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Abstract: Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide, characterized 
by a high degree of malignancy, a poor prognosis, and chemotherapy resistance. The anticancer activities of can-
tharidin and its derivatives have been widely reported. Sodium demethylcantharidate is a derivative of cantharidin 
that shows excellent anticancer activity against multiple types of cancer, including HCC. However, its mechanism of 
action remains unclear. We evaluated the anticancer activities of sodium demethylcantharidate in SMMC-7721 and 
Bel-7402 HCC cells in the current study and demonstrated that sodium demethylcantharidate effectively inhibited 
the proliferation of SMMC-7721 and Bel-7402 HCC cells in a dose- and time-dependent manner. Flow cytometry 
analysis showed that sodium demethylcantharidate could induce apoptosis. Western blotting revealed that en-
doplasmic reticulum (ER) stress-related proteins (p-IRE1, GRP78/BiP, CHOP, the spliced form of XBP1, and cas-
pase-12) were upregulated in SMMC-7721 and Bel-7402 cells after exposure to sodium demethylcantharidate. 
Based on those results, we confirmed that sodium demethylcantharidate could induce apoptosis via ER stress. 
Moreover, a significant attenuation of SMMC-7721 cell tumorigenesis was observed after sodium demethylcanthari-
date treatment in a nude mouse xenograft model. These findings elucidate one mechanism underlying the antican-
cer activity of sodium demethylcantharidate against HCC.
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Introduction

According to GLOBOCAN 2018, liver cancer 
may be the sixth most common cancer and 
fourth lethal cause in cancer worldwide, with 
approximately 841,000 new liver cancer cases 
and 782,000 deaths annually [1]. The most 
common type of primary liver cancer is hepato-
cellular carcinoma (HCC), comprising 75%-85% 
of all cases [1, 2]. Infection by hepatitis B or C 
viruses, heavy alcohol consumption, obesity, 
and aflatoxin B1 contribute to the high burden 
in Asia and Eastern Africa, especially in Mo- 
ngolia [1, 3]. Currently, surgical resection, liver 
transplantation, chemotherapy, radiotherapy, 
and targeted therapy are the standard treat-
ments for HCC patients [4]. However, HCC still 
shows a poor prognosis, with a 5-year survival 
rate of less than 12% due to relapse and 
metastasis [5]. Moreover, HCC is characterized 

by chemotherapy resistance. Therefore, a bet-
ter understanding of the mechanistic bases of 
HCC is urgently required to design more effec-
tive therapy for HCC [6].

One recent anticancer strategy is to cause 
apoptosis by promoting endoplasmic reticulum 
(ER) stress. The ER is primarily responsible for 
the correct folding and post-translational modi-
fication of membrane proteins and secretory 
proteins [7]. ER stress, a reaction caused by ER 
dysfunction and disturbance of the internal 
environment, is characterized by misfolded and 
unfolded protein aggregation and Ca2+ balance 
disorder in the ER lumen. To eliminate the ab- 
normal proteins, the unfolded protein response 
(UPR) is triggered and mediated by inositol-
requiring enzyme 1 (IRE1)-dependent splicing 
of the mRNA encoding X-box binding protein 1 
(XBP1), cleavage and translocation of activating 
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transcription factor 6 (ATF6), and phosphoryla-
tion of PKR-like ER kinase (PERK) [8]. When ER 
stress is prolonged or too severe to be resolved, 
cell apoptosis will be initiated by caspase-12 
[9], CHOP/GADD153 [10], IRE1/ASK1/JNK [11], 
and p53 [12] signal pathways. Subsequently, 
cytochrome C is released from mitochondria, 
promoting the formation of the apoptosome 
and resulting in the cleavage of caspase-9 and 
caspase-3/6/7 and subsequent induction of 
cell death [13]. Causing ER stress with drugs 
such as bortezomib, nelfinavir, and tanespinmy-
cin can promote apoptosis and successfully 
treat cancers [14-17]. Thus, searching for other 
ER-stress inducers is a meaningful direction for 
cancer treatment development.

Cantharis vesicatoria, a traditional Chinese folk 
drug from blister beetles, has a history of more 
than 2,000 years and is used to treat furuncles, 
ulcers, and foot warts [18]. Cantharidin was 
proven to be the main active compound isolat-
ed from Cantharis vesicatoria. Much literature 
has reported that cantharidin and its deriva-
tives are effective in treating ovarian cancer, 
lung cancer, colon cancer, and breast cancer, 
among other cancer types [19-22]. Sodium 
demethylcantharidate is a derivative of can-
tharidin that shows excellent anticancer activity 
against many types of cancer, including HCC. 
However, the mechanism of action remains 
unclear [23-25]. In the current study, we illumi-
nated the anticancer mechanism of sodium 
demethylcantharidate in two HCC cell lines 
(SMMC-7721 and Bel-7402) and a mouse xeno-
graft tumor model.

