ONCOLOGY REPORTS 30: 1195-1200, 2013

Ammonium chloride enhances cisplatin cytotoxicity through
DNA double-strand breaks in human cervical cancer cells
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Abstract. Cisplatin (cis-diamminedichloroplatinum IT, CDDP)
acts as a therapeutic agent by initiating cellular apoptosis.
However, side-effects and drug resistance limit the clinical use
of cisplatin. Numerous studies have focused on the drug-target
interactions, cellular pharmacology and pharmacokinetics of
cisplatin. Newly developed treatment strategies are needed in
order to be used in combination with cisplatin, with the aim
to minimize toxicity and to circumvent cisplatin resistance.
Ammonium chloride (NH,Cl) is widely used in various areas,
but its use as a combination agent with cisplatin for the treat-
ment of cancer cells has not been previously reported. In the
present study, we showed that NH,Cl could be potentially
used as an effective agent in cisplatin combination treatment
of HeLa human cervical cancer (HCC) cells. Cisplatin was
found to inhibit cell growth, as well as to induce cell apoptosis
and DNA double-strand breaks. In addition, treatment with
NH,CI increased the rate of cell apoptosis and the activation
of caspase-3. Particularly, we found that NH,CI treatment
increased cisplatin-induced phosphorylation of H,AX. In
conclusion, our data indicate that NH,Cl enhances cisplatin
cytotoxicity through increased DNA damage in HeLa HCC
cells.

Introduction

Cisplatin (cis-diamminedichloroplatinum II, CDDP) is one of
the most effective chemotherapeutic agents widely used for the
treatment of solid tumors. However, the side-effects of cisplatin
chemotherapy and resistance during the course of the treatment
limit its clinical use (1-3). Cisplatin is generally considered as a
cytotoxic drug which kills cancer cells by damaging DNA and
inhibiting DNA synthesis. Cisplatin-induced DNA damage
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activates various signaling pathways to prevent or promote cell
death predominantly by inducing apoptosis (4). Based on the
mechanism of action of cisplatin-induced cell death, modifica-
tions to the combination methods used in chemotherapy are
required to reduce the side-effects and increase the therapeutic
effects of cisplatin. Autophagy inhibitors, such as 3-methyl-
adenine and chloroquine, have been shown to effectively
enhance cisplatin cytotoxity (5-8). Additional agents have
been recently assessed such as bortezomib (PS-341, Velcade),
a proteasome inhibitor (9,10), and histone acetyltransferase
inhibitor, suberoylanilide hydroxamic acid (SAHA) (11,12).
Some of these agents have been shown to confer sensitizing
effects to cisplatin combination therapy.

Ammonium chloride (NH,CI) is an agent used for the
treatment of metabolic alkalosis in clinical practice (13).
NH,CI was recently used as an autophagy inhibitor in in vitro
studies, where it was found to affect the pH of lysosomes and
to disturb the activity of autolysosomes (14-16). In the present
study, we used NH,CI combined with cisplatin to investigate
the potentially effective use of NH,CI as an agent in cisplatin
combination chemotherapy.

In the present study, we tested the hypothesis that the use
of NH,CI increases the apoptosis induced by cisplatin treat-
ment in human cervical cancer (HCC) HeLa cells. Cisplatin
was found to inhibit the cell growth, as well as to induce cell
apoptosis and DNA double-strand breaks (DSBs). Treatment
with NH,Cl increased the rate of cell apoptosis and the activa-
tion of caspase-3. NH,CI treatment combined with cisplatin
was found to increase cisplatin-induced apoptosis by inducing
severe DNA damage.

