ONCOLOGY LETTERS 10: 3177-3182, 2015

Oxidative/antioxidative enzyme-mediated antiproliferative and
proapoptotic effects of the GPERI1 agonist G-1 on lung cancer cells
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Abstract. Estrogen mediates fast signal responses or tran-
scriptional events via G protein-coupled estrogen receptor 1
(GPER1). However, there is no data on the effect of GPER1
on lung cancer cell proliferation and apoptosis. The present
study aimed to analyze the anticancer effects of the GPER1
agonist G-1 on A549 human lung cancer cells. A549 cells were
treated with 17p3-estradiol and G-1, and cell proliferation was
analyzed using MTT and WST assays. In addition, the apop-
totic effects induced by G-1 were investigated using acridine
orange/ethidium bromide staining. A549 cells were treated
with a half maximal inhibitory concentration of G-1 for 72 h,
and nitric oxide (NO) levels and superoxide dismutase (SOD),
catalase and glutathione peroxidase (GPx) enzyme activities
were analyzed by spectrophotometry. The results revealed that
G-1 significantly decreased cell proliferation. In addition to the
antiproliferative effect of G-1, a marked increase in apoptotic
activity was observed when cells were treated with 2x10° M
G-1. Furthermore, G-1 increased NO levels, and SOD and GPx
activity. These findings indicate that the GPER1 agonist G-1
is able to exert antiproliferative and proapoptotic effects on
A549 cells, and that oxidant and antioxidant molecules may
mediate these effects.

Introduction

Lung cancer is one of the most commonly occurring cancers
and is associated with a high rate of mortality (1). The disease
is responsible for 31% of cancer-associated mortalities in
males and 25% of cancer-associated mortalities in females (2).
Non-small-cell lung carcinoma (NSCLC) constitutes >85%
of all lung cancers (3). For early-stage NSCLC patients,
surgery is the preferred treatment, while radiotherapy and/or
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chemotherapy is preferred for late-stage patients or patients for
whom surgery is not possible (2). The overall five-year survival
rate of NSCLC patients is <10% (4).

Studies of various neoplastic diseases, primarily breast
and endometrial carcinoma, have demonstrated the prognostic
significance of estrogen receptors (5). In addition, epide-
miological studies have indicated that the incidence of lung
cancer is lower in females compared with that of males of
the same age (6). It has also been hypothesized that increased
parity in females is associated with a decreased risk of lung
cancer development, and that hormone replacement treatment
suppresses lung cancer progression (7).

Estrogen predominantly binds to two receptors, estrogen
receptors (ERs) a and f3, and regulates a number of biological
processes, including cell proliferation, differentiation, apop-
tosis, inflammation and metabolism (8). ERa and ERf proteins
have been shown to be expressed in primary lung tumors (9).
Furthermore, these receptors are expressed in NSCLCs and
have been demonstrated to mediate the transcriptional effects of
estrogen (10). Until recently, only canonical ERs were considered
to mediate the effect of estrogens. Following their activation,
these canonical receptors are transported into the nucleus to
produce genomic or non-genomic responses (11). However, the
inhibition or knockdown of ERa and ER[ does not eliminate
estrogen responses in various tissues (12). More recent studies
have revealed that estrogen may mediate fast signal responses or
transcriptional events via G protein-coupled estrogen receptor 1
(GPER1) (13). GPERI is expressed in human brain, liver, heart,
kidney, pancreatic, placental, blood vessel, bone, lymphoid,
endometrial, ovarian, breast and lung cancer tissues (14). This
receptor may be localized on the cell membrane, nucleus,
endoplasmic reticulum, mitochondria or Golgi apparatus,
and its effects vary depending on this specific intracellular
localization (14). It has been suggested that G-1 (chemical
name, 1-[4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-tetra-
hydro-3H-cyclopenta[c]quinolin-8-yl]-ethanone) acts a specific
GPERI agonist (15). GPER1-dependent antiproliferative and
proapoptotic effects of G-1 have been observed in prostate
cancer (PC-3) and breast cancer (MCF-7) cells (16,17). However,
GPER I-independent antiproliferative and proapoptotic effects
of G-1 have been observed in ovarian cancer (KGN) and breast
cancer (MDA-MB 231) cells (18).

