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Abstract. Gambogenic acid (GNA), which is an important 
active compound present in gamboge, exerts anticancer activity 
in various types of tumor cells. However, the effect of GNA on 
small‑cell lung cancer (SCLC) cell lines and the underlying 
mechanism involved still remain unclear. In the present study, 
GNA inhibited the proliferation and cell cycle progression of 
SCLC cells. GNA also promoted the apoptosis of SCLC cells 
in a dose‑dependent manner, which is associated with modu-
lating the levels of proteins involved in apoptosis pathways in 
NCI‑H446 and NCI‑H1688 cells. The results demonstrated 
that GNA increased the level of cleaved caspase‑3, ‑8 and ‑9, 
and Bax but decreased the expression of anti‑apoptotic 
protein, Bcl‑2. Furthermore, similar results were obtained in 
a mouse tumor xenograft model. Additionally, GNA exhibit 
low toxicity in tissues when administered to mice in the SCLC 
xenograft models. Collectively, our findings demonstrated that 
GNA significantly inhibited the proliferation of SCLC cells 
and promoted cell apoptosis via cell cycle arrest and induction 
of apoptosis.

Introduction

Lung cancer is one of the main causes of cancer‑associated 
mortality worldwide. The two major histopathological groups 
of lung cancer are non‑small cell lung cancer (NSCLC), which 
accounts for 80‑85% of cases, and small‑cell lung cancer 

(SCLC), which accounts for 15‑20% of cases (1,2). SCLC is an 
aggressive lung cancer subtype characterized by rapid expan-
sion and metastasis of cells with neuroendocrine features. 
Presently, platinum‑based chemotherapy is the first‑line 
treatment for patients with SCLC; however, patients have a 
low median survival time (9‑12 months) (3,4), and experience 
high toxicity and intolerance. In addition, recurrence occurs 
rapidly in the majority of patients with SCLC, and patients 
with recurrence have a median survival of only 4‑5 months 
when treated with further systemic therapy (5). No targeted 
drugs are currently used as SCLC treatments. Therefore, novel 
therapeutic strategies for SCLC are urgently needed.

Gambogenic acid (GNA) is an active compound isolated 
from gamboge, which is a resin exuded from the Garcinia 
hanburyi tree  (6,7). GNA has been reported to have more 
potent anticancer effects and less systemic toxicity than 
gambogic acid (GA), another active compound present in 
gamboge (8‑10). Induction of apoptosis has been character-
ized as the main molecular and biochemical effect of GNA 
in various cancer cell lines and animal models of carcinogen-
esis (11‑15). GNA inhibits the proliferation of A549 cells by 
inducing cell apoptosis and cell cycle arrest (13). GNA can 
also cause glycogen synthase kinase 3β‑dependent G1 arrest in 
lung cancer cells (16). Although several studies have reported 
the anticancer activity of GNA in NSCLC (11‑17), whether 
GNA can exert antitumor effects in SCLC remains unknown.

In the present study, we aimed to investigate the effects 
of GNA on SCLC in vitro and in vivo. Notably, we found that 
GNA significantly suppressed the proliferation of SCLC cells 
and cell cycle progression. GNA also promoted cell apoptosis 
and modulated the expression of apoptosis‑related proteins. 
The findings indicated that GNA may be a useful therapeutic 
reagent for SCLC treatment.

Materials and methods

Reagents. RPMI‑1640, fetal bovine serum (FBS) and peni-
cillin/streptomycin were purchased from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA). Dimethyl sulfoxide 
(DMSO) was obtained from Sigma‑Aldrich (Merck KGaA, 
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Darmstadt, Germany), The Annexin  V‑FITC Apoptosis 
Detection kit and the TUNEL Apoptosis Assay kit were 
purchased from BD  Biosciences (San  Jose, CA, USA). 
Cell Counting Kit‑8 (CCK‑8) was purchased from Dojindo 
Molecular Technologies, Inc. (Kumamoto, Japan). All anti-
bodies were purchased from Cell Signaling Technology, Inc. 
(Danvers, MA, USA).

Cell culture and drug treatment. The human SCLC cell lines, 
NCI‑H446 and NCI‑H1688, were purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, China). 
The cells were cultured in RPMI‑1640 medium supplemented 
with 10% FBS, 1x105 µg/ml penicillin and 1x105 µg/ml strep-
tomycin at 37˚C in a humidified atmosphere containing 5% 
carbon dioxide. GNA (Fig. 1; purity>98%; Ronghe Medical 
Technology, Shanghai, China) was dissolved in DMSO to 
100 mM as stock solution, and the final concentration of 
DMSO was <0.1 percent and stored at ‑20˚C.

