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Abstract: Background: Recent studies have reported that an elevated intracellular glutathione (GSH) level is associ-
ated with resistance of non-small cell lung cancer (NSCLC) cell lines to cisplatin (CDDP). It is well-known that GSH 
is widely used in the clinic as a hepatoprotective agent. However, whether exogenous GSH can affect the sensitivity 
of NSCLC cells to CDDP remains unclear. The aim of this study is to evaluate the role of exogenous GSH in the resis-
tance of A549 cells to CDDP. Methods: The effect of GSH and CDDP on the proliferation of A549 cells was analyzed 
by MTT assay. Subsequent experiments were conducted in A549 cells divided into four groups: control group (un-
treated cells), GSH group (treated with 120 μg/ml GSH for 48 h), CDDP group (treated with 10 μg/ml CDDP for 48 
h) and CDDP+GSH group (treated with 10 μg/ml CDDP+120 μg/ml GSH for 48 h). Apoptosis was detected by flow 
cytometry. Light microscopy, fluorescence microscopy and electron microscopy were performed to study morpho-
logic and ultrastructural differences among the four groups of cells. Intracellular GSH level and γ-GCS expression 
were determined by immunohistochemistry (IHC). Cellular platinum uptake was assessed by inductively coupled 
plasma mass spectrometry (ICP-MS). Quantitative RT-PCR analysis was performed to measure the expression of 
caspase3, caspase9, bax, bcl-2 and MDR-1. Western blot analysis was conducted to examine the protein levels 
of GST-π, MRP-1 and P-gp. Results: Growth inhibition and apoptosis were reduced in A549 cells in the CDDP+GSH 
group compared to those in the CDDP group 48 h post-treatment. Alterations in cellular morphology and ultrastruc-
ture, as well as typical characteristics of apoptosis, were observed. Intracellular GSH and γ-GCS levels were elevated 
by exogenous administration of GSH; in contrast, cellular platinum concentration fell rapidly. Relative to the CDDP 
group, the CDDP+GSH group exhibited 47.92%, 47.82% and 63.75% downregulation in caspase3, caspase9 and 
bax mRNA expression, respectively, and a 2.17-fold increase in bcl-2 mRNA level. In addition, there were 1.58-fold 
and 2.67-fold increases in the level of GST-π and MRP-1, respectively; however, the changes in MDR-1 and P-gp 
levels were not statistically significant. Conclusions: Our data demonstrated that exogenous GSH used as hepatinica 
in the clinic could induce resistance of A549 cells to CDDP by inhibiting apoptosis, elevating cellular GSH levels, 
inactivating the mitochondria-mediated signaling pathway, and increasing the expression of GST-π, γ-GCS and MRP1 
to increase CDDP efflux.
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Introduction 

Lung cancer is the leading cause of cancer-
related death in humans worldwide, accounting 
for 1.3 million deaths annually [1]. Despite con-
siderable progress over the past few decades 
in the systemic treatment of lung cancer, there 
has been little improvement in patient out-
comes, as many patients ultimately relapse 
and their tumors become resistant to initial 
therapy [2]. Non-small cell lung cancer (NSCLC) 
accounts for 85% of all lung cancer cases and 

is commonly insensitive and intrinsically resis-
tant to original chemotherapy. Cisplatin (CDDP)-
based chemotherapy regimens have been the 
standard therapeutic strategy in advanced 
stage NSCLC. However, published data reveal 
the incidence of resistance to CDDP in up to 
63% of NSCLC [3]. Resistance remains an 
obstacle in chemotherapy and seriously influ-
ences the survival rate of NSCLC patients.

Glutathione (GSH) is an important cellular anti-
oxidant and detoxification system in the body, 
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composed of glutamate, cysteine and glycine. 
GSH plays a critical role in suppressing oxida-
tive stress, protecting cells from free radical 
damage, and detoxifying chemotherapeutic 
compounds. In addition, GSH is important for 
regulating proliferation and death of cells. As a 
result, disturbances in GSH homeostasis have 
been implicated in the occurrence and progres-
sion of various human diseases, including can-
cer. In many tumors, such as lung cancer, the 
GSH system is often dysregulated, resulting in 
drug resistance [4]. Several studies have shown 
that the expression of glutathione-S-transfer-
ase (GST) family members, antioxidants such 
as GSH, drug efflux proteins known as multi-
drug resistance protein (MRP) family and 
P-glycoprotein (P-gp) is increased in NSCLC 
[5-7]. The phenomenon of drug resistance in 
NSCLC is commonly associated with GST-
mediated GSH conjugation of various antican-
cer agents leading to the formation of less toxic 
GSH-drug complexes called GS-X that are less 
active and more water soluble and can be read-
ily exported from the cells via MRPs encoded by 
ABCC1, ABCC2 and ABCB1 (also known as 
MDR-1) [8]. Previous studies have reported that 
exposure of cultured cells to CDDP leads to the 
development of CDDP resistance, which is cor-
related with increased cellular GSH levels 
[9-11]. Moreover, GSH depletion by buthionine-
sulfoximine (BSO), a selective inhibitor of 
γ-Glutamylcysteine synthetase (γ-GCS), has 
been associated with increased sensitivity to 
CDDP [12-14].

These studies have widely demonstrated that 
intracellular GSH levels play an important role 
in resistance to CDDP [15-17]. However, apart 
from these results, the relationship between 
external GSH and CDDP resistance has not 
been reported. Chen et al. demonstrated that 
pretreatment of A549 cells with 100 μM GSH 
markedly attenuated denbinobin-induced apo- 
ptosis in A549 cells by 77.0±4.1% [18]. Con- 
sequently, we speculated that exogenous GSH 
can induce resistance of NSCLC cells to CDDP. 
However, GSH is regarded as a hepatoprotec-
tive agent and is widely used in the clinic. 
Therefore, it is important to confirm the validity 
of our hypothesis. If our hypothesis is con-
firmed, clinical use of GSH needs to be 
reconsidered.