Antioxidants have an essential role in cell protection
against reactive oxygen species (19). The oxidation of
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antioxidant enzymes reduces the capacity of cells to eliminate
free radicals (19). Therefore, an important approach in anti-
tumor therapeutic strategies is to inhibit antioxidant systems,
such catalase, superoxide dismutase (SOD) and glutathione
peroxidase (GPx), which are the primary defense lines of the
cell (19). A number of studies have shown the influence of
estrogen and GPER1 on antioxidant enzymes and cytokine
production (20,21).

Previous studies have revealed that GPER1 expression
is higher in various types of lung cancer tissues, including
adenocarcinoma, squamous-cell carcinoma and giant-cell
carcinoma, compared with normal lung tissue (22). Overexpres-
sion of GPERI in lung cancer may reflect a defense mechanism
against the hyperproliferation of cancer cells, with activation
of this receptor leading to antiproliferative or proapoptotic
effects (22). However, the antiproliferative or proapoptotic
effects of GPERI1 agonists in lung cancer cells have not yet been
demonstrated. Therefore, the present study aimed to investigate
the oxidant and antioxidant enzyme-mediated antiproliferative
and apoptotic effects of the GPER1 agonist G-1 on lung cancer
cells.

Materials and methods

Cell culture and chemicals. A549 human lung cancer cells were
obtained from the American Type Cell Collection (Manassas,
VA, USA). Cells were cultured in RPMI-1640 medium
(Biochrom, Ltd., Cambridge, UK) supplemented with 10%
fetal bovine serum (FBS; Gibco Life Technologies, Carlsbad,
CA, USA) and 100 U/ml penicillin (Sigma-Aldrich, St. Louis,
MO, USA) at 37°C in a humidified atmosphere of 5% CO,. For
3 days prior to the experiment, A549 cells were cultured with
phenol red-free RPMI-1640 containing 10% dextran-coated
charcoal-FBS (Gibco Life Technologies). The negative control
condition for all assays was untreated medium containing
vehicle [0.1% dimethyl sulfoxide (DMSO)]. The DMSO and
estrogen 17fB-estradiol were purchased from Sigma-Aldrich,
and G-1 and G-15 were purchased from Merck Millipore
(Darmstadt, Germany).

MTT and WST-8 assay. A549 human lung cancer cells were
treated with various concentrations (10, 107 10, 10° and
10* M) of 17p-estradiol and G-1 in 96-well plates and incu-
bated for 48 or 72 h. Following incubation, MTT solution
(Sigma-Aldrich) was added to each well at a concentration of
0.5 mg/ml, and incubated for 4 h at 37°C. At the end of this
period, 100 1 DMSO solvent was added to each well. The
absorbance values [optical density (OD)] at 570 nm of the solu-
tion in each well were read using a spectrophotometer (ELx800
Absorbance Reader; BioTek Instruments, Inc., Winooski, VT,
USA). The antiproliferative potential of the G-1 was expressed
as a half maximal inhibitory concentration (ICs;) value in A549
lung cancer cells; only the ICs, (2x10° M) was subsequently
used in the present study. The cells (5x10*/well) were treated
with G-1 (2x10”° M), either alone or in combination with G-15
(5x10° M), at 37°C in an atmosphere of 5% CO, for 48 and 72 h.
A WST-8 assay, Cell Counting Kit-8 (Sigma-Aldrich), was also
used to assess cell proliferation, according to the manufacturer's
instructions, and absorbance at 450 nm was measured using an
ELx800 microplate reader.
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Acridine orangelethidium bromide staining. Acridine
orange/ethidium bromide staining was conducted to detect
morphological evidence of apoptosis. A549 cells were
treated with G-1 for 72 h. The cells were washed with phos-
phate-buffered saline (PBS; Merck Millipore) and incubated
for 5 min with a solution of 10 pl of acridine orange/ethidium
bromide (Sigma-Aldrich) made up to 100 ul using PBS. The
cells were then washed with PBS and six microscopic fields
were examined under an Axio Vert.Al inverted fluorescence
microscope (Zeiss, Oberkochen, Germany). The percentage
of apoptotic cells was calculated using the following formula:
Apoptotic rate (%) = number of apoptotic cells / total number
of cells counted (23).

