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Purpose. Reactive oxygen species (ROS)-induced cytotoxicity is an important mechanism by which cisplatin kills tumor cells.
Glutathione peroxidase family (GPXs) is an important member of antioxidant system which metabolizes intracellular ROS and
maintains homeostasis of cells. Altered expressions of GPXs enzymes, especially GPX1, have been described in a variety of human
cancers. However, their functional roles in cisplatin-based chemoresistance in human malignancies including non-small cell lung
cancer have never been explored.Methods. A panel of NSCLC cell lines were selected for this study. GPX1 expression was detected
using quantitative RT-PCR and Western blot. Cisplatin-induced cell killing was analyzed by CCK8 assay. Intracellular ROS levels
were detected by fluorescence-based flow cytometry analysis. In vitro overexpression and knockdown of GPX1 expression were
performed using GPX1 expression vector and siRNA approaches. Protein levels of PTEN, NF-𝜅B, BCL2, Bax, and phosphorylated
AKT were detected with western blot analysis using specific antibodies. Results. GPX1 expression was upregulated in a subset of
NSCLC cell lines resistant to cisplatin treatment. Expression vector-mediated forced overexpression of GPX1 significantly increased
cisplatin resistance in NSCLC cell lines, whereas RNA inference-mediated downregulation of GPX1 could restore sensitivity to
cisplatin. Overexpression of GPX1 significantly suppressed elevation of intracellular ROS and activation of AKT pathway when
NSCLC cell lines were exposed to different concentrations of cisplatin. Activation of the AKT pathway inhibited proapoptotic
cascade and subsequently led to cisplatin resistance in NSCLC cells. Inhibition of NF-𝜅B by its chemical inhibitor BAY can
significantly downregulate GPX1 expression and restore the cisplatin sensitivity of the cell lines resistant to cisplatin. Conclusions.
Our findings suggested that overexpression ofGPX1 is a novelmolecularmechanism for cisplatin-based chemoresistance inNSCLC.
GPX1 overexpression blocks cisplatin-induced ROS intracellular accumulation, activates PI3K-AKT pathway by increased AKT
phosphorylation, and further leads to cisplatin resistance in NSCLC cells. Inhibition of NF-𝜅B signaling may be an alternative
approach for restoring cisplatin sensitivity for NSCLC cells resistant to cisplatin-based chemotherapy.

1. Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide [1], and non-small cell lung cancer (NSCLC)
accounts for approximately 85% of overall lung cancer inci-
dence [1]. Cisplatin (DDP)-based multidrug combination
chemotherapy is the standard chemotherapy treatment cur-
rently used for NSCLC patients [2, 3]. However, emergence

of resistance to the drugs, particularly DDP, is one the
most common causes leading to chemotherapy failure in
NSCLC patients [3]. Therefore, further understanding of the
mechanisms of chemoresistance is essential for developing
novel therapeutic strategies and improving clinical outcomes
of chemotherapy for NSCLC patients.

DDP induces DNA intrastrand crosslinks in tumor cells
and subsequently initiates apoptotic programs via causing
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DNA damage. Chemoresistance to DDP is a complex phe-
notype that involves multiple cellular processes, including
alterations in drug influx or efflux, apoptosis, cell cycle,
DNA repair capacity, and other mechanisms required for
DNA damage repair [3]. Reactive oxygen species (ROS) is an
important biological product of normal cellular metabolism
and accumulating evidence suggests that ROS functions as
an essential regulator for many biological processes including
survival, proliferation, and apoptosis of cells. Apoptosis
initiated via intracellular accumulation of ROS has been
well accepted as a fundamental mechanism contributing to
antitumor mechanism of DDP [4, 5].

ROS is generated in mitochondria when cells are exposed
to environmental stress including cisplatin challenge [6, 7].
Excessive accumulation of ROS causes DNA damage and
subsequently activates apoptotic machinery for cell death.
Antioxidant enzymes are an enzyme family which elimi-
nates excessive ROS and maintains genomic integrity and
hemostasis of cells. In antioxidant enzyme family, glutathione
peroxidase, especially GPX1, is the widely expressed and
most important member metabolizing ROS. Several previous
studies have reported that expressions of GPX enzymes were
altered in various cancer types: upregulation: lung cancer
[8], breast cancer [9]; downregulation: colorectal cancer [10],
thyroid cancer [11], gastric cancer [12]. However, the effects
of altered GPX enzyme expression on various malignant
phenotype including chemoresistance to cisplatin treatment
have never been described [4, 5, 13]. No previous study has
reported the alteration and functional implication of GPX
enzyme in non-small cell lung cancer so far.

Our previous study found that promoter of GPX3
gene was hypermethylated in head and neck cancer, and
GPX3 hypermethylation is associated with cisplatin-based
chemoresistance and a poor prognosis in head and neck
cancer [14].This finding suggests that GPX enzymesmay paly
critical functional roles in development of chemoresistance
to cisplatin-based chemotherapy in human cancers. The
finding leads us to examine the roles of GPX1, a widely
and abundantly expressed member in GPX family, in cancer
chemoresistance. By screening expression of GPX1 in a panel
of NSCLC cell lines, we found that GPX1 is overexpressed in
a subset of cell lines resistant to cisplatin treatment. In this
study, we performed functional characterization of GPX1 in
chemoresistance to cisplatin-based chemotherapy inNSCLC.

The PI3K-AKT pathway is a vital signal pathway essential
for proliferation, differentiation, apoptosis, and drug resis-
tance of cancer cells [15]. Aberrant activation of PI3K/AKT
pathway is frequently observed in cancer cells resistant to cis-
platin treatment [16–18]. Interplay between antioxidant redox
system and PI3K/AKT pathway in cancer chemoresistance
currently remains unclear.