To further explore whether GSH can affect the 
sensitivity of NSCLC cells to CDDP, A549 cells 

(a human pulmonary adenocarcinoma cell line) 
were treated with CDDP and GSH; then, the 
apoptosis rate, intracellular GSH level, cellular 
platinum concentration, apoptosis-related ge- 
nes and GSH-related enzyme systems were 
analyzed.

Materials and methods 

Materials

GSH was obtained from LvYe Pharmaceutical 
Co., Ltd, China. CDDP, penicillin and streptomy-
cin were obtained from QiLu Pharmaceutical 
Co., Ltd, China. Ham’s F-12 medium and fetal 
bovine serum (FBS) were purchased from 
HyClone, USA. 3-(4,5-dimethylthiazol-2-yl-2,5- 
diphenyl tetrazolium bromide (MTT), dimethyl 
sulfoxide (DMSO) and phosphate-buffered 
saline (PBS) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Propidium iodide 
(PI) and Annexin-V-FITC (AV) were purchased by 
from KeyGEN Biotech., China. Antibodies 
against GSH, γ-GCS and β-actin were pur-
chased from Boster, China. Antibodies against 
GST-π, P-gp and MRP-1 were purchased from 
Abcam, USA. All other chemicals and reagents 
were purchased from Sigma, USA and used as 
indicated.

Cell culture 

The human pulmonary type II epithelial adeno-
carcinoma cell line A549 was obtained from 
Shanghai Institute of Cell Biology in China and 
cultured in Ham’s F-12 medium with 10% FBS 
and antibiotics (100 U/ml penicillin and 100 
µg/ml streptomycin). The cells were cultured at 
37°C in a humidified atmosphere containing 
5% CO2. 

Cell proliferation assay

Cells were seeded in 96-well microplates at a 
density of 5.0×103 cells per well. First, the cells 
were cultured with CDDP alone at 2.5, 5, 10, 20 
and 40 μg/ml for 48 h. For the GSH-treated 
groups, the cells were treated for 48 h with the 
following concentrations of GSH: 60, 120, 240, 
480, 960 μg/ml. MTT assay (the details are 
included below) was used to detect the prolif-
eration of A549 cells after treatment with CDDP 
or GSH. From the above experiments, the 10 
μg/ml concentration of CDDP was determined 
for use in the following experiments. Next, 
A549 cells were co-incubated with 10 μg/ml of 
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CDDP and an increasing concentration of GSH 
(range from 60 μg/ml to 960 μg/ml) for 48 h. 
Then, the cells in each well were exposed to 10 
µl MTT (5.0 mg/ml) for another 4 h at 37°C. 
Finally, the supernatant was removed and 150 
µl DMSO was added to determine the OD at 
570 nm using an enzyme-linked immunosor-
bent assay reader (Thermo, USA). The prolifera-
tion rate was calculated by using the following 
equation: growth inhibition rate= [1-(OD sam-
ple-OD blank)/(OD control-OD blank)]×100%; 
cell viability rate= (OD sample-OD blank)/(OD 
control-OD blank)×100%. The viability of the 
untreated cells was considered to be 100%. 
Five wells were used for each group, and the 
experiment was repeated three times. 

Experimental groups

The cells were divided into four groups for the 
subsequent experiments: control group (un- 
treated A549 cells), GSH group (A549 cells 
were cultured with 120 µg/ml GSH for 48 h), 
CDDP group (A549 cells were exposed to 10 
µg/ml CDDP for 48 h), CDDP+GSH group (A549 
cells were cultured in 10 µg/ml CDDP+120 µg/
ml GSH for 48 h).

Flow cytometric (FCM) analysis 

A549 cells were inoculated in 6-well plates at 
1.0×106 cells/well. After the various treatments 
for 48 h, the cells were collected and digested 
with 0.25% trypsin at 37°C for 3-4 min. The 
cells were gently pipetted and collected by cen-
trifugation at 1000 rpm for 5 min; next, the 
cells were washed twice with cold PBS and 
resuspended in PBS. Then, the cells were 
stained with AV and PI at 0°C according to the 
manufacturer’s instruction. Apoptosis was ana-
lyzed with a flow cytometer (BD Biosciences, 
USA). The percentage of apoptotic cells was de- 
termined by FCM analysis. Phosphatidylserine 
(PS) was used as a surface marker of early 
apoptotic cells and detected by AV (a recombi-
nant PS-binding protein with a high affinity for 
externalized PS). PI was used to examine late 
apoptosis and necrosis. The cells were distin-
guished into four categories by flow cytometry, 
namely, viable (AV- and PI-negative), early apop-
totic (AV-positive and PI-negative), late apop-
totic (AV- and PI-positive) and necrotic (AV- 
negative and PI-positive) cells.

