 min, and then incubated with secondary an-

tibodies for 1 h at room temperature. The expression levels 
of proteins corresponding to each antibody were visualized 
using ECL solution and the Fusion Solo S system (Vilber Lour-
mat, Collégien, France).

Fluorescence microscope observation
To confirm the induction of ER stress and mitochondrial 

damage using fluorescence microscopy, cells were exposed 
to 2 μg/mL of cynaropicrin for 24 h in the presence or absence 
of NAC for 1 h. After treatment, the cells were stained with 
ER-Tracker and MitoTracker, and nuclei were subsequently 
stained with DAPI. After washing the cells with PBS, the fluo-
rescence intensity was observed using a fluorescence micro-
scope (EVOS FS Auto; Thermo Fisher Scientific) (Duan et al., 
2023). To observe the accumulation of Ca2+ or evaluate the 
effects of NAC on ROS generation, cells were treated with 
various concentrations of cynaropicrin for 24 h or pretreated 
with NAC for 1 h and then treated with cynaropicrin for 24 h or 
1 h. Afterwards, the cells were reacted with Fluo-4 AM or DCF-
DA according to the manufacturers’ instructions, followed by 
fluorescence image acquisition (Lu et al., 2023).

Statistical analysis
Statistical results were presented as mean ± standard devi-

ation (SD). All statistical analyses were performed using one-
way ANOVA and Tukey’s post-hoc test in GraphPad Prism 
version 8.4.2 (GraphPad Software Inc., San Diego, CA, USA) 
(Lee et al., 2024), with a p value of <0.05 indicating statistical 
significance.
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Fig. 1. Cynaropicrin-induced suppression of cell viability and cell death in Hep3B cells. (A) Chemical structure of cynaropicrin. Cells were 
cultured for 24 h in media containing different concentrations of cynaropicrin (B, D, E) or treated with 20 mg/mL cynaropicrin and cultured 
for 24 h (C). (B) After cynaropicrin treatment, cell viability was analyzed using the CCK-8 assay. (C) Changes in cell morphology after cyn-
aropicrin treatment were examined under a light microscope. Scale bar, 20 μm. (D, E) After Annexin V/PI staining, the degree of apoptosis 
induced by cynaropicrin was analyzed through flow cytometry. The proportion of the cell populations in late (upper right) and early (low right) 
apoptosis is indicated in the dot plots (D), and the proportion of the annexin V-positive cells are shown as histograms (E). B and E Numeri- 
cal data are presented as mean ± SD (n=3). **p<0.01 and ***p<0.001 compared to untreated group.
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RESULTS

Cynaropicrin inhibited cell survival and induced cell death 
in Hep3B cells

The inhibitory effects of cynaropicrin on Hep3B cell viability 
was investigated using the CCK-8 assay. Notably, our findings 
showed that an increase in cynaropicrin concentration signifi-
cantly suppressed cell survival rates (Fig. 1B). Furthermore, 
we found that cynaropicrin-treated cells exhibited morphologi-
cal modifications, including extensive cytoplasmic vacuola-
tion around the nucleus (Fig. 1C), and that the cytotoxicity of 
cynaropicrin was associated with increased cell death (Fig. 
1D, 1E). The proportion of the cells undergoing apoptosis in-
creased from 1.49% to 3.07%, 13.21%, 19.11%, and 22.92% 
with cynaropicrin treatment at 0.5, 1, 1,5, and 2 μg/mL. How-
ever, cynaropicrin-induced cytotoxicity and morphological 
alterations were not significantly affected by the presence of 
a pan-caspase inhibitor (z-VAD-fmk), a necroptosis-selective 
blocker (necrostatin-1), and an autophagy inhibitor (bafilomy-
cin A1) (Fig. 2A-2F), implying that the cytotoxicity of cynaro-
picrin in Hep3B cells may be associated with non-apoptotic 
programmed cell death.