2. Materials and Methods

2.1. Cell Lines and Cell Culture. A total of 4 NSCLC cell
lines (A549, H1975, H460, and H1650) were selected for
this study (including GLC-82, H1993, H2170, Spc-a1, and
H1299): adenocarcinoma lung cancer: A549, GLC-82, H1975,
H1993, Spc-a-1, H1650, H1299; large cell lung cancer: H460;

squamous carcinoma: H2170. All cell lines were obtained
from the cell line bank in the Sun Yat-sen University
(Guangzhou, China). The cells were cultured in RPMI1640
medium (Gibco, Gaithersburg, MD, USA) containing 10%
fetal bovine serum (FBS) at 37∘C in a humidified atmosphere
containing 5% CO2.

2.2. GPX1 Expression Vector and siRNA. A small interfering
RNA (siRNA) specifically targeting GPX1 and a scrambled
control siRNA were constructed by Invitrogen (Carlsbad,
California, US). The sequences of the GPX1 siRNA were
as follows: sense, GGUACUACUUAUCGAGAAUTT; anti-
sense, AUUCUCGAUAAGUAGUACCTT. The sequences of
scrambled control siRNA were as follows: sense, UUCUC-
CGAACGUGUCACGUTT; antisense, ACGUGACACGU-
UCGGAGAATT. GPX1 expression vector was constructed
using a pcDNA 3.1 expression vector (Invitrogen, Carlsbad,
California, US). Full-length GPX1 coding sequences were
PCR amplified and cloned into a pcDNA3.1 expression vector
according to a standard procedure. Sanger DNA sequencing
was used to verify the expression constructs. For all in vitro
experiments of exogenousGPX1 expression and siRNA trans-
fection, Lipofectamine 2000 Transfection Reagent (Invitro-
gen, Carlsbad, California, US) was used as a transfection
agent according to the standard protocol suggested from
the manufacturer. After forty-eight-hour transfection, the
transfection efficiency of the GPX1 overexpression vector and
the siRNA was verified via RT-PCR.

2.3. CCK-8 Assay. Cell proliferation was assessed using
CCK-8 assay. Cells were seeded into 96-well plates at 5000/
well for culture. After 48 hours, the optical density (ODvalue)
was measured by the Cell Counting Kit-8 (CCK-8, Dojindo,
Japan) assay. CCK-8 solution (10 𝜇L) and 90𝜇Lmediumwere
added to each well, and the plates were incubated at 37∘C
for 1 h. Then, the OD value was measured at 450 nm with a
Microplate Spectrophotometer (Thermo Scientific, Belmont,
Massachusetts, US).

To test the cisplatin sensitivity of cells, cells (3 × 103) were
seeded in 96-well plates. After overnight culture, the cells
were treated with various concentrations (0, 2.5, 5, 10, 20, and
40 𝜇mol/L) of cisplatin (Sigma, Santa Clara, California, US)
and aCCK-8 assaywas performed to examine the cytotoxicity
of cisplatin after 72 hours of treatment. The relative survival
of the cells (%)was determined by optical density (OD) value.

2.4. EGF, LY294002, or BAY 11-7082 Treatment of NSCLC
Cells. Cells were treated with 25𝜇MLY294002 (Calbiochem,
La Jolla, CA) for 2 h or stimulated with EGF (40ng/ml)
(Sigma) for 30min after 48 h transfection by siGPX1(A549)/
GPX1 vector(H1640). NF-𝜅B inhibitor BAY 11-7082 was used
for assessment of the effect of NF-𝜅B on cisplatin responses of
lung cancer cell lines. A549 and H1975 cells were inoculated
at 1 × 106 cells/well in 6-well plates. After overnight culture,
these cells were treated with 10 nmol/L of BAY 11-7082 (BAY)
(Beyotime, Shanghai, China) for 1 hour and washed with
phosphate-buffered saline. Treated cells were collected and
used for further molecular and functional analysis.
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2.5. Reverse Transcription Polymerase Chain Reaction (RT-
PCR) Analysis. RNA extraction and purification from cell
lines were performed using TRIzol� reagent (Sigma, Santa
Clara, California, US) according to a standard protocol.
Two micrograms of total RNA were reverse-transcribed into
cDNA using the Prime Script RT reagent kit (TaKaRa, Otsu,
Japan). Expression level of GPX1 transcript was assessed
by quantitatively amplifying the synthesized cDNA using
a CFX96 Real-Time PCR Detection System (Bio-Rad,
Hercules, California, US) by an SYBR Green method
(TaKaRa, Otsu, Japan). The primers were purchased from
TaKaRa (Otsu, Japan), and GAPDH was used as an
endogenous control. The primer sequences were listed
as follows: GAPDH, 5-GCACCGTCAAGGCTGAGAAC-
3 (sense) and 5-TGGTGAAGACGCCAGTGGA-3 (anti-
sense); GPX1, 5-GCGGGGCAAGGTACTACTTA-3 (sense)
and 5-CTCTTCGTTCTTGGCGTTCT-3 (antisense). Real-
time amplification was performed according to the protocol
suggested by the manufacturer (TaKaRa, Otsu, Japan).

2.6. Western Blot Analysis. Protein expressions of GPX1,
PTEN, PDK-1, AKT, Bcl-2, Bax, and Nf-𝜅B were detected
by western blot using specific primary antibodies (Gene
Tex, Irvine, California, US). Antibody against GAPDH
(Kangcheng Biology, Shanghai, China) was used as a loading
normalization control. After BAY 11-7082 treatment or trans-
fection experiments, the cellswere collected and the total pro-
tein was extracted from the cells. Protein (30𝜇g) was loaded
and separated using a 10% sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) (Beyotime, Shanghai,
China) gel and transferred to an Immobilon-PTransferMem-
brane (PVDF) (Beyotime, Shanghai, China).Themembranes
were blocked with 5% nonfat milk in Tris-buffered saline
(TBS) containing 0.1% Tween-20 for 1 h at room temperature.
The blots were probed with the selected primary antibodies
overnight at 4∘C,washed in TBST, and further incubated with
a species-specific horseradish peroxidase-conjugated sec-
ondary antibody (anti-rabbit, ExCell Bio, Shanghai, China)
for 1 hour at room temperature. The western blot pro-
cess was performed according to standard protocols. An
enhanced chemiluminescence detection method (Pierce ECL
Western Blotting Substrate) (Thermo Scientific, Belmont,
Massachusetts, US) was used to visualize the blots.

