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Inhibition of LDH-A by oxamate induces G,/M arrest,
apoptosis and increases radiosensitivity in
nasopharyngeal carcinoma cells
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Abstract. An elevated rate of glucose consumption and the
dependency on aerobic glycolysis for ATP generation have
long been observed in cancer cells, a phenomenon known
as the Warburg effect. The altered energy metabolism in
cancer cells provides an attractive opportunity for developing
novel cancer therapeutic strategies. Lactate dehydrogenase
(LDH), which catalyzes the transformation of pyruvate to
lactate, plays a vital role in the process of glycolysis. It has
been reported that the level of LDH-A expression is increased
both in head and neck cancer cells and in the blood serum of
nasopharyngeal carcinoma (NPC) patients, and is associated
with poor prognosis. However, the effect of LDH-A inhibition
on NPC cells remains unknown. Here, in the present study, we
found that oxamate, a classical inhibitor of LDH-A, suppressed
cell proliferation in a dose- and time-dependent manner both
in CNE-1 and CNE-2 cells, two NPC cancer cell lines. LDH
inhibition by oxamate induced G,/M cell cycle arrest via
downregulation of the CDK1/cyclin B1 pathway and promoted
apoptosis through enhancement of mitochondrial ROS
generation. N-acetylcysteine, a specific scavenger of ROS,
significantly blocked the growth inhibition effect induced by
oxamate. We also identified that oxamate increased sensi-
tivity to ionizing radiation in the two NPC cancer cell lines.
Furthermore, we verified similar results in tumor xenograft
models. Collectively, these results suggest that LDH-A may
serve as a promising therapeutic target for NPC treatment.
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Introduction

Nasopharyngeal carcinoma (NPC) is a squamous-cell carci-
noma of the head and neck region, most common in Southern
China and Southeast Asia (1). Radiotherapy and chemotherapy
are typical conventional treatment for NPC.However, the
5-year survival rate of NPC is ~70% and local recurrence and
distant metastases are the main causes of treatment failures,
indicating that new therapeutic targets must be explored and
developed (2).

An elevated rate of glucose consumption and the depen-
dency on aerobic glycolysis for ATP generation are noticeable
hallmarks of cancer cells, a phenomenon known as the
Warburg effect. In recent years, it was also observed that
glycolysis was promoted in NPC cells, and a higher ®F-FDG
uptake was associated with distant failure and poor prognosis
in NPC patients (3,4). Since the metabolic alteration provides
cancer cells with enough energy and biosynthetic precursors,
metabolic enzymes involved in glycolysis have become thera-
peutic targets with great potential (5).

Lactate dehydrogenase (LDH), including two subunits
LDH-A and LDH-B, is an enzyme widely existing in human
cells and tissues. It catalyzes the transformation of pyruvate
to lactate accompanied by conversion of NADH to NAD*,
which plays a vital role in the process of glycolysis. It has long
been noted that LDH-A expression is upregulated in human
neoplastic tissues (6). Recently, an increasing number of
studies indicate that LDH-A plays an essential role in tumor
maintenance, growth and progression (7-10). Furthermore,
relevant studies have demonstrated that inhibition of LDH-A
induces oxidative stress and suppresses tumor growth in a
variety of cancer cell lines (9,11-13). Regarding NPC, LDH-A
was reported to be highly expressed in head and neck cancer
cells and was found to be associated with local relapse, worse
survival and distant metastasis (14). In addition, several studies
have also demonstrated that an increased LDH serum level is
a poor prognostic factor in NPC patients (15,16). However,
to date, there is no research on whether inhibition of LDH-A
impairs the growth of NPC cancer cells.
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In previous studies, oxamate, a competitive LDH-A inhib-
itor, has been shown to inhibit the growth of cervical, breast
and liver cancer cells in vitro (17-19). Moreover, oxamate also
significantly enhanced the sensitivity of cancer cells to several
chemotherapy agents (20-22). Here, in the present study, the
effect of LDH-A inhibition by oxamate on NPC cells was
explored, and the involved mechanisms were evaluated. More-
over, the influence of oxamate on the radiosensitivity of NPC
cells was examined since radiotherapy is the main treatment
strategy for NPC. Finally, a tumor mouse model was employed
to test the inhibitive effect of oxamate in vivo.