Cell morphological observation with light mi-
croscope, fluorescence microscope and trans-
mission electron microscope (TEM)

A549 cells were seeded in six-well plates at 
1.0×106 cells/ml and divided into four groups. 
First, A549 cells in each group were observed 
under a light microscope (BX40, Olympus, 
Japan). Then, morphological changes were fur-
ther analyzed using acridine orange/propidium 
iodide (AO/PI) double staining assay. After 48 h, 
untreated and treated A549 cells were collect-
ed and washed twice with PBS. Then, the cells 
were stained with 10 μg/mL of AO/PI. The 
stained cells were then examined under a fluo-
rescence microscope (BX53, Olympus, Japan) 
within 30 min. Furthermore, we observed 
microstructural changes in A549 cells with a 
TEM (JEOL JEM-2100, Japan). Cells in each 
group were digested, collected and resuspend-
ed at a density of 1.0×106 cells/ml. The sam-
ples were centrifuged at 1000 rpm for 10 min, 
and the supernatant was discarded. The A549 
cells were fixed with 3% glutaraldehyde in 0.1 
M cacodylate buffer (pH 7.3) at 4°C for 4 h. The 
samples were post-fixed with 2% osmium tetra-
oxide at 4°C for 2 h, dehydrated, and embed-
ded in epoxy resin. Ultrathin sections (80 nm) 
were then stained with uranyl acetate and lead 
citrate. The samples were observed with the 
TEM under a 200 kV electron acceleration 
voltage.

Analysis if intracellular GSH level by immuno-
histochemistry (IHC)

A549 cells were divided into four groups and 
seeded on glass slides placed in six-well plates. 
After 48 h of treatment, the slides were washed 
with PBS and air dried at room temperature. 
The cells were fixed in 4% paraformaldehyde, 
permeabilized for 1 h at room temperature and 
then incubated with primary antibodies includ-
ing rabbit anti-GSH (1:200 dilution) and rabbit 
anti-γ-GCS (1:200 dilution) overnight at 4°C. 
Subsequently, examination was performed 
using the ABC Elite Kit (Boster, China) with bio-
tinylated goat anti-rabbit secondary antibody at 
room temperature for 1 h. The slides were 
developed with DAB, counterstained with a 
nuclear dye and then detected under a micro-
scope (BX40, Olympus, Japan). The results 
were calculated as percentage of the mean 
value. The percentage of cells that stained pos-
itive was assigned to one of the following 
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grades: (0) <5%; (1) 5-25%; (2) 25-50%; (3) 
50-75%; and (4) >75%. The staining intensity 
was independently graded on the following 
scale: (0) none; (1) weak; (2) moderate; (3) 
strong; and (4) intense. 

Quantification of intracellular platinum con-
centration by inductively coupled plasma mass 
spectrometry (ICP-MS)

To detect intracellular platinum concentration, 
1.0×106 A549 cells from each treatment group 
were collected from six-well plates. The cells 
were washed three times in cold PBS, digested, 
harvested and centrifuged at 3000 rpm for 30 
min. The cells were suspended with 1 ml PBS, 
and then 5 ml 1% nitric acid (HNO3) was added 
to lyse the cells at 37°C for 20 min. The lysates 
were diluted to 25 ml with distilled water. 
Intracellular platinum (Pt) concentrations were 
determined by ICP-MS (Agilent 7500ce, Ger- 
many). Platinum concentrations were expressed 
as ng/ml. 

RNA preparation and RT-PCR

To determine mRNA levels of caspase3, cas-
pase9, bax, bcl-2 and MDR-1, A549 cells were 
cultured under the four different conditions 
mentioned above. After treatment for 48 h, 
total RNA was extracted using TRIzol reagent 
(Invitrogen, USA) according to the manufactur-
er’s instructions. Reverse-transcribed comple-
mentary DNA was synthesized with the Re- 
vertAid First Strand cDNA Synthesis Kit (Fer- 
mentas, USA). RT-PCR was performed with Ma- 
xima SYBR Green/ROX qPCR Master Mix (Fer- 
mentas, USA) using the CFX96 Real-Time PCR 
Detection System (Bio-Rad, USA). The sequenc-
es of primers used in the experiment are as fol-
lows: caspase3 (348 bp), forward 5’-TTGTGG- 
AATTGATGCGTGAT GT-3’ and reverse 5’-CATCCT- 
TTGAATTTCGCAAGA-3’; caspase9 (264 bp),  
forward 5’-TGTGAACTTCTGCCGTGAGTC-3’ and 
reverse 5’-CATCCATCTGTGCCGTAGACA-3’; bax 
(178 bp), forward 5’-AAGCTGATCGAGTGTCTC- 
AAG-3’ and reverse 5’-CAAAGTAGAAAAGGGCG- 
ACAAC-3’; bcl-2 (135 bp), forward 5’-ACATCCTA- 
TCAA CAACAA-3’ and reverse 5’-GTATCTACA- 
CTACAGTCTTA-3’; and MDR-1 (183 bp), forward 
5’-CAGTCAAGTTCAGAGTCTTCAGA-3’ and rever- 
se 5’-GGCAGTCAGTTACAGTCCAA-3’. Transcript 
levels were normalized to the level of β-actin 
(153 bp) with the following primers: forward 
5’-ACACTGTGCCCATCTACG-3’ and reverse 5’- 
TGTCACGCACGATTTCC-3’. The fold changes 

were calculated by the delta-delta Ct method. 
All experiments were performed in triplicate.

Western blot analysis

To determine the protein levels of GST-π, P-gp 
and MRP1, total protein was collected from the 
four groups of cells. The cells were washed 
twice with cold PBS and lysed in ice-cold Radio 
Immunoprecipitation Assay (RIPA) buffer (Bo- 
ster, China). The lysed samples were incubated 
with protease inhibitor (Sigma, USA) for 30 min 
in an ice bath and then centrifuged at 12,000 
rpm for 5 min at 4°C. Equal amounts of extracts 
(80 μg protein) were subjected to 10% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto a nitro-
cellulose membrane. After being treated in Tris-
buffered saline with 0.05% Tween 20 (TBS-T) 
and 5% dry powdered milk for 2 h at room tem-
perature, the membrane was washed three 
times with TBS-T for 5 min each time. Next, the 
membrane was incubated overnight at 4°C  
with primary antibodies against GST-π, P-gp, 
MRP1 and β-actin, washed with TBS-T, incubat-
ed with the corresponding horseradish peroxi-
dase (HRP)-conjugated secondary antibodies 
(Boster, China) for 2 h at room temperature and 
then washed again with TBS-T. Finally, protein 
expression was detected with the ECL plus  
chemiluminescence detection kit (Beyotime 
Biotech, China). The films were scanned, and 
quantitation was performed with Optiquant 
software (GBOX/CHEM, USA). Protein levels 
were normalized by that of β-actin. The experi-
ment was repeated three times.

