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ABSTRACT

Background: Hepatocellular carcinoma (HCC) is one of the most aggressive cancers worldwide. Curzerene is a sesquiterpene 
and component of Curcuma rhizomes and has anti-tumor and anti-inflammatory properties. Objective: The study aimed to 
investigate the effects of curzerene on the malignant phenotypes and tumor growth in HCC. Methods: Various concentrations 
of curzerene were used to treat human HCC cells (Huh7 and HCCLM3). Cell viability, apoptosis, cell cycle, invasion, and migra-
tion were detected by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, flow cytometry, Transwell, and wound 
healing assays. Cell cycle-, apoptosis-, and signaling pathway-related proteins were analyzed by Western blot analysis. A mouse 
xenograft model was established to analyze the anti-tumor effects of curzerene in vivo. Results: Curzerene repressed the 
proliferation, invasion, and migration of Huh7 and HCCLM3 cells. Curzerene also induced G2/M cycle arrest and cell apoptosis. 
Curzerene downregulated the CDK1, cyclin B1, PCNA, Bcl-2, matrix metallopeptidases (MMP)2, and MMP9 protein expression 
and upregulated the Bax, cleaved caspase3, and cleaved poly ADPribose polymerase protein expression in HCC cells. Curzerene 
restrained the phosphorylation of PI3K, AKT, and the Mammalian target of rapamycin (mTOR) in Huh7 and HCCLM3 cells. The 
in vivo data revealed that curzerene inhibited HCC tumor growth and decreased the expression of phosphorylated mTOR in 
xenograft mouse models. Conclusion: Curzerene inhibited cell malignancy in vitro and tumor growth in vivo in HCC, suggesting 
that curzerene may be a candidate agent for anti-HCC therapy. (REV INVEST CLIN. 2024;76(4):173-84)
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a highly aggressive 
malignancy and the main cause of cancer-related 
mortality worldwide1,2. Epidemiological data show that 
the pre-disposing factors for HCC include smoking3, 
alcohol consumption4, type 2 diabetes4, aflatoxin ex-
posure5, and hepatitis virus infection6. To date, liver 

transplantation and surgical resection are the main 
therapeutic strategies for HCC7. Although substantial 
progress has been achieved in HCC diagnosis and 
treatment, patients with HCC still suffer from metas-
tasis and local invasion, leading to poor overall sur-
vival8,9. Therefore, there is a need to systematically 
investigate the mechanisms underlying HCC develop-
ment.
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Chemotherapy is an important treatment modality 
for advanced HCC. It can destroy tumor cells but in-
evitably produces serious side effects10. Recently, 
scholars have been committed to studying the active 
ingredients of traditional Chinese medicine with anti-
cancer effects and low toxicity11. Curcuma longa is a 
traditional Chinese medicine, and its extracts have 
been applied for the treatment of human cancers and 
eye diseases12. Curzerene (C15H20O; Fig. 1A) is an 
active component of C. longa and has shown anti-
tumor efficacy. In glioblastoma, curzerene restrains 
cell migration and invasion and induces cell apoptosis. 
Meanwhile, it represses tumor growth in vivo and si-
multaneously prolongs the survival time of tumor-
bearing nude mice13. In addition, curzerene reduces 
Glutathione S-transferase A1 expression in lung can-
cer and exhibits low toxicity to the major organs of 
mice14. However, the biological functions of curzerene 
in HCC remain unknown.

The mammalian target of rapamycin (mTOR) is a 
member of the PI3K-related protein kinase family15. 
The PI3K/AKT/mTOR signaling pathway is frequently 
activated in various cancers and regulates cell me-
tabolism and growth16. Previous studies have report-
ed the essential roles of this pathway in the invasion, 
migration, survival, and proliferation of tumor cells17,18. 
The suppressive effects of curzerene on the mTOR 
pathway have been validated in glioma cells19. None-
theless, whether curzerene can modulate the PI3K/
AKT/mTOR pathway in HCC, it remains unknown.