CCK‑8 assay. NCI‑H446 and NCI‑H1688 (4x103) cells were 
seeded into 96‑well plates, respectively. Then various concen-
trations of GNA  (NCI‑H446: 0, 0.6, 1.0, 1.4, 1.8, 2.2 and 
2.4 µM; NCI‑H1688: 0, 1.2, 1.6, 2.0, 2.4, 2.8 and 3.2 µM) was 
added for 24, 48 and 72 h. Cell Counting Kit-8 (CCK‑8) reagent 
was added to each tested well of the plate after incubation with 
several concentrations of GNA for 24, 48 and 72 h, and then 
incubated for 4 h at 37˚C. The optical density at 450 nm was 
detected using a microplate reader (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). A total of three independent experi-
ments were performed.

Cell cycle analysis. SCLC cells were treated with various 
concentrations of GNA  (NCI‑H446: 0, 0.6 and 1.2  µM; 
NCI‑H1688: 0, 1.5 and 2.2 µM) for 24 h. After 24 h, the 
cells were harvested and fixed in cold 70% ethanol. The cells 
were then incubated with propidium iodide (PI; Cell Cycle 
kit; BD Biosciences) and then analyzed by flow cytometry 
(FACSCalibur; BD Biosciences). Three independent experi-
ments were performed.

Cell apoptosis assay. SCLC cells were treated with various 
concentrations of GNA  (NCI‑H446: 0, 1.4 and 2.0  µM; 
NCI‑H1688: 0, 2.4 and 3.0 µM) for 24 h. After 24 h, the 
cells were trypsinized and washed with phosphate‑buffered 
saline  (PBS). Then, the cells were incubated with binding 
buffer containing Annexin  V‑FITC and PI according to 
the manufacturer's protocol (Annexin  V‑FITC Apoptosis 
Detection kit; BD Biosciences) and then analyzed by flow 
cytometry (FACSCalibur; BD Biosciences). Three indepen-
dent experiments were performed.

Xenograft nude mouse model. Eighteen BALB/c nude 
male mice at 4‑6 weeks‑old, with body weight of 18‑22 g, 
were purchased from the Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China) and randomly divided 
into three groups. Each group consisted of six mice. The 
mice were raised in specific pathogen‑free environment, with 
12‑h light/dark cycles and free access to standard rodent food 
and water. NCI‑H446 cells (1x106) were suspended in 100 µl 
PBS and injected subcutaneously in the left armpit of mice. 

Once the tumors were established (~1 cm3), the mice were 
injected intravenously with different GNA concentrations 
(4 and 12 mg/kg) or normal saline at 1 p.m. every 2 days. The 
total injection time for all mice was 30 min. The weight of the 
mice and tumor sizes were recorded 2 days before and after 
GNA treatment. The tumor volume was calculated using the 
formula: length x (width2)/2. Careful daily rationing, weighing 
out how much food was left and assessing their appetite was 
performed. When the mice developed loss of appetite, all of 
them were intravenously anesthetized by 1% pentobarbitone 
sodium (30  mg/kg) and then sacrificed by decapitation. 
The maximum tumor diameter was 15 mm (tumor weight 
percentage: 9%). Nude mice were sacrificed on the 28th day 
after the administration, and the tumor body was peeled and 
weighed. Concurrently, the heart, liver, spleen, lung and kidney 
organs were dissected. After three washes with saline, a portion 
of the tumors were immersed in the liquid nitrogen and then 
transferred to a ‑80˚C refrigerator for TUNEL detection, and 
the remaining portion of the tumor and the organs were placed 
in 4% paraformaldehyde solution for subsequent western 
blotting and hematoxylin and eosin (H&E) detection. In the 
experiment, there were no multiple tumors in nude mice. All of 
the protocols were approved by the Animal Ethics Committee 
of the Medical School, Southeast University (Nanjing, China).