Statistical analysis 

MTT assay, FCM analysis, IHC, ICP-MS, RT-PCR 
and WB were repeated at least three times. The 
data are graphically represented as the mean ± 
standard error of the mean (mean ± SD). 
Statistical comparison between groups was 
conducted by analysis of variance (ANOVA) 
using SPSS (version 17.0). When the means of 
two datasets were compared, significance was 
determined by two-tailed Student’s t-test. 
Differences were considered significant when 
P<0.05. 

Results

Effect of GSH and CDDP on proliferation of 
A549 cells detected by MTT

Cells were separately treated with the indicated 
concentrations of CDDP and GSH, and MTT 
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assay was used to measure the viability of 
cells. The IC50 value of CDDP in A549 cells cal-
culated by SPSS 17.0 was 7.40±0.32 μg/ml. 
Therefore, we chose the 10 μg/ml concentra-
tion of CDDP, which was close to the IC50 value 

Detection of apoptosis using FCM analysis

To evaluate whether A549 cells undergo apop-
tosis and to investigate the biochemical char-
acteristics of apoptosis, cells in the four groups 

Figure 1. Effect of CDDP and GSH on A549 cell individually. A. A549 cells 
were treated with increasing concentrations of CDDP for 48 h. B. A549 
cells were treated with various concentrations of GSH for 48 h. Cell vi-
ability was detected using MTT assay. Each point represents the mean 
± SD from three measurements, and *presents significantly difference 
(P<0.01), Δpresents no statistical significance (P>0.05).

Table 1. Effect of CDDP and GSH on A549 cells (x±s, n=3)

Group Inhibition rate 
(100%) P-value

Control group Not applicable Not applicable
10 μg/ml CDDP 52.93±3.96 0.00*

10 μg/ml CDDP+60 μg/ml GSH  41.68±3.98 0.00#

10 μg/ml CDDP+120 μg/ml GSH 28.03±4.05 0.00#

10 μg/ml CDDP+240 μg/ml GSH 21.58±3.77 0.00#

10 μg/ml CDDP+480 μg/ml GSH 15.00±3.45 0.00#

10 μg/ml CDDP+960 μg/ml GSH 7.00±2.01 0.00#

The data represent the mean of five independent replicates, combined to gen-
erate the mean ± SD for each concentration. *P<0.01 compared to the control 
group; #P<0.01 compared to the 10 μg/ml CDDP group.

for the subsequent experiments. 
We demonstrated that increasing 
concentrations of CDDP inhibited 
the proliferation of A549 cells in 
a dose-dependent manner (Fi- 
gure 1A), and the inhibition was 
statistically significant compared 
to the untreated cells and among 
cells treated with various con-
centrations of CDDP (P<0.05). 
Within a certain concentration 
range (60-480 µg/ml), GSH pro-
moted the proliferation of A549 
cells only by approximately 10% 
relative to untreated cells, and 
the difference was significant 
(P<0.05). Moreover, the differ-
ence in cell proliferation in 
response to 60 to 480 µg/ml of 
GSH was very small (Figure 1B) 
and was not statistically signifi-
cant (P>0.05). However, 960 µg/
ml GSH markedly induced prolif-
eration of A549 cells relative to 
the untreated cells, and the dif-
ference was significant (P<0.05).

The results of MTT assay with 10 
μg/ml CDDP and various doses 
of GSH indicated that GSH led to 
a significant suppression in the 
inhibition of A549 cells in res- 
ponse to CDDP in a dose-depen-
dent manner (Table 1). GSH at 
60, 120, 240, 480 and 960  
μg/ml concentrations markedly 
attenuated CDDP-induced apop-
tosis in A549 cells by 10.66± 
4.36%, 24.34±3.33%, 30.66± 
4.36%, 37.32±3.23% and 45.00 
±2.08%, respectively. As shown 
in Table 1, the inhibition of A549 
cells cultured with CDDP and 
GSH was significantly lower than 
that of the cells treated with 
CDDP alone (P<0.05). These 
data clearly show that GSH might 
effectively induce CDDP-resis- 
tance in A549 cells. 
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were stained with AV and PI for flow cytometric 
analysis. As illustrated in Figure 2, quadrants 
Q2 and Q4 represent total apoptotic cells. 
Apoptosis rates in the four groups were as fol-
lows: control group 6.5±0.7%, GSH group 
1.0±0.3%, CDDP group 35.1±4.6%, CDDP+GSH 
group 16.7±2.2%. GSH treatment at 120 μg/ml 
for 48 h increased the viability of cells and 
reduced the proportion of early apoptotic cells 
compared to that in the untreated cells, and 
the difference was significant (P<0.05); 10 μg/
ml CDDP induced pronounced apoptosis in 
A549 cells relative to the untreated cells, and 
the difference was significant (P<0.05); Com- 
pared to that in the CDDP group, the overall 
rate of apoptosis decreased notably in the 
CDDP+GSH group (P<0.05). These outcomes 
were consistent with the results of the MTT 

assay. The data described above illustrated 
that extrinsic GSH induced resistance of A549 
cells to CDDP by inhibiting cell apoptosis. 