In this study, we explored the effects of curzerene on 
HCC cell growth and investigated its related mecha-
nisms. We hypothesized that curzerene can inhibit 
HCC progression. This study may help to identify 
novel drug candidates for HCC treatment.

METHODS

Cell culture

Human HCC cells (Huh7 and HCCLM3) and human 
normal hepatocytes (L-02) were commercially ob-
tained from Oricell (Shanghai, China) and cultured in 
Dulbecco’s modified Eagle’s medium (M0100, WHELAB, 
Shanghai) supplemented with 10% FBS (76294-180, 
AVANTOR, Australia) and 100 µg/mL streptomycin/
penicillin (Beyotime) at 37°C with 5% CO2.

Cell treatment

For curzerene treatments, Huh7, HCCLM3, and L-02 
cells were seeded in 96-well plates and treated with 
curzerene (12.5, 25, 50, 100, and 200 µM) for 24 h. 
Purified curzerene (HPLC≥98%; wkq-00193) was pur-
chased from Weikeqi Biotechnology (Sichuan, China).

3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay

Huh7, HCCLM3, and L-02 cells (5000 cells/well) were 
plated in 96-well plates. The next day, the cells were 
treated with curzerene for 24 h. After incubation, 20 
µL of MTT solution (PH0533; Phygene, Fuzhou, Chi-
na) were added and incubated for 4 h at 37ºC. Then, 
150 µL of DMSO were added to the wells to dissolve 
the formazan. The optical density value was detected 
using a microplate reader at 570 nm. Each experiment 
was repeated 5 times.

Colony formation assay

Huh7 and HCCLM3 cells were seeded in 6-well plates 
(10,000 cells/well). The cells were treated with 
curzerene and incubated for 14 days. The colonies were 
fixed with 4% paraformaldehyde for 30 min and stained 
with 0.6% Giemsa stain (LM8M013; LMAI Bio, Shang-
hai) for 30 min. The colonies were counted using ImageJ 
(version 1.49v). Each experiment was repeated 5 times.

Flow cytometry analysis

For cell cycle evaluation, Huh7 and HCCLM3 cells were 
seeded in 6-cm culture dishes and treated with concen-
trations of curzerene for 24 h. Cells were then fixed in 
70% cold ethanol for 1 h at −20ºC. Cells were resus-
pended in 500 µL of PBS and stained with PI/RNase 
Staining Buffer (HY-000525; BD Biosciences) according 
to the manufacturer’s instructions. After incubation for 
15 min, cell cycle analysis was performed using a FAC-
Scan flow cytometer (CA, USA). For cell apoptosis eval-
uation, HCC cells were prepared into a suspension and 
seeded in 6-well plates (2 × 105 cells/mL). After incuba-
tion with curzerene for 24 h, the cells were stained as 
per the instructions for the Apoptosis Detection Kit 
(MX3210; Maokang Biotech) and subsequently sub-
jected to flow cytometry analysis. All the data in flow 
cytometry were analyzed by CXP Software (Beckman 
Coulter, CA). Each experiment was repeated 5 times.
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Wound healing assay

Huh7 and HCCLM3 cells were cultured in 6-well plates 
at 4 × 105 cells/well. After reaching about 90% conflu-
ence, cells were scratched using a 200 µL pipette tip 
(CN-24502-23; Cole-Parmer Instrument, Shanghai). 
Cell debris was washed away, and the medium was 
replaced with 1 mL of serum-free culture medium. Im-
ages were captured with a digital microscope at 0 h 
and 24 h, respectively. The wound width was analyzed 
using ImageJ. Each experiment was repeated 5 times.

Transwell assay

Matrigel (50 µL; Corning, CA) diluted in serum-free 
medium was added to the upper chamber of a Tran-
swell apparatus for 1 h. After gel solidification, the 
digested cells were suspended in a serum-free medi-
um. A cell suspension (200 µL) was added to the 
upper chamber. A complete medium containing 20% 
FBS was added to the lower chamber. After 24 h, the 
cells on the upper surface were removed with a cotton 
ball. The invaded cells were stained with 0.1% crystal 
violet for 30 min. Finally, the cells were photographed 
and counted under an inverted microscope. Each ex-
periment was repeated 5 times.

