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Abstract. Poor drug efficacy is a prominent cause of oral 
squamous cell carcinoma (OSCC) treatment failure. Although 
increased efforts in developing OSCC therapeutic strategies 
have been achieved in recent decades, the 5‑year survival rate 
of patients with OSCC remains poor and effective drugs to 
treat OSCC are lacking. The aim of the present study was to 
investigate the apoptotic effect caused by lycorine hydrochlo‑
ride (LH) and to identify its mechanism in the OSCC HSC‑3 
cell line. The findings demonstrated that LH effectively 
induced HSC‑3 cell apoptosis and cell cycle arrest at the 
G0/G1 phase, resulting in the inhibition of cell proliferation. 
Furthermore, it was found that LH increased reactive oxygen 
species (ROS) production, triggered mitochondrial membrane 
potential (MMP) disorder, enhanced the protein expres‑
sion levels of Bax, Bim, cleaved caspase‑9, caspase‑3 and 
poly(ADP‑ribose) polymerase 1 and decreased Mcl‑1 expres‑
sion. The protein expression levels of important members of the 
JNK signaling pathway, including phosphorylated (p)‑JNK, 
p‑mitogen‑activated protein kinase kinase 4 and p‑c‑Jun, were 

significantly increased in LH‑treated cells, accompanied by an 
increase in ROS. However, N‑acetyl cysteine (NAC), a potent 
antioxidant, reversed the upregulated mRNA expression of 
c‑Jun, as well as the enhanced ROS production, the disorder of 
MMP and the apoptosis of HSC‑3 cells induced by LH. These 
results suggested that LH may induce HSC‑3 cell apoptosis 
via the ROS‑mediated mitochondrial apoptotic pathway and 
the JNK signaling pathway, which indicated that LH may be a 
potential drug candidate for anti‑OSCC therapy.

Introduction

Oral cancer is a malignant tumor type with an increasing prev‑
alence worldwide, with ~350,000 new cases (2.0% of the total 
cancer cases) and 170,000 mortalities (1.9% of the total cancer 
mortality) reported in 2018 (1‑3). Furthermore, the 5‑year 
overall survival rate of patients with advanced stage oral cancer 
is 30‑40% (1‑3). Oral squamous cell carcinoma (OSCC), which 
has high morbidity and mortality rates, is the most common 
oral cancer type, accounting for >90% of the histological clas‑
sification in males (4,5). While progress in OSCC diagnosis 
and therapies has been achieved in recent decades, the primary 
treatment option for patients with advanced stage OSCC is the 
combined therapeutic regimen of surgery followed by adjuvant 
radiotherapy with or without chemotherapy (6,7), and the 5‑year 
survival rate of patients with OSCC remains poor, despite 
patients responding to the combination of chemotherapy with 
docetaxel, cisplatin and 5‑fluorouracil (8,9).

The leading causes of OSCC treatment failure include 
metastatic spread, recurrence and poor drug efficacy (10). 
Furthermore, previous studies have reported that OSCC 
treatment failure is associated with drug resistance, which is 
mainly attributed to chemotherapeutic drug transportation, 
metabolic reprogramming, redox status and DNA repair (11). 
The absence of effective drugs to treat patients with OSCC and 
the resistance of existing drugs indicates the urgent require‑
ment for novel and effective anti‑OSCC drugs for clinical 
treatment.
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It has been revealed that the proliferative ability of OSCC 
cells is associated with oxidative stress (12,13). Increments in 
reactive oxygen species (ROS) may induce OSCC cell death, 
and a decreasing trend in ROS is observed in patients with 
advanced stage OSCC, suggesting that ROS may be an impor‑
tant potential antitumor target in OSCC therapeutic strategies. 
In recent years, a number of medicinal herbs and their active 
ingredients have been reported to induce ROS‑mediated apop‑
tosis in OSCC cells, including curcumin (10), β‑lapachone (14) 
and erufosine (15).

Lycor ine is the major active ingredient of the 
Amaryllidaceae alkaloids derived from the medicinal 
herb Lycoris radiate. Lycorine and its derivatives have 
previously been reported to possess various biological 
activities, including antiviral, anti‑inf lammatory and 
antitumor activities. Furthermore, lycorine may act on 
ovarian cancer cells (16), breast cancer cells (17), hepatoma 
cells (18), melanoma cells (19) and bladder cancer cells (20) 
to induce apoptosis and proliferation, and inhibit tumor 
neovascularization. However, to the best of our knowledge, 
the anti‑OSCC effects of lycorine have not previously been 
reported.