Materials and methods

Cell culture. The HCC HeLa cell line was cultured at 37°C in
an atmosphere containing 5% CO, and 95% air, using Iscove's
modified Dulbecco's medium (IMDM,; Life Technologies, Inc.,
Gaithersburg, MD, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco-BRL, Carlsbad, CA, USA), 100 U/ml peni-
cillin and 100 U/ml streptomycin. The cells were divided into
4 groups: non-treated cells, cells treated with 5 pg/ml cisplatin
(Sigma, St. Louis, MO, USA), cells treated with 2 mM NH,CI
(Sigma) and cells treated with 5 ug/ml cisplatin combined with
2 mM NH,CI.
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MTT assay. Cell viability was determined using MTT assay.
Exponentially growing HeLa cells were seeded into 96-well
culture plates in 100 xl medium at a density of 1x10* cells/well.
After a 24-h incubation, the indicated dose (as described in
‘Cell culture’) of cisplatin and/or NH,Cl1 was added for a 24-h
incubation in 4 parallel wells. MTT assays (Beyotime, China)
were subsequently performed. Briefly, 20 ul of MTT solution
[5 mg/ml in phosphate-buffered saline (PBS)] was added
followed by a4-h incubation. Then, 150 ul of dimethyl sulfoxide
(Beijing Chemical Industry Co., Ltd., China) was added to
each well. After shaking for 10 min, absorbance was measured
at 570 nm using a microplate reader (Bio-Rad, Hercules, CA,
USA). The survival rate was calculated as follows: Survival
rate (%) = Absorbance of experimental group/Absorbance of
control group x 100%. The mean value of 4 wells per treatment
group was calculated in each experiment.

Western blot analysis. HeLa whole-cell protein extracts
were prepared with cell lysis buffer (50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 1 mM Na,EDTA, 1 mM EDTA,
1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, 1 mM Na,VO,, 1 mM NaF, 1 pg/ml
leupeptin and 1 mM PMSF) for western blot analysis. The
protein extracts were quantified using the Bio-Rad kit (Pierce).
For Western blot analysis, lysate proteins (30-50 pg) were
resolved on 10% SDS-polyacrylamide gel electrophoresis and
transferred onto Immobilon-P transfer membranes (Millipore,
Boston, MA, USA). The membranes were blocked with 5%
nonfat dry milk in buffer [10 mM Tris-HCI (pH 7.6), 100 mM
NaCl and 0.1% Tween-20] for 1 h at room temperature. The
membranes were then incubated with the appropriate primary
antibody [anti-caspase-3 or anti-f-actin antibody (dilution,
1:200); Eptomics, Burlingame, CA, USA] at 4°C overnight,
followed by incubation with horseradish peroxidase-conju-
gated secondary antibody (HuaAn Biotechnology, Hangzhou,
China) at a dilution of 1:2,000 for 1 h at room temperature.
The immunoreactive bands were visualized using the diami-
nobenzidine method (Sigma). Representative bands were
measured with a Tanon GIS gel imaging system and analyzed.
The levels of proteins were normalized to those of B-actin
and the ratios of normalized protein to 3-actin were presented
as means = SD from three independent experiments. Protein
levels were quantified by densitometry using Quantity One
software (Bio-Rad).

Immunofluorescence staining and confocal laser microscopy.
Following treatment with the indicated doses of cisplatin
and/or NH,CI (as described in ‘Cell culture’) for 24 h, the cells
were cultured on coverslips overnight. Subsequently, the cells
were fixed with 4% paraformaldehyde, cell nuclei were stained
with Hoechst 33342 (2 ug/ml; Sigma) for 30 min, followed by
washing with PBS. The cells were then observed using Olympus
FV1000 confocal laser microscope to examine cell chromatin
condensation. The expression levels of active caspase-3 and
v-H,AX were examined using an indirect immunofluores-
cence method. Briefly, the cells were cultured on coverslips
overnight, treated with the indicated doses of cisplatin and/or
NH,CI (as described in ‘Cell culture’) for 24 h, and then rinsed
thrice with PBS. After incubation, the cells were fixed with
4% paraformaldehyde for 20 min, permeabilized with 0.1%
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Triton X-100 for 5 min, blocked with bovine serum albumin
(BSA) and incubated with the primary antibodies against
active caspase-3 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) and y-H,AX (Cell Signaling Technology, Inc.,
Beverly, MA, USA) (dilution, 1:100) at 4°C overnight. The
cells were then incubated with FITC/Texas Red conjugated
secondary antibodies (dilution, 1:400) (Invitrogen, Carlsbad,
CA, USA) for 1 h, stained with Hoechst 33342 (2 ug/ml) for
2 min, and washed thrice with PBS. Following staining, the
cells were mounted and examined under a Olympus FV1000
confocal laser microscope.

