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Background: Gambogic acid (AG) is believed to be a potent anti-cancer agent. ER (endoplasmic reticulum) stress-induced
cell apoptosis was identified as one of the anti-proliferative mechanisms of several anti-cancer agents. In this
study, we investigated the involvement of ER stress-induced apoptosis in the anti-proliferative effect of GA on
NSCLC (non-small cell lung cancer) cells.

Material/Methods: GA at 0, 0.5, and 1.0 umol/l was used to treat A549 cells. We also used the ER stress-specific inhibitor 4-PBA
(4-phenylbutyric acid) (1 pmol/l) to co-treat the cells incubated with GA. Cell viability was assessed by MTT
(methyl thiazoly! tetrazolium) assay. Cell apoptosis was evaluated by MTT (methyl thiazolyl tetrazolium) assay.
Intracellular ROS (reactive oxygen species) production was detected by DCFH-DA (2,7- dichloro-dihydrofluores-
cein diacetate) florescent staining. Western blotting was used to assess the expression and phosphorylation
levels of protein.

Results: GA treatment significantly reduced cell viabilities of NSCLC cells in a concentration-dependent manner. GA treat-
ment increased intracellular ROS level, expression levels of GRP (glucose-regulated protein) 78, CHOP (C/EBP-
homologous protein), ATF (activating transcription factor) 6 and caspase 12, as well as the phosphorylation
levels of PERK (protein kinase R-like ER kinase) and IRE (inositol-requiring enzyme) 1a. Co-treatment of 4-PBA
dramatically impaired the inhibitory effect of GA on cell viability. 4PBA co-treatment also decreased expres-
sion levels of GRP78, CHOP, ATF6, and caspase12, as well as the phosphorylation levels of PERK and IRE1a, in
GA-treated NSCLC cells, without affecting ROS levels.

Conclusions: GA inhibited NSCLC cell proliferation by inducing ROS-induced ER stress-medicated apoptosis of NSCLC cells.
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Background

Lung cancer is one of the most common malignant cancers of
the respiratory system and it has high morbidity and mortal-
ity rates. As the major pathological type of lung cancer, non-
small cell lung cancer (NSCLC) accounts for over 80% of lung
cancers [1]. Complete surgical resection is still considered the
most effective therapy for NSCLC. Novel anti-cancer drugs have
been developed in recent decades, many of which originate
from natural medicinal herbs [2].

In the last 2 decades, bio-active agents extracted from nat-
ural medical herbs, especially Chinese medical herbs, have
been attracting researchers’ attention due to their wide spec-
trum of pharmacological activities. Gambogic acid (GA), which
is also referred as C_;H,,0,, is one of the active pharmacolog-
ical components of a medical herb named Gaboge Hanburyi.
In Traditional Chinese Medicine, Gaboge Hanburyi has been
used in clinical treatment of many diseases [3]. Recently, the
potent anti-cancer effects of GA were identified against multi-
ple human cancers, including liver cancer, ovarian cancer, and
breast cancer [4-6]. However, the exact molecular mechanisms
of GA’s anti-cancer activity are complicated and remain unclear.

The endoplasmic reticulum (ER) an important cellular organelle
with important roles in regulating fundamental intracellular ac-
tivities such as protein modification and calcium signaling [7].
When encountering some physiological and pathological chal-
lenges, normal ER functions are impaired and ER stress is initi-
ated. Previous investigations have indicated there are 3 major
ERS-specific signaling pathways involved in apoptotic signaling,
which are transduced by the ERS sensor proteins PERK, ATF6,
and IRE1 [8]. These signals result in activation of the pre-apop-
totic factor CHOP, leading to cell death [8]. As inducing apopto-
sis is believed as an effective strategy of inhibiting cancer cell
proliferation, it is reasonable to speculate that ERS-mediated
apoptosis is involved in the anti-cancer effects of GA.

In this investigation, we assessed the anti-proliferative effect
of GA on the human NSCLC cell line. The involvement of ERS-
mediated apoptosis signals was also studied using an ERS-
specific inhibitor. The results of this study add to our under-
standing of the anti-cancer activity of GA and also provide
novel evidence for possible application of GA in the clinical
treatment of NSCLC.

