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GSH-dependent antioxidant defense contributes to the acclimation of colon cancer
cells to acidic microenvironment
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ABSTRACT
Due to increased glycolysis and poor local perfusion, solid tumors are usually immersed in an acidic
microenvironment. While extracellular acidosis is cytotoxic, cancer cells eventually become acclimated to it.
While previous studies have addressed the acute effect of acidosis on cancer cells, little is known about how
cancer cells survive chronic acidosis. In this study we exposed colorectal cancer (CRC) cells (HCT15, HCT116
and LoVo) to acidic pH (pH 6.5) continuously for over three months and obtained CRC cells that become
acclimated to acidic pH, designated as CRC-acidosis-acclimated or CRC-AA. We unexpectedly found that
while acute exposure to low pH resulted in an increase in the level of intracellular reactive oxygen species
(ROS), CRC-AA cells exhibited a significantly reduced level of ROS when compared to ancestor cells. CRC-AA
cells were found to maintain a higher level of reduced glutathione, via the upregulation of CD44 and
glutathione reductase (GSR), among others, than their ancestor cells. Importantly, CRC-AA cells were more
sensitive to agents that deplete GSH. Moreover, downregulation of GSR by RNA interference was more
deleterious to CRC-AA cells than to control cells. Together, our results demonstrate a critical role of
glutathione-dependent antioxidant defense in acclimation of CRC cells to acidic extracellular pH.
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Introduction

Cancer cells form a dynamic relationship with their microenviron-
ment. Both the cancer cells and their microenvironment evolve
during the course of cancer development and progression. While
cancer cells can modify their microenvironment by recruiting
immune cells, mesenchymal cells and endothelial cells that com-
prise the cellular components of tumor microenvironment, they
also need to evolve in various features in order to survive in the rel-
atively hostile environment, which is usually hypoxic, poorly circu-
lated and low in nutrients.1-4 Because cancer cells are usually
rewired for glycolysis, which produces lactic acid, even under aero-
bic condition (the Warburg effect), and tumor vasculature is usu-
ally poorly functional, tumormicroenvironment is characteristic of
an acidic pH, or called extracellular acidosis, which is usually mea-
sured between 5.5»7.0.5-7 For most cells, an extracellular acidic
microenvironment is harmful and genotoxic.8-10 However, some
tumor cells may survive and evolve to become more malignant
under such a condition.11-17 Interestingly, cancer cells usually have
a higher intracellular pH (pH > 7 .4) than normal differentiated
adult cells (pH»7.2).18 This reversed pH gradient is regarded as
one of the adaptive features of most cancers and may facilitate sur-
vival, proliferation, metabolic adaptation, metastasis and invasion
of cancer cells. Moreover, autophagy and reprogrammed cellular
metabolism were found to be critical for the survival of cancer cells
in an acidic microenvironment.19-21 However, it remains to be

determined whether there are other means upon which cancer cells
rely for living in the acidic extracellular milieu.

Living cells are always subjected to the effects of reactive
oxygen species (ROS) which include superoxide anion (O2¢¡),
hydroxyl radical (HO¢) and hydrogen peroxide (H2O2). While
ROS at low to moderate levels are essential for cellular signaling
that sustains proliferation and differentiation, when they are
produced in excess and overwhelm the cellular antioxidant
defensive systems, oxidative stress ensues, which may lead to
apoptosis, senescence and increased mutation load.22-25 Intra-
cellular ROS level is usually elevated in response to various
types of stress and stimuli.23 It was reported that acute expo-
sure to acidic microenvironment can cause an increase in
ROS.26 Cancer cells usually experience high level of ROS and
have concomitantly acquired robust antioxidant capacity.27-29

While acidic tumor microenvironment is known to accom-
pany tumor survival, growth, invasion and metastasis, most
studies so far addressed acute acidosis, in terms of hours to
days, and little is known about how cancer cells respond to
chronic acidic environment. If acidosis is a selective factor for
cancer cells, it is important to know what features the survivors
have when compared to ancestors. In order to understand what
happens to tumor cells in chronic acidic microenvironment, we
exposed colorectal cancer (CRC) cells to acidic pH continu-
ously for a long period and selected the CRC cells that had
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become acclimated to acidic pH (CRC-AA). We found that
contrary to the elevation of ROS in CRC cells acutely exposed
to low pH, the ROS level in CRC-AA cells was lower than in
their parental cells and was maintained by a high level of GSH.