Cynaropicrin induced mitochondrial damage while 
increasing ER stress in Hep3B cells

After investigating whether cynaropicrin-induced cytotoxic-
ity in Hep3B cells was associated with ER stress induction, 
we found that cynaropicrin treatment gradually increased the 
expression of well-identified markers of ER stress, such as 
IRE1α, PDI, Chop, and Ero1-Lα (Barez et al., 2020; Pavlović 
and Heindryckx, 2022; Ye et al., 2023) in a dose-dependent 
manner (Fig. 3A). Flow cytometry and fluorescence micros-

copy analyses confirmed that cynaropicrin treatment also 
enhanced the frequency of ER-Tracker-positive cells (Fig. 
3B-3D), which was associated with an increase in intracellu-
lar Ca2+ levels (Fig. 3E-3G). Additionally, MitoTracker staining 
showed that cynaropicrin treatment significantly decreased 
mitochondrial mass per cell in a concentration-dependent 
manner (Fig. 4A, 4B) and that cynaropicrin-treated cells had 
considerably increased MitoTracker fluorescence intensity 
(Fig. 4C). Furthermore, the expression of Alix, which is in-
volved in paraptosis inhibition (Sperandio et al., 2004; Wang 
et al., 2023), gradually decreased with increasing cynaropic-
rin treatment concentration (Fig. 4D). Given that paraptosis is 
caspase-independent, morphologically different from apopto-
sis and autophagy, and characterized by cytoplasmic vacu-
olization (Broker et al., 2005; Park et al., 2023), our findings 
suggest that the cynaropicrin-induced formation of cytoplas-
mic vacuolation was attributed to the induction of paraptosis-
like cell death.

Cynaropicrin-induced cytotoxicity of Hep3B cells was ER 
stress-dependent

A study by Yang et al. revealed that cynaropicrin-induced 
autophagy enhanced the induction of ER stress-dependent 
apoptosis (Yang et al., 2022), with other studies showing that 
paraptosis was closely associated with ER stress (Hanson et 
al., 2023; Chen et al., 2024b). To analyze the role of ER stress 
in cynaropicrin-induced cytotoxicity in Hep3B cells, 4-PBA, 
which inhibits ER stress, was used. As demonstrated in Fig. 
5A and 5B, cells pretreated with 4-PBA showed a significant 
suppression in the cynaropicrin-induced decrease in cell sur-
vival and formation of cytoplasmic vacuolation. In addition, 
pretreatment with 4-PBA maintained the cynaropicrin-induced 
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increase in ER stress marker proteins at control levels (Fig. 
5C). Furthermore, 4-PBA pretreatment reduced ER stress 
while offsetting cynaropicrin-mediated intracellular Ca2+ in-
crease (Fig. 5D-5G), which was associated with a reduction in 
the frequency of MitoTracker-positive cells (Fig. 5H, 5I). This 
demonstrates that ER stress-related disruption of Ca2+ ho-
meostasis may be crucial for inducing the paraptosis process.

Translation inhibition blocked cynaropicrin-mediated ER 
stress and mitochondrial damage in Hep3B cells

Considering that PCD induction, including paraptosis, re-
quires de novo protein synthesis (Saelens et al., 2005; Seo 
et al., 2021), we subsequently examined whether the loss of 
translational control was essential for cynaropicrin-induced 
cytotoxicity using the translation inhibitor CHX. As shown in 

Fig. 6A and 6B, CHX inhibited the morphological deformation 
and reduction in viability observed in cells exposed to cynaro-
picrin, similar to 4-PBA pretreatment, and prevented the ac-
cumulation of ER stress marker proteins (Fig. 6C). Moreover, 
CHX protected against cynaropicrin-induced Ca2+ accumula-
tion and ER stress (Fig. 6D-6G) and consequently weakened 
mitochondrial damage (Fig. 6H, 6I), indicating that de novo 
protein synthesis contributed critically to cynaropicrin-induced 
paraptosis.