2.7. Detection of Intracellular ROS. Intracellular ROS was
detected using an oxidation-sensitive fluorescent probe
(DCFH-DA) (Beyotime, Shanghai, China). After transfection
with siRNA and expression vector or treatment with BAY
11-7082, cells were plated in 6-well plates and then treated
with 2.5𝜇M or 5𝜇M cisplatin for 72 hours at 37∘C. The
cells were collected and washed twice in phosphate-buffered
saline (PBS). The cells were then incubated with 10 𝜇mol/L
DCFH-DA at 37∘C for 20min according to the manufac-
turer’s instructions. Then, fluorescence was detected by a
FACSCalibur flow cytometer (BD Biosciences, MA) [19, 20].

2.8. Statistical Analysis. All data are presented as the mean
± standard deviation (SD). The data were analyzed with Stu-
dent’s t-test, and p-values <0.05 were considered significant.

All statistical analyseswere performedwith the SPSS program
package 13.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Overexpression of GPX1 Promoted Cisplatin Resistance in
NSCLCCells. Relative expression levels of GPX1 in 9 NSCLC
cell lines were detected by quantitative real-time RT-PCR
(Figure 1(a)) using GAPDH as an endogenous normalization
control. Cisplatin sensitivity (IC50) of the 9 NSCLC cell
lines was determined using in vitro cytotoxicity assay (CCK-
8 assay, Figure 1(b)). Based on the cut-off IC50 cisplatin
concentration of 4 𝜇M, the cell lines were classified into
cisplatin sensitive (IC50 ≤ 4 𝜇M) and resistant (> 4𝜇M)
groups. A relationship of GPX1 expression and cisplatin
sensitivity was found between cisplatin sensitive (GLC-82,
H460, and H1650) and resistant cell lines (A549, H1975,
H1993, H2170, Spc-a-1, and H1299). As shown in Figure 1(c),
the mean GPX1 expression level in 6 resistant cell lines
was significantly higher than that in 3 sensitive cell lines,
suggesting thatGPX1might be involved in cisplatin resistance
of lung cancer.

To determine the potential functional role of GPX1
in cisplatin resistance of lung cancer cells, two cell lines
(A549 and H1975) with highest GPX1 expression and two
(H460 and H1650) with relatively low GPX1 expression were
selected for further in vitro functional study. We exogenously
overexpressed GPX1 expression in the two cell lines with
low GPX1 expression (H460 and H1650) by transfection of
GPX1 expression vector and suppressed endogenous GPX1
expression in cell lines with high GPX1 expression (A549 and
H1975) using transfection of GPX1 siRNA (Figures 2(a) and
2(b)). Forty-eight hours after transfections, the transfected
cell lines were cultured in 96-well plates for 72 hours with
different concentrations of cisplatin (0, 2.5, 5, 10, 20, and
40 𝜇mol/L). As shown in Figures 2(c) and 2(d), downregula-
tion of GPX1 in GPX1 high expression and cisplatin resistant
cell lines A549 and H1975 dramatically enhanced their
sensitivity to cisplatin treatment (IC50: A549, 5.876(Scrambled)
vs. 2.666(siGPX1); H1975, 6.946(Scrambled) vs. 3.007(siGPX1)). In
contrast, exogenous overexpression of GPX1 in GPX1 low
expression and cisplatin sensitive cell lines H460 and H1650
significantly reduced their sensitivity to cisplatin challenge
(H460, 1.230(NC) vs. 6.643(GPX1 vector); H1650 0.849(NC) vs.
4.090(GPX1 vector)) (Figures 2(e) and 2(f)).

3.2. Overexpression of GPX1 Induces DDP-Resistance by Block-
ing Accumulation of Intracellular ROS. ROS has been well
demonstrated to be an important mediator for cisplatin-
induced cell killing. Since GPX1 plays a fundamental role in
metabolizing intracellular ROS and maintaining hemostasis
of cells, it is reasonable to hypothesize that elimination of
ROS induced by cisplatin treatment may be the associated
mechanism for GPX1 induced resistance to cisplatin in lung
cancer.

To test our hypothesis above and to determine the role
of ROS in GPX1 associated resistance to cisplatin in lung
cancer, we compared the dynamic changes of intracellular
ROS levels with and without exogenous overexpression of
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Figure 1: �e relationship of the expression of GPX1 and IC50 in NSCLC cell lines. (a) The relative expression of GPX1 in 9 NSCLC cell lines
was detected by quantitative RT-PCR. (b)The IC50 of 9 NSCLC cell lines to cisplatin. (c)The relationship of the expression of GPX1 and IC50
in NSCLC cell lines.

GPX1 gene in cisplatin sensitive cell lines H460 and H1650.
After transfection with the GPX1 vector, H460 and H1650
were exposed to treatment with cisplatin concentrations of
2.5 and 5 𝜇M, respectively, and further cultured for additional
72 h. Treated cells were harvested and intracellular ROS was
detected by a flow cytometer with fluorescent probe (DCFH-
DA).As the finding shown inFigures 3(a), 3(b), 3(c), and 3(d),
significantly lower intracellular ROS level was detected in
GPX1 vector transfected cells than that in NC (empty vector
control) cells. When H460 and H1650 cells were exposed to
cisplatin challenge, increasing levels of ROS were detected in
both GPX1 vector transfected cells and NC group (Figures
3(a), 3(b), 3(c), and 3(d)). However, intracellular ROS levels
remained relatively lower in GPX1 vector transfected H460
and H1650 cells as compared to NC transfected cells upon
cisplatin treatment (Figures 3(c) and 3(d)). These findings
implicate that GPX1 can functionally diminish intracellular
ROS level induced by cisplatin treatment in lung cancer cells.