Results

Characteristics of colon cancer cells adapted to acidic
microenvironment

We subjected colorectal cancer cells, HCT15, HCT116, LoVo
and SW480 cells, to acidic medium (pH6.5) continuously to
select for cells that became acclimated to the acidic

microenvironment. While SW480 cells failed to proliferate
shortly after being transferred to acidic medium, HCT15,
HCT116 and LoVo cells survived and were able to proliferate
after passages in acidic medium for at least three months. We
designated them CRC-AA for CRC-acidosis acclimated
(HCT15-AA, HCT116-AA and LoVo-AA cells, respectively).

The CRC-AA cells appeared to have lost the cobblestone-
like feature that is typical of epithelial cells and is present in
their parental cells (Fig. 1A). They were more elongated and
more scattered. Measurement of proliferation using EdU incor-
poration assay showed that the CRC-AA cells generally had a
reduced rate of proliferation (Fig. 1B). Examination of cell cycle
distribution showed that CRC-AA cells had significantly higher

Figure 1. Chronic acidic microenvironment inhibits proliferation. (A) Cell density and morphology of HCT15 cells (left), HCT116 (middle) and SW480 (right) at pH6.5 were
examined under microscopy (£20). HCT15 and HCT116 cells growing in acidic medium were more scattered and elongated. SW480 showed little morphological change
except a reduction in cell density. (B) Acidic microenvironment reduced proliferation of CRC cells. Proliferation of HCT15 (top) and HCT116 (bottom) cells cultured at low
pH (6.5) for 72 h or for more than 3 months (CRC-AA) were determined by EdU incorporation. Red, EdU; blue, DAPI. (C) Cell cycle distribution of CRC cells growing in acidic
medium for various durations. (D) Apoptotic levels of CRC cells adapted to acidic pH (HCT15 and HCT116 cells) and SW480 cells. �, p < 0.05; ��, p < 0.01.
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percentages of cells in G1 phase and reduced percentages of
cells in S phase (Fig. 1C).Interestingly, SW480 cells, which
failed to survive the chronic acidic stress, were not arrested in
G1 phase. CRC cells exposed to acidic medium initially showed
an increased apoptosis than controls. However, the CRC-AA
cells eventually exhibited reduced levels of apoptosis than their
parental cells (Fig. 1D). High level of apoptosis remained in
SW480 cells even after 22 d in acidic medium (Fig. 1D), which
is probably due to loss of the protection by G1 arrest. These
results indicate that CRC-AA cells are distinct from their
parental cells in morphology and proliferation. They even have
a reduced rate of spontaneous apoptosis.

ROS level is reduced in colorectal cancer cells acclimated
to chronic acidic stress

A previous study showed that the level of intracellular ROS in
cancer cells exposed to acute acidosis was elevated.26 Measure-
ment of ROS showed that consistent with the previous report,
the ROS level was increased when CRC cells were exposed to
acidic medium for 4 h (Fig. 2A). The elevation of ROS in
response to acute acidosis applied to all four cell lines tested.
However, all three lines of CRC-AA cells showed a significantly
reduced level of ROS when compared to their parental cells

(Fig. 2B). These results suggest that while CRC cells may
respond to acute acidosis by elevating ROS, they generally have
a reduced level of ROS when they become acclimated to the
low extracellular pH.

