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Abstract. Traditionally, the bark of Uncaria rhynchophylla 
(UR) has been employed for the treatment of hypertension, 
cancer, convulsions, haemorrhage, autoimmune disorders 
and other ailments. The primary aim of the present study was 
to explore the antiproliferative activity of hirsuteine (HTE) 
isolated from UR over a range of concentrations in human 
NSCLC NCI‑H1299 cells and to explore the mechanisms 
underlying its therapeutic efficacy. The effects of HTE on cell 
viability were examined using Cell Counting Kit‑8 (CCK‑8) 
and colony formation assays, while apoptosis was assessed 
by flow cytometry. Cell cycle progression was addition‑
ally evaluated via propidium iodide staining, while reverse 
transcription‑quantitative PCR and western blotting methods 
were employed to assess the protein levels and genes related 
to apoptosis and progression of the cell cycle, respectively. 
NCI‑H1299 cell proliferation was markedly suppressed by 
HTE in a time‑ and dose‑dependent manner. However, clear 
changes in cell morphology were also induced, resulting in 
G0‑G1 phase cell cycle arrest, which was associated with 
cyclin E and CDK2 downregulation. HTE additionally 
induced robust NSCLC NCI‑H1299 cell apoptosis, downregu‑
lation of Bcl‑2 and upregulation of cytoplasmic cytochrome C, 
Bax, Apaf1, cleaved caspase‑3 and cleaved caspase‑9, which 
together drove the observed apoptotic cell death. HTE could 
effectively suppress human NSCLC NCI‑H1299 cell growth 
by inducing apoptotic death in a dose‑dependent fashion 
in vitro, therefore elucidating the mechanism by which this 
phytomedicine acts as a potent anticancer compound that 
warrants study as a treatment for human NSCLC patients.

Introduction

Lung cancers are some of the most common and deadly 
cancers worldwide, with a poor prognosis for those who are 
diagnosed (1). Non‑small cell lung cancer (NSCLC) accounts 
for 85% of all lung cancer cases (2), with patients exhibiting 
low 5‑year survival rates (2‑4). While a range of treatments, 
including surgery, chemotherapy, radiotherapy and immuno‑
therapy, have improved NSCLC patient survival outcomes, 
tumor recurrence and metastasis remain common and are 
associated with poor prognosis (5‑7). Although targeted treat‑
ment and immunotherapy‑based interventions have made 
some progress in the treatment of metastatic NSCLC, these 
treatments are extremely expensive, such that they are not 
widely accessible to the majority of affected patients (8,9). The 
use of immune checkpoint inhibitors (ICIs) is an attractive 
treatment option for both patients and clinicians. First, these 
compounds have a wide range of activities (10). Second, they 
often induce durable disease control. For example, nivolumab 
is currently associated with a total 5‑year survival rate of 
34% in patients with advanced melanoma, while its effects 
against other cancers are similar. Third, ICIs usually have 
good toxicity characteristics (particularly anti‑PD1/PD‑L1 
monotherapy) (11). Although ICIs have achieved great success 
in clinical practice and become a milestone in anticancer 
treatment, there are still certain clinical challenges with ICI 
treatments, including resistance mechanisms, individual‑level 
efficacy differences, immune‑related adverse reactions and 
highly progressive diseases (12‑14). Determining reliable 
predictive biomarkers of efficacy, particularly toxicity, has 
been a major challenge.

The clinical efficacy of CDK4/6 inhibitors in NSCLC 
depends on the development of predictive biomarkers and 
biologically rational combination therapy, which may include 
the addition of growth factor pathway inhibitors in patients 
with signal transduction pathway mutations or the addition of 
ICIs in patients with immunostimulatory tumor phenotypes. 
Based on these, more basic and clinical studies are needed 
explore the precise beneficiaries of CDK4/6 inhibitors in 
NSCLC treatment in the future (15). It is thus vital that novel 
low‑cost treatments for advanced NSCLC be developed that 
can reliably treat this cancer type.