Biochemical measurements. Cells at 70-80% confluence
were washed twice with PBS (pH 7.2) and treated with
trypsin/EDTA (0.25/0.02%; Merck Millipore) in PBS for
10 min. The cell suspension was centrifuged for 10 min at
400 x g. Cell pellets were then lysed in 50 mM phosphate
buffer solution (0.1 M, pH 7.0; Sigma-Aldrich), followed by
sonication for 2 min on ice. The mixture was then centrifuged
for 10 min at 14,000 x g and the supernatant was assayed for
protein concentration and enzymatic activities.

Catalase (CAT) activity was determined as described by
Aebi (24). Briefly, 100 ul supernatant was incubated with an
equal volume of absolute alcohol for 30 min at 0°C, followed
by the addition of 100 yl Triton X-100 (Sigma-Aldrich). A
known volume of this mixture (200 pl) was mixed with an
equal volume of 0.066 M hydrogen peroxidase (H,0,) in
phosphate buffer solution, and absorbance was measured at
240 nm for 30 sec using a Shimatzu UV-1201 spectropho-
tometer (Shimadzu Corp., Kyoto, Japan). Protein levels were
estimated as described by Lowry et al (25) and activity was
expressed in units of GPx per mg protein.

SOD activity was determined as described by
Fridovich (26). The principle of the method is based on the
inhibition of nitro blue tetrazolium chloride (NBT) reduc-
tion by the xanthine-xanthine oxidase system, a superoxide
generator. Xanthine (Sigma-Aldrich) and xanthine oxidase
(Sigma-Aldrich) generate superoxide radicals, which react
with NBT (Sigma-Aldrich) to form a red formazan dye. SOD
activity was then determined according to the degree of inhi-
bition of this reaction. One unit of SOD was defined as the
quantity of enzyme (mg) causing 50% inhibition in the NBT
reduction rate. SOD activity was expressed as units of SOD
per mg protein.

The GPx assay was based on the oxidation of nicotine
adenosine dinucleotide phosphate (NADPH; Sigma-Aldrich)
to NADP*, which is accompanied by a decrease in absorbance
at 340 nm. The rate of this decrease is directly proportional to
the GPx activity in the sample (27). Therefore, GPx activity
was measured by the enzymatic reaction that was initiated by
adding H,0, to a reaction mixture containing reduced gluta-
thione, NADPH and glutathione reductase (Sigma-Aldrich).
The change in the absorbance at 340 nm was monitored using
a Shimatzu UV-1201 spectrophotometer (Shimadzu Corp.).
Protein levels were estimated as described by Lowry et al (25)
and activity was expressed in units of GPx per mg protein.