Immunoblotting analysis

Protein extraction and Western blotting were per-
formed as previously described20. Western blotting 
was performed using primary antibodies, including 

CDK1 (ab265590, 1:1,000), cyclin B1 (ab181593, 
1:2,000), PCNA (ab92552, 1:3,000), matrix metal-
lopeptidases (MMP)2 (ab92536, 1:2,000), MMP9 
(ab76003, 1:3,000), Bax (ab182734, 1:1,000), Bcl-2 
(ab182858, 1:2,000), cleaved caspase3 (ab32042, 
1:500) (ab214430, 1:5,000), cleaved Poly ADPribose 
polymerase (PARP) (AF7023, 1:1,000) (AF5240, 
1:1,000), PI3K (AF6241, 1:2,000), p-PI3K (AF3242, 
1:2,000), mTOR (AF6308, 1:2,000), p-mTOR 
(AF3308, 1:2,000), AKT (AF6261, 1:2,000), p-AKT 
(AF0016, 1:2,000), and GAPDH (AF7021, 1:3,000). 
Protein bands were developed with an ECL Plus kit 
(P0018; Beyotime, Shanghai). ImageJ software (ver-
sion 1.49v) was used to analyze the gray value. Each 
experiment was repeated 5 times.

In vivo experiments

Previous studies reported that both female and male 
mice can be used in xenograft tumor models of HCC 
(Ma, 2019 #7909) (Yan, 2021 #7908) (Yan, 2021 
#7908). Female mice are generally docile. To exclude 
the impact of gender, we only used female mice here. 
BALB/c nude mice (female, aged 4 weeks, 10-17 g) 
were commercially obtained from Cavens Laboratory 
Animal Co., Ltd. (Changzhou, China) and maintained 
in a pathogen-free animal laboratory. All experimental 
procedures were performed following the guidelines 
for laboratory animal use set by the National Insti-
tutes of Health and approved by the Institutional 
Animal Care and Use Committee of Guangxi Interna-
tional Zhuang Medicine Hospital. The armpit of each 

A B

Figure 1. Curzerene inhibited the growth of HCC cells. A: chemical structure of curzerene. B: human HCC cells (Huh7 and 
HCCLM3) and human normal hepatocytes (L-02) were treated with various concentrations of curzerene for 24 h, followed by 
measurement of cell viability using MTT assay. Measurement data are expressed as mean ± SD. n = 5. *p < 0.05; ***p < 0.001.
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nude mouse was subcutaneously injected with 1 × 106 
Huh7 cells. After tumor formation for 7 days, curzerene 
was intraperitoneally injected into mice every other 
day at a dose of 6 × 10-4 mol/kg14. The mice in the 
control groups only received an equal volume of nor-
mal saline. Tumor volume was calculated every 3 days. 
After drug injection for 25 days, tumors were col-
lected and weighed.

Immunofluorescence staining

The harvested tumor tissues (4 µm thick) were 
blocked with 5% bovine serum albumin for 1 h and 
incubated with primary antibodies against p-mTOR 
(AF3308, 1:100) and anti-Ki67 (AF0198, 1:100) at 
4°C overnight. The fluorescence signals were cap-
tured with a fluorescence microscope (Olympus BX53, 
Tokyo, Japan). Each experiment was repeated 4 
times.

TUNEL staining

Following the protocols of the TUNEL apoptosis kit 
(CSK00001; Chemstan, Wuhan, China), the tumor 
sections were dewaxed, hydrated, washed, and then 
treated with 20 µg/mL Protease K solution (ST523, 
Beyotime, Shanghai) at 37°C for 15 min. The slices 
were washed 3 times and incubated with 50 µL of 
TUNEL solution for 1 h in the dark. After staining with 
DAPI, apoptosis was observed by fluorescence mi-
croscopy. Each experiment was repeated 4 times.

Statistical analysis

Experimental data are shown as the mean ± standard 
deviation (SD) and were analyzed using SPSS 21.0 
software. The difference between two groups was 
compared using the student’s t-test, while that among 
multiple groups using a one-way analysis of variance. 
p < 00.05 was considered statistically significant.