Traditional Chinese medicine (TCM) has long been prac‑
ticed in China to treat human diseases for thousands of years. 
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It is a valuable source for drug discovery campaigns (16). The 
traditional Chinese medicine Uncaria has a long history, and 
Uncaria rhynchophylla (UR; Gou‑Teng in Chinese), a member 
of the Uncaria genus of the Rubiaceae family, is found 
primarily in southern China. In the practice of traditional 
Chinese medicine, UR was recorded in the famous TCM mono‑
graph Ming Yi Bie Lu and has long been used in China and 
Japan to extinguish wind, pacify the liver, clear heat and arrest 
convulsions (17). It is often clinically used in the treatment of 
central nervous system and cardiovascular diseases, including 
hypertension, epilepsy, dizziness, convulsions, preeclampsia 
and tremor (17). To date, a variety of compounds have been 
isolated from this medicine, including alkaloids, quinolates, 
terpenes and steroids, particularly indole and oxindole alka‑
loids, i.e., isorhynchophylline, rhynchophylline, corynoxeine, 
isocorynoxeine, hirsutine (HTI), hirsuteine (HTE) (PubChem 
ID, 169699) (Fig. 1) and geissoschizine methyl ether (18,19). 
These alkaloids possess a variety of pharmacological actions, 
together with a neuroprotective effect (20‑22), a vasodilata‑
tion effect (23‑25), a 5‑HT3 receptor binding effect (26) and 
anticonvulsant effects (27). HTI and HTE were two alkaloid 
monomers extracted from the traditional Chinese medicine 
UR, which have pharmacological effects including anti‑
hypertension, anti‑infection and heart protection. In terms 
of chemical structure, HTE has one more double bond and 
two less hydrogen atoms than HTI (PubChem ID, 3037884), 
resulting in the change of the chemical properties between 
the two substances. In terms of chemical structure, that is 
why the antiproliferative activity of HTE is not as strong as 
that of HTI (28). These findings indicated that Uncaria hook 
alkaloids are the most important constituents when studying 
HTE efficacy.

Previous studies have demonstrated that HTE could suppress 
HepG2 human tumor cell migration and proliferation in a 
dose‑dependent manner, protecting against glutamate‑induced 
cell death in PC12 cells or cultured cerebellar granule 
cells (29‑31). A recent study by the authors showed that HTE 
could enhance the inhibition of T‑cell leukemia Jurkat Clone 
E6‑1 cell proliferation (32). However, no studies to date have 
assessed the ability of HTE to suppress NSCLC NCI‑H1299 
cell growth, nor have the underlying pathways governing the 
pro‑apoptotic and antitumor activity of this alkaloid drug been 
explored in detail.

In the present study, the antiproliferative effect of HTE and 
its mechanism of action in human NSCLC NCI‑H1299 cells 
were explored, revealing the ability of this alkaloid agent to 
cause apoptosis and cell cycle arrest in these malignant cells.

Materials and methods

Reagents. HTE (ST17300105, 5 mg/dose, ≥98% pure) was 
obtained from Shanghai Standard Technology Co., Ltd.

Cell lines and cell culture. Human NCI‑H1299 cells were 
acquired from the Institute of Biochemistry (Shanghai, China) 
and were cultured in RPMI‑1640 (Invitrogen; Thermo Fisher 
Scientific, Inc.) culture medium at 37˚C with 5% CO2 following 
incubation under a humidified atmosphere. Human THLE‑2 
hepatocytes and normal BEAS‑2B cells were obtained from 
Nanjing KeyGen Biotech Co., Ltd. and subsequently cultured 

in Dulbecco's modified Eagle's medium (HyClone; Cytiva). 
Media were supplemented with pen/strep and 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.).

Drug treatments. HTE was suspended in DMSO and stored 
at ‑20˚C at a stock concentration of 100 mM. RPMI‑1640 
medium was used to dilute the stock to 0, 10, 20 and 40 µM. 
The final DMSO concentration in each working solution was 
kept at 0.1%. In the untreated cell group, RPMI‑1640 with 
0.1% DMSO was used.

Cell counting kit‑8 (CCK‑8) assay. Cell proliferation was 
measured using a CCK‑8 assay. Briefly, NCI‑H1299 cells 
at a density of 10,000 cells per well were added to 96‑well 
plates in complete F12K media, with samples being prepared 
in triplicate. Next, the cells were exposed to a range of HTE 
concentrations for 24, 48 and 72 h, after which 100 µl CCK‑8 
solution (Beyotime Institute of Biotechnology) was mixed with 
the cells for another 4 h of incubation at 37˚C. Then, an assay 
using water‑soluble tetrazolium salt was performed to assess 
cell proliferation by quantifying the absorbance at 450 nm with 
the help of a microplate reader (Bio‑Rad Laboratories, Inc.) 
according to the manufacturer's protocol. The assay protocols 
for THLE‑2 and BEAS‑2B cells were as aforementioned, with 
cells plated at 4,000 cells/well and treated for 48 h with a range 
of HTE concentrations prior to CCK‑8 reagent addition.