Material and Methods

Cell culture and treatment

The human NSCLC cell line A549 was purchased from the Cell
Bank of the Typical Preservation Committee of the Chinese
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Figure 1. Figure shows the viabilities of A549 cells incubated
with gambogic acid (GA) at concentrations of 0, 0.25,
0.5, and 1.0 pmol/l. Some cells incubated with GA
at 1.0 pmol/l were also co-treated with 4-PBA at
a final concentration of 100 pmol/l. [* Differences
were statistically significant compared with control
(p<0.05); ® Differences were statistically significant
compared with cells incubated with GA at 0.25 pmol/l;
< Differences were statistically significant compared
with cells incubated with GA at 0.5 pmol/l;

d Differences were statistically significant compared
with cells incubated with GA at 1.0 ymol/l].

Academy of Science. Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum (FBS, Gibco) and an antibiotic mix (Sigma).
Cells were maintained in a humidified incubator with 95% air
and 5% CO, at 37°C. Cells were treated with GA (Sigma) at con-
centrations of 0, 0.25, 0.5, and 1.0 ymol/I for 24 h. Some cells
were pre-treated with ERS-specific inhibitor 4PBA at 100 pmol/l
for 2 h before GA incubation.

Cell viability evaluation

The cell viability was evaluated by colorimetric 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma)
assay. Briefly, cells were seeded at 5x10%/well into a 48-well
culture plate and maintained for 24 h. Cells were treated with
GA and/or 4PBA and then washed with PBS and further incu-
bated with MTT at a final concentration of 5 mg/ml for 4 h.
DMSO (Sigma) was added into each well and the values of
absorbance at 490 nm (A,, ) was detected by a plate reader
(Bio-Rad). Cell viability was then calculated according to the
standard curve.

Intracellular ROS generation detection

ROS generated in the NSCLC cells was detected by 2,7-di-
chlorofluoresceindiacetate (DCFH-DA) fluorescent staining.
Briefly, cells were incubated with 10 pmol/l DCFH-DA (Sigma)
at 37°C for 30 min to load the probes. Then, the fluorescence
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Figure 2. The upper panel demonstrates the captured images of
DCFH-DA fluorescent staining of A549 cells incubated
with gambogic acid (GA) at concentrations of 0,

0.25, 0.5, and 1.0 pmol/l. Generated intracellular
ROS was tagged by red fluorescence. Columns

on the lower panel indicate the detected mean
fluorescence intensities (MFI) of DCFH-DA staining.

[2 Differences were statistically significant compared
with control (p<0.05); ° Differences were statistically
significant compared with cells incubated with GA at
0.25 pmol/l; © Differences were statistically significant
compared with cells incubated with GA at 0.5 pmol/|;
d Differences were statistically significant compared
with cells incubated with GA at 1.0 ymol/l].

was detected and measured by an inverted fluorescent micro-
scope at 530 nm after being excited at 488 nm.

Cell apoptosis determination

Terminal transferase UTP nick-end labeling (TUNEL) assay was
used to determine the apoptosis of NSCLC cells. Briefly, cells
were incubated with 20 ymol/| proteinase K (Sigma) and then
fixed by 4% paraformaldehyde (Solarbio). A TUNEL assay kit
was applied to these cells to detect apoptosis according to the
instructions provided by the manufacturer. The TUNEL-positive
cells were detected and the images were captured by an in-
verted fluorescent microscope.

Western blot analysis

Cells were collected and suspended in a RIPA lysis buffer system
(Santa Cruz) and whole-cell extract was prepared. Total protein
was extracted using the Protein Extraction kit (Beyotime) ac-
cording to the instructions provided by the manufacturer. A BCA
kit (Beyotime) was used to measure the protein concentrations.
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Figure 3. The upper panel demonstrates the captured images
of TUNEL fluorescent staining of A549 cells incubated
with gambogic acid (GA) at concentrations of 0, 0.25,
0.5, and 1.0 pmol/l. TUNEL-positive cells were tagged
by green fluorescence, indicated by yellow arrows.
Columns on the lower panel indicate the apoptotic rate
of A549 cells. [@ Differences were statistically significant
compared with control (p<0.05); ® Differences were
statistically significant compared with cells incubated
with GA at 0.25 pmol/l; ¢ Differences were statistically
significant compared with cells incubated with GA at
0.5 pmol/l; ¢ Differences were statistically significant
compared with cells incubated with GA at 1.0 ymol/l].