Flow cytometric analysis. Propidium iodide (PI, 1 pg/ml;
Invitrogen) was used for the determination of cell death.
After exposure to the different experimental conditions, the
cells were trypsinized and incubated with PI for 30 min at
37°C. The samples were then analyzed using a FACScan flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). All the
experiments were performed in triplicate.

Statistical analysis. Data are representative of three inde-
pendent experiments each performed in triplicate. Statistical
analysis of the data was performed using one-way ANOVA.
Tukey's post hoc test was used to determine the significance
for all pairwise comparisons of interest. P-values of <0.05 were
considered to indicate a statistically significant difference.

Results

NH,Cl increases cell growth inhibition induced by cisplatin.
Based on the results of our preliminary studies, HeLa cells
were treated with the indicated doses of cisplatin and/or
NH,CI for 24 h, and cell growth inhibition was then assessed
using MTT assays. Cisplatin was found to inhibit the growth of
HeLa cells. MTT assays indicated that there was no significant
effect of treatment with NH,Cl alone on cell viability, while
NH,CI enhanced the cytotoxic effect of cisplatin when NH,Cl
was used in combination with cisplatin (Fig. 1A).

Morphological changes were also examined using an
inverted phase contrast microscope. Cisplatin-treated cells
were observed to be round and fragile in comparison with the
control cells. The number of round and fragile cells following
treatment with cisplatin in combination with NH,Cl was
increased compared to the number of cells exposed to cisplatin
alone (Fig. 1B).

Thus, we hypothesized that NH,Cl increases the apoptotic
rate of HeLa cells induced by cisplatin. The apoptosis rate was
then detected by confocal microscopy and flow cytometric
analysis.

NH,Cl increases cisplatin-induced cell apoptosis. Apoptotic
chromatin condensation was assessed with Hoechst 33342
staining and confocal microscopy. Cisplatin-induced apop-
totic chromatin condensation was observed in HeLa cells
compared with control cells. The cells treated with cisplatin
combined with NH,Cl exhibited obvious apoptotic chromatin
condensation when compared with cells treated with cisplatin
alone (Fig. 2A).

The effect of NH,Cl on cisplatin-induced apoptosis in
HeLa cells was assessed using flow cytometric analysis. As
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Figure 1. NH,Cl increases the growth inhibition rate induced by cisplatin in human cervical cancer (HCC) cells. HeLa cells were treated with cisplatin
(5 pg/ml) and/or NH,C1 (2 mM) for 24 h. (A) Cell viability was determined using MTT assay. (B) Images were captured using an inverted phase contrast
microscope at a magnification of x100. Data are expressed as means + SD, n=3. "P<0.05 vs. control cells; “P<0.05 vs. cisplatin-treated cells.
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Figure 2. NH,Cl increases cisplatin-induced apoptosis. (A) HeLa cells were treated with cisplatin (5 yg/ml) and/or NH,C1 (2 mM) for 24 h, followed by
staining with Hoechst 33342. Cell morphology was observed by confocal microscopy (bar, 10 ym; arrows indicate apoptotic cells). (B) HeLa cells were treated
with cisplatin and/or NH,Cl for 24 h, followed by staining with PI. The cell cycle was assessed using a FACScan flow cytometer. Sub-Gl1 peaks represent the

percentages of apoptotic cells. Data are expressed as means + SD, n=3.

shown in Fig. 2B, a higher apoptotic rate (sub-Gl peak) was
observed in cells treated with cisplatin combined with NH,Cl
(19.4%), when compared with the apoptotic rate of the cells
treated with cisplatin alone (12.5%).