Detection of effects of CDDP and GSH on cell 
morphology by light microscopy, f﻿luorescence 
microscopy and transmission electron micros-
copy

The typical morphological features of apoptosis 
are cell shrinkage, nuclear pyknosis and forma-
tion of apoptotic bodies. The increase in cyto-
plasmic density and condensation of organ-
elles result in cell shrinkage, and chromatin 
condensation is the most noticeable character-
istic of early apoptosis [19]. Blebbing of plasma 
membrane with tightly packed organelles  
is a distinct feature of late apoptosis [20]. 

Figure 2. Apoptosis of A549 cells detected by FCM. A. Untreated A 549 cells. B. A549 cells treated with 120 μg/ml 
GSH for 48 h. C. A549 cells treated with 10 μg/ml CDDP for 48 h. D. A549 cells treated with 10 μg/ml CDDP+120 
μg/ml GSH for 48 h. Q3 quadrant indicates viable cells (AV-/PI-). Q4 quadrant indicates early apoptotic cells (AV+/
PI-). Q2 quadrant indicates late apoptotic cells (AV+/PI+) and Q1 quadrant indicates necrotic cells (AV-/PI+).
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Morphological changes in the four groups were 
observed after 48 h of treatment by light 
microscopy, fluorescence microscopy and 
transmission electron microscopy. The untreat-
ed cells were short, spindle-shaped or triangu-
lar and exhibited characteristics similar to that 
of adherent epithelial cells by microscopy 
(Figure 3A). It is noteworthy that after 48 h, the 
untreated cells remained intact and displayed 
normal structures, with intact, green-colored 
nuclear structures as detected by fluorescence 
microscopy (Figure 3E). The chromatin of the 
untreated cells was homogeneous, and the 
cells displayed dense intracytoplasmic rough 
endoplasmic reticulum, abundant ribosomes 
and numerous healthy microvilli on the surface 
by transmission electron microscopy (Figure 
3I). There were no obvious morphological 
changes in cells incubated with 120 μg/ml GSH 
for 48 h compared with the untreated cells 
(Figure 3B, 3F, 3J). In the CDDP group, the cells 
became smaller in size and rounded, and some 

cells sloughed off; furthermore, chromatin con-
densation and presence of cytoplasmic vacu-
oles and apoptotic bodies were frequently 
observed by microscopy (Figure 3C). The early 
apoptotic cells were detected via the binding of 
AO with the fragmented DNA giving rise to 
bright green fluorescence; the late apoptotic 
cells were detected by the presence of a red-
dish-orange color by fluorescence microscopy 
because of the binding of PI to denatured DNA 
(Figure 3G). With TEM, it was observed that the 
chromatin coagulated and gathered near the 
nuclear membrane, the endoplasmic reticulum 
expanded, and the mitochondria were swollen. 
The number of microvilli on the cell surface 
decreased (Figure 3K). Compare to that in the 
CDDP group, the number of pyknotic, blebbing 
and shedding cells was lower in the CDDP+GSH 
group (Figure 3D), and the extent of chromatin 
condensation and apoptotic bodies was 
reduced (Figure 3H); furthermore, chromatin 
condensation and mitochondrial swelling were 

Figure 3. Morphology changes of A549 cells exmined by light microscope, fluorescence microscope and TEM. A, E, 
I: Untreated A549 cells. B, F, J. A549 cells treated with 120 μg/ml GSH for 48 h. C, G, K. A549 cells treated with 10 
μg/ml CDDP for 48 h. D, H, L. A549 cells treated with 10 μg/ml CDDP+120 μg/ml GSH for 48 h. A-D. Images under 
light microscope (200×). E-H. Images under fluorescence microscope (200×). Marked a: Viable cells. Marked b: 
Apoptotic cells. Marked c: Late apoptotic cells. Marked d: Apoptotic body. I-L. Images of TEM (500×). ★: The nuclear 
chromatin was homogeneous. ☆: The intracytoplasmic rough endoplasmic reticulum was dense. *: The nuclear 
chromatin coagulated and gathered in the vicinity of the nuclear membrane. ▲: The cytoplasmic mitochondria were 
swollen. ↑: The endoplasmic reticulum expanded.
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relieved, and the number of microvilli was 
increased (Figure 3L). These results thus 
revealed the presence of typical morphological 
features of apoptosis in CDDP-treated A549 
cells; more importantly, GSH reduced the 
dama-ge induced by CDDP on A549 cells.

To determine platinum accumulation in A549 
cells in the four groups, intracellular platinum 
levels were quantified by ICP-MS (Figure 5). 
Across the four groups, findings from ICP-MS 
analysis demonstrated that there was no obvi-
ous difference in intracellular platinum levels 

Figure 4. IHC analysis of GSH and γ-GCS expression in the control group, GSH group, CDDP group and CDDP+GSH 
group. A, E: Untreated A549 cells. B, F: A549 cells treated with 120 μg/ml GSH for 48 h. C, G: A549 cells treated with 
10 μg/ml CDDP for 48 h. D, H: A549 cells treated with 10 μg/ml CDDP+120 μg/ml GSH for 48 h. A-D: IHC analysis 
of GSH expression. E-H: IHC analysis of γ-GCS expression.

Figure 5. Quantification of intracellular platinum level by ICP-MS. 
Intracellular platinum level was determined by ICP-MS analysis 
with exponentially growing cells undergone different treatment for 
48 h. Date are expressed as mean ± SD from three independent 
experiments (n=3) (ΔP>0.05, *P<0.01).