The protein was separated by vertical SDS-PAGE and then trans-
ferred to the PVDF membranes electronically. The blocking buf-
fer (Santa Cruz) was applied to the membranes. Primary anti-
bodies against GRP78 (1: 2000; Abcam), PERK (1: 2000; CST),
p-PERK (1: 2000; CST), cleaved ATF6 (1: 2000; Abcam), IRE-1c
(1: 4000; CST), p-IRE-1a (1: 2000; CST), CHOP (1: 2000; Abcam),
caspasel12 (1: 2000; Abcam), and GAPDH (1: 4000; Sigma) were
used to incubate the membranes at 4°C for 8 h in TBST. Then,
the corresponding secondary antibodies (Abcam) were used
to incubate the membranes at room temperature for 1 h. The
membranes were developed by an ECL kit (pierce) and then
exposed with the Gene Genius system (Syngene). The densi-
ties of the blots were then analyzed with Image J software.

Statistical analysis

Data are presented as mean +SD. SPSS (ver. 16.0, SPSS) was
used to analyze the data. Differences between groups were
analyzed by one-way ANOVA, followed by Bonferroni post hoc
analysis. The differences between groups were considered sig-
nificant at p<0.05.
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Figure 4. (A) Bands indicate the immunoblots of GRP78, p-IRE1, IRE1, p-PERK, PERK, cATF6, CHOP, caspasel2, and GAPDH in A549
cells incubated with gambogic acid (GA) at concentrations of 0, 0.25, 0.5, and 1.0 ymol/|, respectively. (B) Columns indicate
the relative expression level of GRP78 (normalized to GAPDH) in A549 cells. (C) Columns indicate the phosphorylation level
of IRE1 (p-IRE1/IRE1) in A549 cells. (D) Columns indicate the phosphorylation level of PERK (p-PERK/PERK) in A549 cells.
(E) Columns indicate the relative expression level of cATF6 (normalized to GAPDH) in A549 cells. (F) Relative expression level
of CHOP (normalized to GAPDH) in A549 cells. (G) Relative expression level of caspasel2 (normalized to GAPDH) in A549 cells.
[2 Differences were statistically significant compared with control (p<0.05); ° Differences were statistically significant compared
with cells incubated with GA at 0.25 pmol/l; ¢ Differences were statistically significant compared with cells incubated with GA
at 0.5 pmol/l; ¢ Differences were statistically significant compared with cells incubated with GA at 1.0 pmol/l].

Results

GA incubation inhibited viability of NSCLC cells, which was
impaired by 4-PBA (Figure 1). Compared with normal control,
the GA incubation significantly reduced cell viabilities of A549
cells in a concentration-dependent manner (P<0.05). However,
co-treatment with 4PBA significantly impaired the inhibitory
effects of GA on viability of NSCLC (P<0.05).

GA treatment increased ROS production in NSCLC cells, which
was impaired by 4-PBA. As demonstrated in Figure 2, the GA
incubation increased the intracellular production of ROS in
NSCLC cells in a concentration-dependent manner (P<0.05).
However, the co-administration of 4PBA reduced the ROS pro-
duction in GA- incubated A549 cells (P<0.05).

GA treatment increased apoptosis of NSCLC cells, which was
impaired by 4-PBA (Figure 3). GA administration significantly
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increased apoptosis of A549 cells in a concentration-depen-
dent manner (P<0.05). The co-administration of 4PBA, how-
ever, impaired the apoptosis-inducing effect of GA on NSCLC
cells (P<0.05).

GA treatment activated ERS and ERS-mediated apoptosis sig-
naling, which was impaired by 4-PBA. As shown in Figure 4,
the administration of GA significantly increased the expression
levels of GRP78, cleaved ATF6, CHOP, and caspasel2, as well as
the phosphorylation levels of PERK and IRE1q, in a concentra-
tion-dependent manner (P<0.05). However, co-treatment with
4PBA reduced the expression levels of GRP78, cleaved ATF6,
CHOP, and caspasel2, as well as the phosphorylation lev-
els of PERK and IRE1q, in GA-incubated NSCLC cells (P<0.05).