Materials and methods

Reagents and cell lines. Oxamate sodium was purchased
from Sigma-Aldrich Corp. (St. Louis, MO, USA). CNE-1 and
CNE-2 cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Both cell types were
cultured in Dulbecco's modified Eagle's medium (DMEM,;
Gibco), supplemented with 10% fetal calf serum (FCS),
5 mmol/l L-glutamine, 5 mmol/l non-essential amino acids,
100 U/ml penicillin and 100 U/ml streptomycin (Invitrogen,
Carlsbad, CA, USA) at 37°C under 5% CO,.

MTT assay. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide (MTT) assay was performed in 96-well plates
to test cell viability. Cells were seeded at 10*/well and treated
with different concentrations of oxamate sodium (0-100 mmol/I)
for 24, 48 and 72 h, respectively. Then 20 ul of MTT solution
(5 mg/1) was added to each well, and the plates were incubated at
37°C for another 4 h. The supernatant was discarded, and 150 pl
dimethyl sulfoxide was added for 10 min. The absorbance was
measured using a microplate reader (Bio-Tek Instruments, Inc.,
Winooski, VT, USA) at 570 nm. The cell viability is expressed
as the percentage of untreated control cells.

Colony formation assay. Cells pretreated with 20 mmol/l
oxamate sodium for 24 h were irradiated at 0-9 Gy with 6 MV
X-rays from a linear accelerator (Siemens, Munich, Germany),
with a dose rate of 200 cGy/min. The cells were then seeded
at different densities according to the IR dose. After 14 days of
incubation at 37°C, the cells were fixed, stained with Giemsa
and counted. Colonies were scored only when containing =50
cells. Experiments were conducted in triplicate. Survival frac-
tions were fitted into a linear quadratic model using GraphPad
Prism software (version 5.0).

Detection of LDH activity. Intracellular LDH activity was
determined using an LDH activity assay kit (BioVision, Tucson,
AZ, USA). The assay is based on an enzymatic coupling
reaction in which LDH reduces NAD to NADH, which then
reacts with a specific probe to generate a color (A,,,, =450 nm).
Cells treated with different concentrations of oxamate were
harvested and lysed for protein to measure the LDH activity.
Results were normalized to the protein concentrations of the
cell lysate, and the protein concentrations were determined
using a BCA protein assay kit (Beyotime, Haimen, China).

Measurement of intracellular ATP. Intracellular ATP was
measured using a firefly luciferase-based ATP assay kit
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(Beyotime) following the manufacturer's instructions. Briefly,
cells were cultured in DMEM with different concentrations
of oxamate sodium (0, 20, 50 and 100 mmol/I). After 24 h,
cells were lysed and centrifuged at 12,000 x g for 5 min. The
supernatant (100 ul) was transferred to a 24-well plate mixed
with 100 pl ATP detection working dilution. Luminescence
was measured by a microplate reader (Bio-Tek Instruments,
Inc.). The protein concentration of each group was also deter-
mined using a BCA protein assay kit. The relative ATP level is
expressed as ATP value/protein value.

Analysis of cell cycle distribution. Cells were collected at
24 h after treatment with different concentrations of oxamate
sodium, then fixed with 70% ethanol and stored overnight at
4°C. After centrifugation and washing with 1X PBS twice, the
fixed cells were stained with 500 pl of propidium iodine (PI)
(10 pg/ml; Sigma-Aldrich) for 30 min in the dark. Cell cycle
distribution was analyzed using 10,000 cells by flow cytom-
etry with the FACSCalibur system (Becton-Dickinson, San
Jose, CA, USA).