The present study aimed to investigate the apoptosis of 
the OSCC HSC‑3 cell line induced by lycorine hydrochloride 
(LH), and to investigate the changes of ROS and the expres‑
sion levels of the apoptosis‑related proteins, including Bax, 
Bim, Caspase, poly(ADP‑ribose) polymerase 1 (PARP), JNK, 
mitogen‑activated protein kinase kinase 4 (MKK4) and c‑JUN, 
in order to identify the apoptotic pathways.

Materials and methods

Materials. LH (purity ≥98%) was purchased from Man Si‑Te 
(http://www.cdmust.com/). Dulbecco's modified Eagle's medium 
(DMEM) and fetal bovine serum (FBS) were purchased from 
Gibco; Thermo Fisher Scientific, Inc. A Cell Counting kit 
(CCK)‑8 was purchased from Dojindo Molecular Technologies, 
Inc. N‑acetyl‑L‑cysteine (NAC; cat. no. A7250; purity ≥99%) 
and propidium iodide (PI) were obtained from Sigma‑Aldrich 
(Merck KGaA). PhosSTOP phosphatase inhibitor cocktail, 
complete™ protease inhibitor cocktail, Annexin V‑FITC/PI 
apoptosis detection kit, JC‑1 detection kit and TaqMan probe 
were obtained from Roche Diagnostics, Inc. Horseradish 
peroxidase (HRP) chemiluminescence kit and polyvi‑
nylidene difluoride (PVDF) membranes were obtained from 
EMD Millipore. An intracellular ROS detection kit and RIPA 
buffer were obtained from BI Yun‑Tian (https://www.beyotime.
com/index.htm).

The antibodies against GAPDH (cat. no.5174; 1:1,000), 
Bax (cat. no. 5023; 1:1,000), Bim (cat. no. 2933; 1:1,000), Bid 
(cat. no. 2002; 1:1,000), Mcl‑1 (cat. no. 5453; 1:1,000), caspase9 
(cat. no. 9502; 1:1,000), caspase3 (cat. no. 14220; 1:1,000), 
PARP (cat. no. 9542; 1:1,000), JNK (cat. no. 9252; 1:1,000), 
c‑Jun (cat. no.9165; 1:1,000), MKK4 (cat. no. 9152; 1:2,000) 
and ATF2 (cat. no. 35031; 1:2,000), as well as the phospho‑JNK 
pathway antibody sampler kit (cat. no. 4668; 1:1,000) and goat 
anti‑rabbit IgG antibody (cat. no. 7074;1:2,000) were purchased 
from Cell Signaling Technology, Inc.

RNAiso Plus and PrimeScript™ RT Reagent kit were 
purchased from Takara Bio, Inc. The synthetic primers were 

synthesized by Qingke Biological Company (http://www.
tsingke.net). All other chemicals were of analytical grade.

Cell culture. The human OSCC HSC‑3, HSC‑4, UM1 and 
UM2 cell lines were donated by Professor Wu Mingbo's 
research group at the State Key Laboratory of Biotherapy 
of Sichuan University (Chengdu, Sichuan, China). The cells 
were cultured in DMEM supplemented with 10% FBS, and 
100 U/ml penicillin and streptomycin, under humidified condi‑
tions with 5% CO2 at 37˚C, according to the culture conditions 
recommended by the American Type Culture Collection. Cells 
in the logarithmic growth phase, which was when the cells 
reached a high density of ~80%, were used in the subsequent 
experiments.

Cell proliferation assay. The cell viability was detected 
using a CCK‑8 assay. Viable HSC‑3 cells were seeded onto 
a 96‑well plate and incubated with appropriate concentra‑
tions of LH, followed by the addition of CCK‑8 into each 
well for another 4 h at 37˚C with 5% CO2. The absorbance 
at 450 nm was measured using a spectra microplate spectro‑
photometer (BioTek Powerwave; BioTek Instruments, Inc.). 
Data acquisition and the IC50 analysis were performed using 
GraphPad Prism 7 software (GraphPad Software, Inc.).