Western blotting. The expression of apoptosis‑related proteins 
following treatment with GNA were analyzed by western 
blotting. In vitro, NCI‑H446 cells were respectively treated 
with 0, 1.1 and 1.3 µM GNA, and the concentration was 0, 2.0 
and 2.3 µM for NCI‑H1688 cells. The dose of the drug was 
decided at the beginning of the in vivo xenograft nude mouse 
model. The cells and tumor tissue protein were lysed on ice 
in RIPA buffer (Nanjing KeyGen Biotech Co., Ltd., Nanjing, 
China) containing a protease inhibitor cocktail (Merck KGaA) 
and were quantified using a BCA Assay kit (Thermo Fisher 
Scientific, Inc.). The proteins lysates were then separated by 
8‑12% SDS‑PAGE and transferred to polyvinylidene difluoride 
membranes  (EMD Millipore, Billerica, MA, USA). The 
membranes were blocked in 5% non‑fat milk and were incubated 
overnight at 4˚C with diluted  (1:1,000) specific primary 
antibodies against caspase‑3 (cat. no. 9664), ‑8 (cat. no. 9496) 
and caspase‑9  (cat.  no.  52873), Bax  (cat.  no.  5023), 
Bcl‑2 (cat. no. 15071), p53 (cat. no. 2527), poly[ADP‑ribose] 
polymerase 4 (PARP) (cat. no. 5625), β‑actin (cat. no. 4970) 
(Cell Signaling Technology, Inc.). Subsequently, the 
membranes were washed with TBST buffer and were incubated 
with the appropriate secondary antibodies (dilution 1:5,000; 

Figure 1. Chemical structure of gambogenic acid.
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anti‑rabbit IgG: cat. no. 14708; anti‑mouse IgG: cat. no. 58802; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h 
at room temperature. The blots were detected using ECL 
reagents (Thermo Fisher Scientific, Inc.). β‑actin and GAPDH 
were used as loading controls. Three independent experiments 
were performed and the ImageJ (version  1.44p analysis 
system; NIH; National Institute of Mental Health, Bethesda, 
MD, USA) was used to measure the intensity of the bands.

Transferase dUTP nick end-labeling (TUNEL) analysis. A 
TUNEL assay was performed by using In Situ Cell Death 
Detection kit (BD Biosciences) following the manufacturer's 
protocol. Fluorescence emitted from tissue sections was 
analyzed, and the images were captured using a fluorescence 
microscope (Nikon Corp., Tokyo, Japan).

Histological analysis. The lung, liver, kidney, spleen and heart 
tissues from the SCLC xenograft model mice were fixed in 10% 
paraformaldehyde and stained with H&E. Histopathological 
changes were observed by light microscopy.

Statistical analysis. All the data are presented as the 
mean ± standard deviation of three independent experiments. 
One‑way analysis of variance (ANOVA) followed by Dunnett's 
test were used to analyze the data. Differences were consid-
ered statistically significant at P<0.05.

Results

GNA inhibits the proliferation of SCLC cell lines. CCK‑8 
assay results demonstrated that GNA significantly suppressed 
the proliferation of NCI‑H446 cells at 0.6‑2.4  µM in a 
time‑ and dose‑dependent manner. The IC50 in NCI‑H446 
cells was 1.4 µM  (Fig.  2A). Additionally, the suppressive 
effect of GNA on the proliferation of NCI‑H1688 cells was 
time‑ and dose‑dependent at 1.2‑3.2 µM with an IC50 value of 
2.4 µM (Fig. 2B).

Effect of GNA on the cell cycle in SCLC cells. To determine 
whether the inhibition of SCLC cell proliferation by GNA was 
mediated by cell cycle arrest, the cell cycle phases were exam-
ined in NCI‑H446 and NCI‑H1688 cell lines that were treated 

with different concentrations of GNA. For NCI‑H446, the data 
revealed that low doses of GNA arrested cell cycle progres-
sion in the G0/G1 phase, while higher concentrations blocked 
the cycle in the S phase (Fig. 3A). However, the same effect 
was not observed in NCI‑H1688 cells, which was blocked at 
the S phase in a dose‑dependent manner (Fig. 3B). Therefore, 
higher concentrations of GNA inhibited cell cycle progression 
in SCLC cell lines by inducing arrest at the S phase. According 
to ANOVA and Dunnett's test, significant differences were 
observed between the experimental groups and the control 
group.

GNA promotes apoptosis in SCLC cell lines. GNA has been 
previously revealed to inhibit proliferation and induce apop-
tosis of A549 cells (11); therefore, experiments were performed 
to verify whether GNA had similar effects on NCI‑H446 
and NCI‑H1688 cells. The results demonstrated that GNA 
increased the rate of cell apoptosis in a dose‑dependent 
manner (Fig. 4A and B), indicating that GNA induces apop-
tosis in SCLC cell lines. According to ANOVA and Dunnett's 
test, significant differences were observed between the experi-
mental groups and the control group.