Materials and methods

Materials

Sodium demethylcantharidate was purchased 
from Targetmol (Shanghai, China). Sulforho- 
damine B (SRB) was purchased from Sigma 
(Shanghai, China). FITC Annexin V Apoptosis 
Detection Kit I was purchased from Becton 
Dickinson Biosciences (Franklin Lakes, NJ, 
USA). The antibodies used in this study, Bcl-2, 
Bax, cleaved caspase-3, cleaved caspase-9, 
GRP78/BiP, CHOP, and HRP-conjugated anti-
rabbit and anti-mouse secondary antibodies, 
were from Cell Signaling Technology (Beverly, 
MA, USA). Phosphorylated IRE1(p-IRE1), cas-
pase-12, and XBP1s were from abcam (Cam- 

bridge, MA, USA). GAPDH was from TDY Bio 
(Beijing, China).

Cell lines and culture conditions

The hepatocellular carcinoma cell lines SMMC-
7721 and Bel-7402 were purchased from Ge- 
nechem Co., LTD (Shanghai, China). Both cell 
lines were cultured in RPMI-1640 medium 
(Hyclone, Logan, UT, USA) supplemented with 
10% fetal bovine serum (Biological Industries, 
LTD, Beit Haemek, Israel) and 1% penicillin/
streptomycin (Solarbio, Beijing, China) and were 
maintained at 37°C in a humidified incubator 
containing 5% CO2.

Cell viability assay

Cells were seeded in 96-well plates at a density 
of 8×103 cells/well and were cultured for 24 h 
to allow adherence. Next, the cells were treated 
with sodium demethylcantharidate at final con-
centrations of 0, 6.25, 12.5, 25, 50, and 100 
μM. After the cells were incubated for 24 or 48 
h, SRB colorimetry was performed. The absor-
bance of each well was measured at 530 nm 
using a SpectraMax i3X plate reader (Molecular 
Devices, San Jose, CA, USA). The assays were 
performed at least three times.

Colony formation assay

Cells were seeded in 6-well plates at a density 
of 500 cells/well and were cultured for 24 h. 
Next, various concentrations of sodium de- 
methylcantharidate (0, 9, 18, or 36 µM) were 
added for 24 h. Fourteen days later, the cells 
were washed with phosphate-buffered solu- 
tion (PBS), fixed with methanol for 5 min, and 
stained with Giemsa solution (Solarbio, Beijing, 
China). Finally, clones were counted to evaluate 
cell proliferation.

Fluorescent staining

Cells grown in 96-well plates were treated with 
sodium demethylcantharidate (0, 9, 18, or 36 
µM) for 24 h and fixed with 4% paraformalde-
hyde for 25 min and then were washed with 
PBS and stained with Hoechst 33342 (Be- 
yotime, Shanghai, China) for 30 min. Fluore- 
scence images were captured using a fluores-
cence microscope (Olympus, Tokyo, Japan).
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Cell apoptosis analysis

Cells were plated in 6-well plates for 24 h and 
then were treated with sodium demethylcan- 
tharidate (0, 9, 18, or 36 µM) for 24 h. Cells 
were washed with PBS and harvested with tryp-
sin. The collected cell samples were incubated 
with Annexin V for 15 min in the dark and then 
were incubated with PI for 5 min, followed by 
evaluation for apoptosis using a BD Accuri C6 
Plus Flow Cytometer.

Western blot assay

Cells were plated in 6-well plates for 24 h  
and then were treated with sodium demethyl-
cantharidate (0, 9, 18, or 36 µM) for 24 h. Cells 
were lysed with RIPA lysis buffer and protein 
concentration was quantified using the BCA 
assay. Proteins were resolved (50 µg per lane) 
by 8%, 10%, or 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) 
(Beyotime, Shanghai, China), followed by trans-
fer onto polyvinylidene fluoride membranes. Af- 
ter blocking with western blocking buffer (Be- 
yotime, Shanghai, China), the membrane was 
incubated with specific primary antibodies ov- 
ernight at 4°C, followed by incubation with the 
corresponding secondary antibodies for 1.5 h 
at room temperature. The membranes were 
incubated with Immobilon Western Chemilu- 
minescent HRP Substrate (Millipore, MA, USA) 
and the protein bands were visualized using a 
BIO-RAD ChemiDoc Imaging System (Hercules, 
CA, USA).