Immunohistochemistry

To measure intracellular GSH and γ- 
GCS protein expression in the four 
groups of A549 cells, the IHC staining 
method was employed. As illustrated in 
Figure 4, both GSH and γ-GCS were 
found to be localized in the cytoplasm. 
The expression of GSH protein in the 
control group was weaker than that of 
the GSH group but stronger than that of 
the CDDP group. Moreover, GSH level 
was higher in the CDDP+GSH group 
relative to that in the CDDP group. On 
the other hand, GSH treatment and 
CDDP treatment led to a marked in- 
crease in γ-GCS protein expression 
compared to control treatment. Inte- 
restingly, γ-GCS expression in the CD- 
DP+GSH group was much higher com-
pare to that of the CDDP group or GSH 
group.

Cellular uptake of platinum is reduced 
by GSH
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between the cells treated with 120 μg/ml GSH 
for 48 h and the untreated cells (0.22±0.03 
ng/ml vs. 0.25±0.04 ng/ml, t=-0.85, P>0.05). 
Furthermore, treatment with 10 μg/ml CDDP 
for 48 h significantly increased the uptake of 
platinum relative to the untreated cells 

(35.33±2.64 ng/ml vs. 0.25±0.04 ng/ml, t= 
23.02, P<0.05). However, exposure to CDDP 
and GSH markedly reduced the uptake of plati-
num compared to CDDP alone (18.11±1.05 
ng/ml vs. 35.33±2.64 ng/ml, t=10.50, P<0.05). 
These results supported the conclusion that 

Figure 6. Expression level of caspase3, cas-
pase9, bax, bcl-2 and MDR-1 in A549 cells. A. 
RT-PCR analysis of caspase3. B. RT-PCR analy-
sis of caspase9. C. RT-PCR analysis of bax. D. 
RT-PCR analysis of bcl-2. E. RT-PCR analysis of 
MDR-1. Data are expressed as mean ± SD from 
three independent experiments (n=3) (ΔP>0.05, 
*P<0.01).
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treatment with GSH, i.e., exogenous GSH, has 
the potential to deplete intracellular platinum in 
A549 cells.

Gene expression validation by RT-PCR

To determine the expression of caspase3, cas-
pase9, bax, bcl-2 and MDR-1 in A549 cells, 
quantitative RT-PCR was performed in the 
treated and untreated cells. As shown in Figure 
6, RT-PCR showed the relative gene expression 
levels from each group of A549 cells. Apoptosis-
related genes such as caspase3, caspase9 
and bax were significantly downregulated in the 
cells treated with 120 μg/ml GSH compared to 
the corresponding levels in the untreated cells 
(P<0.05), but bcl-2 was significantly upregulat-
ed in the GSH group compared to that in the 
control group (P<0.05). Conversely, exposure to 
10 μg/ml CDDP induced upregulation of cas-
pase3, caspase9, and bax and downregulation 
of bcl-2 compared to the control treatment 

(P<0.05). Furthermore, in contrast to the CDDP 
group, the CDDP+GSH group exhibited reduced 
expression of caspase3, caspase9, bax and 
enhanced expression of bcl-2 (P<0.05). In- 
terestingly, the RT-PCR results showed that the 
mRNA expression of MDR-1 in the untreated 
A549 cells was very low, and the difference in 
MDR-1 levels among the control, GSH, CDDP 
and CDDP+GSH groups were not significant 
(P>0.05).

Protein expression determined by WB

WB analysis was used to determine the protein 
level of GST-π, MRP-1 and P-gp as shown in 
Figure 7. β-actin was used as an internal con-
trol. Protein expression in each group of A549 
cells was quantified in the following bar graphs. 
In this study, we established that exogenous 
GSH increased the expression of MPR1 and 
GST-π relative to control (P<0.05), but treat-
ment with CDDP clearly downregulated the 

Figure 7. Protein levels of GST-π, MRP-1 and P-gp in A549 cells analyzed by Western blotting. A. Protein levels of 
GST-π, MRP-1 and P-gp. β-actin was used as an internal control. B. Analysis of GST-π protein expression. C. Analysis 
of MRP-1 protein expression. D. Analysis of P-gp protein expression. All experiments were performed in triplicate. 
The data are expressed as the mean ± SD from three independent experiments (n=3) (ΔP>0.05, *P<0.01).
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level of MPR1 and GST-π in cells compared to 
the corresponding levels in the untreated cells 
(P<0.05). In the CDDP+GSH group, the expre- 
ssion of these proteins was significantly 
enhanced relative to that of the CDDP group 
(P<0.05). It is worth noting that the expression 
of P-gp was extremely low in the untreated 
A549 cells, and there was no obvious change in 
P-gp expression among the four groups 
(P>0.05) similar to the mRNA expression of 
MDR-1 in the four groups. Because P-gp is 
encoded by MDR-1, these results suggested 
that the mRNA and protein levels of P-gp were 
consistent in A549 cells. 