ROS generation served as an upstream regulator of 
cynaropicrin-mediated ER stress and mitochondrial 
damage in Hep3B cells

Recent research has placed considerable emphasis on 
the importance of oxidative stress in paraptosis (Kainat et al., 
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2023; Chen et al., 2024a), with several previous reports hav-
ing showed that the cytotoxicity of cynaropicrin in cancer cells 
was ROS-dependent (Liu et al., 2019; De Cicco et al., 2021; 
Rotondo et al., 2022). Therefore, we further evaluated wheth-
er ROS was involved in cynaropicrin-induced cytotoxicity in 
Hep3B cells. Notably, flow cytometry results using DCF-DA 
dye found that cynaropicrin greatly increased the production 
of ROS, which was also observed through fluorescence mi-
croscopy (Fig. 7A-7C). Moreover, blocking ROS generation 
using NAC, a ROS scavenger, completely maintained the cy-
naropicrin-induced morphological changes of cells at control 
levels (Fig. 7D) and considerably attenuated cynaropicrin-in-
duced expression of ER stress marker proteins and ER stress 
(Fig. 7E, 7F). In addition, NAC pretreatment significantly abol-
ished the cynaropicrin-induced decrease in Alix expression 
and increase in MitoTracker fluorescence intensity (Fig. 7E, 
7F) while also maintaining the cynaropicrin-induced decrease 
in cell viability at near control levels (Fig. 7G). These results 
suggest that ROS acted as upstream regulators of cynaropic-
rin-triggered mitochondrial dysfunction and ER stress.

p38 MAPK was involved in cynaropicrin-induced ER stress 
and mitochondrial impairment in Hep3B cells

MAPKs pathway activation, together with ER stress, has 
been recognized as a major intracellular signaling cascade 
involved in the regulation of PCD, including paraptosis (Wang 
et al., 2021; Li et al., 2022; Wang et al., 2023). Therefore, we 
finally investigated whether MAPKs were involved in cynaro-
picrin-induced cytotoxicity in Hep3B cells. Notably, our results 
showed that p38 MAPK phosphorylation rapidly increased 2 
h after cynaropicrin treatment and then decreased after 12 h. 
We also found that ERK phosphorylation increased slightly, al-

though the effect was minimal. However, JNK phosphorylation 
was not induced (Fig. 8A). Therefore, we examined whether 
p38 MAPK activation was involved in cynaropicrin-induced 
cytotoxicity. Accordingly, we found that cynaropicrin-induced 
formation of cytoplasmic vacuolation and decrease in cell via-
bility were weakened in cells pretreated with SB203580, a p38 
MAPK inhibitor (Fig. 8B, 8C). SB203580 pretreatment also 
attenuated cynaropicrin-induced decrease in Alix expression 
and increase in the expression of ER stress marker proteins 
(Fig. 8D). Furthermore, SB203580 significantly suppressed 
the cynaropicrin-induced increase in the frequency of ER-
Tracker- and MitoTracker-positive cells (Fig. 9C-9F) while also 
partially alleviating the increase in Ca2+ levels (Fig. 9A, 9B). 

DISCUSSION

The pharmacological mechanism by which cynaropicrin 
induces apoptosis in various human cancer cells remains un-
clear yet. In the current study, it was observed that cynaropic-
rin-treated HCC Hep3B cells exhibited extensive cytoplasmic 
vacuoles around the nucleus, which was not mitigated by an 
autophagy blocker bafilomycin A1. This implies that cynaro-
picrin-induced cell death may be non-autophagic. Additionally, 
the cynaropicrin-induced cytotoxicity was not prevented by a 
pan-caspase inhibitor or a necrosis inhibitor, indicating that 
cynaropicrin-induced cytotoxicity in Hep3B cells was caspase-
independent and non-apoptotic.