3.3. GPX1 Could Affect DDP-Resistance via PI3K-AKT Path-
way. The PI3K-AKT pathway plays an important role in
cell survival through activation of antiapoptotic factors and
the inhibition of proapoptotic factors [16]. The activation

of AKT was initiated by translocation to the plasma mem-
brane immediately after cells are stimulated by various cell
survival regulators [21]. AKT becomes fully activated when
the protein is phosphorylated by PDK1 and PDK2 at Thr308
and Ser473. PTEN phosphatase was a signaling inhibitor of
the PI3K-AKT pathway and could negatively regulate the
function of AKT [16, 21]. It has been reported that reduction
in PTEN expression that indirectly stimulated PI3K-AKT
activity and also reduced intracellular level of ROS, could
promote cell survival through activation of AKT pathway
[21].

To determine the association of the PI3K-AKT pathway
with mechanisms in GPX1-induced DDP chemoresistance
in NSCLC, we examined the association of expression and
activation of PTEN, PDK-1, and AKT with GPX1 expression
in NSCLC cell lines. In the experiments stated above (Figures
3(a), 3(b), 3(c), and 3(d)), we demonstrated that the accu-
mulation of ROS was blocked after overexpression of GPX1
in H460 and H1650. In the experiment, we further analyzed
the expressions and activation of PTEN, PDK-1, and AKT
phosphorylation by western blot in H460 and H1650 cell
lines with in vitro forced overexpression and siRNA-induced
knockdown of GPX1. As shown in Figure 4(a), in vitro
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Figure 2: Increased expression of GPX1 promotes cisplatin resistance in NSCLC cells. ((a), (b)) To confirm the transfection efficiency, we used
quantitative RT-PCR (a) andwestern blotting (b). Decreasing ((c) and (d)) or increasing ((e) and (f)) GPX1 expression influenced the cisplatin
resistance in NSCLC cells. Reduced GPX1 expression downregulates cisplatin resistance, and increased GPX1 expression enhances cisplatin
resistance (∗P <0.05). Highly significant effects were observed at cisplatin concentrations of 2.5 and 5𝜇mol/L.

forced overexpression of GPX1 downregulated the protein
expressions of PTEN and correspondingly increased PDK1
protein expression and AKT phosphorylation. The finding
was further confirmed by siRNA-induced knockdown of
GPX1 expression in cell lines A549 and H1975 with high
endogenous expression of GPX1 (Figure 4(a)).

BCL2 and Bax are antiapoptotic and proapoptotic fac-
tors and are important downstream targets for PI3K-AKT-
mediated cell survival. To demonstrate the functional acti-
vation of cell survival signaling in NSCLC cells with over-
expression of GPX1, expression levels of BLC2 and Bax
were analyzed by western blot in cell lines (H460 and
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Figure 3: Increased GPX1 expression reduced intracellular ROS accumulation in NSCLC cells. The H460 (a) and H1650 (b) were transfected
with GPX1 expression vector, and GEO mean value was detected by a flow cytometer after cells were treated with different concentrations of
cisplatin for 72 h in culture. Along with the increased concentrations of cisplatin, intracellular ROS (GEO mean) in GPX1 vector transfected
cells decreased as compared to empty vector transfected control cells ((c) and (d)). The difference of intracellular ROS levels between GPX1
vector and empty vector transfected cells is statistically significant (P<0.05).

H1650) with forced overexpression of GPX1 and in cell
lines (A549 and H1975) with siRNA-knockdown expression
of GPX1. BCL2 was upregulated in H460 and H1650 with
GPX1 forced expression as compared with the empty vec-
tor transfected cells while proapoptotic molecule Bax was

downregulated in these two cell line models (Figure 4(b)).
In contrast, siRNA-induced knockdown of expression of
GPX1 suppressed BCL2 expression and upregulated Bax
expression in A549 and H1975 cells as compared to scram-
bled RNA controls (Figure 4(b)). Thus, the above data
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Figure 4:GPX1 could affect the PI3K-AKT pathway in NSCLC. (a) In cisplatin sensitive cell lines H460 and H1650, forced expression of GPX1
increased the level of activated AKT (detected using antibody against phosphorylated AKT) whereas downregulation of GPX1 by siRNA
reduced the level of activated AKT. (b) Overexpression of GPX1 increased BCL2 level and reduced Bax expression, whereas downregulation
of GPX1 inhibited BCL2 expression and increased Bax expression.

describes that GPX1 could affect the activity of AKT path-
way.

To determine the role of GPX1 in the regulation of
NSCLC resistance to cisplatin via the AKT pathway, GPX1-
downregulated A549 cells were treated with EGF, a PI(3)K
activator (Figure 5(a)). Pretreatment with siGPX1 transfec-
tion followed by a 30min treatment with 40 ng/ml EGF
regained the sensitivity to cisplatin: IC50: scramble, 5.865 𝜇M
(95%CI: 5.226 to 6.581); siGPX1, 2.651𝜇M (95%CI: 2.095
to 3.354); LY294002 with siGPX1, 1.740𝜇M (95%CI: 1.344
to 2.254); EGF with siGPX1, 7.021𝜇M (95%CI: 6.141 to
8.027). Importantly, it is seen as a phenocopying of the
response in GPX1-upregulated H1650 cells (Figure 5(b)):
IC50: NC, 0.839 𝜇M (95%CI: 0.486 to 1.448); GPX1 vector,
4.223𝜇M (95%CI: 3.652 to 4.882); LY294002 with GPX1
vector, 0.449 𝜇M (95%CI: 0.190 to 1.062); EGF with GPX1
vector, 5.978𝜇M (95%CI: 5.126 to 6.972). This suggests that
GPX1 could affect DDP-resistance via PI3K-AKT pathway.

