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Changes in intracellular redox status influence multidrug
resistance in gastric adenocarcinoma cells
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Abstract. Multidrug resistance (MDR) to chemotherapeutic
agents is a major obstacle for the treatment of various types of
cancers. The exact mechanism of MDR has not yet been fully
clarified, although it has been frequently associated with the
variation of intracellular redox status. The levels of intracel-
lular glutathione (GSH) are considered to play a vital role in
the regulation of the intracellular redox status. In our study,
we investigated the effects of buthionine sulfoximine (BSO),
an inhibitor of GSH biosynthesis, and NAC, a cysteine source
for GSH synthesis, on sensitive gastric adenocarcinoma cells
(SGC7901) and cisplatin-resistant SGC7901/DDP cells using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The two cell lines were pretreated
with various non-toxic concentrations of BSO for 24 h and
combined with fluorouracil (5-FU) or mitomycin (MMC) in
the presence or absence of NAC before culturing further. After
various treatments, the ICs, values of MMC and 5-FU were
calculated and intracellular GSH levels were measured using
the glutathione reductase/5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB) recycling assay without anticancer drug stimulation
under the same microenvironments. The study demonstrated
that BSO increased the sensitivity of the cells to chemothera-
peutics while NAC exhibited the reverse effect, particularly
in drug-resistant cells. It is, therefore, possible that changes
in intracellular GSH levels affect the chemosensitivity of the
resistant cells to a greater extent than that of their parent cells.
This study indicates that variation in the intracellular redox
status may be closely correlated with MDR and may provide a
valuable basic strategy for anticancer therapy.
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Introduction

Gastric cancer is the second most common cause of
cancer-related mortality and morbidity worldwide, accounting
for almost 12% of cancer-related mortality and 1.6% of total
mortality (1-3). Postoperative chemotherapy is used as a
supplementary treatment to prevent tumor recurrence and
metastasis (4,5). Several retrospective studies have reported
that supplementary chemotherapy may improve the quality
of life and total survival (6-9). However, the emergence of
drug resistance, particularly multidrug resistance (MDR),
has prevented successful treatment in a large proportion
of patients (10). The two main forms of MDR are intrinsic
resistance, in which the previously untreated cancer cells
are inherently insensitive to chemotherapeutic drugs, and
acquired resistance, in which the cancer cells become insensi-
tive as a result of chemotherapy (11,12). The most commonly
reported mechanism for the acquisition of resistance to a
broad range of anticancer drugs is the expression of one or
more energy-dependent transporters, including P-glycoprotein
(P-gp), multidrug resistance-associated proteins (MRPs),
lung resistance protein (LRP) and breast cancer resistance
protein (BCRP/MXR/ABCG2) (12-19). These transporters
mediate drug efflux from tumor cells and may further cause
cross-resistance to multiple drugs with diverse chemical
structures and curative efficacies. According to previous
studies, MDR is observed in the majority of gastric cancers
during treatment and is an significant cause of treatment
failure (19,20,21).

Glutathione (GSH) is the tripeptide thiol L-y-glutamyl-
L-cysteinyl-glycine, a ubiquitous endogenous antioxidant.
Its main functions are the protection of the intracellular
environment from oxidative stress and the detoxification of
cells by inactivation of xenobiotics (22). As the predominant
cellular thiol, intracellular GSH concentrations may exceed
10 mM (23). Levels of GSH are reported to be elevated in
various tumor cells, for example in bone marrow, breast, ovary,
colon, larynx and lung cancer cells (24-29). Elevated levels
of GSH are often associated with an increased resistance to
cancer chemotherapeutic agents due to the protective conjuga-
tion and detoxification effects of GSH (30). Similarly, other
studies have shown that cross-resistance to a number of drugs,
including cyclophosphamide, melphalan, mechlorethamine,
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platinum-containing compounds and sulfhydryl-reactive
chemotherapeutic drugs, correlates with increased levels of
intracellular GSH (31-33). Conversely, the depletion of intra-
cellular GSH has been revealed to decrease the resistance
of cancer cells to multiple chemotherapeutic agents (30).
However, to date there have been few studies comparing the
levels of GSH in multidrug resistant cancer cell lines with
those in the parent cancer cell lines and it remains unclear
whether the alteration of intracellular GSH levels generates
different effects on the cross-resistance of multidrug resistant
and parent cell lines.