RESULTS

Curzerene inhibited the growth  
of hepatocellular carcinoma cells

The cytotoxic effects of curzerene (Fig. 1A) on HCC 
cells were examined. Human HCC cells (Huh7 and 
HCCLM3) and human normal hepatocytes (L-02) 

were incubated with curzerene for 24 h. As MTT as-
says demonstrated, the proliferation of Huh7 and HC-
CLM3 cells was restrained by curzerene in a dose-
dependent manner (Fig. 1B). The IC50 values for Huh7 
and HCCLM3 at 24 h were 47 ± 4.36 µM and 49 ± 
4.45 µM, respectively. The viability of L-02 cells was 
decreased by approximately 15% when the concen-
tration of curzerene was 200 µM (Fig. 1B), indicating 
that curzerene has low toxicity to normal liver cells. 
Similarly, Huh7 and HCCLM3 cells treated with 
curzerene (10, 20, and 40 µM) exhibited reduced 
colony formation compared to untreated cells (Fig. 2A 
and B). Here, the impact of curzerene on the cell cycle 
in Huh7 and HCCLM3 cells was determined. Huh7 and 
HCCLM3 cells were incubated with 10, 20, and 40 µM 
curzerene, respectively, for 24 h, and the cell cycle-
related proteins were analyzed. We found that, in HCC 
cells, the CDK1, cyclin B1, and PCNA protein levels 
were reduced after curzerene treatment (Fig. 2C and 
D). Furthermore, the proportion of cells in the G2/M 
phase was increased after curzerene treatment (Fig. 
2E and F), suggesting that curzerene restrains HCC 
cell growth by inducing G2/M cycle arrest.

Curzerene suppressed the motility  
of hepatocellular carcinoma cells

As shown in Fig. 3A and B, 20 and 40 µM curzerene 
notably restrained the wound healing in Huh7 and 
HCCLM3 cells after incubation for 24 h, compared to 
the untreated group. This suggests that curzerene 
reduces the migratory ability of HCC cells. Transwell 
assays were performed to evaluate the invasion rate 
of cells passing through the Transwell chambers. As 
observed in Fig. 3C and D, curzerene markedly at-
tenuated the invasion ability of Huh7 and HCCLM3 
cells after incubation for 24 h. Gelatinases such as 
MMP2 and MMP9 have crucial roles in tumor growth 
and metastasis. We further found reduced MMP2 and 
MMP9 protein expression in Huh7 and HCCLM3 cells 
treated with curzerene (Fig. 3E and F).

Curzerene promoted the apoptosis  
of hepatocellular carcinoma cells

Next, we examined the apoptotic rate of Huh7 and 
HCCLM3 cells using flow cytometry. Compared to the 
control cells, curzerene at 20 and 40 µM elevated the 
apoptotic rate of Huh7 cells to 12.08% and 20.82%, 
respectively, and elevated the apoptotic rate of 
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Figure 2. Curzerene induced cell cycle arrest in HCC cells. A and B: human HCC cells (Huh7 and HCCLM3) were treated with 
curzerene for 24 h, followed by measurement of cell proliferation using colony formation experiment. C and D: CDK1, cyclin B1 
and PCNA protein expression in HCC cells treated with curzerene was measured by immunoblotting. E and F: flow cytometry 
analysis of cell cycle distribution in HCC cells. Measurement data are expressed as mean ± SD. n = 5. *p < 0.05; **p < 0.01; 
***p < 0.001.
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Figure 3. Curzerene suppressed the motility of HCC cells. A and B: human HCC cell migration after curzerene treatment was 
detected by wound healing assay. C and D: human HCC cell invasiveness after curzerene treatment was detected by Transwell 
assay. E and F: MMP2 and MMP9 protein expression in HCC cells treated with curzerene was measured by immunoblotting. 
Measurement data are expressed as mean ± SD. n = 5. **p < 0.01; ***p < 0.001.
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HCCLM3 cells to 12.27% and 21.26%, respectively 
(Fig. 4A and B). We then examined the expression of 
apoptotic markers using immunoblotting. The results 
revealed that both curzerene (20 µM) and curzerene 
(40 µM) notably upregulated the proapoptotic pro-
teins (Bax, cleaved caspase3, and cleaved PARP) and 
downregulated the antiapoptotic protein Bcl-2 in 
Huh7 and HCCLM3 cells (Fig. 4C and D).