Colony formation assay. To assess cell proliferation, 
2‑5x103 cells were added in triplicate to six‑well plates. After 
24 h, cells were treated with different HTE concentrations 
(0, 10, 20 and 40 µM). After being cultured for 14 days, the 
cells were washed twice with PBS, fixed for 15 min with 75% 
ethanol and stained for 20 min at room temperature with 0.1% 
crystal violet (Beyotime Institute of Biotechnology), with all 
colonies containing ≥30 cells being counted manually. Plate 
images were captured using an Epson scanner (Seiko Epson 
Corporation).

Apoptosis staining. Flow cytometry was carried out to detect 
cell apoptosis after labelling with Annexin V‑FITC. After 
harvesting using 0.25% trypsin and spinning down for 3 min 
at 300 x g NCI‑H1299 cells in the logarithmic phase of 
growth were seeded for 24 h in six‑well plates at a density of 
3x105 cells/well. A range of HTE concentrations (0, 10, 20 and 
40 µM) was applied to the cells for 48 h with 0.1% DMSO 
as the negative control. After three washes with chilled PBS, 
the cells were collected and resuspended in 500 µl of cold 
binding buffer. Incubation was performed for 15 min at room 

Figure 1. Chemical structure of hirsuteine (MW=366.45 Da).
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temperature in the dark following mixing with 5 µl of Annexin 
V‑FITC and 5 µl of propidium iodide (PI). A CytoFLEX flow 
cytometry instrument (Beckman Coulter, Inc.) was used 
to analyze the samples, and the data were processed using 
FlowJo V10.0 software (Becton, Dickinson and Company). All 
experimental data were acquired in triplicate.

Cell cycle analysis. Flow cytometry was performed to analyze 
the cell cycle. Briefly, cells in the log phase were plated at a 
density of 3x105 cells/well in a six‑well plate and incubated 
for 24 h. After incubation, the medium was exchanged for 
complete medium containing a range of HTE concentrations 
(0, 10, 20 and 40 µM) for an additional 48 h. Cells were then 
harvested with 0.25% trypsin, centrifuged at 4˚C for 3 min at 
300 x g washed once with PBS, and fixed overnight at 4˚C with 
70% chilled ethanol. After overnight incubation, the cells were 
spun down again, treated with 100 µl of RNase A (50 µg/ml), 
and resuspended in a water bath at 37˚C for 30 min. The cells 
were then stained for 30 min at 4˚C in the dark with 400 µl 

of PI (50 µg/ml). All samples were evaluated by using the 
FACScan system (BD Biosciences). Data were examined by 
Cell‑Quest software (BD Biosciences). All experiments were 
performed three times independently.

Western blotting. Following 48 h of treatment with HTE 
(0, 10, 20 and 40 µM), chilled RIPA buffer (Beyotime Institute 
of Biotechnology) was used for cell lysis for 30 min, after which 
the cell lysates were centrifuged at 4˚C for 15 min at 13,201 x g. 
The amounts of protein in the supernatants were estimated 
by BCA assay (Beyotime Institute of Biotechnology). Next, 
separation of equal amounts of protein (40 µg) was achieved 
using 10‑12% SDS‑PAGE. After separation, the proteins were 
transferred to PVDF membranes. Membranes were blocked in 
5% non‑fat milk in TBS containing 0.1% Tween‑20 (TBST) 
for 2 h at room temperature. Overnight incubation was then 
performed at 4˚C with primary anti‑CDK2 (cat. no. A0294; 
ABclonal Biotech Co., Ltd.), anti‑cyclin E (cat. no. A14225; 
ABclonal Biotech Co., Ltd.), anti‑Bax (cat. no. 50599‑2‑Ig; 

Figure 2. HTE inhibits NCI‑H1299 cell proliferation and colony formation. (A) NCI‑H1299 cells were treated with HTE. After incubation for 24, 48 or 72 h, 
the proliferation rates were measured by CCK‑8 assay. (B) BEAS‑2B and THLE‑2 cells were treated with HTE. After incubation for 48 h, the proliferation 
rates were measured by CCK‑8 assay. (C) Cell colonies were stained with crystal violet and observed under an inverted microscope. (D) Statistical analysis of 
the colony formation of NCI‑H1299 cells treated with HTE. All data are expressed as the mean ± SD of three independent experiments. *P<0.05 and **P<0.01 
compared with the control. HTE, hirsuteine; CCK‑8, Cell Counting Kit‑8.
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Proteintech Group, Inc.), anti‑Bcl‑2 (cat. no. 12789‑1‑AP; 
Proteintech Group, Inc.), anti‑Apaf1 (cat. no. A0751; ABclonal 
Biotech Co., Ltd.), anti‑cytochrome C (cat. no. Ab133504; 
Abcam), anti‑cleaved caspase‑9 (cat. no. AF5240; Affinity 