The determination of concentration levels of nitrite, which
is the stable end product of nitric oxide (NO) radicals, was
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Figure 1. Concentration and time-dependent response curves for G-1 and 178-estradiol on A549 cells, assessed by MTT assay at (A) 48 and (B) 72 h, and
by WST-8 assay at (C) 48 and (D) 72 h. The results are expressed as mean + standard error of the mean of three independent experiments. For statistical analysis,

one-way of ANOVA followed by a post-hoc test (Bonferroni's multiple comparisons test) was used. "
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Figure 2. A549 cells were treated with GPER1 antagonist G-15 for 1 h prior to treatment with G-1 for (A) 48 and (B) 72 h. A549 cell viability was determined

by MTT assay. Bars represent the mean + standard error of the mean. ™

used as a measure of NO production. Nitrite concentration
was determined using a classic colorimetric Griess reac-
tion. Briefly, equal volumes of samples and Griess reagent
(Sigma-Aldrich) were mixed at room temperature. After
5 min, the absorbance was measured at 540 nm using a spec-
trophotometer (UV 1201; Shimadzu Scientific Instruments,
Inc., Columbia, MD, USA). The concentration of nitrite was

determined using a standard curve prepared with sodium
nitrite (28).

Data and statistical analysis. Statistical significance was
determined by one-way analysis of variance followed by
Bonferroni's multiple comparisons test. P<0.05 was consid-
ered to indicate statistical significance. All statistical analyses

P<0.001 vs. control, ***P<0.001 vs. G-1. control, dimethyl sulfoxide-treated cells.
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Figure 3. G-1-treated cells (72 h) were double-stained with acridine
orange/ethidium bromide and observed by fluorescence microscopy (mag-

nification, x100). ““P<0.001 vs. control (Student's #-test). Control, dimethyl
sulfoxide-treated cells.
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Figure 4. (A) CAT, (B) SOD, and (C) GPx activities and (D) NO levels in G-1-treated A549 cells. "P<0.05, “P<0.01 vs. control (Student's -test). Control,
dimethyl sulfoxide-treated cells; CAT, catalase; SOD, superoxide dismutase; GPx, glutathione peroxidase; NO, nitric oxide.

were performed using GraphPad Prism software version 5.0,
(GraphPad Software, Inc., La Jolla, CA, USA).

Results

G-1 inhibits A549 cell proliferation. Treatment for 48 and 72 h
with 17p3-estradiol in A549 cells had no significant effect on
cell proliferation (Fig. 1). However, treatment with G-1 (107
and 10* M) for 48 and 72 h significantly decreased cell prolif-
eration (P<0.001; Fig. 1).

G-15, a selective GPERI antagonist, blocks G-1-induced
suppression of A549 cell proliferation. At 72 h, the 1Cs, value
for G-1 was calculated to be 2x10 M. Treatment with 5x10° M
of the GPERI1 antagonist G-15 suppressed the effect on cell
proliferation of 2x10° M G-1 treatment for 48 h (P<0.001;
Fig. 2A) and 72 h (P<0.001; Fig. 2B).

G-1 induces apoptotic cell death. Treatment of A549 cells
with G-1 at a concentration of 2x10° M revealed a significant
increase in apoptosis, consistent with its antiproliferative effect
(P<0.001; Fig. 3).

G-1 increases oxidant levels and antioxidant enzyme activities.
G-1 treatment at a concentration of 2x10° M had no significant
effect on CAT activity (Fig. 4A). However, this treatment led to
a significant increase in SOD activity (P<0.05; Fig. 4B), GPx
activity (P<0.01; Fig. 4C) and NO level (P<0.01; Fig. 4D).

Discussion

The present study investigated the antiproliferative and
proapoptotic effects of the GPER1 agonist G-1 in lung cancer