Acclimation of CRC cells to chronic acidosis depends on
GSH

Glutathione (GSH) is regarded to be the most important
antioxidant in mammalian cells.30 Reduced GSH can effec-
tively convert ROS into benign molecules. To determine
whether GSH is involved in the maintenance of a reduced
ROS level in CRC-AA, we measured the level of GSH as
well as the ratio of GSH/GSSG in HCT15-AA and their
parental cells. As shown in Figure 3A, the level of GSH as
well as the ratio of GSH/GSSG was significantly higher in
HCT15-AA cells. To test whether the increased level of
GSH is responsible for adaptation of CRC cells to acidic
pH, we determined colony formation of HCT15-AA and
their parental cells in the presence of buthionine sulphoxi-
mine (BSO), a GSH-depleting agent. As shown in
Figure 3B, BSO inhibited colony formation in both sets of
cells, but the reduction was more pronounced for HCT115-
AA cells. As expected, the level of ROS was increased in

Figure 2. ROS is reduced in colon cancer cells acclimated to acidic microenvironment. (A) DCF fluorescent intensity of HCT15, HCT116, LoVo and SW480 cells exposed to
acidic medium for 4 h. (B) DCF fluorescent intensity of HCT15 cells, HCT116 cells and LoVo cells growing acidic medium for more than 3 months. �, p < 0.05; ��, p < 0.01.
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CRC cells treated with BSO (Fig. 3C). Furthermore, when
HCT15 and HCT116 cells were exposed to diethyl maleate
(DEM), another depleting agent of GSH, and scored for via-
bility with MTT assay, both HCT15-AA and HCT116-AA
cells showed an increased sensitivity to DEM when com-
pared to their parental cells (Fig. 3D). These results suggest
that the survival of CRC-AA cells was more dependent on
GSH than that of control cells. Together, these results indi-
cate that a low level of ROS, which is probably mediated by
increased level of GSH, is critical for CRC cells to live
under the acidic microenvironment.

Expression pattern of representative genes involved in
GSH metabolism

As illustrated in Figure 4A, the level of GSH is affected by
its rate of de novo synthesis (via steps catalyzed by GLS1/2
and GCLC/GCLM, and facilitated by CD44 and xCT), by
its utilization (catalyzed by GPX or GST) and by its break-
down (catalyzed by GGT).28,30,31 We next determined, by
quantitative real-time PCR (qRT-PCR), the expression levels
of representative genes involved in GSH metabolism in
HCT15-AA and HCT116-AA cells. As shown in Figure 4B,
the expression pattern of those genes generally suggests an

increased capacity for antioxidant defense in CRC-AA cells
when compared to their parental cells. GSR, CD44, GPX1,
GPX3 and GPX6 were remarkably upregulated in both
HCT15-AA and HCT116-AA cells, though for the other
genes the changes in expression were less consistent or the
degrees of difference were less pronounced. Western blot
analysis confirmed the upregulation of GSR and GPX1 at
protein level (Fig. 4C). Furthermore, flow cytometry analysis
revealed an increase in the expression of CD44 in HCT15-
AA, HCT116-AA and LoVo-AA cells over their parental
cells (Fig. 4D). Taken together, these results suggest that
compared to their parental cells, CRC-AA cells may be gen-
erally wired to maintain a more robust antioxidant defense
that depends on GSH.

Requirement of GSR for survival of CRC cells in acidic
microenvironment

GSR is essential for the conversion of GSSG to reduced GSH.
We next determined the effect of GSR depletion on the survival
of CRC-AA cells. As shown in Figure 5A, GSR was efficiently
knocked down by RNAi in HCT15 and HCT116 cells. As
expected, the ROS level was elevated as a result of the GSR
depletion (Fig. 5B). Strikingly, while the level of apoptosis