Cell cycle assay. HSC‑3 cells treated with LH for 12 or 24 h 
were harvested and washed briefly with ice‑cold PBS. Cells 
were fixed in 75% ice‑cold ethanol at 4˚C overnight and concen‑
trated following the removal of ethanol. The cellular DNA was 
stained with PI at 4˚C for 30 min in dark. Data acquisition and 
analysis of the cell cycle distribution were performed using a 
flow cytometer (BD FACS Accuri C6; BD Biosciences) and 
CFlow Sampler v. 1.0 software (BD Biosciences).

Cell apoptosis assay. Viable HSC‑3 cells treated with different 
concentrations of LH (with or without pre‑treatment of 5 mM 
NAC for 1 h) for 24 h were harvested and washed with ice‑cold 
PBS. Cells were dual‑stained with Annexin V‑FITC and PI at 25˚C 
for 20 min, followed by FCM analysis according to the manufac‑
turer's protocol of the Annexin V‑FITC/PI apoptosis detection kit. 
Data acquisition and analysis of the cell apoptosis were performed 
using a flow cytometer (BD FACS Accuri C6; BD Biosciences) 
and CFlow Sampler v.1.0 software (BD Biosciences).

Intracellular ROS assay. To monitor the generation of intra‑
cellular ROS, viable HSC‑3 cells were pre‑treated with NAC 
for 1 h at 37˚C, followed by 10 and 20 µM of LH for 24 h. 
The generation of intracellular ROS was detected via flow 
cytometry with 2',7'‑dichlorodihydrofluorescein diacetate 
(DCFH‑DA) as the peroxide‑sensitive fluorescent probe, which 
may be converted to DCFH and then oxidized to the fluores‑
cent compound DCF in the presence of ROS in cells. The 
cells treated with NAC and LH were harvested, washed with 
PBS, mixed with 10 µM DCFH‑DA and incubated at 25˚C for 
30 min in the dark. The cell suspension was subjected to the 
flow cytometer and the fluorescence signal was detected for 
intracellular ROS measurement via flow cytometry (BD FACS 
Accuri C6; BD Biosciences) and data analysis of intracellular 
ROS was performed using a CFlow Sampler v.1.0 software 
(BD Biosciences).
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Mitochondrial membrane potential (MMP) assay. The 
changes in MMP were detected via staining cells with JC‑1, 
a fluorescent probe for MMP detection. HSC‑3 cells treated 
with LH (with or without pre‑treatment of 5 mM NAC for 
1 h) for 24 h were harvested, washed with ice‑cold PBS and 
stained with 5 mg/ml JC‑1 at 37˚C for 30 min in the dark. 
Data acquisition and analysis of MMP were performed by 
flow cytometry (BD FACS Accuri C6; BD Biosciences) and 
CFlow Sampler v.1.0 software (BD Biosciences).

Western blot analysis. HSC‑3 cells treated with LH for 24 h 
were lysed in RIPA buffer with protease inhibitor or phospha‑
tase inhibitor, and the lysates were centrifuged at 13,000 x g for 
15 min at 4˚C. The protein concentration was determined using 
the BCA method. Equal amounts (50 µg/lane) of total proteins 
were separated via 12% SDS‑PAGE and the proteins were 
transferred onto PVDF membranes via wet electro‑transfer for 
150 min at 250 mA. The membranes were blocked for 1.5 h 
with 5% skimmed milk at room temperature and incubated 
overnight at 4˚C with the aforementioned primary antibodies, 
followed by incubation with the HRP‑conjugated secondary 
antibody for 1.5 h at room temperature. The blots were 
visualized using the enhanced chemiluminescence system 
and densitometry was performed using Quantity One v.4.6 
analysis software (Bio‑Rad ChemiDocXRS; Bio‑Rad 
Laboratories, Inc.).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. HSC‑3 cells treated with LH (with or 
without pre‑treatment of 5 mM NAC for 1 h) for 24 h were 
harvested. Total RNA was extracted from the cultured cells 