cells, and attempted to understand how oxidant and antioxidant
molecules may mediate this effect. Using two different tetra-
zolium salt (MTT and WST) assays, G-1 treatment of various
concentrations and for different times was revealed to decrease
A549 cell proliferation and viability. These two similar and
alternative kits were used to determine the ICs, value for G-1.
The current results demonstrating the antiproliferative and
proapoptotic effects of G-1 on A549 lung cancer cells are
similar to those of previous studies, which showed that G-1
suppresses ovarian (KGN), breast cancer (MCF-7, MDA-MB
231) and prostate cancer (PC-3) cell proliferation and induces
cell apoptosis (16-18). Furthermore, the receptor-dependent
antiproliferative and proapoptotic effects of G-1 were similar
to the receptor-dependent effects previously observed in PC-3
prostate and MCF-7 breast cancer cells (16,17). To date, the
information established regarding apoptotic signal transduction
indicates that certain molecules and enzymes that are respon-
sible for intracellular signaling pathways are also responsible
for the signal transduction events during apoptosis (29). For
example, calcium ions (Ca*"), which are widely used in intra-
cellular signaling, also play a role in apoptosis: An increase in
the intracellular concentration of Ca** can lead to the induction
apoptosis (29). It has been demonstrated that G-1 increases
phosphoinositide 3-kinase-mediated calcium mobilization
in MCF-7 and SKBR-3 in breast cancer cells (30). Following
G-1 treatment, the increase in cytoplasmic Ca** ions in A549
cells may induce mRNA expression levels of phosphorylated
mitogen-activated protein kinases and proto-oncogene c-jun,
which can trigger apoptosis (31).

The present study aimed to investigate whether oxidative
and antioxidative enzymes were able to mediate the proapop-
totic and antiproliferative effects of G-1. SOD catalyzes the
conversion of superoxide molecules into H,0O, and molecular
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oxygen (O,). Then, H,0, molecules are converted into water
and oxygen by the activity of GPx and CAT enzymes (32).
These reactions protect the cells from damage under normal
conditions (33). In the present study, an increase in the anti-
oxidant defense system (i.e. SOD and GPx enzyme activities)
was observed in A549 cells. H,O, accumulation can occur
as a result of this increase (34,35). H,O, is a reactive oxygen
species, and also an important signaling molecule. Various
studies have shown that mitochondrial H,O, is a direct trigger
of apoptosis (35). The administration of 100 and 150 yM
resveratrol increased apoptosis rates to maximum values of
50 and 20%, respectively, for the androgen-sensitive LNCaP
cancer line and the androgen-insensitive PC-3 cancer line (36).
Therefore, resveratrol may serve as an effective agent in early,
mid and late stages of cancer (36). Khan et al (37) demon-
strated that resveratrol causes an increase in SOD, CAT,
and GPx enzyme activities and apoptosis in PC-3 prostate
carcinoma and HepG2 liver carcinoma cells, and that H,0,
mediates these events. Resveratrol has been demonstrated to
inhibit potassium channels via GPERI in various cell lines,
and this inhibition may induce apoptosis (38).

Thus far, the role of NO in tumor biology has not been
elucidated; however, it has been hypothesized that NO
plays a role in various physiological and pathophysiological
processes, including vasodilation, nerve conduction, immune
system processes and cancer (39). The results of the present
study demonstrated that G-1 treatment significantly increased
cell death, and was associated with significantly increased NO
levels. NO may be involved in this process in two different
ways, primarily by the interaction of NO with superoxides and
peroxynitrite, resulting in toxic effects such as DNA damage,
protein thiol exchange and inactivation of mitochondrial
enzymes in the respiratory chain or citric acid cycle. All of
these reactions may be linked to NO-induced apoptosis (39).
Furthermore, the secondary cause of the significant increase
in NO levels may be associated with nitrite accumulation in
the culture medium due to apoptotic cell death.

In conclusion, the present study demonstrated that the
GPER agonist G-1 had proapoptotic and antiproliferative
effects on A549 NSCLC cells, which may be mediated through
oxidative and antioxidative enzymes, including SOD and GPx.
A better understanding of GPER1's role in lung cancer will
contribute significantly to disease management and prevention.
GPERI1 may serve as a novel target for lung cancer therapies,
and the regulation of GPERI1 signaling in cancer treatment
may prove beneficial for female and male lung cancer patients.
Thus, future studies which investigate the use of GPER1-based
therapies involving G-1 and/or its derivatives are required.
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