NH,CI combined with cisplatin increases the activation of
caspase-3. Caspase-3 plays an important role in the execution
of apoptosis, and its activation reflects the process of apoptosis.
The activation of caspase-3 in HeLa cells treated with cisplatin
alone and cells treated with cisplatin combined with NH,CI
was assessed using confocal microscopy. Red fluorescence
was more intense in cells treated with cisplatin combined

with NH,CI compared with cells treated with cisplatin alone,
suggesting that treatment with the combination of cisplatin
and NH,Cl increased the activation of caspase-3 (Fig. 3).

Furthermore, the activation of caspase-3 was assessed
by detecting the expression of cleaved caspase-3 by western
blot analysis. Cisplatin was found to increase the expression
of cleaved caspase-3 in HeLa cells compared to control cells.
However, treatment with cisplatin combined with NH,Cl
increased the expression of cleaved caspase-3 compared to
cells treated with cisplatin alone (Fig. 4A and B). These results
indicate that NH,Cl efficiently increased the apoptosis induced
by cisplatin in HeLa cells.
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Figure 3. NH,Cl increases the expression of active caspase-3. HeLa cells were treated with cisplatin (5 yg/ml) and/or NH,C1 (2 mM) for 24 h. The expression
of active caspase-3 was detected by confocal microscopy following the indicated treatments for 24 h (bar, 10 #m; Texas Red-conjugated secondary antibody).
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Figure 4. NH,Cl increases the activation of caspase-3. (A) HeLa cells were
treated with cisplatin (5 yg/ml) and/or NH,CI (2 mM) for 24 h. Western
blot analysis was performed to investigate the expression of caspase-3 and
cleaved caspase-3. (B) Quantitation of cleaved caspase-3 protein levels. Data
are expressed as means = SD, n=3. "P<0.05 vs. control cells; “P<0.05 vs.
cisplatin-treated cells.

NH,Cl increases cisplatin-induced DNA DSBs. Cisplatin
has been reported to kill cancer cells by damaging DNA and
inhibiting DNA synthesis. Thus, we hypothesized that NH,C1
increases the DNA damage induced by cisplatin. DSBs induce
the phosphorylation of H,AX at a conservative C-terminal
region of serine 139 leading to the formation of y-H,AX. Thus,
v-H,AX is usually used as a DNA DSB marker.

The expression of y-H,AX in HeLa cells treated with
cisplatin alone and cells treated with cisplatin combined with
NH,CI was determined using confocal microscopy (Fig. 5).
After a 24-h treatment, green fluorescence was observed in
cells treated with cisplatin alone. Moreover, less intense green
fluorescence was observed in cells treated with NH,Cl alone
compared with cisplatin-treated cells. The strongest green
fluorescence was observed in cells treated with cisplatin
combined with NH,CI (Fig. 5). These results indicate that
NH,CI efficiently enhances DSBs induced by cisplatin in
HeLa cells.

Discussion

Cisplatin is a widely used chemotherapeutic agent against
several types of solid tumors, including cervical cancer, and
is used either alone or in combination with other anticancer
agents. However, the clinical use of cisplatin is limited due to its
side-effects and drug resistance (17-19). The antitumor activity
of cisplatin is attributed to its ability to cause DNA damage,
leading to the subsequent induction of apoptosis (20-22). DNA
is the primary biological target of cisplatin (22). The platinum



ONCOLOGY REPORTS 30: 1195-1200, 2013

Cisplatin

1199

Bnlit field

Figure 5. NH,ClI increases the phosphorylation of H,AX. HeLa cells were treated with cisplatin (5 yg/ml) and/or NH,C1 (2 mM) for 24 h. The expression of
v-H,AX was detected by confocal microscopy following the indicated treatments for 24 h (bar, 10 ym; FITC-conjugated secondary antibody).