using RNAiso Plus, and cDNAs were synthesized using the 
PrimeScript RT reagent kit. The conditions for RT were as 
follows: 42˚C for 2 min, 37˚C for 15 min, 85˚C for 5 sec 4˚C 
for 30 min. qPCR was performed with the Bio‑Rad CFX96 
Real‑Time PCR Detection system using the TaqMan probe 
method. The following primers were used: c‑Jun forward, 
5'‑CCA AAG GAT AGT GCG ATG TTT‑3' and reverse, 5'‑CTG 
TCC CTC TCC ACT GCA AC‑3'; and GAPDH forward, 5'‑AGC 
CAC ATC GCT CAG ACA C‑3' and reverse, 5'‑AAT ACG ACC 
AAA TCC GTT GAC T‑3'. The thermocycling conditions were 
as follows: 95˚C for 10 min, followed by 45 cycles at 95˚C for 
10 sec, 60˚C for 30 sec, and at 40˚C for 30 sec. The mRNA 
expression levels were calculated with the 2‑ΔΔCq method (21) 
and expressed in relative quantification units. A control without 
cDNA was run in parallel with each assay. Each reaction was 
performed in triplicate.

Statistical analysis. All experiments were repeated ≥3 times, 
unless otherwise stated. Data are presented as the mean ± stan‑
dard deviation and were compared using a Dunnett's test for 
multiple group comparisons with the control and Tukey's 
test for comparisons of differences between group using 
GraphPad Prism 7 software (GraphPad Software, Inc.). P<0.05 
was considered to indicate a statistically significant difference.

Results

LH inhibits the proliferation of OSCC cells. Several OSCC 
cell lines, including HSC‑3, HSC‑4, UM1 and UM2, were 
originally used to investigate the suppressive effect on 
proliferation induced by LH in vitro (Fig. 1A), based on the 

Figure 1. LH inhibits OSCC cell proliferation in vitro. (A) Chemical structure of LH. (B) HSC‑3, HSC‑4, UM1 and UM2 OSCC cell lines were incubated 
with LH at the indicated concentrations for 24 h, and cell proliferation was measured using a CCK‑8 assay. (C) HSC‑3 cells were incubated with LH at the 
indicated concentrations for 24 and 48 h, and cell proliferation was measured using a CCK‑8 assay. IC50 value of LH‑treated OSCC cells was calculated with 
GraphPad Prism 7 software. OSCC, oral squamous cell carcinoma; LH, lycorine hydrochloride; CCK‑8, Cell Counting kit‑8.



LI et al:  LYCORINE HYDROCHLORIDE INDUCES REACTIVE OXYGEN SPECIES‑MEDIATED APOPTOSIS4

previously reported antitumor effects of LH in other malignant 
tumors (16‑20). The results demonstrated that LH inhibited the 
proliferation of HSC‑3, HSC‑4, UM1 and UM2 cells in vitro, 
with IC50 values of 15.65, 48.55, 35.32 and 27.95 µM, respec‑
tively (Fig. 1B). Comparison of the growth inhibitory activity 
of LH on these four OSCC cell lines indicated that the HSC‑3 
cell line had the highest sensitivity to LH. LH inhibited HSC‑3 
cell proliferation in a time‑ and dose‑dependent manner, with 
a 24 h IC50 value of 15.65 µM and a 48 h IC50 value of 6.23 µM 
(Fig. 1C). Taken together, these data suggested that LH may 
inhibit the proliferation of OSCC cells in vitro, particularly 
that of HSC‑3 cells. Therefore, HSC‑3 cells were used in the 
subsequent studies.

LH induces HSC‑3 cell cycle arrest at the G0/G1 phase. The 
effect of LH on cell cycle progression in HSC‑3 cells was 
investigated to elucidate the mechanism via which LH exerts 
its antiproliferative activity. HSC‑3 cells were treated with 
LH for 12 h, followed by the staining of the cellular DNA 
with PI and flow cytometric analysis. The cell cycle assay 
demonstrated that the proportion of HSC‑3 cells in the S and 
G2/M phases decreased from 16.2 and 25.5% (without LH) to 
12.5 and 20.1% (in the presence of 20 µM LH), respectively 
(Fig. 2A and B). By contrast, the percentage of cells in the 
G0/G1 phase increased from 54.0% (without LH) to 60.5% (in 
the presence of 20 µM LH), indicating an LH‑induced cell cycle 
arrest at the G0/G1 transition in HSC‑3 cell cycle progression 
(Fig. 2A and C). Furthermore, the proportion of HSC‑3 cells in 
the sub‑G0/G1 phase increased by ~12‑fold in a dose‑dependent 
manner from 1.3% (without LH) to 15% (in the presence of 
40 µM LH) (Fig. 2A and B). Following HSC‑3 cells being 
treated with LH for 24 h, the proportion of HSC‑3 cells in 
sub‑G0/G1 phases increased significantly in a dose‑dependent 
manner from 2.1% (without LH) to 24.8% (in the presence 
of 40 µM LH; Fig. 2D‑F), indicating that apoptosis may be 
induced by LH in HSC‑3 cells. Therefore, these data suggested 
that LH induced HSC‑3 cell cycle arrest at the G0/G1 phase, 
and that cell apoptosis may be the inhibitory mechanism in 
HSC‑3 cell proliferation induced by LH.