Tumor xenograft assay in vivo

Suspensions of SMMC-7721 cells (1×107) were 
injected subcutaneously into the back of each 
4-week-old male (n=12) BALB/c nude mouse 
(Beijing Huahengkang Biological Technology, 
Beijing, China) and were maintained in specific 
pathogen-free (SPF) conditions. One week later, 
when the mean volume of the tumors reached 
approximately 70 mm3, the mice were random-
ized to either the vehicle group (n=6) or sodium 
demethylcantharidate treatment group (n=6). 
Sodium demethylcantharidate was dissolved in 
normal saline, and intraperitoneal injection was 
performed every other day at a dose of 4.3 mg/
kg. The control group was treated with only nor-
mal saline at the same volume. The nude mice 
were weighed every other day. The tumor vol-
ume was measured every other day with a cali-

per and was calculated as length × width2/2 
[26]. 

Statistical analysis

All assays were conducted as three indepen-
dent experiments (n=3). The data were expr- 
essed as means ± SD. All statistical analyses 
were conducted using GraphPad Prism 6.01 
from Graphpad Software (La Jolla, CA, USA). 
One-way ANOVA and Student’s t-test were em- 
ployed to analyze the differences between sets 
of data. A p value < 0.05 was considered statis-
tically significant.

Results

Suppression of HCC cell proliferation by so-
dium demethylcantharidate

We examined the effect of sodium demethyl-
cantharidate on the cell viability of SMMC-7721 
and Bel-7402 cells for 24 and 48 hours by SRB 
assay. SRB colorimetry showed that sodium 
demethylcantharidate treatment significantly 
decreased the viability of SMMC-7721 and Bel-
7402 cells in a dose- and time-dependent man-
ner (Figure 1A and 1B). The colony-forming as- 
say revealed that the number of colonies for- 
med in both SMMC-7721 and Bel-7402 cells 
was reduced obviously under the influence of 
sodium demethylcantharidate treatment in a 
dose-dependent manner (Figure 1C and 1D). 
With an increasing concentration of sodium 
demethylcantharidate, more chromatin under-
went condensation and polynucleosomal frag-
mentation, and nuclear shrinking occurred in 
Hoechst dye-stained slices (Figure 1E). These 
results confirmed the anti-proliferative activity 
of sodium demethylcantharidate in the two 
HCC cell lines.

Apoptosis induction by sodium demethyl-
cantharidate in HCC cells

Flow cytometry was used to evaluate sodium 
demethylcantharidate-induced cell death. The 
pro-apoptotic effect of sodium demethylcan- 
tharidate was concentrationdependent (Fig- 
ures 2A, 2B and S1). To further study the me- 
chanism of sodium demethylcantharidate-in- 
duced apoptosis, we examined the caspase 
activity in sodium demethylcantharidate-treat-
ed cells. Western blot analysis indicated that 
the levels of cleaved caspase-3, cleaved cas-
pase-9, and Bax/Bcl-2 were increased by sodi-
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um demethylcantharidate dose dependently 
(Figure 2C). These results suggested that so- 
dium demethylcantharidate treatment could 
induce apoptosis in HCC cells via the intrinsic 
pathway.

ER stress induction by sodium demethyl-
cantharidate in HCC cells

ER stress plays an important role in the initia-
tion of agent-induced apoptosis [27, 28]. Addi- 
tionally, the expression of Bcl-2 is inhibited by 
sodium demethylcantharidate dose depend-

ently as shown above. CHOP, which is highly 
expressed when ER stress occurs, is involved  
in regulating apoptosis-related proteins, such 
as down-regulating the expression of Bcl-2 [29]. 
Therefore, we hypothesized that the exacerba-
tion of ER stress contributed to HCC cell apop-
tosis by sodium demethylcantharidate treat-
ment. Next, we examined the expression of ER 
stress-related proteins. Western blot analysis 
indicated that p-IRE1, GRP78/BiP, XBP1s, cas-
pase-12, and CHOP levels were higher in SM- 
MC-7721 and Bel-7402 cells exposed to sodi-
um demethylcantharidate (0, 9, 18, or 36 µM) 

Figure 1. Sodium demethylcantharidate effectively suppressed the proliferation of HCC Cells. (A) SMMC-7721 and 
(B) Bel-7402 cells were treated with various doses of sodium cantharidinate for 0, 12, 24, 48 or 72 h respectively. 
Cell viability was determined by SRB colorimetry. (C and D) SMMC-7721 and Bel-7402 cells were treated with so-
dium demethylcantharidate (0, 9, 18 or 36 µM) for 24 h. The colony formation assay was then performed to detect 
proliferation. (E) SMMC-7721 and Bel-7402 cells were treated with sodium demethylcantharidate (0, 9, 18 or 36 
µM) for 24 h. The apoptosis of SMMC-7721 and Bel-7402 cells was detected by Hoechst staining. Bar: 50 μm. The 
Hoechst-positive cells (white arrows pointed) were recognized as apoptotic. The experiments were repeated at least 
three times. The data are expressed as the means ± SD of three experiments (*P<0.05 vs. control).
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than in control cells (Figure 3). These results 
indicated that ER stress is an important fea- 
ture of sodium demethylcantharidate-induced 
apoptosis in HCC cells.