Curzerene blocked the PI3K/AKT/mTOR 
pathway

To investigate the pathways through which curzerene 
suppresses HCC cell malignancy, the protein levels of 
the molecules in the PI3K/AKT/mTOR signaling were 
investigated. Our data showed that curzerene not 
only restrained the phosphorylation of PI3K but re-
strained the phosphorylation of PI3K’s downstream 
genes (AKT and mTOR) in Huh7 and HCCLM3 cells 
(Fig. 5A and B), demonstrating that curzerene might 
impede HCC progression via the PI3K/AKT/mTOR 
signaling.

Curzerene repressed tumor growth  
in a xenograft mouse model

As shown in Fig. 6A-C, curzerene significantly re-
pressed tumor volume and tumor weight when com-
pared to the control group. The curzerene treatment 
group exhibited reduced expression of CDK1 and cy-
clin B1 as well as increased expression of Bax, cleaved 
caspase3, and cleaved PARP (Fig. 6D and E). Immuno-
fluorescence and TUNEL results indicated that 
curzerene decreased Ki67 expression and increased 
apoptosis in vivo (Fig. 6F-H). Immunofluorescence 
was used to analyze the expression of p-mTOR in 
vivo. Consistent with the in vitro results, the expres-
sion of p-mTOR was significantly reduced in curzerene-
treated mice (Fig. 6I).

DISCUSSION

The current investigation reports the anti-tumor ef-
ficacy of curzerene in HCC. Our findings revealed that 
curzerene inhibited the activation of the PI3K/AKT/
mTOR pathway, which might mediate the inhibitory 
effects of curzerene on HCC cell proliferation, inva-
sion, and migration. In addition, curzerene promoted 
HCC cell apoptosis and induced G2/M cycle arrest. 

Moreover, we demonstrated that curzerene treat-
ment suppressed HCC tumor growth in xenograft 
mouse models. These findings demonstrate the po-
tential of curzerene as a novel anti-tumor drug for the 
treatment of HCC.

Curzerene administration inhibits tumor growth in 
lung adenocarcinoma cell-bearing nude mice and has 
no effect on the major organs of the mice, indicating 
that curzerene has potential for anti-tumor therapy14. 
Notably, curzerene has been shown to repress the 
progression of glioblastoma via the suppression of 
glutathione S-transferase A113. Our study showed 
that curzerene inhibited the viability of HCC cells in a 
concentration- and time-dependent manner. As a fac-
tor in DNA repair and replication machinery, PCNA is 
essential for nucleic acid metabolism21. Ki67 is a nu-
clear protein associated with cell proliferation22. Our 
data showed that curzerene decreased HCC cell pro-
liferation, as demonstrated by a reduction in PCNA 
and Ki67 protein expression in curzerene-treated cells 
and tumors. In addition, the cell cycle is a key target 
for cancer therapy23. Here, we explored whether 
curzerene can regulate the phase of the cell cycle. Our 
data revealed that curzerene treatment inhibited the 
cell cycle at the G2/M phase. Curzerene treatment 
also decreased the levels of cell cycle-related proteins 
(CDK1 and cyclin B1). Studies have verified that the 
highly invasive and migratory capacity of tumors is 
associated with the high expression of matrix metal-
lopeptidases (MMPs), including MMP2 and MMP9, 
which are highly expressed in various malignant tu-
mors. They can induce extracellular matrix turnover, 
thereby promoting tumor migration and invasion24,25. 
Our data showed that the protein expression of 
MMP2 and MMP9 was markedly reduced in HCC cells 
treated with curzerene, which might explain the 
mechanism of how curzerene inhibits cell migration 
and invasion in HCC.