LH induces apoptosis mediated by ROS in HSC‑3 cells. To 
further assess the apoptotic effect of LH, HSC‑3 cells were 
identified via dual‑staining with Annexin V‑FITC and PI, 
followed by flow cytometric analysis. A dose‑dependent 
increase in the percentage of apoptotic cells was observed in 
the presence of 0, 10 and 20 µM LH with apoptotic rates of 
7.4, 24.9 and 35.6%, respectively. Furthermore, the early apop‑
tosis and late apoptosis of HSC‑3 cells increased from 3.0 and 
4.4% (without LH) to 18.4 and 17.2% (in the presence of 20 µM 
LH), respectively. It was also identified that NAC reversed the 
apoptotic rate from 35.6 to 23.8% (Fig. 3A and C).

To investigate whether intracellular ROS, which are 
well‑known signaling molecules serving a pivotal role in 
mediating cell apoptosis, were associated with LH‑induced 
apoptosis in HSC‑3 cells, the intracellular ROS levels were 
investigated using DCFH‑DA. The results indicated that 
LH significantly increased ROS levels in HSC‑3 cells from 
2.8% (without LH) to 35.4% (in the presence of 20 µM 
LH), which was a ~13‑fold increase (Fig. 3B and D). By 
contrast, pre‑treatment with NAC, a ROS inhibitor, reversed 

the ROS levels from 35.4 to 13.1%, suggesting that LH had 
a ROS‑inducing effect (Fig. 3B and D). Therefore, it was 
indicated that LH may induce apoptosis mediated by ROS in 
HSC‑3 cells.

LH induces HSC‑3 cell apoptosis via a mitochondrial pathway. 
The mitochondrial apoptotic pathway is a well‑known, 
important pathway in programmed cell death (22). To inves‑
tigate whether the mitochondrial pathway was involved in 
LH‑induced HSC‑3 cell apoptosis, the change of MMP (ΔΨm), 
an important factor for mitochondrial dysfunction, was 
measured with JC‑1 staining via flow cytometry. In mitochon‑
dria, the dissipated MMP may prevent the accumulation of 
JC‑1, leading to a shift from red (JC‑1 aggregates) to green 
fluorescence (JC‑1 monomers). These results demonstrated 
that LH depolarized the MMP in a dose‑dependent manner in 
the presence of 0, 10 and 20 µM LH with a ΔΨm of 5.7, 17.8 
and 32.2%, respectively. Furthermore, the depolarized MMP 
could be recovered from 32.2% (in the presence of 20 µM LH) 
to 18.3% when the HSC‑3 cells were pre‑treated with NAC 
(Fig. 4A and B).

Caspase‑9 is a key mediator in the intrinsic mitochon‑
drial‑mediated apoptotic pathway, which may subsequently 
activate caspase‑3 and poly ADP‑ribose polymerase (PARP), 
leading to degradation of cellular components for apoptosis. 
Based on the significant roles of these caspases involved 
in apoptosis, the catalytic activities of these caspases were 
measured by western blot analysis. A prominent increase in 
the levels of cleaved caspases‑9, caspase‑3 and PARP were 
identified in an LH dose‑dependent manner. Furthermore, 
expression level changes of several critical members of the 
Bcl‑2 family targeting the mitochondrial apoptotic pathway, 
including Bax, Bim and Mcl‑1, were analyzed. The western 
blot analysis results identified that LH upregulated the expres‑
sion levels of the pro‑apoptotic members, Bax and Bim, but 
downregulated the expression of the anti‑apoptotic protein, 
Mcl‑1, in a dose‑dependent manner, while it did not signifi‑
cantly affect the expression of the pro‑apoptotic member, 
Bid (Fig. 4C‑E). These results indicated that the mitochon‑
drial pathway was involved in ROS‑mediated apoptosis 
induced by LH.