In the present study, we monitored the levels of intracellular
GSH in a gastric adenocarcinoma cell line with resistance to
cisplatin (CDDP) and in its parent cell line. A GSH synthesis
inhibitor and/or stimulator were used to change intracellular
GSH levels in order to evaluate the effects of GSH on the
chemosensitivities of the two cell lines.

Materials and methods

Cell culture and treatment. The human gastric adenocarci-
noma cell line SGC7901 and its MDR subline SGC7901/DDP
were purchased from Nanjing KeyGen Biotech Co., Ltd.
(Nanjing, China). The cells were cultured in RPMI-1640
medium (Gibco-BRL, Carlsbad, CA, USA) supplemented
with 10% (v/v) fetal bovine serum, penicillin (100 U/ml) and
streptomycin (100 pg/ml) at 37°C in an incubator containing
a humid atmosphere of 95% air and 5% CO,. To maintain the
MDR phenotype, CDDP (final concentration 800 ng/ml) was
added to the medium for the SGC7901/DDP cells. The cells
were propagated according to the instructions provided by the
American Type Culture Collection.

Cell viability assays. The survival ratios of the cells were
determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) colorimetric assay. The cells were
seeded in 96-well microplates at a density of 2x10° cells per
well. Then the cells were treated with the following methods.
i) Cells were treated with various concentrations of CDDP,
fluorouracil (5-FU) or mitomycin (MMC) for 36 h; ii) The
cells were pretreated with various nontoxic concentrations of
L-buthionine-(S,R)-sulfoximine (BSO, Sigma, St. Louis, MO,
USA) for 24 h, washed 3 times with PBS before replacing
fresh medium with various concentrations of 5-FU or MMC
combined with or without 5 mM N-acetylcysteine (NAC,
Sigma) for 36 h; iii) The cells were treated with various
concentrations of 5-FU or MMC combined with 5 mM NAC
for 36 h. Then the medium was replaced with fresh medium,
allowing the cells to be continuously grown for up to 72 h.
The MTT (Sigma) dye was added to a final concentration
of 50 mg/ml and the cells were subsequently incubated for
another 4 h at 37°C. The medium containing residual MTT
dye was carefully aspirated from each well and 150 1 DMSO
was added to dissolve the reduced formazan dye. The effect of
5-FU or MMC on the growth of the cells was determined from
the differences in absorbance. The fraction of viable cells was
calculated by comparing the optical absorbance of the 5-FU-
or MMC-treated culture with that of the untreated control. The
50% inhibitory concentration (ICs,) value was calculated on
the basis of the fraction of viable cells.
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Intracellular GSH assay. Following the treatment of
triplicate samples of 10° cells with various reagents, the intra-
cellular levels of GSH were measured using the glutathione
reductase/S,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) recy-
cling assay kit (Beyotime Institute of Biotechnology, Haimen,
China), following the methods recommended by the manufac-
turer. Briefly, GSH was determined using a reaction mixture
containing 50 ul cell lysates, 50 x1 2.4 mM DTNB and 50 ul
10.64 mU/ul glutathione reductase in an assay buffer (pH 7.5)
containing 153 mM sodium phosphate and 8.4 mM EDTA.
After a 5-min incubation at 25°C, the reaction was initiated by
the addition of 50 1 NADPH solution (0.16 mg/ml) in assay
buffer. The standard and test sample cuvettes were placed into
a dual-beam spectrophotometer and the absorbance at 412 nm
was followed as a function of time.