3.4. BAY 11-7082, a NF-𝜅B Inhibitor, EffectivelyDownregulated
GPX1 and Restored Sensitivity of NSCLC to Cisplatin. Pre-
vious studies have demonstrated that NF-𝜅B could regulate
GPX1 expression by direct binding to theGPX1 promoter [13].
In addition, activation of NF-𝜅B pathway has been frequently
observed in cancer cells resistant to chemotherapy [13]. To
elucidate the upstream signaling regulating GPX1 expression
in NSCLC cells, we proceeded to examine the role of NF-𝜅B
in regulation of GPX1 expression in NSCLC cell lines (A549
and H1975) with elevated expression of GPX1 as well as in
development of cisplatin-based chemoresistance of NSCLC.

A549 and H1975 with overexpression of GPX1 were
treated with BAY 11-7082, a functional inhibitor of NF-
𝜅B activity, for 1 hour, and then GPX1 expression and
activation of PI3K-AKT pathway of the treated cells were
examined. Treatment by NF-𝜅B inhibitor BAY 11-7082 effec-
tively reduced the level of activated form p65 of NF-𝜅B in

both A549 and H1975 cells (Figure 6(a)). Analysis of GPX1
and AKT expression in BAY 11-7082 treated A549 and H1975
cells showed that inhibition of NF-𝜅B activity significantly
downregulated GPX1 and phosphorylated AKT levels in
treated cells (Figure 6(a)). The inhibitory effects of BAY11-
7082 on GPX1 and phosphorylated AKT level were similar
to the effects of GPX1 siRNA (Figure 6(a)). These finding
were consistent with the observations reported in esophageal
cancer in a previous study [13]. Tests of effects of BAY 11-7082
on cisplatin response and intracellular ROS level onA549 and
H1975 cells further showed that inhibition of NF-𝜅B activity
remarkably increased intracellular ROS accumulation and
cisplatin sensitivity of the treated cells (Figures 6(b), 6(c),
6(e), and 6(f)). As shown in Figures 6(c) and 6(d), cisplatin
IC50 (IC50cisplatin) of BAY 11-7082 treated A549 and H1975
cells was 2.066 uM and 2.225 uM as compared to 5.876 uM
and 6.946 uM for the untreated A549 and H1975 cells. The
effect of NF-𝜅B inhibition on intracellular ROS accumulation
and cisplatin sensitivity was similar to that of GPX1 siRNA in
both A549 andH1975 cells (Figures 6(b), 6(c), 6(d), 6(e), 6(f),
and 6(g)).

4. Discussion

Cisplatin is the first drug approved for clinical use for cancer
chemotherapy [22]. It has become evident that cisplatin-
based chemotherapy could improve the prognosis of patients
and prolong survival of patients with various cancer types
including non-small cell lung cancer [23, 24]. Currently,
cisplatin-based chemotherapy is an accepted standard of
care for systemic therapy for patients at advanced stages
of NSCLC [23, 24]. However, development of acquired
resistance, particularly in colon, lung, and prostate cancers,
has been amajor challenge in clinical application of cisplatin-
based chemotherapy [3, 25]. Despite intensive studies in
the past few decades, mechanisms behind development of



8 BioMed Research International

Akt-P

Total Akt

Scramble +

+ + + +

+

++

+

- - - -

-

-

- -

- -

-

siGPX1

LY294002

EGF

Cisplatin
0

30

60

90

120

Su
rv

iv
al

 ce
ll 

(%
)

2.5 5 10 20 400

(M/L)
Scramble
siGPX1

LY294002a∗
EGFa∗

(a)

+

+

+ + +

+ +

++

----
-
-

- -

-

-

-

Akt-P

Total Akt

NC

GPX1 vector

LY294002

EGF

Cisplatin
0

30

60

90

120

Su
rv

iv
al

 ce
ll 

(%
)

2.5 5 10 20 400

(M/L)
NC
GPX1 vector

LY294002b∗
EGFb∗

(b)

Figure 5: GPX1 could mediate cisplatin resistance in NSCLC via the PI3K-AKT pathway. (a) Treatment of GPX1 downregulated A549
cells with EGF, a PI(3)K activator, increased their sensitivity to cisplatin compared to A549 cells treated with siGPX1 alone. Western blot
analysis demonstrating an inhibition of AKT phosphorylation in response to LY294002 in GPX1-downregulated A549 cells and regaining
the expression of that by treatment of EGF. (b) Treatment of GPX1 upregulated H1650 cells with LY294002, a PI(3)K inhibitor, decreased
their sensitivity to cisplatin compared to H1650 cells treated with GPX1 vector alone. (∗: LY294002a, LY294002 with siGPX1; EGFa, EGF with
siGPX1; LY294002b, LY294002 with GPX1 vector; EGFb, EGF with GPX1 vector.)

resistance to cisplatin therapy in NSCLC cancer cells remain
unclear.

ROS is formed as byproducts of the normal metabolism
of oxygen and plays important roles in cell signaling and
homeostasis [26]. When cells are exposed to environmental
stress and DNA damage such as cisplatin challenge, intra-
cellular ROS production dramatically increases and triggers
apoptotic machinery of cells [26]. Although mechanism of
cisplatin cytotoxicity is unclear, induction of excess accu-
mulation of ROS has been proposed to be an essential
mechanism for cisplatin-induced killing of cancer cells [22].
Many previous studies from a variety of experimental models
observed the correlations of intracellular ROS level and
cytotoxic effects of various cytotoxic agents [26, 27]. By
analyzing dynamic changes of intracellular ROS, we study
the roles of GPX1, an important antioxidant enzyme, in
the development of resistance to cisplatin-based therapy in
NSCLC.