Sodium demethylcantharidate significantly de-
crease the tumorigenicity of SMMC-7721 cells 
in vivo

To evaluate the anticancer effect of sodium 
demethylcantharidate in vivo, nude mice were 
inoculated with SMMC-7721 cells, and tumor 
tumorigenesis was monitored. Compared with 
vehicle controls, the tumor mass and volume 
were significantly reduced following sodium 
demethylcantharidate treatment (Figure 4A, 
4C, 4D). Western blot analysis indicated that 
p-IRE1, GRP78/BiP, XBP1s, caspase-12, and 
CHOP levels were higher in dissected tumors  
of the xenograft model exposed to sodium de- 
methylcantharidate (Figure 4B). The body wei- 
ghts of the two groups were similar; thus, the 
differences in the tumor mass and volume we- 
re not attributed to a loss of weight (Figure  
4E). These data suggested that sodium de- 
methylcantharidate could suppress hepatocel-
lular carcinoma tumorigenesis in vivo.

Discussion

HCC is one of the most fatal cancers worldwide, 
and its incidence is increasing. Surgical resec-

tion, radiotherapy, and systemic chemotherapy 
are the main approaches for HCC treatment [1]. 
However, these available strategies are not 
effective enough to eliminate its poor progno-
sis. Thus, it is necessary to identify other cura-
tive treatments for HCC.

Sodium demethylcantharidate is a novel deriv-
ative of cantharidin and has been reported to 
have good anticancer activity against multiple 
cancers [23-25]. In the present study, we found 
that sodium demethylcantharidate significant- 
ly decreased the viability and proliferation of 
SMMC-7721 and Bel-7402 cells in a dose- and 
time-dependent manner via induction of apop-
tosis. Apoptosis is a common mechanism of 
cancer cell death after chemical treatment. We 
observed elevation of Bax/Bcl-2 levels and ele-
vated cleavage of caspase-9 and caspase-3. 
Thus, sodium demethylcantharidate treatment 
could stimulate the apoptosis of HCC cells via 
the intrinsic pathway. Compared with the in- 
crease in Bax expression, the suppression of 
Bcl-2 was more obvious, especially in the Bel-
7402 cell line (Figure 2C). Activating CHOP, 
which triggers cell growth arrest and ER str- 
ess-related apoptosis, is known to inhibit the 
expression of Bcl-2 [29]. Thus, we hypothesized 
that sodium demethylcantharidate induced cell 
death due to ER stress. 

Figure 2. Sodium demethylcantharidate induced apoptosis in HCC cells. (A) SMMC-7721 and (B) Bel-7402 cells 
were treated with sodium demethylcantharidate (0, 9, 18 or 36 µM) for 24 h. Apoptosis was measured via Annexin 
V/propidiumiodide (PI) staining and quantified by flow cytometry. (C) Apoptosis proteins including Bax, Bcl-2, cleaved 
caspase-3 and cleaved caspase-9 were analyzed by Western blotting. The experiments were repeated at least three 
times. The data are expressed as the means ± SD of three experiments (*P<0.05 vs. control).

Figure 3. Sodium demethylcantharidate induced ER stress in HHC cells. ER stress markers, including p-IRE1, 
GRP78/BiP, XBP1s, Caspase 12 and CHOP were analyzed in concentration course manner by Western blotting.
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Our observation of increased autophosphoryla-
tion of IRE1 (Figures 3 and 4B), a key molecule 
that functions as a rheostat capable of regulat-
ing cell fate [30], suggests this might initiate 
the apoptotic signal. Consistent with this, BIP 
acts as a master regulator for UPR [31], and 
phosphorylated IRE1 cleaves XBP1 mRNA at an 
intron, allowing the production of XBP1 protein. 
In addition, IRE1 activates the ASK1/JNK signal 
that then upregulates and activates CHOP and 
Bax [26]. As Bax/Bcl-2 is elevated, cytochrome 
C is released from mitochondria, which forms 
the apoptosome. Finally, the apoptosome acti-
vates and cleaves caspase-9 and then cas-
pase-3, leading to apoptosis.

In summary, we demonstrated that the apopto-
sis of HCC cells after sodium demethylcanthari-
date exposure can be caused by ER stress.
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Figure S1. Sodium demethylcantharidate induced apoptosis in SMMC-7721 cells, related to Figure 2. SMMC-7721 
cells were treated with sodium demethylcantharidate (0 or 36 µM) for 24 h or 48 h. Apoptosis was measured via 
Annexin V/propidiumiodide (PI) staining and quantified by flow cytometry. The experiments were repeated at least 
three times. The data are expressed as the means ± SD of three experiments (*P<0.05 vs. control).