Statistical analysis. Data are reported as the means + SEM
of three separate experiments. Statistical significance was
measured by the independent samples t-test and analysis of
variance. A value of p<0.05 was considered to indicate a
statistically significant result.

Results

Selection of the sublethal concentration of BSO. The cytotox-
icity of BSO (Sigma), a specific inhibitor of GSH biosynthesis,
was evaluated by MTT assay. As shown in Fig. 1, the cell
viability gradually reduced concomitantly with the increase
in BSO concentration. The ICs, value of BSO in the SGC7901
cells, calculated using the Hill equation, was 3.43 mg/ml.
There were non-significant reductions in the viabilities of the
cells exposed to the various concentrations of BSO below 20%
IC5, (p>0.05). Hence, the concentrations of BSO were set at
20% ICs, (0.686 mg/ml), 10% ICs, (0.343 mg/ml) and 5% ICs,
(0.172 mg/ml) in subsequent studies.

Effects of BSO on the chemosensitivity of cells. The sensitivi-
ties of the tumor cells to CDDP, MMC and 5-FU are shown in
Fig. 2. The SGC7901/DDP cells exhibited stronger resistance
than the parent cells to the three drugs; 6.20-fold for CDDP,
3.49-fold for 5-FU and 1.97-fold for MMC (p<0.01). These
results indicate that SGC7901/DDP cells are cross-resistant to
other chemotherapeutic drugs.

Following the pretreatment of the cells with various
concentrations of BSO, the ICy, values of 5-FU were signifi-
cantly decreased in the two cell lines (Fig. 3B). BSO also
increased the chemosensitivity of the SGC7901/DDP cells
to MMC. Although BSO slightly reduced the viability of
the MMC-treated SGC7901 cells, the difference between
the chemosensitivities of the cells with and without BSO
pretreatment was not statistically significant (Fig. 3A). These
results also revealed that, following BSO treatment, the
SGC7901/DDP cells were more sensitive than the SGC7901
cells to 5-FU and MMC.

Effects of N-acetylcysteine (NAC) on the chemosensitivity of
cells. A GSH precursor, NAC (5 mM), was used to further
investigate alterations in the chemosensitivities of the cells.
Marked increases in the ICs, values of MMC and 5-FU in the
SGC7901/DDP cells were observed (Fig. 4). The resistance of
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Figure 1. Selection of the sublethal concentration of BSO. SGC7901 cells
were exposed to various concentrations of BSO (25, 12.5, 6.25,3.13, 1.56 and
0.78 mg/ml). The cell viability was equivalent to the ratio OD treated/OD
control. The IC;, value of BSO, calculated using the Hill equation, was
3.43 mg/ml. BSO, buthionine sulfoximine.
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Figure 2. IC;, values of CDDP, 5-FU and MMC for SGC7901 and SGC7901/
DDP cells. The ICs, values of CDDP, 5-FU and MMC for the SGC7901/DPP
cells were significantly higher than those of the SGC7901 cells ("p<0.01).
CDDP, cisplatin; 5-FU, fluorouracil; MMC, mitomycin.
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Figure 3. Effects of BSO on the chemosensitivity of SGC7901 and SGC7901/
DPP cells. ICs, values for (A) MMC and (B) 5-FU in the two cell lines pre-
treated with various concentrations of BSO. "p<0.01, “p<0.05 compared with
control cells. BSO20, BSO10 and BSOS represent BSO concentrations of
0.686, 0.343 and 0.172 mg/ml, respectively. BSO, buthionine sulfoximine;
MMC, mitomycin; 5-FU, fluorouracil.
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Figure 4. Effects of NAC on the chemosensitivity of SGC7901 and SGC7901/
DDP cells. The cells were cultured with 5 mmol/l NAC for 36 h and exposed
to (A) MMC or (B) 5-FU. Cell viability was evaluated by MTT assay.
“p<0.01 compared with control SGC7901/DDP cells. ’p<0.01 compared with
control SGC7901 cells. NAC, N-acetylcysteine; MMC, mitomycin; 5-FU,
fluorouracil; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide.

the SGC7901 cells to MMC was also elevated by the NAC
pretreatment, but the resistance to 5-FU was unchanged.