We evaluated the impact of curzerene on the apop-
tosis of HCC cells by measuring the levels of apopto-
sis-related proteins. Cancer cell death acts as a key 
defense mechanism against cancer progression and is 
a primary target of cancer therapy26. The pro-apop-
totic protein Bax disturbs the integrity of the mito-
chondrial membrane to initiate the process of apop-
tosis. In contrast, the anti-apoptotic protein Bcl-2 
maintains the stability of the mitochondrial mem-
brane to impede apoptosis27. Caspase3 plays a key 
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Figure 4. Curzerene promoted the apoptosis of HCC cells. A and B: flow cytometry analysis of cell apoptosis after curzerene 
treatment. C and D: Bcl-2, Bax, cleaved caspase3, and cleaved PARP protein expression in HCC cells after curzerene treatment 
was measured by immunoblotting. Measurement data are expressed as mean ± SD. n = 5. **p < 0.01; ***p < 0.001.
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A

B

Figure 5. Curzerene blocked the PI3K/AKT/mTOR pathway. A and B: immunoblotting analysis of the p-PI3K, PI3K, p-AKT, AKT, 
mTOR, and p-mTOR protein levels in Huh7 and HCCLM3 cells. Measurement data are expressed as mean ± SD. n = 5. ***p < 0.001.
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Figure 6. Curzerene inhibited tumor growth in xenograft mouse model. A: images of tumors in the control and curzerene groups. 
B: growth curve of tumors in the control and curzerene groups. C: tumor weight in the control and curzerene groups. D and E: 
immunoblotting analysis of the CDK1, cyclin B1, Bax, cleaved caspase3, and cleaved PARP protein levels in the tumors. F: im-
munofluorescence analysis of Ki67 and TUNEL staining in the tumors. G: quantification of Ki67-positive cells. H: Quantification 
of TUNEL staining. I: immunofluorescence was used to detect the expression of p-mTOR in the tumors. J: proposed mechanism 
of how curzerene inhibits HCC via the PI3K/AKT/mTOR cascade. Measurement data are expressed as the mean ± SD. n = 4. 
**p < 0.01; ***p < 0.001.
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role in apoptosis by triggering the activation of endo-
nuclease Caspase-activated DNAse, leading to the 
degradation of chromosomal DNA28. PARP is a key 
protein involved in DNA repair. The PARP protein is 
cleaved during apoptosis, suggesting a role for PARP 
in DNA damage-induced cell death29. In this study, we 
found that curzerene notably inhibited the upregula-
tion of Bax and the activation of cleaved caspase3 
and cleaved PARP in HCC cells. Simultaneously, 
curzerene induced a reduction in the expression levels 
of the antiapoptotic protein Bcl-2. These data dem-
onstrate the apoptosis-promoting role of curzerene 
in HCC.

PI3K/AKT/mTOR signaling is a crucial pathway that 
contributes to cell proliferation and inhibits cell apop-
tosis in HCC, and activation of this pathway facili-
tates the malignant progression of cancer30,31. The 
mTOR signaling inhibitors exhibit prominent anti-
proliferative effects in both in vitro and in vivo mod-
els. However, these inhibitors are toxic to patients 
with chronic liver disease32. Previous studies have 
revealed that curzerene is an effective and safe ther-
apeutic agent14. Here, we found that curzerene re-
strained the activation of the PI3K/AKT/mTOR path-
way in HCC cells, suggesting that curzerene hinders 
HCC progression via the inhibition of the PI3K/AKT/
mTOR pathway. We also demonstrated that curzerene 
inhibited tumor growth in vivo by inhibiting prolifera-
tion and promoting apoptosis through the suppres-
sion of mTOR.

Overall, we demonstrate that curzerene restrains the 
proliferation and facilitates the apoptosis of HCC 
cells. Moreover, curzerene inhibited the growth of xe-
nografted HCC cells in vivo. The anti-tumor efficacy 
of curzerene may be mediated by the inactivation of 
the PI3K/AKT/mTOR pathway (Fig. 6J). Our investi-
gation may provide new insights into the anti-tumor 
potential of curzerene in HCC.
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