JNK signaling pathway is involved in LH‑induced apoptosis 
in HSC‑3 cells. A previous study reported that the JNK 
signaling pathway modulates mitochondrial pathway‑induced 
cell apoptosis triggered by oxidative stress, leading to mito‑
chondrial dysfunction and cell death (23). The results of the 
present study demonstrated that the mRNA expression levels 
of transcription factor c‑Jun were increased 35‑fold compared 
with the control following HSC‑3 cells being treated with 
20 µM LH. Furthermore, this increase was significantly 
decreased when the HSC‑3 cells were pre‑treated with NAC 
(Fig. 5A). This result indicated that LH induced the mRNA 
expression of c‑Jun via ROS in HSC‑3 cells. The protein 
expression levels of p‑MKK4 and p‑JNK, as well as the 
phosphorylated transcription factors c‑Jun and ATF2, were 
detected to investigate whether the JNK signaling pathway 
serves vital roles in apoptosis when HSC‑3 cells were exposed 
to LH. Upregulated expression levels of p‑MKK4 and p‑JNK 
were identified in LH‑treated HSC‑3 cells. Additionally, 
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the upregulated expression level of the transcription factor 
p‑c‑Jun was observed. However, LH did not notably affect 

p‑ATF2 expression (Fig. 5B‑D). Taken together, these results 
suggested that the JNK signaling pathway may be another 

Figure 2. Inhibitory effect of LH on HSC‑3 cell cycle. (A) Following treatment of HSC‑3 cells with LH at the indicated concentrations for 12 h, the DNA content 
of propidium iodide‑stained cells was detected using FCM; (B) total cell proportions and (C) the G0/G1 phase cell proportion were analyzed by FCM and 
GraphPad Prism 7 software, respectively. (D) Following treatment of HSC‑3 cells with LH at the indicated concentrations for 24 h, the DNA content of prop‑
idium iodide‑stained cells was detected using FCM; (E) total cell proportions and (F) the G0/G1 phase cell proportion were analyzed by FCM and GraphPad 
Prism 7 software, respectively. *P<0.05 was considered to indicate a statistically significant different using Dunnett's test for multiple group comparisons with 
the control group (0 µM LH). LH, lycorine hydrochloride.
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pathway involved in LH‑induced HSC‑3 cell apoptosis 
mediated by ROS.

Discussion

OSCC is a malignant tumor type that remains a major 
threat to human health and is associated with a high 
morbidity and a poor 5‑year survival rate. Chemotherapy 
is one of the methods used to assist the multimodality 
treatment of advanced stage OSCC. However, traditional 
chemotherapy rarely achieves a significant response in 
prolonging survival. Therefore, it is important to iden‑
tify effective candidate compounds for treating OSCC. 
Previous studies have focused on the active ingredients of 

natural products from medicinal herbs that have significant 
pharmacological activities, including potential antitumor 
effects, and it was revealed that LH significantly inhib‑
ited several different tumor cells (24‑26). Therefore, the 
present study investigated whether LH could effectively 
suppress the proliferation of OSCC cells. In the present 
study, LH inhibited the proliferation of HSC‑3 cells in a 
time‑ and dose‑dependent manner. In order to identify the 
mechanism through which LH inhibits HSC‑3 cell prolif‑
eration, cell cycle and apoptosis assays were performed in 
HSC‑3 cells following treatment with LH. It was identi‑
fied that the cell cycle of LH‑treated cells was arrested 
at the G0/G1 phase. In addition, the rate of apoptosis of 
LH‑treated HSC‑3 cells was significantly increased, 

Figure 3. LH induces apoptosis mediated by ROS in HSC‑3 cells. (A) Apoptotic effects of LH on HSC‑3 cells were determined via dual staining with 
Annexin V‑FITC and PI. Alive cells are Annexin V‑/PI‑ (Q1‑LL), cells in early apoptosis are Annexin V+/PI‑ (Q1‑LR), cells in late apoptosis are Annexin V+/PI+ 
(Q1‑UR) and necrotic cells are Annexin V‑/PI+ (Q1‑UL). (B) Intracellular ROS levels were investigated using the ROS‑detecting fluorescence dye, DCFH‑DA 
and flow cytometric analysis. (C) Population of apoptotic cells (Q1‑LR and Q1‑UR) was evaluated using histogram analyses. (D) Changes in ROS were inves‑
tigated via histogram analyses. *P<0.05 was considered to indicate a statistically significant difference using Dunnett's test for multiple group comparisons 
with the control group (0 µM LH) and Tukey's test for comparisons between group differences (groups, 20 and 20 + NAC). LH, Lycorine hydrochloride; ROS, 
reactive oxygen species.
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compared with the control group. All these data indicated 
that LH inhibited HSC‑3 cell proliferation by inducing 
cellular apoptosis.