The fundamental roles of GPXs and glutathione in
regulating intracellular ROS level and maintaining home-
ostasis of intracellular microenvironment have been well
demonstrated, and altered expression of GPX family mem-
bers including GPX1 has been reported in various diseases
including cancers [26, 28, 29] (upregulation: lung cancer
[8], breast cancer [9]; downregulation: colorectal cancer [10],
thyroid cancer [11], gastric cancer [12]). However, association
of altered expression of GPX1 with cancer chemoresistance
has never been reported previously. In NSCLC, GPX1 and
its role in cisplatin-based chemoresistance have not been
studied [3, 25]. Our current study found that GPX1 is
upregulated in NSCLC cells and increased expression of
GPX1 transcript could block cisplatin-induced intracellu-
lar ROS accumulation, seemly, activate PI3K-AKT path-
way, and further prevent apoptosis of NSCLC cells upon
cisplatin challenge. In our knowledge, these findings for
the first time demonstrate the association of the altered
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Figure 6: Continued.
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Figure 6: BAY 11-7082, a NF-𝜅B inhibitor, downregulated intracellular ROS and reduced cisplatin resistance. (a) A549 and H1975 NSCLC
cells treated with BAY 11-7082 showed downregulation of GPX1 expression, and correspondingly AKT phosphorylation was inhibited. The
effects of BAY 11-7082 were similar to the effects observed in the same cell lines treated with GPX1 siRNA. ((b), (c), and (d)) In H1975 cells,
suppression of GPX1 expression by both siGPX1 and BAY 11-7082 enhanced intracellular ROS accumulation and subsequently restored the
sensitivity of the treated cells to cisplatin. ((e), (f), and (g)) A549 cells showed the same findings as H1975 cells when the cells were treated
with siGPX1 and BAY 11-7082.

expression of GPX1 and chemoresistance to cisplatin therapy
in NSCLC.

PI3K-AKT pathway is an essential biological mechanism
in inhibiting apoptotic processes and promoting cellular
survival [21]. Activation of PI3K-AKT pathway by phos-
phorylating AKT has been implicated as tumorigenesis and
progression of many cancer types [30]. Association of func-
tional status of PI3K-AKT pathway with intracellular level of
ROS has been previously reported in various experimental
models [31, 32]. In HUVEC cell models pretreated with

H2O2, suppression of AKT phosphorylation was observed
while intracellular ROS was elevated. Similar results were
found in normal neurocytes, VSMCs, and cancer cells
[28, 29, 31–34].

Also in Taylor’s article [30], it was observed that, in
the GPX1-/- murine embryonic fibroblasts (MEFs), the cell
viability decreases much more than the wildtype ones when
treated with H2O2, because of downregulation of AKT path-
way activity. And it was speculated that the lack of a viable
PI(3)Kpathwaymay be partially responsible for the increased
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susceptibility to H2O2-induced cell death seen in the Gpx1-
/- cells [30]. In this study, we showed that downregulation
of GPX1 in cisplatin resistant NSCLC cell lines A549 and
H1975 significantly increased intracellular accumulation of
ROS, inhibited AKT phosphorylation, and further promoted
proapoptotic activity of the cells upon cisplatin treatment. In
contrast, forced overexpression of GPX1 in cisplatin sensitive
cell lines H460 and H1650 dramatically abolished intracel-
lular ROS accumulation, enhanced AKT phosphorylation,
and suppressed proapoptotic activity of NSCLC cells which
were challenged with cisplatin. These results implicate that
activation of PI3K-AKT pathway by eliminating intracellular
ROS accumulation is one of the critical mechanisms for
cisplatin-based chemoresistance in NSCLC cells with GPX1
overexpression.

Upregulation of GPX1 has been reported in several major
cancer types, such as lung and breast [8, 9].The fundamental
role of GPX1 in regulating redox system and downstream
signaling suggests that altered expression of GPX1 may be
an important molecular event in tumorigenesis and pro-
gression of human malignancies. However, molecular mech-
anisms regulating GPX1 expression in cancers have never
been demonstrated. A previous study showed that GPX1
promoter contains NF-𝜅B transcription consensus binding
sequences and NF-𝜅B can bind to GPX1 promoter and
regulate GPX1 expression when cells were exposed to oxida-
tive stress [30]. Moreover, activation of NF-𝜅B pathway has
been well demonstrated in development of chemoresistance
including cisplatin-based chemotherapy in human cancer.
To determine if activated NF-𝜅B is the major molecular
event for GPX1 overexpression in NSCLC, we analyzed the
effects of NF-𝜅B inhibitor BAY 11-7082 on GPX1 expression,
intracellular ROS level, AKT phosphorylation, and cisplatin
response in NSCLC cell lines. We showed that treatment with
NF-𝜅B inhibitor BAY 11-7082 dramatically downregulated
GPX1 expression, promoted AKT phosphorylation activa-
tion, increased intracellular ROS production when cells were
challenged with cisplatin, and enhanced cisplatin sensitivity
in A549 and H1975 NSCLC cells. The effects of BAY 11-7082
treatment on A549 and H1975 cells were similar to those
findings observed using siRNA-mediated downregulation of
GPX1 expression. The finding implicates that inhibition of
NF-𝜅B signaling may be a potential approach for restoring
cisplatin sensitivity of NSCLC cells with overexpression of
GPX1.

However, as shown in article [30], the PI(3)K-AKT and
NF𝜅B pathways act independently of each other. For the
limitation of our study, we could not get similar results.
It even seemed that AKT pathway activation may be pos-
itively related to p65, and further research is needed in
future.

Our study demonstrates the association of GPX1-
ROS - AKT signaling cascade with cisplatin resistance in
NSCLC cells. The findings provide an important basis for
understanding the molecular mechanisms for NSCLC
cisplatin-based chemoresistance and for developing
novel clinical strategies for clinical management of
NSCLC patients resistant to cisplatin-based chemother-
apy.