Preserving the functional homeostasis of the ER is essen-
tial for cell survival (Kumar and Maity, 2021; de Ridder et al., 
2023). Within cells, Ca2+ acts as an essential messenger that 
playing a key role in regulating multiple forms of regulated cell 
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death through (Kumar and Maity, 2021; Moon, 2023). Intracel-
lular Ca2+ accumulation and Ca2+ influx from the ER to mito-
chondria have been associated with the initiation of several 
types of PCD (Michela et al., 2021; Dhaouadi et al., 2023). 
Paraptosis is an alternative cell death pathway character-
ized by cytoplasmic vacuolation and ER and/or mitochondrial 
swelling and is distinct from necrosis and apoptosis. Exten-
sive vacuolation, a characteristic of paraptosis, is caused by 
the dilatation of the ER and mitochondria due to mitochondrial 
Ca2+ overload (Hanson et al., 2023; Xu et al., 2024). Recently, 
it was proposed that the inhibition of ER stress-dependent au-
tophagy can enhance cynaropicrin-induced cell death (Yang 
et al., 2022). Previous studies implied that the anticancer ac-
tivity of cynaropicrin was closely associated with the induction 
of ER stress. It was observed that cynaropicrin effectively in-
creased the expression levels of ER stress regulatory proteins, 
such as IRE1α (one of the well-identified ER stress markers 
that serve as a quality regulator for protein synthesis within 

the ER), PDI (a molecular chaperone protein of the ER), Chop 
(a protein involved in inducing cell death due to ER stress), 
and Ero1-Lα (a representative upstream signaling molecule 
of ER stress) (Barez et al., 2020; Pavlović and Heindryckx, 
2022; Ye et al., 2023). Flow cytometry and fluorescence mi-
croscopy also revealed that the induction of ER stress in 
cynaropicrin-treated cells was closely associated with the 
increase in Ca2+. Furthermore, experiments with MitoTracker 
showed that cynaropicrin-treated cells exhibited mitochondrial 
fragmentation, suggesting that cynaropicrin can severely alter 
the ER and mitochondrial homeostasis of Hep3B cells. More-
over, Alix protein expression gradually decreased as cynaro-
picrin treatment concentrations increased, which is a typical 
characteristic of paraptosis (Sperandio et al., 2004; Wang et 
al., 2023). However, 4-PBA pretreatment markedly reversed 
cynaropicrin-induced Ca2+ accumulation, cytoplasmic vacuole 
formation, and changes in ER stress biomarkers and signifi-
cantly blocked cynaropicrin-induced mitochondrial fragmenta-

D

C
o
u
n
t

Fluo-4 AM

800

600

400

200

0
1 8.24 5 632

+
800

600

400

200

0
1 8.24 5 632

+

4
-P

B
A

(5
m

M
)

800

600

400

200

0
1 8.24 5 632

800

600

400

200

0
1 8.24 5 632

Cynaropicrin (2 g/mL)� F

C
o
u
n
t

ER-Tracker

1,000

0

1.7 5.84 53

+

+

4
-P

B
A

(5
m

M
)

Cynaropicrin (2 g/mL)�

500

1,000

0

1.7 5.84 53

500

1,000

0

1.7 5.84 53

500

1,000

0

1.7 5.84 53

500

H

C
o
u
n
t

MitoTracker

1,000

0

3 6.3

+

+

4
-P

B
A

(5
m

M
)

Cynaropicrin (2 g/mL)�

500

800

0

3.3 8.25 64

600

4 5

400

200

1,000

0

3 6.3

500

4 5

1,000

0

3 6.3

500

4 5

E

20

16

12

8

4

Cynaropicrin ( g/mL)�2

0

Vehicle
4-PBA

+

***

###

G

25

20

15

10

5

E
R

-t
ra

c
k
e
r

(%
)

Cynaropicrin ( g/mL)�2

0

Vehicle
4-PBA

+

***

###

I

20

15

10

5
M

it
o
T

ra
c
k
e
r

(%
)