Analysis of apoptosis. Apoptosis was tested using the
Annexin V-FITC apoptosis kit (BD Biosciences, San Jose,
CA, USA). Cells treated with different concentrations of
oxamate sodium for 48 h were harvested and stained with
Annexin V/PI for 30 min. The apoptotic fraction was detected
by a flow cytometer with the FACSCalibur system.

Assay of reactive oxygen species (ROS). ROS content was
tested using an ROS detection kit (Beyotime), based on the
intracellular peroxide-dependent oxidation of DCFH-DA
to form the fluorescent compound 2',7'-dichlorofluorescein
(DCF). Cells treated with 0, 20, 50 and 100 mmol/l oxamate
sodium were collected and incubated with 1 ml DCFH-DA
(20 uM) for 30 min. Fluorescence intensity was detected by
flow cytometry.

Western blot analysis. Cells were harvested and suspended
in IP lysing buffer (Beyotime) containing protease inhibitor
(25 mg/ml; Roche, Mannheim, Germany). The protein concen-
tration was measured using the BCA protein assay kit. Then
50 ug of total protein was separated on SDS-PAGE gel and
transferred to polyvinylidene difluoride (PVDF) membranes.
After blocking in PBS with 5% non-fat dry milk for 45 min,
the membranes were incubated with relevant antibodies for
1 h. Signals were detected using an ECL western blotting
kit (Beyotime). The following antibodies were utilized: anti-
cyclin Bl mouse antibody (1:500; Santa Cruz Biotechnology),
anti-CDK 1 mouse antibody (1:500; Santa Cruz Biotechnology),
anti-Bcl-2 mouse antibody (1:500; Santa Cruz Biotechnology,
anti-Bax mouse antibody (1:500; Santa Cruz Biotechnology),
anti-caspase-3 rabbit antibody (1:1,000; Cell Signaling
Technology), anti-cleaved-caspase-3 rabbit antibody (1:1,000;
Cell Signaling Technology), anti-B-actin antibody (1:2,000;
Santa Cruz Biotechnology), anti-mouse antibody (1:1,000;
Santa Cruz Biotechnology) and anti-rabbit antibody (1:1,000;
Santa Cruz Biotechnology).

Animal experiments. Female Balb/c nude mice weighing
18-22 g at 4-6 weeks of age were purchased from the Institute
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Figure 1. Oxamate inhibits cell growth, LDH enzyme activity and decreases ATP levels in CNE-1 and CNE-2 cells. (A) Cells were exposed to different
concentrations of oxamate for 24, 48 and 72 h, in 96-well plates, and the effects on cell viability were tested by MTT assay. Cell viability was calculated as
a percentage of untreated cells (100%); values are represented as means + SD; n=6. (B) Cells were treated with 0, 20, 50 and 100 mM oxamate for 24 h, then
intracellular LDH enzyme activity was determined using a commercially available kit. Values are represented as means + SD; n=3. "P<0.05, “'P<0.01 vs. the
untreated control. (C) Cells were treated with 0, 20, 50 and 100 mM for 24 h, and intracellular ATP levels were assayed by a firefly luciferase-based ATP
assay kit. Values are represented as means + SD; n=3. "P<0.05, “P<0.01 vs. the untreated control. Each experiment was repeated three times and performed in

triplicate. LDH, lactate dehydrogenase.

of Laboratory Animal Sciences (Shanghai, China) and were
raised under specific pathogen-free environments. CNE-1
cells (1x10°) suspended in 100 pl of 1:1 DMEM culture and
Matrigel (BD Biosciences) were injected subcutaneously
into the flanks of the nude mice. When tumor sizes reached
~100 mm?, 24 mice were randomly divided into 4 groups
(n=6 mice/group) and treated with PBS, oxamate, irradiation,
or oxamate combined with irradiation, respectively. Oxamate
was intraperitoneally injected at 750 mg/kg daily for 3 weeks,
and mice were irradiated with 3.3 Gy X-rays for a consecutive
3 days (total dose of 9.9 Gy) 2 h after injection of oxamate from
the second day of drug administration using a 6-MV linear
accelerator (Siemens). Tumor sizes and mouse body weights
were measured every 3 days for 5 weeks. Tumor volumes were
calculated using the formula: Volume = length x width?/2.