Data Availability
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Additional Points

(i) Significant Findings of the Study. In this work, we showed
that GPX1 might be an important biotarget for cisplatin-
based therapy in NSCLC. (ii) What �is Study Adds. We
highlight the crosstalk between GPX1-ROS - AKT cascade
bioactivities and cisplatin resistance in NSCLC cells, specifi-
cally targeting cisplatin resistance due to aberrant expression
of GPX1.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by Grant [2013]163 from Key
Laboratory of Malignant Tumor Molecular Mechanism and
Translational Medicine of Guangzhou Bureau of Science
and Information Technology; Grant KLB09001 from the Key
Laboratory of Malignant Tumor Gene Regulation and Target
Therapy of Guangdong Higher Education Institutes, Sun-Yat-
Sen University; and the National Natural Science Foundation
of China (to Baishen Chen #81201732 and to Xuan Xie #
81602105).

References

[1] R. Siegel, E. Ward, O. Brawley, and A. Jemal, “Cancer statistics,
2011: the impact of eliminating socioeconomic and racial
disparities on premature cancer deaths,” CA: A Cancer Journal
for Clinicians, vol. 61, no. 4, pp. 212–236, 2011.

[2] J. A. Moscow, L. Schmidt, D. T. Ingram, J. Gnarra, B. Johnson,
and K. H. Cowan, “Loss of heterozygosity of the human cytoso-
lic glutathione peroxidase I gene in lung cancer,”Carcinogenesis,
vol. 15, no. 12, pp. 2769–2773, 1994.

[3] Y.-W. Zhang, Y. Zheng, J.-Z. Wang et al., “Integrated analysis
of DNA methylation and mRNA expression profiling reveals
candidate genes associated with cisplatin resistance in non-
small cell lung cancer,” Epigenetics, vol. 9, no. 6, pp. 896–909,
2014.

[4] Y. Zhang, S. Zheng, J.-S. Zheng et al., “Synergistic induction of
apoptosis bymethylseleninic acid and cisplatin, the role of ROS-
ERK/AKT-p53 pathway,”Molecular Pharmaceutics, vol. 11, no. 4,
pp. 1282–1293, 2014.

[5] S. H. Tonino, J. Van Laar, M. H. Van Oers, J. Y. Wang, E.
Eldering, and A. P. Kater, “ROS-mediated upregulation of Noxa
overcomes chemoresistance in chronic lymphocytic leukemia,”
Oncogene, vol. 30, no. 6, pp. 701–713, 2011.

[6] A. Kharbangar, D. Khynriam, and S. B. Prasad, “Effect of
cisplatin on mitochondrial protein, glutathione, and succinate
dehydrogenase inDalton lymphoma-bearingmice,”Cell Biology
and Toxicology, vol. 16, no. 6, pp. 363–373, 2000.

[7] J.Melendez-Zajgla, E. Cruz, V.Maldonado, andA.M. Espinoza,
“Mitochondrial changes during the apoptotic process of HeLa



12 BioMed Research International

cells exposed to cisplatin,” IUBMB Life, vol. 47, no. 5, pp. 765–
771, 1999.

[8] P. Gresner, J. Gromadzinska, E. Jablonska, J. Kaczmarski, andW.
Wasowicz, “Expression of selenoprotein-coding genes SEPP1,
SEP15 and hGPX1 in non-small cell lung cancer,” Lung Cancer,
vol. 65, no. 1, pp. 34–40, 2009.

[9] E. Jablonska, J. Gromadzinska, B. Peplonska et al., “Lipid
peroxidation and glutathione peroxidase activity relationship in
breast cancer depends on functional polymorphism of GPX1,”
BMC Cancer, vol. 15, no. 1, p. 657, 2015.

[10] I. Nalkiran, S. Turan, S. Arikan et al., “Determination of gene
expression and serum levels of MnSOD and GPX1 in colorectal
cancer,” Anticancer Reseach, vol. 35, no. 1, pp. 255–259, 2015.

[11] A. Metere, F. Frezzotti, C. E. Graves et al., “A possible role for
selenoprotein glutathione peroxidase (GPx1) and thioredoxin
reductases (TrxR1) in thyroid cancer: our experience in thyroid
surgery,” Cancer Cell International, vol. 18, no. 1, p. 7, 2018.

[12] S. Y. Min, H. S. Kim, E. J. Jung, E. J. Jung, C. D. Jee, and
W. H. Kim, “Prognostic significance of glutathione peroxi-
dase 1 (GPX1) down-regulation and correlation with aberrant
promoter methylation in human gastric cancer,” Anticancer
Research, vol. 32, no. 8, pp. 3169–3175, 2012.

[13] X. Gan, B. Chen, Z. Shen et al., “High GPX1 expression
promotes esophageal squamous cell carcinoma invasion,migra-
tion, proliferation and cisplatin-resistance but can be reduced
by vitamin D,” International Journal of Clinical and Experimen-
tal Medicine, vol. 7, no. 9, pp. 2530–2540, 2014.

[14] B. Chen, X. Rao, M. G. House, K. P. Nephew, K. J. Cullen,
and Z. Guo, “GPx3 promoter hypermethylation is a frequent
event in human cancer and is associatedwith tumorigenesis and
chemotherapy response,” Cancer Letters, vol. 309, no. 1, pp. 37–
45, 2011.

[15] M. A. Nasr, M. J. Fedele, K. Esser, and A. M. Diamond, “GPx-
1 modulates AKT and P70S6K phosphorylation and Gadd45
levels in MCF-7 cells,” Free Radical Biology & Medicine, vol. 37,
no. 2, pp. 187–195, 2004.

[16] B. Li, J. Li, W. W. Xu et al., “Suppression of esophageal tumor
growth and chemoresistance by directly targeting the PI3K/
AKT pathway,” Oncotarget, vol. 5, no. 22, pp. 11576–11587, 2014.