Figure 3. Antioxidant GSH is critical for survival of acidosis-acclimated cancer cells. (A) GSH level as well as GSH/GSSG ratio is higher in HCT15-AA than in their parental
cells. The GSH and GSH/GSSG ratio were measured by a GSH and GSSG assay kit. (B) Inhibition of colony formation by BSO in HCT15-AA and their parental cells. Cultured
cells were exposed to BSO (10mM) for 12d to allow for colony formation. (C) Induction of ROS by BSO. ROS fluorescence intensity of HCT15 cells treated with BSO
(500mM, 12h) was determined by flow cytometry. (D) Inhibition of proliferation of CRC-AA cells and their parental cells by DEM. CRC cells were treated with different con-
centrations of DEM (0, 0.1, 1, 50mM) for 48 h. Cell viability was measured by MTT assay. �, p < 0.05; ��, p < 0.01.
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remained unchanged in response to GSR depletion in parental
HCT15 cells, it increased over ten-fold in HCT15-AA cells
(Fig. 5C), suggesting that GSR is strictly required for the sur-
vival of CRC-AA cells. Consistently, HCT15-AA and HCT116-
AA cells in which GSR was depleted experienced a significantly
reduced proliferation, as determined by MTT assay (Fig. 5D).
Intriguingly, the parental HCT15 cells in which GSR was
depleted even showed an enhanced rate of proliferation.
Together, these results provide further support for the notion
that the CRC-AA cells are more reliant on GSH than their
parental cells.

Discussion

In this study we subjected colorectal cancer cells to chronic aci-
dosis, selected for and characterized the cells that became accli-
mated to low pH, designated as CRC-AA. We observed that
while acute exposure to low pH resulted in an increase in the
level of intracellular ROS in CRC cells, CRC-AA cells exhibited
a much reduced level of ROS when compared to their ancestor
cells. CRC-AA cells exhibited a higher level of GSH than in
their ancestor cells. Consistently, key genes involved in GSH
metabolism are found to be expressed in such a way as to

Figure 4. Expression levels of genes involved in GSH metabolism. (A) A diagram showing the key factors involved in GSH metabolism. (B) Relative expressions of repre-
sentative redox genes at mRNA level in CRC-AA and their parental cells, as measured by quantitative real-time PCR. (C) Expression levels of redox proteins in CRC-AA and
their parental cells measured by Western blotting. (D) Flow cytometric analysis of CD44 expression levels in CRC-AA and their parental cells. �, p < 0.05; ��, p < 0.01.
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maintain a higher level of GSH and to establish a more robust
GSH-based antioxidant defense in CRC-AA cells. CD44, gluta-
thione reductase and glutathione peroxidases were generally
upreguated in CRC-AA cells. Importantly, CRC-AA cells were
found to be more sensitive to depletion of GSH than their
ancestor cells. Our results thus provided a new insight into how
cancer cells adapt to acidic microenvironment.

We also observed that cancer cells that survived chronic
exposure to acidic medium all showed an elevation of cells in
G1/G0 phase, indicative of G1 arrest. Interestingly, SW480
cells, which did not exhibit G1 arrest in response to acidic
medium and failed to adapt, experienced high level of apoptosis
throughout the selection process. These observations suggest
that G1 arrest is also important for survival under acidic stress.

It should be noted that antioxidant genes such as CD44,
GLS2, GPX1 are generally upregulated in CRC specimens
when compared to mucosa32 (GEO dataset accession:
GSE20842), thus already providing to CRC a stronger buffer
against oxidative stress than to normal tissue. The increased
expression of those genes in CRC-AA cells over CRC parental

cells would confer further enhanced antioxidant defense under
the acidic microenvironment. It should be pointed that while
genes involved in GSH metabolism may generally evolve in
expression levels to boost the antioxidant defense under acidic
condition, individual genes may be regulated differentially in
different CRC cell lines or specimens. It is clear that the extent
to which the genes were upregulated varied between HCT15-
AA and HCT116-AA cells. Furthermore, while GGT1 and
GGT6 were downregulated in HCT15-AA cells, they remained
unchanged or upregulated in HCT116-AA cells. Therefore,
while we may expect an enhanced GSH-based antioxidant
defense in CRC-AA cells, the redox pathways and/or genes
involved may vary in different CRC cells. Furthermore, because
the metabolic pathways of glucose, fatty acids and amino acids
are potentially all subjected to reprogramming under stressful
conditions,21 changes in those pathways may also contribute to
antioxidant defense.