Previous studies have reported that excessive ROS 
may trigger mitochondrial dysfunction and cause cellular 
apoptosis (24,27). When cells are stimulated by internal 
or external stress signals, the members of the Bcl‑2 super‑
family are affected, resulting in the upregulated expression 
of pro‑apoptotic proteins (e.g. Bax and Bim) and down‑
regulated expression of anti‑apoptotic proteins (e.g. Mcl‑1). 
Subsequently, the disorder of the MMP results in the opening 
of mitochondrial membrane pores, which causes the release 

of a large amounts of cytochrome c from mitochondrion into 
the cytoplasm, forming a complex with Apaf‑1 and further 
activating caspase‑9, which can, in turn, activate caspase‑3 
and PARP, ultimately causing apoptosis (26). The present 
study demonstrated that LH caused an increase in ROS 
production in HSC‑3 cells. LH also triggered MMP disorder, 
as well as an increase in the protein expression levels of Bax, 
Bim, cleaved caspase‑9, cleaved caspase‑3 and cleaved PARP, 
and a decrease in Mcl‑1 expression in HSC‑3 cells. Taken 
together, these results suggested that LH may induce HSC‑3 
cell apoptosis via the ROS‑mediated mitochondrial apoptotic 
pathway.

Figure 4. LH induces HSC‑3 cell apoptosis via the mitochondrial pathway. (A) Changes in MMP in HSC‑3 cells were detected via JC‑1. Data were analyzed 
using Accuri C6 FCM software by measuring green (530±30 nm) and red (585±40 nm) JC‑1 fluorescence. MMP loss was observed by a decrease in JC‑1 red 
fluorescence and an increase in JC‑1 green fluorescence. In total, ≥5,000 cells were collected and counted per sample. (B) Changes in the MMP in HSC‑3 
cells were investigated via histogram analyses. *P<0.05 was considered to indicate a statistically significant difference using Dunnett's test for multiple group 
comparisons with the control group (0 µM LH) and Tukey's test for comparisons between group differences (groups, 20 and 20 + NAC). (C) Expression 
levels of the mitochondrial pathway‑related apoptotic proteins were detected via western blot analysis. (D and E) HSC‑3 cells were treated with LH for 24 h, 
harvested and total protein lysate was subjected to western blot analysis using antibodies against GAPDH, Bax, Bim, Mcl‑1, Bid, caspase‑9, caspase‑3 and 
PARP. The apoptotic protein expression was investigated via histogram analyses. *P<0.05 was considered to indicate a statistically significant difference 
using Dunnett's test for multiple group comparisons with the control group (0 µM LH). LH, lycorine hydrochloride; PARP, poly(ADP‑ribose) polymerase 1; 
Mcl‑1, MCL1 apoptosis regulator, BCL‑2 family member; MMP, mitochondrial membrane potential.
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The JNK signaling pathway has been demonstrated to 
serve a specific role in mediating apoptosis in several types 
of cancer cells (22). ROS, as an upstream regulator of JNK, 
serves important roles in cell proliferation, differentiation, 
necrosis and apoptosis, as well as other stress and inflamma‑
tory responses. Furthermore, ROS overproduction triggers 
mitochondrial pathway‑induced cell apoptosis by activating 
the JNK signaling pathway and simultaneously activating 
proteins, including Bax, leading to damaged mitochondrial 
dynamics, ultimately affecting mitochondrial function and 
causing cell death. During this process, the phosphorylation 
of JNK may lead to the activation of nuclear transcription 
factors, including c‑fos, c‑Jun and ATF‑2. Furthermore, 
the activation of JNK may regulate the Bcl‑2 superfamily 
in apoptosis, including causing the phosphorylation of 
Bcl‑2, resulting in Bcl‑2 degradation and an inhibition of 
its anti‑apoptotic properties. Activated JNK may also lead 
to changes in the MMP, resulting in a downstream cascade 
to induce apoptosis. MKK4, JNK and c‑Jun are important 
members of the JNK signaling pathway. The present results 
suggested that the protein expression levels of p‑JNK, 
p‑MKK4 and p‑c‑Jun were significantly increased in 
LH‑treated cells, accompanied by an increase of ROS. To 