Statistical analysis. Each experiment was repeated three
times and performed in triplicate. Data are expressed as the

means =+ standard deviation (SD). Differences between two
groups were assessed by the two-tailed Student's t-test. All
of the statistical analyses were performed using SPSS version
17.0. A P-value <0.05 was considered to indicate a statistically
significant result.

Results

Inhibition of LDH by oxamate suppresses cell viability and
energy metabolism in NPC cells. First, to explore the effect of
oxamate on cell proliferation in NPC cells, MTT assays were
conducted. CNE-1 and CNE-2 cancer cells were treated with
different doses of oxamate for 24-72 h. As shown in Fig. 1A,
treatment with increasing concentrations of oxamate inhibited
cell proliferation in a dose- and time-dependent manner in
both NPC cancer cell lines. The ICs, values were 74.6, 32.4
and 17.8 mmol/l and 62.3,44.5, 31.6 mmol/l at 24,48 and 72 h
in the CNE-1 and CNE-2 cancer cells, respectively. Then, to
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Figure 2. Inhibition of LDH by oxamate induces cell cycle arrest in the G,/M phase in CNE-1 and CNE-2 cells. (A) Cells were exposed to 0, 20, 50 and 100 mM
oxamate for 24 h, and then cells were stained with propidium iodide and analyzed using flow cytometry. Values are represented as means + SD; n=3. "P<0.05,
“P<0.01 vs. the untreated control. Each experiment was repeated three times and performed in triplicate. (B) Western blot analysis was used to detect the expres-
sion of cyclin Bl and CDK1, proteins related to G,/M cell cycle arrest. 3-actin was used as the loading control. LDH, lactate dehydrogenase; OXA, oxamate.

confirm the LDH inhibition effect of oxamate as previously
reported (18,19), a commercially available kit was used to
determine the intracellular LDH enzyme activity after treat-
ment with different doses of oxamate. The results showed
that oxamate significantly decreased LDH activity (Fig. 1B),
which indicated that oxamate was an inhibitor of human LDH
enzyme and provided evidence of the LDH inhibitory effect
by oxamate for the subsequent experiments. Fig. 1C shows that
oxamate markedly reduced the intracellular ATP levels. Rela-
tive ATP levels in the 20, 50 and 100 mmol/l oxamate-treated
groups were 87.3+5.2, 51.3+8.5 and 32.7+4.1%, respectively,
when compared to the untreated control group (100+7.0%)
(P=0.21,0.025 and 0.007) in the CNE-1 cell line, and 84.3+5.0,
47.6+8.3 and 27+5.3%, when compared to the untreated
control group (100+£6.2%) (P=0.002, 0.001 and <0.001) in the
CNE-2 cell line. The results demonstrated that LDH inhibition
by oxamate disturbed energy metabolism and decreased ATP
production in the NPC cells.

Oxamate induces G,/M arrest via downregulation of
CDKl/cyclin Bl in NPC cells. Since a great majority of

anticancer agents act on the cell cycle and its checkpoint (23),
alterations in cell cycle distribution after oxamate treatment
were investigated in NPC cancer cells. Cells were exposed to
0,20, 50 and 100 mmol/l oxamate for 24 h, and flow cytometry
was used to analyze the cell cycle changes after PI staining. As
shown in Fig. 2A, there was a dose-dependent increase in the
numbers of CNE-1 and CNE-2 cells in the G2/M phase after a
24-h treatment with oxamate at concentrations of 0, 20, 50 and
100 mmol/I. The percentages of cells in the G2/M phase were
18.8+2.1, 26.9+1.6, 35.4+2.3, 43.6+3.6, respectively, in the
CNE-1 cells and 13.0+£3.2, 19.7+2.7, 21.5+2.3 and 26.1+1.1%,
in the CNE-2 cells, respectively. Meanwhile, the proportions
of cells in the G,/G, phase were decreased. However, the S
phase fractions did not change significantly in both cell lines.
In addition, it was noteworthy that there was a significant
increase in the percentage of cells in the sub-G, phase after
treatment with oxamate.