Biosciences), or anti‑cleaved caspase‑3 (cat. no. Ab32042; 
Abcam) antibodies, all diluted 1:1,000. The blots were then 
washed three times with TBST for 45 min, followed by 
incubation for 2 h with HRP‑conjugated goat anti‑rabbit IgG 

Figure 3. HTE causes NCI‑H1299 cell cycle arrest. NCI‑H1299 cells were treated with different doses of HTE for 48 h, and cell cycle analysis was performed 
by flow cytometry. (A) Cell cycle analysis of untreated and HTE‑treated NCI‑H1299 cells was performed by flow cytometry. (B) Statistical analysis of the cells 
in each cell cycle phase after treatment with HTE for 48 h. All data are expressed as the mean ± SD of three independent experiments. **P<0.01 compared with 
the control. HTE, hirsuteine.
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(1:5,000; cat. no. BA1054) or goat anti‑mouse IgG (1:5,000; 
cat. no. BA1051; both from Boster Biological Technology). 
Immunoblotted proteins were analyzed with the ChemiDoc 
XRS imaging system and QuantityOne software (Version 
4.6.9; Bio‑Rad Laboratories, Inc.).

Reverse transcription quantitative (RT‑q) PCR analysis. 
Cells in the logarithmic phase were cultured in a six‑well 
plate at a density of 1x106 cells/well for 48 h. The cells were 
then treated with different doses of HTE for 48 h. Total RNA 
from the cultured cells was isolated using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). Afterwards, 
cDNA synthesis was performed according to the protocol of 
the QuantiTect Reverse Transcription Kit (Invitrogen; Thermo 
Fisher Scientific, Inc.). qPCR was conducted on an ABI 7500 
Fast Real‑Time PCR system (Applied Biosystems; Thermo 
Fisher Scientific, Inc.) with TaqMan™ Multiplex Master Mix 
(Invitrogen; Thermo Fisher Scientific, Inc.) with the following 
thermocycling conditions: Denaturation at 95˚C for 10 min and 
40 cycles of 95˚C for 30 sec, annealing for 30 sec at 60˚C and 
extension for 20 sec at 72˚C. The following primer sequences 
were used for the qPCR assay: Bax forward, 5'‑AAG AAG CTG 
AGC GAG TGT CT‑3' and reverse, 5'‑GTT CTG ATC AGT TCC 
GGC AC‑3' (236 bp); Bcl‑2 forward, 5'‑GCC TTC TTT GAG 
TTC GGT GG‑3' and reverse, 5'‑GAA ATC AAA CAG AGG 
CCG CA‑3' (192 bp); and GAPDH forward, 5'‑TCA AGA AGG 
TGG TGA AGC AGG‑3' and reverse, 5'‑TCA AAG GTG GAG 
GAG TGG GT‑3' (115 bp). All PCRs were performed in trip‑
licate. Data were analyzed using the 2‑ΔΔCq method (33) with 
GAPDH as the reference gene for normalization.

Statistical analysis. The mean ± standard deviations of at 
least three independently conducted experiments were used 
to represent the data collected in all studies. All statistical 
analyses were performed using SPSS 23.0 software version 
(IBM Corp.). Significant differences were performed by 
one‑way analysis of variance, followed by Bonferroni's test. 
A value of P<0.05 was considered to indicate a statistically 
significant difference.

Results

HTE suppresses NSCLC NCI‑H1299 cell proliferation and 
colony formation. To investigate the effect of HTE on cell 
proliferation, the NCI‑H1299 cell line was finally selected 
as the study cell line according to the pre‑experimental data 
after the different concentrations of HTE were applied to 
different types of cancer cells (data not shown). According to 
the experimental results of CCK‑8, it is assumed that the HTE 
solution is stable enough under the culture conditions. The cell 
proliferation inhibition rate of the HTE on NCI‑H1299 cells at 
72 h is more obvious than that at 48 h. Referring to previous 
literature, the treatment time point for follow‑up analysis was 
set at 48 h (34). As revealed in Fig. 2A, the ability of HTE 
to inhibit the proliferation of NCI‑H1299 cells significantly 
increased in a time‑ and concentration‑dependent manner with 
half maximal inhibitory concentration values of 82.81, 43.74 
and 27.02 µM at these three time points, respectively, when 
compared with the control group (Fig. 2A). Next, the impact of 
HTE on the proliferation of BEAS‑2B and human hepatocyte 