Cynaropicrin ( g/mL)�2

0

Vehicle
4-PBA

+

***

###

A

120

100

80

60

40

20

C
e
ll

v
ia

b
ili

ty
(%

)

Cynaropicrin ( g/mL)�2

0

Vehicle
4-PBA

+

***

###

C

IRE1�

PDI

Chop

Ero1-L�

�-actin

4-PBA (5 mM)
Cynaropicrin (2 g/mL)�

+
+

+
+

B

+

Cynaropicrin (2 g/mL)�

+

4
-P

B
A

(5
m

M
)

Fig. 5. Attenuation of cynaropicrin-induced mitochondrial dysfunction by an ER stress inhibitor in Hep3B cells. Cells were cultured for 1 h in 
the presence or absence of the ER stress inhibitor 4-PBA and then exposed to cynaropicrin for 24 h. (A-C) After treatment, cell viability and 
morphological changes were examined (A, B), and the expression changes in ER stress-related proteins were evaluated (C). (D-I) The ef-
fects of 4-PBA on the cynaropicrin-induced increase in intracellular Ca2+ concentration (D, E), ER stress (F, G), and mitochondrial dysfunc-
tion (H, I) were investigated through flow cytometry. (A, E, G, I) Numerical data are presented as mean ± SD (n=3). ***p<0.001 compared to 
un- treated group; ###p<0.001 compared to cynaropicrin-treated group.

Biomol  Ther 33(3), 470-482 (2025) 



www.biomolther.org

Kim et al.   Induction of ROS-Dependent Paraptosis by Cynaropicrin

477

tion while also attenuating cytotoxicity. These findings suggest 
that cynaropicrin-induced cytoplasmic vacuolation may occur 
through the accumulation of misfolded proteins and expansion 
of the ER lumen following ER stress. They could also suggest 
that ER stress may regulate cynaropicrin-induced mitochon-
drial dysfunction.

PCD, including paraptosis, do require the synthesis of new 
RNA or proteins while necroptosis does not (Saelens et al., 
2005; Seo et al., 2021; Hanson et al., 2023). To see whether 
mitochondria and ER communicate with each other in the anti-
cancer activity of cynaropicrin in Hep3B cells, CHX was used. 
In addition, CHX may attenuate the protein load in the ER 
lumen, consequently ameliorating ER stress and cell death 
(Szegezdi et al., 2006; Chevet et al., 2015). Notably, our re-
sults showed that CHX exposure alleviated the cynaropicrin-
induced reduction in cellular activity and mitochondrial damage 
while reducing the size and number of cytoplasmic vacuoles 
and the expression levels of cynaropicrin-mediated ER stress 

signaling-related proteins. These results suggest that protein 
synthesis coordinates with cynaropicrin-induced ER stress 
and paraptosis. In particular, given that mitochondria serve 
as a major hub for intracellular Ca2+ signaling (Sterea and El 
Hiani, 2020; Dhaouadi et al., 2023), blocking of the cynaro-
picrin-induced Ca2+ increase using CHX and 4-PBA may have 
been involved in mitochondrial damage repair. Meanwhile, 
studies have shown that abnormal intracellular Ca2+ homeo-
stasis could result in the ROS generation ultimately leading to 
cell death (Ji et al., 2022; Yang et al., 2023). Several mecha-
nisms, including ER stress, Ca2+ influx into mitochondria, and 
alterations in redox homeostasis, are involved in the induc-
tion of paraptosis. As observed in other types of cancer cell 
lines (Liu et al., 2019; De Cicco et al., 2021; Rotondo et al., 
2022), cynaropicrin significantly increased ROS production 
in Hep3B cells, whereas blocking ROS production through 
NAC pretreatment completely abolished the occurrence of cy-
naropicrin-induced vacuoles. Additionally, NAC pretreatment 
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maintained the increase in the fluorescence intensities of ER-
Tracker and MitoTracker in cynaropicrin-treated cells at con-
trol levels. NAC-mediated ROS scavenging also neutralized 
the cynaropicrin-induced downregulation of Alix expression 
and upregulation of ER stress regulatory proteins and signifi-
cantly altered the decrease in cell viability, demonstrating that 
oxidative stress was closely implicated in the pro-paraptotic 
effects of cynaropicrin.