Discussion

CDDP is a commonly used chemotherapy drug 
and the initial chemotherapy choice for NSCLC. 
However, drug resistance is a main obstacle in 
clinical chemotherapy. The exact mechanism of 
resistance has not yet been fully clarified, 
although some resistance mechanisms have 
been reported. One of the most described cel-
lular defense mechanisms involved in resis-
tance is GSH. GSH is crucial for cell survival, 
and its depletion is a general characteristic not 
only of apoptosis but also of other types of cell 
death [21]. In addition, elevated levels of intra-
cellular GSH have been related to resistance 
[22], particularly to CDDP-induced resistance 
[9-11]. In this study, by IHC staining, we demon-
strated that intracellular GSH level in the GSH 
group was higher than that of the control group, 
and cellular GSH level was higher in the 
CDDP+GSH group than that in the CDDP group. 
However, in the CDDP group, GSH expression 
was lower than that in the control group. At the 
same time, the cell growth inhibition rate and 
apoptosis rate of A549 cells in response to 
CDDP was reduced, consistent with previously 
published reports [18]. In brief, extrinsic GSH 
could increase cellular GSH levels, and elevat-
ed intracellular GSH level was associated with 
resistance; however, decreased GSH level was 
related to apoptosis. Meanwhile, the number of 
cells with classical morphological features of 
apoptosis by microscopy decreased; in addi-
tion, the mRNA expression of pro-apoptotic pro-
teins caspase3, caspase9 and bax increased, 
while the mRNA level of anti-apoptotic protein 
bcl-2 decreased. In summary, GSH downregu-
lated the expression of bcl-2 and upregulated 
the level of bax; moreover, it activated the initi-
ator caspase (caspase9) and effector caspase 

(caspase3). These results indicated the involve-
ment of intrinsic (mitochondrial) pathway-indu- 
ced apoptosis in A549 cells in response to 
CDDP. Therefore, exogenous GSH could induce 
resistance to CDDP in A549 cells by inactivat-
ing the mitochondria-mediated signaling path-
way and elevating cellular GSH accumulation. 

On the other hand, GSH ester, N-acetyl-L-
cysteine (NAC) or S-adenosylmethionine (both 
precursors of cysteine and precursors of GSH), 
have been demonstrated to protect against 
apoptosis [23-25]. Furthermore, treatment with 
1 mM NAC, a source of cysteine for GSH syn-
thesis, reduced denbinobin-induced apoptosis 
in A549 cells by 95.4±2.8% [18] and induced 
resistance to fluorouracil (5-FU) or mitomycin 
(MMC) and higher intracellular GSH levels com-
pared to that of the control group in the gastric 
adenocarcinoma cell line SGC7901 [26]. More- 
over, NAC also protected cells from autophagy 
by preventing autophagosome formation and 
protein degradation [27, 28]. GSH monomethyl 
ester, used as a GSH donor, was capable of 
sensitizing or protecting hepatoma cells against 
JNK activation and subsequently, aloe-emodin-
induced apoptosis [29]. Nevertheless, BSO, an 
inhibitor of GSH synthesis, increased the sensi-
tivity of SGC7901 cell line [26]. These results 
indicated that increasing the source of cysteine 
for GSH synthesis and replenishing GSH level, 
as well as treatment with exogenous GSH, can 
cause resistance to anticancer agents.

Data from various studies have shown that 
drug resistance in cancer cells is generally 
associated with GST-induced conjugation of 
diverse antineoplastic agents with GSH, lead-
ing to the formation of less toxic GSH-drug com-
plexes (GS-X), which can be readily excreted 
from cells through P-gp and MRPs [4]. There are 
several ATP-dependent multidrug resistant 
drug efflux pumps on cell membranes, known 
as ATP-binding cassette (ABC), e.g., P-gp encod-
ed by ABCB1 (MDR-1) and MRP1 encoded by 
ABCC1. P-gp and MRP1 have similar structures 
and mediate drug resistance in similar man-
ners, but there are several exceptions-taxanes 
and paclitaxel are substrates for P-gp but have 
poor affinity for MRP1 [30], whereas CDDP is a 
substrate for MRP1 but not for P-gp [31]. In the 
present study, the level of MDR1 was found to 
be very low at both mRNA and protein levels, 
consistent with a previous report [32]. Mo- 
reover, there was no significant changes in 
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MDR1 and P-gp expression in the four groups; 
in other words, the expression of MDR1 and 
P-gp was independent of CDDP and GSH. These 
results may be explained by the fact that nei-
ther CDDP nor GSH is a substrate of P-gp. P-gp 
is well known as an efflux pump contributing to 
multidrug resistance (MDR), but it might not be 
associated with CDDP-resistance. MRP1 is an 
important member of the MRP family and is 
expressed in all tissues [32]. MRP1 can trans-
port anticancer drugs including doxorubicin, 
etoposide, CDDP and vincristine, all of which 
require GSH as a substrate [32, 33]. In the 
presence of GST, GSH and CDDP can form a 
conjugate called Pt(GS)2, which can be trans-
ported via MRP1 [4, 32, 34]. Pt(GS)2 was ini-
tially reported by Ishikawa and Ali-Osman to 
reach a maximal level after 12 h of exposure to 
20 μM CDDP, corresponding to 60% of the cel-
lular platinum content in L1210 leukemia cells 
[35]. Moreover, the Pt(GS)2 complex was found 
approach in ovarian cancer cells by the 
[1H,15N] HSQC method [36]. Efflux of Pt(GS)2 
ultimately causes reduction in cellular platinum 
level. Our data demonstrated that in the 
CDDP+GSH group, the apoptosis rate and intra-
cellular platinum concentration were notably 
reduced relative to those in the CDDP group. 
Reduction of cellular platinum uptake in CDDP-
resistant cells was observed not only in A549 
cells but also in other NSCLC cell lines, such as 
SKMES-1, MOR and H460 [37]. Furthermore, 
the expression of MRP1 was enhanced in the 
CDDP+GSH group compare to that in the CDDP 
group, and its level was decreased in the CDDP 
group relative to that in the control group. The 
trend of MRP1 expression followed an inverse 
pattern to the sensitivity of A549 cells to CDDP. 
Several studies have suggested that GSH pro-
motes the refractory response of cancer cells 
to chemotherapeutics by increasing the expres-
sion of MRP1 [38, 39]. These results were con-
sistent with ours. 