THLE‑2 cells was explored using a CCK‑8 assay. The results 
showed that the cell viability after HTE treatment in normal 
cells was >80% after 48 h of treatment at doses up to and 
including 80 µM; thus, HTE was considered to be non‑toxic 
to these non‑cancerous cell lines (Fig. 2B). To expand on 
these results, a colony formation assay was performed, which 
revealed that HTE treatment suppressed NCI‑H1299 colony 
formation activity relative to control treatment (Fig. 2C and D). 
Based on the results, HTE inhibited NCI‑H1299 cell prolifera‑
tion and lowered NCI‑H1299 colony formation activity whilst 
not exerting a notable effect on healthy human cells at the 
same doses.

HTE induces cell cycle arrest. Following treatment with 
several HTE doses for 48 h, the effect of HTE on NCI‑H1299 
cell cycle progression was investigated. In the diagram of 
the cell cycle, the red portion on the left represents G0‑G1 
phase, the curve marked in the middle represents S phase, 
and the red portion on the right indicates G2‑M phase. Flow 

Figure 4. HTE regulates the activity of cyclin‑CDK complexes and cell cycle 
progression. (A) The protein levels of cyclin E and CDK2 in NCI‑H1299 cells 
treated with HTE as measured by western blotting. (B) Statistical analysis of 
cyclin E and CDK2 levels in NCI‑H1299 cells. The protein level ratios were 
standardized according to the value of the control. All data are expressed as 
the mean ± SD of three independent experiments. **P<0.01 compared with 
the control. HTE, hirsuteine; CDK, cyclin‑dependent kinase.
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Figure 5. HTE induces NCI‑H1299 cell apoptosis. (A) The apoptotic rate of NCI‑H1299 cells treated with HTE was measured by Annexin V‑FITC/PI double 
staining. (B) Statistical analysis of the apoptosis rates of NCI‑H1299 cells treated with HTE. All data are expressed as the mean ± SD of three independent 
experiments. *P<0.05 and **P<0.01 compared with the control. HTE, hirsuteine.
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cytometric analysis revealed that HTE treatment (0, 10, 20 and 
40 µM) was associated with an increase in the frequency of 
NCI‑H1299 cells in G0/G1 phase. A significant increase in the 
proportion of NCI‑H1299 cells in G0‑G1 phase was observed 
in the HTE treatment groups (20 and 40 µM) (Fig. 3).

HTE decreases the levels of cyclin and CDK in NCI‑H1299 cells. 
To investigate the mechanism by which the cell cycle is arrested 
in NCI‑H1299 cells, the expression of cell cycle‑related proteins 
was next determined via western blotting in HTE‑treated cells. 

Significant reductions in the CDK2 and cyclin‑E expression 
levels were observed in NCI‑H1299 cells treated with HTE (0, 
10, 20 and 40 µM) (Fig. 4A and B), suggesting that HTE may be 
responsible for G0‑G1 phase arrest.

HTE induces NCI‑H1299 cell apoptotic death. As indicated in 
Fig. 5, the ability of HTE to induce NCI‑H1299 cell apoptosis 
was next assessed via flow cytometry, which confirmed the 
increase in NCI‑H1299 cell apoptosis frequency after treat‑
ment with HTE.

Figure 6. Effects of HTE on apoptosis‑related mRNA and protein levels. After 48 h of treatment with different doses of HTE, the expression of Bax/Bcl‑2 
mRNA and cleaved caspase‑3/9 protein in NCI‑H1299 cells were measured by reverse transcription‑quantitative PCR and western blotting. (A and B) Bar 
graphs of the mRNA levels of Bax and Bcl‑2 in NCI‑H1299 cells. (C) Bar graphs of the Bax/Bcl‑2 ratio in NCI‑H1299 cells. (D) The relative protein levels of 
cleaved caspase‑3/9 in NCI‑H1299 cells treated with HTE were measured by western blotting. (E and F) The ratios of protein levels were normalized to the 
value of the control group. All data are expressed as the mean ± SD of three independent experiments. **P<0.01 compared with the control. HTE, hirsuteine.
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HTE treatment alters the expression of apoptosis‑related 
genes and proteins. To explore the mechanisms underlying 
HTE‑induced apoptosis in these NSCLC cells, the cellular 
Bax and Bcl‑2 levels were assessed following 48 h of treat‑
ment with this drug through RT‑qPCR and western blot 
analyses. In the RT‑qPCR experiments, the Bax mRNA levels 

increased in NCI‑H1299 cells whereas the expression levels 
of Bcl‑2 decreased following treatment with HTE. These 
effects were significant at HTE concentrations of 0, 10, 20 
and 40 µM compared with untreated cells (P<0.05 or P<0.01) 
(Fig. 6A and B). HTE may decrease Bcl‑2 mRNA levels while 
increasing the mRNA content of Bax, resulting in a higher 