Effects of combining NAC with BSO on the chemosensitivity
of cells. To further examine the responses of the multidrug
resistant and parent cells to changes in intracellular GSH levels,
NAC was added to the media of the cells pretreated with various
concentrations of BSO. The effects of MMC and 5-FU on those
cells were then detected and their ICs, values are shown in Fig. 5.
The results reveal that NAC partly reversed the inhibitory effect
of BSO on the chemoresistance of the two cell lines to 5-FU and
reduced the inhibitory effect of BSO on the chemoresistance of
SGC7901/DDP cells to MMC. However, no statistically signifi-
cant effects on the response of the BSO-pretreated SGC7901
cells to MMC were observed, as shown in Fig. SA. Therefore,
the SGC7901/DDP cells appear to be more sensitive than the
parent cells to the alteration of cellular GSH.

Alteration of intracellular GSH. The intracellular GSH levels
in the two cell lines, after various pretreatments, are shown in
Fig. 6. The SGC7901/DDP cells had higher GSH levels than
the SGC7901 cells and treatment with NAC alone increased
the levels of GSH in the two cell lines. Conversely, in the
two cell lines treated with various concentrations of BSO,
significant reductions of intracellular GSH levels occurred in
a concentration-dependent manner. Subsequent experiments
revealed that the inhibition of intracellular GSH by BSO treat-
ment was partially reversed by the addition of NAC. The trends
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Figure 5. Effect of combining NAC with BSO on the chemosensitivity of SGC7901 and SGC7901/DPP cells. IC;, values of (A) MMC and (B) 5-FU in cells
pretreated with various concentrations of BSO and then treated with NAC. #p<0.05, "p<0.01 compared with cells treated with BSO alone. BSO20, BSO10 and
BSOS represent BSO concentrations of 0.686, 0.343 and 0.172 mg/ml, respectively. BSO, buthionine sulfoximine; NAC, N-acetylcysteine; MMC, mitomycin.
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Figure 6. Variations of intracellular redox status following various pre-
treatments. Intracellular GSH levels following pretreatment with various
concentrations of BSO and/or NAC. "p<0.01, ’p<0.05 compared with control
cells; *p<0.01, "p<0.05 compared with cells treated with the same concen-
tration of BSO. BSO20, BSO10 and BSOS represent BSO concentrations of
0.686, 0.343 and 0.172 mg/ml, respectively. GSH, glutathione; BSO, buthio-
nine sulfoximine; NAC, N-acetylcysteine.

in the alteration of intracellular GSH levels were consistent
with those in chemoresistance of the SGC7901/DDP cells but
not those in the SGC7901 cells.

Discussion

The resistance of cancer cells to a single drug is usually accom-
panied by resistance to other chemotherapeutic drugs (34-36).
It is well known that CDDP acts on multiple cellular targets
representing various signal transduction pathways. It is there-
fore conceivable that multiple mechanisms are correlated with
the generation of cross-resistance by CDDP, including detoxi-
fication of cells and increased DNA repair (37,38). Evidence
indicates that intracellular GSH content is a determinant of
the sensitivity of tumor cells to chemotherapeutic agents (39).
BSO inhibits GSH biosynthesis by irreversible inhibition of
v-glutamyl cysteine synthase and NAC is a thiol antioxidant
and cysteine source for GSH synthesis. In the present study,
SGC7901/DDP cells were shown to have higher basal GSH
levels than the parent cells and this positively correlated with
increased cross-resistance to 5-FU and MMC. Modification of