GNA activates apoptotic pathways in SCLC cells. It was 
subsequently examined whether GNA‑induced apoptosis 
of SCLC cells was mediated by activating apoptotic path-
ways. After treatment with different concentrations of GNA 
for 24 h, the expression of apoptosis‑related proteins was 
detected by western blotting. The expression of cleaved 
caspase‑3, ‑ 8 and ‑9, Bax, cleaved PARP and p53 proteins 
were significantly increased in the GNA treatment groups 
compared with the control group. However, Bcl‑2 expression 
was decreased in GNA treatment groups compared with 
the control group (Fig. 5). Therefore, GNA may induce cell 
apoptosis by increasing the level of pro‑apoptosis proteins and 
inhibiting the expression of anti‑apoptosis proteins in SCLC 
cell lines. According to ANOVA and Dunnett's test, significant 
differences were observed between the experimental groups 
and the control group.

GNA suppresses tumor growth in vivo. Subsequently, experi-
ments were designed to further investigate whether GNA 

Figure 2. Proliferation of small‑cell lung cancer cell lines is inhibited by GNA. (A) NCI‑H446 and (B) NCI‑H1688 cells were treated with various concentra-
tions of GNA for 24, 48 and 72 h. The inhibition rate was detected by CCK‑8 assay. Data are presented as the mean ± standard deviation (n=3); *P<0.05. GNA, 
gambogenic acid; CCK‑8, Cell Counting Kit-8.
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Figure 4. GNA induces apoptosis of small‑cell lung cancer cell lines. Cell apoptosis was determined using Annexin V/PI staining assay and flow cytometry. 
(A) NCI‑H446 and (B) NCI‑H1688 cells were treated with various GNA concentrations for 24 h and a significant dose‑dependent increase in the proportion of 
apoptotic cells was observed. Data are presented as the mean ± standard deviation, (n=3); *P<0.05. GNA, gambogenic acid; UR, upper right; LR, lower right.

Figure 3. GNA arrests cell cycle progression in different phases. Cell cycle distribution was analyzed by flow cytometry after 24 h of GNA treatment. 
(A) NCI‑H446 cells were arrested at different stages by various drug concentrations. (B) NCI‑H1688 cell cycle was arrested by GNA during the S stage. Data 
are presented as the mean ± standard deviation, (n=3); GNA, gambogenic acid.

Figure 5. GNA promotes the expression of pro‑apoptotic proteins. The expression of apoptosis‑related proteins was analyzed by western blotting. NCI‑H446 
cells were treated with different GNA concentrations (0, 1.1 and 1.3 µM) for 24 h; NCI‑H1688 cells were treated with different GNA concentrations (0, 2.0 and 
2.3 µM) for 24 h, and the expression levels of cleaved caspase‑3, ‑8 and ‑9, Bax, Bcl‑2 and cleaved PARP were detected by western blotting. β‑actin was used 
as an internal control. Data are presented as the mean ± standard deviation (n=3); *P<0.05. GNA, gambogenic acid; PARP, poly(ADP‑ribose) polymerase 4.
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inhibited the growth of SCLC tumors in vivo. GNA‑treated 
mice exhibited tumor tissue loss compared with the control 
group (Fig. 6). According to ANOVA and Dunnett's test, signif-
icant differences were observed between experimental groups 
and the control group. TUNEL staining further validated that 

GNA induced apoptosis in a dose‑dependent manner (Fig. 7A), 
which was consistent with the studies performed in vitro. 
Furthermore, in the in  vivo tumor study, the expression 
of apoptosis‑related proteins exhibited the same trends as 
observed in vitro  (Fig. 8). The expression of pro‑apoptotic 

Figure 6. GNA inhibits tumor growth in an SCLC mouse xenograft model. The nude mice that were transplanted with SCLC xenografts were randomly divided 
into three groups: Con, control group; Low, Low treatment group (4 mg/kg every 2 days); and High, high treatment group (12 mg/kg every 2 days). Treatment 
was administered by intravenous injection of GNA or vehicle for 14 days. The tumors in each group were dissected and imaged. The measurements of tumor 
volumes are presented. The body weight and tumor volumes of each group are presented as the mean ± standard deviation (n=6), *P<0.05. GNA, gambogenic 
acid; SCLC, small cell lung cancer.