Cancer cells and their microenvironment co-evolve during
cancer progression. Thanks to accumulation of acquired muta-
tions and/or epigenetic changes, cancer cells are often

Figure 5. GSR knockdown compromises the survival of CRC-AA cells. (A) Knockdown of GSR by siRNA in HCT15 and HCT116 cells. RNAi efficiency was determined by
Western blotting, GAPDH was used as a loading control. (B) Increase of ROS levels in CRC cells by GSR siRNA. (C) Apoptosis was greatly increased in CRC-AA cells when
transfected with GSR siRNA. (D) Viability of CRC-AA cells was reduced when transfected with GSR siRNA, as determined by MTT assay. �, p < 0.05; ��, p < 0.01.
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reprogramed in their developmental potential and metabolism
when compared to normal cells. They can also hijack or har-
ness host cells to establish a microenvironment that is condu-
cive to cancer progression. On the other hand, environmental
pressures including physical restraint, hypoxia, shortage of
nutrients, inflammatory cytokines and extracellular acidosis
also act to select for those that are most adapted to the chang-
ing environment. The ability to undergo autophagy appears to
confer cancer cells a great advantage under many stressful con-
ditions.33 Autophagy likewise operates to protect cancer cells
under acidic stress.19,20 Our results presented in this study indi-
cate that an augmented antioxidant defense is also critical for
cell survival under chronic acidic stress.

Materials and methods

Cells and cell culture

Human colon cancer cell lines HCT15, HCT116, SW480 and
LoVo were obtained from the Cell Bank of Chinese Academy
of Sciences (Shanghai). HCT15 and HCT116 cells were main-
tained in RPMI-1640, SW480 in Leibovitz’s L-15 medium and
LoVo in DMEM/F12, all supplemented with 10% FBS, 100U/
mL penicillin, and 100 mg/mL streptomycin in a humidified
5% CO2/95% air atmosphere at 37�C. The pH of the growth
medium was adjusted to 7.4 or 6.5 with 25 mmol/L each of
PIPES and HEPES. HCT15, HCT116 and LoVo cells were con-
tinuously cultured and passed in growth medium adjusted to
pH 6.5. Cells that survived the chronic exposure to low pH, for
at least three months, were designated as HCT15-AA,
HCT116-AA and LoVo-AA, respectively. SW480 cells failed to
survive the chronic acidic culture condition beyond 21 d.

Chemicals

Diethyl Maleate (DEM) from Sigma Chemical (St Louis, MO).
Buthionine sulfoximine (BSO) was from Cayman Chemical
(Ann Arbor, MI).

EdU incorporation

EdU (5-Ethynyl-2-deoxyuridine) incorporation was performed
using Cell-LightTM EdU Cell Proliferation Detection kit (Ribo-
Bio, Guangzhou, China) and was previously described.33 Cells
were incubated in the presence of EdU (100 mM) for the final
2 h before being processed for EdU staining.

Analyses of cell cycle distribution and apoptosis by flow
cytometry

Cells were harvested using 0.25% Trypsin-EDTA, centrifuged
(300 g), and washed once with cold PBS. The pellet was resus-
pended in ice cold 70% ethanol and stored at ¡20�C. Once all
samples were collected, cells were centrifuged and resuspended
in cold PBS. Samples were incubated with 20 mg/mL propidium
iodide/0.1% Triton X-100 staining solution with 0.1mg/mL
RNase A. Cell cycle distribution was determined using the BD
Biosciences FACSCanto II Analyzer. At least 20,000 cells were
collected. For analysis of apoptosis, both adherent and

supernatant cells were harvested, washed twice in PBS, and
resuspended in 1£ binding buffer at a density of 1£106 cells/
mL. Cells were assayed for apoptosis using an Alexa Fluor 488
annexin V/Dead Cell Apoptosis Kit (Invitrogen) according to
the manufacturer’s instructions.