Figure 7. HTE induces NCI‑H1299 cell apoptosis through the Bcl‑2/Bax signaling pathway. (A) The protein levels of Apaf1, cytoplasmic Cyto‑C, Bax, and 
Bcl‑2 in NCI‑H1299 cells treated with HTE were measured by western blotting. (B‑E) Statistical analysis of the relative protein levels of Apaf1, cytoplasmic 
Cyto‑C, Bax and Bcl‑2 in NCI‑H1299 cells treated with HTE. The ratios of protein levels were normalized to the value of the control. (F) Bar graphs of the 
ratios of Bax/Bcl‑2 in NCI‑H1299 cells. All data are expressed as the mean ± SD of three independent experiments. **P<0.01 compared with the corresponding 
control. HTE, hirsuteine; Cyto‑C, cytochrome c.
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pro‑apoptotic vs. anti‑apoptotic protein ratio (Fig. 6C). The 
expression levels of cleaved caspase‑3 and cleaved caspase‑9 
were analyzed using western blot ting to assess antiprolifera‑
tive activity of HTE‑induced NCI‑H1299 cells, and the results 
indicated that the expression levels of cleaved caspase‑3/9 
increased following treatment with HTE (Fig. 6D‑F). 
These results demonstrated that HTE could cause death in 
NCI‑H1299 cells via a caspase‑mediated mechanism.

HTE induces NCI‑H1299 cell apoptotic death via the Bcl‑2/Bax 
signaling pathway. Moreover, it was aimed to further under‑
stand the underlying mechanisms of HTE‑induced apoptosis 
in NCI‑H1299 cells. Western blotting was performed to deter‑
mine the expression levels of the pro‑apoptotic proteins and 
anti‑apoptotic proteins Bax and Bcl‑2, as well as cytoplasmic 
cytochrome c (Cyto‑C) and Apaf1 in vitro. HTE treatment 
resulted in Bcl‑2 downregulation and increased cytoplasmic 
Cyto‑C, Bax and Apaf1 levels, causing the Bax/Bcl‑2 ratio 
to be unbalanced (Fig. 7A‑F), and the high‑dose HTE group 
demonstrated a high level of expression in comparison with the 
control group (P<0.05 or P<0.01). By contrast, expression was 
lower in the low‑dose HTE group than in the high‑dose HTE 
group, indicating that HTE induces apoptosis in NCI‑H1299 
cells in a dose‑dependent fashion. All of these data demon‑
strated that HTE activates the Bcl‑2/Bax signaling pathway, 
causing apoptosis in NCI‑H1299 cells.

Discussion

NSCLC is one of the principal causes of cancer‑related 
morbidity and mortality (2). There has been increasing interest 
in finding natural compounds that can act as preventive and 
therapeutic agents for cancer treatment. UR is a well‑known 
traditional Chinese herbal medicine that is used for the treat‑
ment of a variety of malignancies as well as other disorders, 
including hypertension and Parkinson's disease (34‑37). HTE 
is a natural compound from the bark of UR, and few studies to 
date have explored the antiproliferative properties of this novel 
drug. In the present study, it was found that HTE treatment 
was sufficient to inhibit NCI‑H1299 cells from proliferating 
as determined by CCK‑8 and colony formation experiments, 
and subsequent Annexin V/PI staining demonstrated that this 
treatment may stimulate cell apoptosis and cell cycle arrest in 
these NSCLC cells. HTE was also able to modify the cell cycle 
by affecting apoptosis‑related protein levels and upstream 
regulatory signaling pathways.