investigate the effect of ROS on the JNK pathway, NAC, 
a potent antioxidant, was employed to detect the changes 
resulting from LH‑induced pathway activation in HSC‑3 
cells. The present results demonstrated that NAC reversed 
the upregulation of the mRNA expression of c‑Jun, one of the 
most important downstream transcription factors of the JNK 
signaling pathway, as well as reversing the enhanced ROS 
production, the disorder of MMP and HSC‑3 cell apoptosis 
induced by LH. Taken together, these results indicated that 
LH induced HSC‑3 cell apoptosis via the ROS dependent 
activation of the JNK signaling pathway.

Based on the present data, a model for the mechanism 
of apoptosis induced by LH was proposed and is presented 
in Fig. 6. In HSC‑3 cells, LH initially triggered oxidative 
stress, enhanced intracellular ROS, depolarized the MMP, 
increased the expression levels of the pro‑apoptotic factors 
Bax/Bim, inhibited the expression level of the anti‑apop‑
totic factor, Mcl‑1, and activated the caspases cascade of 
caspase‑9, capsase‑3 and PARP, resulting in the apoptosis 
of HSC‑3 cells via a mitochondrial pathway. In addition, 
the JNK signaling pathway was involved in the apoptosis 
of HSC‑3 cells. The increased intracellular ROS induced by 
LH successively stimulated the phosphorylation of MKK4 

Figure 5. JNK signaling pathway is involved in LH‑induced apoptosis in HSC‑3 cells. (A) mRNA expression of c‑Jun was detected via reverse transcrip‑
tion‑quantitative polymerase chain reaction analysis. *P<0.05 was considered to indicate a statistically significant difference using Dunnett's test for multiple 
group comparisons with the control group (0 µM LH) and Tukey's test for comparisons between group differences (groups, 20 and 20 + NAC). (B) Expression 
levels of the JNK signaling pathway‑related apoptotic proteins were detected via western blot analysis. HSC‑3 cells were treated with LH for 24 h, harvested 
and total protein lysate was subjected to western blot analysis using antibodies against MKK4, JNK, c‑Jun, ATF2 and their phosphorylation products. 
(C and D) Apoptotic protein expression was evaluated via histogram analyses. *P<0.05 was considered to indicate a statistically significant difference using 
Dunnett's test for multiple group comparisons with the control group (0 µM LH). LH, lycorine hydrochloride; p‑, phosphorylation levels.
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and JNK in cytoplasm, followed by the translocation of JNK 
into the nucleus, which further modified the transcription 
factor, c‑Jun, resulting in a series of transcriptional stimu‑
latory modifications targeting apoptosis. Of note, previous 
studies have reported that activated c‑Jun may regulate Bim 
transcription in the nucleus, and that the activated JNK 
has a distinctive feature that induces the separation of the 
14‑3‑3 subunit from the Bax/14‑3‑3 protein complex in the 
cytoplasm (28,29). Therefore, these results suggest the exis‑
tence of crosstalk between the mitochondrial pathway and 
the JNK signaling pathway, ultimately forming an orches‑
trated signaling network in HSC‑3 cells.

However, there are several limitations to the present study 
that should be noted. To begin with, the potential therapeutic 
target of LH remains unknown. Additionally, the anti‑OSCC 
effects of LH were investigated only in the OSCC HSC‑3 
cell line, and the antitumor effects of LH in other OSCC cell 
lines and primary OSCC cells were not determined. Finally, 
the effect of LH in an OSCC xenograft nude mouse model 
has not been investigated. Further studies are currently being 
conducted using additional OSCC cell lines and primary cells, 
as well as performing experiments in a nude mouse model, to 
validate the effects of LH.

In conclusion, the present study demonstrated the inhibi‑
tory effect of LH on the proliferation of OSCC HSC‑3 cells. 

Furthermore, the apoptosis‑induced effect of LH mediated by 
ROS via the mitochondrial apoptotic pathway and the JNK 
signaling pathway could be rescued by NAC pretreatment. 
Therefore, these results suggested that LH has the potential 
as an anticancer agent for oxidative stress‑mediated OSCC 
therapy, based on the results of the present cell line study.
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