Determination of cellular ROS

Changes in intracellular ROS were measured using Reactive
Oxygen Species Assay Kit (Beyotime Biotechnology) follow-
ing the manufacturer’s protocols. In brief, cells were labeled
with 10mM DCFH-DA (20,70-dichlorofluorescin diacetate)
for 20 min at 37�C in a humidified atmosphere at 5% CO2.
The labeled cells were washed and collected. The fluores-
cence intensity of DCF was measured by flow cytometry
(FACSCanto II, BD Biosciences).

Colorimetric determination of GSH and GSSG

The amounts of total glutathione and GSSG were determined
using the GSH and GSSG Assay Kit (Beyotime, China) follow-
ing the manufacturer’s recommendations. The amount of GSH
was obtained by subtracting GSSG from the total glutathione.

Cell viability assay

Cells were plated in 96-well cell culture plates at the concentra-
tion of 2–5 £ 103 cells/well. Twenty-four h later, the medium
was removed and replaced with fresh medium with or without
DEM. Cell viability was measured at the appropriate time
points by using the MTT assay kit (Beyotime, China) following
manufacturer’s instructions. The absorbance of converted dye
is measured at the wavelength of 490 nm and the absorbance is
proportional to cell viability.

Clonogenic survival assay

Briefly, the cells were treated, trypsinized, suspended in com-
plete medium, counted and replated in 100-mm tissue culture
dishes to allow formation of macroscopic colonies. Plates were
incubated at 37�C for 7 to 14 days, fixed with methanol, stained
with Giemsa, and colonies containing at least 50 cells in size
were counted.

Western blotting analysis

Cells were harvested, rinsed in ice-cold PBS, and lysed in Cell
Lysis Buffer (Beyotime, China) for 30 minutes. The lysates
were centrifuged at 12,000 rpm to remove any cellular debris.
Protein concentrations of the lysates were determined by the
BCA protein assay system (Beyotime, China). Equal amounts
of protein were separated by 10% SDS-PAGE, transferred to
PVDF membrane (Millipore, Billerica, MA), and blocked with
5% nonfat dry milk in TBS-Tween 20 (0.1%, v/v) for 1 h at
room temperature. The membrane was incubated with primary
antibody overnight. Anti-GGT1 and GPX1 were from Abcam
(Cambridge, UK); GPX3 was from Novus (Minneapolis, MN);
GSR was from proteintech (Wuhan, China); and b-actin and
GAPDH were from Santa Cruz (Dallas, TX). After washing, the
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membrane was incubated with the appropriate horseradish per-
oxidase secondary antibody (diluted 1:5,000; Amersham Phar-
macia Biotech, Arlington Heights, IL) for 1 h. Following several
washes, the blots were developed by enhanced chemilumines-
cence (Millipore, Billerica, MA).

cDNA synthesisand qPCR

Total RNA was isolated using TRIzol reagent (Invitrogen,
Shanghai, China) according to the manufacturer’s protocol.
For qPCR, cDNA was synthesized by reverse transcription of
1 mg of total RNA with random hexamers. The total volume of
reverse transcription reaction was 20 mL. Real-time quantita-
tive PCR was performed using the LightCycler� 480 sequence
Detection System (Roche Applied Science, Upper Bavaria, Ger-
many). Human glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was amplified as an internal control. The primer
sequences are listed in Supplementary Table 1. The samples
were loaded in quadruple, and the results of each sample were
normalized to GAPDH.

RNA interference

Cells were transfected with siRNAs (50nM) using Lipofectamine
2000 (Invitrogen, USA) according to themanufacturer’s guide. siR-
NAs corresponding to the cDNA of GSR: 50-CCAGAAUA
CCAACGUCAAATT-30/50-UUUGACGUUGGUAUUCUGGTT
-30. RNAi efficiency was determined 48 h after transfection.

Statistical analysis

Student’s t test was used to determine the statistical significance
between experimental groups. Difference was considered signif-
icant if the P value was less than 0.05.
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