The MAPKs pathway is a common cascade involved in the 
induction of various PCDs, including paraptosis (Wang et al., 
2021; Li et al., 2022; Wang et al., 2023), and may be ROS-
dependent (Michela et al., 2021; Sang et al., 2021; Yang et 
al., 2023). We monitored the phosphorylation of three distinct 
MAPKs. With cynaropicrin treatment, the phosphorylation of 
p38 MAPK was significantly greater than that of ERK and JNK 
in Hep3B cells. To see the involvement of p38 MAPK pathway, 

the p38 MAPK inhibitor was administered before cynaropicrin 
treatment. SB203580 increased the expression of the parap-
tosis inhibitor Alix, which was downregulated by cynaropicrin 
to control levels while reversing the increased expression of 
ER stress marker proteins. Furthermore, the use of SB203580 
protected the cynaropicrin-induced increase in cytoplasmic 
vacuolation and inhibition of cell viability to some extent, in-
dicating that cynaropicrin-induced paraptosis in Hep3B cells 
was mediated by p38 MAPK. The involvement of MAPKs in 
inducing paraptosis varies depending on the type of phyto-
chemical and cancer cell line (Sang et al., 2021; Yang et al., 
2023). In Hep3B cells treated with cynaropicrin, recovery of 
cellular activity was relatively lower with p38 MAPK inhibitor 
than with an ROS scavenger. These findings indicate that cyn-
aropicrin exerts its anticancer activity partially through the p38 
MAPK-mediated ER stress–paraptosis axis. Our results also 
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highlight the involvement of oxidative stress in cynaropicrin-in-
duced paraptosis, with ROS acting as upstream signaling fac-
tors in this process. Consequently, ROS-mediated p38 MAPK 
activation in Hep3B cells may serve as a potential approach 
for inducing cell death, implying the importance of oxidative 
stress in cynaropicrin-induced paraptosis.

Several natural compounds exhibit anticancer activity by 
causing paraptosis through Ca2+ homeostasis disorders. For 
example, the paraptotic death of HepG2 cells induced by hes-
peridin, a flavanone glycoside, was attributed to mitochondrial 
dysfunction and swelling caused by ROS-mediated Ca2+ influx 
from the ER into mitochondria (Yumnam et al., 2016), sug-
gesting that ROS act as upstream regulators of Ca2+ influx into 
mitochondria. The role of MAPKs in relation to the Ca2+/ROS 
axis in paraptotic cell death has to be revealed further. The 
roles of ion channels and their upstream regulators in cynaro-
picrin-induced Ca2+ influx from the ER to mitochondria need to 
be further elucidated too.

In conclusion, we showed that cynaropicrin induced parap-
tosis-like cell death, a non-canonical PCD, in Hep3B cells. 
Cynaropicrin increased the expression of ER stress marker 
proteins but decreased the expression of paraptosis inhibitor 
while promoting cytoplasmic vacuolization. Furthermore, we 
demonstrated that these changes were associated with Ca2+ 
overload, impaired mitochondrial function, and p38 MAPK ac-
tivation and proved that ROS overproduction acts a pivotal 

upstream signal in the initiation of cynaropicrin-induced parap-
tosis (Fig. 10). Importantly, paraptosis represents a potential 
alternative target for cancer treatment, as it operates indepen-
dently of apoptotic signaling, which is often associated with 
resistance (Kunst et al., 2024). Collectively, our findings un-
derscore the importance of oxidative stress-dependent parap-
tosis induction through cynaropicrin as a novel anticancer 
strategy for HCC.
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