Figure 7. GNA induces apoptosis in mouse xenograft models of SCLC. (A) TUNEL staining was performed on histological sections of tumor tissue to detect 
apoptotic cells. Positive TUNEL staining was observed as light yellow to brownish yellow granules in the cytoplasm. (B) H&E staining was performed to 
assess toxicity in the lung, liver, kidney, spleen and heart of xenograft mice that were treated with GNA. Data are presented as the mean ± standard deviation 
(n=6). GNA, gambogenic acid; SCLC, small‑cell lung cancer; TUNEL, transferase dUTP nick end-labeling; H&E, hematoxylin and eosin.
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proteins was increased, while the anti‑apoptotic proteins were 
decreased in the GNA treatment groups compared with the 
control group. These findings further demonstrated that GNA 
could induce cell apoptosis by activating apoptosis‑related 
proteins in SCLC cell lines. According to ANOVA and 
Dunnett's test, significant differences were observed between 
the experimental groups and the control group.

GNA has a low toxicity in  vivo. H&E staining of tissues 
collected from the xenograft mice was conducted to detect 
toxicity in vivo. No apoptotic cell death was observed in the 
lung, liver, kidney, spleen or heart tissues from the SCLC 
xenograft mice (Fig. 7B).

Discussion

The clinical applications of traditional Chinese medicine in 
antitumor research has been extensively investigated (19,20). 
Among them, GNA has been reported to exert numerous phar-
macological activities, particularly broad‑spectrum anticancer 
effects (21,18). In the present study, our results illustrated that 
GNA inhibited cell proliferation, induced cell apoptosis and 
induced cell cycle arrest in SCLC cells. Furthermore, GNA 
suppressed tumor growth in a mouse SCLC xenograft model.

Previous studies have reported that many active compounds 
present in traditional Chinese medicines can arrest the cell 
cycle in tumor cells, including GNA (14), wogonin (18) and 
curcumin (22). GNA was previously reported to induce G1 
arrest in non‑small cell lung cancer cells (12,13,16) and breast 
cancer cells (22). GNA also induced G2/M phase arrest in 
multiple myeloma cells  (23). Notably, our results revealed 
that low doses of GNA arrested cell cycle progression in the 
G0/G1 phase, whereas a higher concentration caused S‑phase 
arrest of NCI‑H446 SCLC cells. This suggests that the under-
lying mechanisms of GNA‑induced cell cycle are complex, and 
further studies are required to understand this phenomenon.

GNA was revealed to inhibit cell proliferation by inducing 
apoptosis in non‑small cell lung cancer cells (13,16). GNA 
was revealed to induce apoptosis and G0/G1 phase arrest of 
A549 cells in a dose‑ and time‑dependent manner in vitro. 
Apoptosis is a programmed cell death mechanism and is the 

most common form of cell death (24,25). In the present study, 
we observed that cleaved caspase‑3, ‑8, ‑9, Bax, cleaved PARP 
and p53 protein levels were increased by GNA treatment, 
whereas Bcl‑2 expression was decreased. Our findings demon-
strated that GNA promoted the apoptosis of SCLC cells by 
upregulating pro‑apoptotic mediators in vitro and in vivo. It is 
important to highlight that no toxicity was observed following 
the treatment of nude mice with GNA, which was confirmed 
by H&E staining of the mouse lung, liver, tumor, kidney, 
spleen and heart tissues (26).

The present study has a number of limitations. The exact 
mechanism by which GNA induces cell cycle arrest and 
apoptosis remains unknown (16,18,27). Given the important 
effects of GNA on inhibiting the proliferation of SCLC cells, 
the effective concentrations and potential mechanism of GNA 
in SCLC cells remain to be investigated in future studies.

In conclusion, the findings, based on the experiments 
in vivo and in vitro, demonstrated that GNA could inhibit 
cell proliferation, induce cell apoptosis and cell cycle arrest 
in two SCLC cell lines. In addition, the growth of SCLC 
xenograft tumors was also suppressed by GNA. Furthermore, 
GNA modulated the levels of apoptosis‑related proteins and 
promoted the apoptosis of SCLC cells in vitro and in vivo, and 
exhibited a relatively low toxicity in mice, which was clearly 
different from GA (26). In conclusion, GNA may be a potential 
candidate for treatment of SCLC.
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