[17] K. Yuge, E. Kikuchi, M. Hagiwara et al., “Nicotine induces
tumor growth and chemoresistance through activation of the
PI3K/Akt/mTOR pathway in bladder cancer,”Molecular Cancer
�erapeutics, vol. 14, no. 9, pp. 2112–2120, 2015.

[18] W. Zou, X. Ma, W. Hua, B. Chen, and G. Cai, “Caveolin-1
mediates chemoresistance in cisplatin-resistant ovarian cancer
cells by targeting apoptosis through the Notch-1/Akt/NF-𝜅B
pathway,” Oncology Reports, vol. 34, no. 6, pp. 3256–3263, 2015.

[19] J.-J. Li, Q. Tang, Y. Li et al., “Role of oxidative stress in the
apoptosis of hepatocellular carcinoma induced by combination
of arsenic trioxide and ascorbic acid,” Acta Pharmacologica
Sinica, vol. 27, no. 8, pp. 1078–1084, 2006.

[20] I. Tedesco, G. Luigi Russo, F. Nazzaro, M. Russo, and R.
Palumbo, “Antioxidant effect of red wine anthocyanins in
normal and catalase-inactive human erythrocytes,”�e Journal
of Nutritional Biochemistry, vol. 12, no. 9, pp. 505–511, 2001.

[21] M. Pollak, “The insulin and insulin-like growth factor receptor
family in neoplasia: an update,” Nature Reviews Cancer, vol. 12,
no. 3, pp. 159–169, 2012.

[22] S. Schweyer, A. Soruri, A. Heintze, H. Radzun, and A. Fayyazi,
“The role of reactive oxygen species in cisplatin-induced apop-
tosis in human malignant testicular germ cell lines,” Interna-
tional Journal of Oncology, vol. 25, no. 6, pp. 1671–1676, 2004.

[23] P. Garrido, W. Engel-Riedel, M. Serke et al., “Final results from
a phase II study of pemetrexed and cisplatin with concurrent
thoracic radiation after Pem-Cis induction in patients with
unresectable locally advanced non-squamous non-small cell
lung cancer (NSCLC),” Lung Cancer, vol. 88, no. 2, pp. 160–166,
2015.

[24] F. Kocher, A. Pircher, A. Mohn-Staudner et al., “Multicenter
phase II study evaluating docetaxel and cisplatin as neoadjuvant
induction regimen prior to surgery or radiochemotherapy
with docetaxel, followed by adjuvant docetaxel therapy in
chemonaive patients with NSCLC stage II, IIIA and IIIB (TAX-
AT 1.203 trial),” Lung Cancer, vol. 85, no. 3, pp. 395–400, 2014.

[25] S. Kanno, K. Utsunomiya, Y. Kono, N. Tanigawa, and S. Sawada,
“The effect of radiation exposure on multidrug resistance: in
vitro and in vivo studies using non-small lung cancer cells,”
EJNMMI Research, vol. 5, no. 1, p. 11, 2015.

[26] J. Fan, H. Cai, and W.-S. Tan, “Role of the plasma membrane
ROS-generating NADPH oxidase in CD34+ progenitor cells
preservation by hypoxia,” Journal of Biotechnology, vol. 130, no.
4, pp. 455–462, 2007.

[27] P. Bragado, A. Armesilla, A. Silva, and A. Porras, “Apoptosis by
cisplatin requires p53mediated p38𝛼MAPKactivation through
ROS generation,” Apoptosis, vol. 12, no. 9, pp. 1733–1742, 2007.

[28] C. D. Gardner, S. Eguchi, C. M. Reynolds, K. Eguchi, G. D.
Frank, and E. D. Motley, “Hydrogen peroxide inhibits insulin
signaling in vascular smooth muscle cells,” Experimental Biol-
ogy and Medicine, vol. 228, no. 7, pp. 836–842, 2003.

[29] X. Jiang, B. Nie, S. Fu et al., “EGb761 protects hydrogen
peroxide-induced death of spinal cord neurons through inhi-
bition of intracellular ROS production and modulation of
apoptotic regulating genes,” Journal of Molecular Neuroscience,
vol. 38, no. 2, pp. 103–113, 2009.

[30] J. M. Taylor, P. J. Crack, J. A. Gould, U. Ali, P. J. Hertzog,
and R. C. Iannello, “Akt phosphorylation and NF𝜅B activation
are counterregulated under conditions of oxidative stress,”
Experimental Cell Research, vol. 300, no. 2, pp. 463–475, 2004.

[31] N. Altiok, M. Ersoz, V. Karpuz, and M. Koyuturk, “Ginkgo
biloba extract regulates differentially the cell death induced by
hydrogen peroxide and simvastatin,” NeuroToxicology, vol. 27,
no. 2, pp. 158–163, 2006.

[32] X.-N. Chen, J. Xu, Z. Feng, M. Fan, J.-Y. Han, and Z. Yang,
“Simvastatin combined with nifedipine enhances endothelial
cell protection by inhibiting ROS generation and activating Akt
phosphorylation,” Acta Pharmacologica Sinica, vol. 31, no. 7, pp.
813–820, 2010.

[33] H. Swalwell, J. Latimer, R. M. Haywood, and M. A. Birch-
Machin, “Investigating the role of melanin in UVA/UVB-
and hydrogen peroxide-induced cellular and mitochondrial
ROS production and mitochondrial DNA damage in human
melanoma cells,” Free Radical Biology & Medicine, vol. 52, no.
3, pp. 626–634, 2012.

[34] C. Lin, I. Lee, W. Wu, W. Lin, and C. Yang, “Adenosine
triphosphate regulates NADPH oxidase activity leading to
hydrogen peroxide production and COX-2/PGE2 expression in
A549 cells,” American Journal of Physiology-Lung Cellular and
Molecular Physiology, vol. 303, no. 5, pp. L401–L412, 2012.