Discussion

The prognosis of NSCLC is poor when metastasis is identified [9,10].
Chemotherapy and radiotherapy are options, but their adverse
effects limit use in some patients. Novel alternative anti-cancer
agents have been attracting investigators’ attention in recent de-
cades [11]. In this study, we studied the anti-proliferative effect
of GA on NSCLC cells, and we also performed an in-depth inves-
tigation of the possible involvement ER stress. We found that GA
reduced viability of NSCLC cells via activating ROS-induced ER
stress-mediated cell apoptosis.

In recent decades, many novel agents derived from natural
medical herbs with potent anti-cancer effects have been iden-
tified and extracted or synthesized, and GA is one such prom-
ising agent [12]. Previous studies have reported that GA inhib-
its cell proliferation, invasion, and migration in many human
cancers, including hepatic cancer, ovarian cancer, and gastric
cancer [13,14]. In this study, human NSCLC cells were treated
with GA at various concentrations. We found that the viability
of NSCLC A549 cells was significantly inhibited by GA in an
incubation-dependent and concentration-dependent manner.
We also found that ER stress-induced apoptosis was involved
in the anti-proliferative effects of GA on NSCLC cells.

As an important organelle, the ER has roles in many vital and
fundamental cellular functions. The ER is believed to provide

References:

1. Zheng H, Zhan Y, Liu S et al: The roles of tumor-derived exosomes in non-
small cell lung cancer and their clinical implications. J Exp Clin Cancer Res,
2018; 37: 226

2. YingJ, Zhang M, Qiu X, Lu Y: The potential of herb medicines in the treat-
ment of esophageal cancer. Biomed Pharmacother, 2018; 103: 381-90

3. Banik K, Harsha C, Bordoloi D et al: Therapeutic potential of gambogic acid,
a caged xanthone, to target cancer. Cancer Lett, 2018; 416: 75-86

LAB/IN VITRO RESEARCH

the internal environment for protein folding and maturation in
eukaryotic cells [15]. When facing prolonged and strong harm-
ful stimuli, the ER induces a condition termed “ER stress” [16].
Sustained ER stress leads to activation of several ER stress-spe-
cific pro-apoptotic signaling pathways [16]. Correspondingly,
the activation of PERK, IRE1a, and ATF6 signaling eventually
lead to activation of the pro-apoptotic factor CHOP, which facil-
itates activation of caspase12, causing caspase cascade activa-
tion [17]. In this study, our results showed that GA incubation
significantly activated ER stress in a concentration-dependent
manner, which was proved by the upregulation of GRP78, the
molecular marker of ER stress. Correspondingly, the upregula-
tion of ATF6, as well as the phosphorylation of IRE1a and PERK,
were found in GA-treated NSCLC cells. We also found that the
ER stress-specific inhibitor 4-PBA significantly inhibited GA-
induced apoptosis. We also found that 4-PBA suppressed GA-
induced ER stress, and the activation of IRE1a and PERK and
ATF6 were also inhibited. These results support our suggestion
that GA facilitates ER stress-induced apoptosis in NSCLC cells.

ROS are important intracellular mediators playing roles in
maintaining normal cellular functions and causing cell injuries
and cell death [18]. Many anti-cancer agents cause cell dam-
age by generating excessive ROS [19]. Previous investigations
suggested the role of ROS as one of the initiators of ER stress.
Accumulated ROS induced unfolded and mis-folded protein pro-
duction, which further induces ER stress [20]. In the present
study, we found that GA treatment induced intracellular pro-
duction of ROS in NSCLC cells. Massively accumulated intracel-
lular ROS leads to ER dysfunction and thus induces ER stress.
In the present study, we also found that the ER stress-specific
agent 4-PBA alleviated apoptosis of GA-incubated NSCLC cells
without dramatically affecting intracellular ROS levels. These
results suggest that ROS are responsible for inducing ER stress-
dependent apoptosis in GA-treated NSCLC cells.

Conclusions

According to the results of our study, we conclude that: 1) GA
treatment reduced cell viability of NSCLC cells by inducing apop-
tosis; and 2) GA induced NSCLC cell death via ROS-induced ER
stress-mediated pro-apoptotic signaling.
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