the GSH levels in the SGC7901/DDP cells by treatment with
NAC or BSO resulted in changes in the sensitivities of the
cells to the drugs. Following the inhibition of GSH synthesis
by BSO, SGC7901/DDP cells lost their resistance to 5-FU and
MMC, whereas NAC supplementation increased the resistance
of the SGC7901/DDP cells to 5-FU and MMC treatment.
Similar results have been described previously in other cell
lines overexpressing MRP1 (40,41). It therefore appears that the
cross-resistance of tumor cells depends on their levels of GSH.
According to previous studies, GSH is important for promoting
the refractory response of tumor cells to cytotoxic drugs via
increased expression of P-gp and MRPs (42-44). Intracellular
GSH levels are closely correlated with MRP-mediated multi-
drug resistance since GSH interacts directly with MRP and this
interaction causes a change in MRP structure that facilitates the
binding and transport of anticancer drugs (45). Alternatively,
GSH and anticancer drugs may spontaneously form a complex
that behaves as an MRP substrate. Unlike the SGC7901/DDP
cells, the SGC7901 cells treated with BSO did not undergo a
reduction in ICs, value for MMC, although they were sensitized
to 5-FU. Interestingly, the sensitivities of the SGC7901 cells to
MMC were upregulated following NAC pretreatment, but the
resistance of the cells to 5-FU was not significantly altered by
the same treatment. It is therefore possible that the changes of
intracellular GSH levels have a greater effect on the chemo-
sensitivity of the resistant cells than on that of the parent cells.

To verify this hypothesis, we evaluated the changes of
the GSH levels in the cells following various treatments. The
results reveal that NAC increased the GSH levels in the two
cell lines but did not significantly reverse the inhibitory effect
of BSO. Due to the irreversible effects of BSO, the addition of
NAC did not increase the GSH levels immediately, although
it had a significant (p<0.05) effect in the cells compared with
treatment with BSO alone. The GSH levels were reduced from
their control levels by the BSO treatment more markedly in the
resistant cells than in the parent cells. NAC increased the GSH
levels whereas BSO markedly reduced GSH synthesis in the
two cell lines. When compared with the SGC7901 cells, the ICs,
values of the resistant cells were more markedly affected by the
variation of GSH levels. We propose that, upon addition of BSO,
GSH depletion contributes to the substantial increase in the
drug cytotoxicity in the resistant cells. However, NAC appears
to have the opposite effect. The results of our study confirm the



hypothesis that intracellular GSH levels have a close correlation
with MDR. With reference to previous studies, we speculate
that the mechanism involves the following: i) The depletion
of GSH with BSO treatment, resulting in the downregulation
of MRP1 expression, correlates with apoptosis in various cell
lines. Therefore, GSH plays an important role in the inhibition
of apoptosis (43,46,47); ii) GSH is important for the metabolic
detoxification of drugs together with increased activities of
glutathione S-transferases, which may also protect cells from
cytotoxic drugs, so the SGC7901/DDP cells exhibited more
resistance than the control (48); iii) the redox-regulating capacity
of GSH leads to detoxification in cells expressing high levels of
MRP1 (49). Consistent with our results, certain previous studies
using human MCF7 cells and A549 cells have shown that
changes in intracellular GSH levels give rise to clear alterations
in multidrug resistance (50,51). As shown in earlier studies of
BSO and in the current study, BSO is capable of suppressing
intracellular GSH levels and increasing chemosensitivity. The
sensitization of resistant cells may be a promising strategy for
overcoming drug resistance in cancer patients, particularly those
in whom drug resistance occurs as a result of high GSH levels.

Our results demonstrate that NAC increases multidrug
resistance in SGC7901/DDP cells and that this effect may relate
to GSH synthesis. Additionally, BSO appears to play a vital
role in enhancing the sensitivity to chemotherapeutic drugs via
GSH depletion. In summary, our study suggests that the altera-
tion of the intracellular micro-environment redox state changes
the multidrug resistance in vitro. This primary research may
provide a promising strategy for anticancer therapy.
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