atom of cisplatin forms covalent bonds with the N7 position
of purine bases to form 1,2- or 1,3-intrastrand cross-links and
a lower percentage of interstrand cross-links. The interstrand
and intrastrand cross-links disrupt the structure of the DNA.
Following DNA damage, cells either repair the damage and
start progressing through the cell cycle or, when the damage
cannot be repaired, the cells proceed to apoptosis (4). The main
death pathway activated by specific cellular damage induced
by cisplatin is a caspase-dependent intrinsic apoptotic pathway
that involves mitochondria and the endoplasmic reticulum
(ER) (7,23-27).

Apoptosis is a physiological process of cell self destruc-
tion, which plays important roles in embryo development,
homeostasis and immune defense (28). Caspases are a group
of proteases that are the key components involved in the
process of apoptosis. Active caspase-3 cleaves certain proteins
and triggers the inactivation of cell structure-, cell cycle- and
DNA repair-associated proteins or kinases, leading to cell
apoptosis (29). H,AX phosphorylation occurs in response to
replication fork damage caused by cisplatin-induced DNA
lesions, probably interstrand cross-links. Although the early
kinetics of y-H,AX formation is uninformative, retention of
v-H,AX foci 24 h after treatment was shown to be a useful
indicator of cell response to killing by cisplatin (30).

Cisplatin is a reactive drug that interacts not only with
DNA, but also with proteins; damage to cytoplasmic proteins
is an early process that has been suggested to initiate cisplatin-
induced apoptosis (31-33). The ER was recently reported to

be a cytosolic target of cisplatin-induced apoptosis via the
ER stress pathway; sustained and unabated ER stress induces
caspase-mediated apoptosis (7,27,34). In addition, ER stress
and mitochondrial dysfunction have also been suggested to
cooperatively regulate apoptotic-signaling cascades (35-37).

The results of the present study showed that cisplatin
treatment inhibited cell growth and induced cell apoptosis.
In addition, exposure to cisplatin activated caspase-3 and
increased phosphorylation of H,AX. These findings collec-
tively indicate that cisplatin induces apoptosis through DNA
damage in HCC HeLa cells.

NH,CI, an expectorant, diuretic and systemic acidifying
agent, is used in the treatment of severe metabolic alkalosis,
to maintain the urine at an acidic pH in the treatment of
certain urinary tract disorders or in forced acid diuresis (13).
The excess ammonia (NH,CI) interferes with brain energy
metabolism possibly in part by inhibiting the tricarboxylic
acid (TCA) cycle (38). In experimental studies, NH,CI can be
used as an autophagy inhibitor, which inhibits the activation
of lysosomal enzymes, thus blocking the degradation of autol-
ysosome components (14-16). According to a previous study
by our group, NH,Cl was found to prevent autophagy flux by
inhibiting the fusion of autophagosomes with lysosomes and
to enhance apoptosis induced by menadione via the mito-
chondrial pathway. These results indicated the generation and
accumulation of reactive oxygen species, as well as increased
levels of ubiquitinated proteins and GRP78 in cells treated
with both menadione and NH,Cl (16). In the present study, we
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found that 2 mM NH,CI had no toxic effects on HeLa cells.
Moreover, treatment with NH,Cl increased the apoptotic rate
and the activation of caspase-3. Notably, NH,CI treatment
combined with cisplatin increased H,AX phosphorylation
reflecting severe DNA damage.

In conclusion, cisplatin treatment was found to induce
apoptosis and H,AX phosphorylation in HCC HeLa cells.
NH,CI treatment combined with cisplatin increased cell
growth inhibition rate, cell apoptosis rate and activation of
caspase-3. Moreover, NH,Cl treatment increased H,AX phos-
phorylation induced by cisplatin. These findings indicate that
NH,CI could be potentially used as an effective agent for the
improvement of cisplatin chemotherapy.
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