Cell cycle dysregulation is a hallmark of cancer. Under 
normal physiological conditions, the cell cycle exhibits tight 
multilayer regulation (38), carefully controlling the progres‑
sion of the cell through G1 phase before entering into DNA 
synthesis, S phase, during which DNA is replicated, and the 
subsequent G2 phase. Cyclin‑dependent kinases (CDKs) and 
their associated cyclins form complexes with one another to 
govern cell cycle regulation, and they are highly evolutionarily 
conserved in eukaryotic species (39‑41), with substantial 
cyclin and CDK gene expansion and subfunctionalization 
observed across species (42‑44). Adverse events related to 
ICIs are particularly challenging to control with adjuvant 
therapies because delayed (occasionally severe) toxicity may 
cause permanent injury to patients who may have had their 

tumorigenic disease cured by surgery (13). The expression 
and activation of cell cycle mediators is deranged, particu‑
larly within the CDK‑cyclin‑RB pathways, and is involved 
in malignant transformation and tumor progression in lung 
cancer (45). In >90% of lung cancers, the cell cycle occurs 
as dysregulation, which causes the disorder of cell cycle 
mediators in expression and/or activation, particularly within 
the CDK‑cyclin‑RB pathways, and is closely related to malig‑
nant transformation and tumor progression, which destroys 
the cell proliferation mechanism controlling the growth of 
advanced NSCLC (45‑47). However, the clinical trial results of 
evaluating single‑dose CDK inhibitors in NSCLC and SCLC 
patients were disappointing. In addition, cell cycle regulation 
involves complex interactions of multiple signal pathways and 
mediators. Therefore, although targeted CDK family members 
may display preclinical activity in selective tumor models, 
they may not be sufficient to produce meaningful responses 
in more complex clinical environments (45). CDK inhibitors 
have favorable antitumor effects, but their lack of accuracy, 
side effects to biological targets and limitations of the thera‑
peutic population lead to unsatisfactory therapeutic results. 
Therefore, embedding the CDK pathway in lung cancer treat‑
ment remains challenging (45). The current western blotting 
data indicated that HTE treatment reduces CDK2 and cyclin 
E levels in HTE‑treated NCI‑H1299 cells, causing cell cycle 
arrest in G0/G1 phase and an increase in the relative popula‑
tion of cells' G1 phase.

Apoptosis is an essential cellular process in which cells 
are constrained to self‑destruction (48). Two classical activa‑
tion pathways are involved in the initiation and regulation of 
apoptosis (49). The intrinsic apoptotic pathway is activated by 
stress‑related intracellular signals, including the mitochon‑
drial intermembrane protein Cyto‑C, which initiates signal 
transduction cascades and eventually activates caspase‑3. The 
intrinsic apoptotic pathway is regulated by a family of Bcl‑2 
proteins and has been broadly grouped into two key regulatory 
categories, including pro‑apoptotic proteins (Bax, Bak and 
Bok/MTD) and anti‑apoptotic proteins (including Bcl‑2) (50). 
Numerous cancers exhibit overexpression of Bcl‑2, which 
influences the onset, progression and chemoresistance of these 
tumors (51‑53). Overexpression of Bax, by contrast, can induce 
apoptotic death (54). A reduction in mitochondrial membrane 
potential (MMP) occurs due to a drop in the relative anti‑apop‑
totic to pro‑apoptotic Bcl‑2 family protein ratio and leads to 
apoptosis (55). HTE treatment in the present study resulted in 
significant downregulation of Bax expression, whereas Bax 
levels were significantly elevated upon treatment. The results 
showed that the ratio of Bax/Bcl‑2 expression exhibited an 
increasing tendency with increasing HTE concentration, and 
this ratio increased significantly when the cells were stimu‑
lated by 10 and 25 µmol/l HTE. These findings complemented 
the prior findings of decreased cell viability and increased 
apoptosis, suggesting that HTE may impact NCI‑H1299 
cells by modulating the Bcl‑2 family‑dependent intrinsic 
apoptotic pathway. Notably, the expression levels of the Bcl‑2 
family members, and particularly the ratio of pro‑apoptotic 
Bax/anti‑apoptotic Bcl‑2, are widely used to indicate an 
intrinsic apoptotic mechanism (56).

The initiation of apoptotic signaling cascades within cells 
can drive increased mitochondrial permeability (57). Bax is 
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widely distributed on the outer mitochondrial membrane to 
control MMP and thereby influences the release of Cyto‑C and 
other drivers of apoptotic death (58). The released activated 
cytochrome can, in turn, bind to Apaf1 and thereby activate 
caspase‑9 (59,60), subsequently stimulating caspase‑3 and 
caspase‑7 to initiate apoptotic cascade signaling pathways (57). 
The expression of these apoptosis‑related proteins was inves‑
tigated in NCI‑H1299 cells, and HTE administration was 
identified to cause dose‑dependent apoptosis in these NSCLC 
cells. HTE was also linked to increases in Apaf1, Bax, cyto‑
plasmic Cyto‑C, cleaved‑caspase‑3 and ‑9 levels, as well as the 
downregulation of Bcl‑2 expression. These data suggested that 
HTE can thus initiate the mitochondrial‑mediated signaling 
pathway of apoptosis in NCI‑H1299 cells by modulating the 
relative Bcl‑2‑related protein levels.