GST-π is one of the major isoforms of GSTs and 
plays an important role in cancer development 
and CDDP-resistance by mediating the forma-
tion of GSH-conjugates and subsequent plati-
num detoxification by acting synergistically with 
MRP1. GST-π is highly expressed in human can-
cers [40], and the expression of GST-π has also 
been found as an independent prognostic indi-
cator of patient outcomes irrespective of che-
motherapy [4]. The changes in the level of 
GST-π was consistent with the trend of MRP1 

expression in the four groups but was opposite 
to the trend of apoptosis in the present study. 
We speculated that the overexpression of 
GST-π and MRP1 might contribute to resistance 
against antineoplastic agents.

The first and rate limiting step of GSH biosyn-
thesis is the formation of γ-glutamylcysteine 
(γ-GC) catalyzed by γ-GCS (also known as gluta-
mate cysteine ligase, GCL), a heterodimeric 
holoenzyme composed of a catalytic or heavy 
subunit (GCLC, 73 kDa) and a modifier or a light 
subunit (GCLM, 31 kDa), and both GCLC and 
GCLM activities can affect cellular GSH levels 
[4, 41]. Therefore, we detected total γ-GCS pro-
tein levels by immunohistochemistry but not by 
Western blotting. γ-GCS activity is regulated by 
the availability of L-cysteine (Cys), oxidative 
stress and competitive inhibition via negative 
feedback by GSH [4, 41, 42]. GSH is synthe-
sized in the cell cytosol and exported across 
the plasma membrane into the extracellular 
space, and it is rapidly degraded in circulation 
by γ-glutamyl transpeptidase (γGT) and dipepti-
dases (DP) into free amino acids, such as Glu, 
Cys, and Gly [4, 32]. Then, these amino acids 
can be pumped into cells and intracellularly 
resynthesized into GSH. We speculated that 
the ectopic GSH added to A549 cells would 
also be broken down into Cys, which would then 
enhance γ-GCS activity and expression and 
consequently lead to higher γ-GCS expression 
and increase the intracellular GSH level in the 
GSH group than that in the control group. The 
experimental results confirmed our specula-
tion. We demonstrated that CDDP induced 
apoptosis in A549 cells. Oxidative stress is a 
known inducer of cell death, including apopto-
sis [43]. Accordingly, in the CDDP group, γ-GCS 
activity and expression, as well as apoptosis, 
was enhanced by oxidative stress. In the 
CDDP+DDP group, the γ-GCS expression was 
significantly increased by the abundance of Cys 
and oxidative stress. Furthermore, we specu-
lated that cellular GSH levels would be elevated 
by the increase in γ-GCS expression. However, 
the GSH system is far more complicated than 
we can imagine. GSH can be pumped out of 
cells and is also a substrate for MRP1 [32]. In 
the GSH group, the elevated cellular GSH level 
could be explained by the notion that GSH syn-
thesis notably increased and reversed the 
effect of GSH efflux via negative feedback of 
GSH. Furthermore, the decrease in GSH level in 
the CDDP group was correlated with GSH efflux 
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by CDDP-induced apoptosis. In addition, the 
results of elevated intracellular GSH level in the 
CDDP+GSH group compared to that of the 
CDDP group might be clarified by the specula-
tion that GSH synthesis enhanced and reversed 
the influence of GSH efflux. In summary, intra-
cellular GSH level decreased with apoptosis 
and increased with drug resistance.

Numerous studies have displayed the relation-
ship between the level of GSH and bcl-2 expres-
sion in cancer cells. Overexpression of bcl-2 in 
the cell line HeLa, mouse lymphoma cell line 
LYar and neuroblastoma cell line SK-N-MC 
increased intracellular GSH levels by altering 
GSH efflux [44-46]. Rudin et al. transfected 
MCF-7 cells with bcl-2 and found that bcl-
2-overexpression increased cellular GSH level 
by almost 3-fold and subsequently induced 
resistance to CDDP [47]. In this study, we also 
found similar relationship between resistance 
to CDDP, intracellular GSH level and bcl-2 
expression. In summary, apoptotic A549 cells 
exhibited downregulated bcl-2 expression and 
decreased GSH level, but resistant A549 cells 
displayed upregulation of bcl-2 and elevated 
GSH level.

The GSH system and resistance mechanism 
are both extremely complex. The correlation 
between the GSH system and resistance to 
CDDP is not fully understood. Our recent study 
has only been performed in vitro, and the 
human body is equally complicated, and many 
molecules and cytokines in circulation may 
influence the effect of GSH. Therefore, the con-
clusions from the present study should be fur-
ther validated in vivo. In addition, NSCLC has 
several subtypes including adenocarcinoma, 
squamous cell carcinoma, adenosquamous 
carcinoma and large cell carcinoma. A549 cells 
belong to a type of adenocarcinoma of the lung. 
We need to deeply explore the role of GSH in 
other adenocarcinoma and squamous cell car-
cinoma cell lines to understand the relationship 
between extrinsic GSH and resistance.

Conclusions

Our data demonstrated that exogenous GSH 
used as hepatinica in the clinic could induce 
resistance of A549 cells to CDDP by inhibiting 
apoptosis, elevating cellular GSH levels, inacti-
vating the mitochondria-mediated signaling 
pathway, and promoting the overexpression of 
GST-π, γ-GCS and MRP1 to increase CDDP 

efflux. Considering the contribution of GSH in 
the resistance to CDDP in cells, perhaps we 
should use other drugs instead of GSH for pro-
tecting against liver damage. 
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