Caspases are important in the pro‑apoptotic process. 
Caspase‑8 is involved in extrinsic (mitochondrial) apoptosis 
pathways, whereas caspase‑9 is involved in intrinsic (mito‑
chondrial) apoptosis pathways (61). The increase in the ratio 
of Bax/Bcl‑2 promotes mitochondrial dysfunction, the release 
of some apoptotic factors, and caspase‑9 activation. Then, 
active caspase‑9 cleaves the downstream apoptosis effector 
caspase‑3 (62). When Cyto‑C is transferred to the cytoplasm 
from the mitochondria, it forms a large multiprotein complex 
with Apaf1, procaspase‑9 and Cyto‑C, and activation of the 
intrinsic mitochondria‑mediated pathway occurs. In the 
current investigation, HTE significantly increased the activity 
of Bax, caspase‑3, and caspase‑9 in NCI‑H1299 cells. This 
indicated that the mitochondria‑mediated apoptosis pathway 
was activated, and that subsequent apoptosis was induced 
by the caspase‑dependent and Cyto‑C‑mediated pathways. 
In addition, HTE‑induced apoptosis is also involved the 
delivery of the flavoprotein apoptosis‑inducing factor (AIF) 
from the mitochondria to the cytoplasm through a subsequent 
dose‑dependent shift in the nucleus. The expulsion of AIF 
from mitochondria to the nucleus, while translocating from 
the cytosol, interacts with DNA, thus functioning through a 
caspase‑independent pathway. Similar findings have been 
previously reported, stating that mitochondria‑mediated 
pathways are important in A. adenophora‑induced apoptosis 
and cell death (63‑65). HTE may also cause cell death and 
apoptosis as a result of mitochondria‑mediated pathway stimu‑
lation.

The present study demonstrated that HTE could inhibit 
NCI‑H1299 cell proliferation by inducing apoptosis through 
the Bax/Bcl‑2 signaling pathway and induce G0/G1 phase 
arrest through cyclin E‑ and CDK2‑mediated mechanisms. 
The current findings offer a theoretical basis to understand 
the underlying mechanism of the antiproliferative effect of 
HTE and show that this compound can be used as an effective 
natural medicine in the treatment and prevention of human 
NSCLC.

Ultrahigh‑Performance Liquid Chromatography‑Mass 
Spectrometry (UPLC‑MS) was used for the detection of HTI 
and HTE in tissues to help understand in an improved way 
the pharmacological mechanisms of HTI and HTE (28,66). 
However, certain limitations to the present study should be 
noted. Numerous compounds were screened with different 
types of cells in the pre‑experiment including HTI and HTE. 
According to the results of the preliminary experiment CCK‑8, 

the anti‑proliferation effect of HTI on cells is stronger than that 
of HTE. As HTI has been previously investigated before, the 
activity of HTE was researched (34). The difference between 
the anti‑proliferative effect of HTI and HTE appears in the 
pre‑experimental data (data not shown), as a reference for the 
preliminary research of this project. In the future study by the 
authors, the data of the pre‑experiment shall be included in 
the manuscript. Furthermore, the antitumor effects of HTE 
were not examined in a lung‑xenografted model in nude mice. 
Moreover, another weakness was that only one cell line was 
used in the present study. The NCI‑H1299 cell line was finally 
selected as the study cell line according to the pre‑experi‑
mental data (data not shown) after the different concentrations 
of HTE were applied to different types of cancer cells. Using 
additional cell lines such as A549 is recommended in future 
studies. The stability of the HTE is only based on the results 
of CCK‑8, and no specific test has been carried out on the 
stability. In addition, UPLC‑MS technology will be used to 
detect the concentration of HTE in patient lung tissues and 
in vivo experiments will be increased in future research by the 
authors. In conclusion, the results of the present study revealed 
that HTE inhibits cell proliferation in NCI‑H1299 cells and 
induces apoptosis via a mitochondrial‑mediated signaling 
pathway. The current study provides evidence for the develop‑
ment of HTE as an anti‑lung drug.

In summary, the present data revealed that HTE can 
suppress NCI‑H1299 cell proliferation by regulating the 
proteins CDK2 and cyclin E, inducing their apoptotic death 
via the mitochondrial signaling pathway. The present study not 
only highlights a promising new treatment for human NSCLC 
but also offers a sound theoretical foundation for the prolifera‑
tive activity of this deadly disease.
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