To further certify the G,/M arrest induced by oxamate and
to understand the mechanisms, western blot analysis was used
to examine the changes in expression of proteins related to
G,/M transition. As shown in Fig. 2B, the expression levels
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Figure 3. LDH inhibition by oxamate induces apoptosis in CNE-1 and CNE-2 cells. (A) Cells were treated with 0, 20, 50 and 100 mM oxamate for 48 h, and
then cells were stained with Annexin V-FITC and propidium iodide and analyzed using flow cytometry. Values are represented as means + SD; n=3. "P<0.05
"P<0.01 vs. the untreated control. Each experiment was repeated three times and performed in triplicate. (B) Western blot analysis was employed to detect
the expression of Bax, Bcl-2, pro-caspase-3 and cleaved caspase-3, proteins related to apoptosis through the mitochondrial pathway. f-actin was used as the

loading control. LDH, lactate dehydrogenase; OXA, oxamate.

of cyclin B1 and CDKI1 significantly decreased in both the
CNE-1 and CNE-2 cells after treatment with oxamate, which
suggests that oxamate induces G,/M arrest by modulating the
expression of cyclin Bl and CDKI1.

Oxamate induces apoptosis via the mitochondrial pathway.
We demonstrated that LDH inhibition by oxamate impaired
cell growth and increased the sub-G;, fraction in both cell lines.
To confirm that oxmate treatment induces apoptosis, cells
were exposed to different concentrations of oxamate for the
prolonged time of 48 h, and then Annexin V/PI staining and flow
cytometric analysis were performed. After the 48-h treatment
with oxamate, the percentages of early and late apoptotic cells
were increased in a dose-dependent manner (Fig. 3A). Next,
western blot analysis was utilized to determine the changes in
expression of apoptosis-related proteins. As shown in Fig. 3B,
the expression of pro-apoptotic Bax and cleaved-caspase-3
was significantly enhanced, while the anti-apoptotic signals of
Bcl-2 and pro-caspase-3 were reduced notably after treatment
with different concentrations of oxamate for 48 h. The results
indicate that oxamate induces apoptosis via caspase-3 activa-
tion and the mitochondrial pathway in NPC cells.

Oxamate increases ROS levels in NPC cells. To further explore
the mechanisms involving the inhibitory effect induced by
oxamate in NPC cells, we determined the changes in ROS
levels after oxamate treatment, which play an important role
in the mitochondrial apoptotic pathway. As shown in Fig. 4A,
oxamate dose-dependently enhanced ROS levels in both NPC
cell lines. ROS levels were increased to 1.3-, 2.4- and 3.1-fold
(P<0.01) after treatment with 20, 50 and 100 mmol/l oxamate
for 24 h, when compared to the untreated control group.
Similarly, there was an 1.5- to 3.3-fold increase (P<0.01) in
the CNE-2 cells. To examine the role of ROS generation in
the oxamate-induced growth inhibitory effect, oxamate-
treated cells were incubated simultaneously with 10 mM
N-acetylcysteine, a specific scavenger of ROS. As shown in
Fig. 4B, pre-treatment with NAC significantly blocked the
growth inhibitory effect in both CNE-1 and CNE-2 cell lines,
indicating that ROS generation contributes partially to the
anti-proliferative effect induced by oxamate.

Oxamate increases sensitivity to ionizing radiation in NPC
cells. Radiotherapy is the main treatment for NPC patients
at present. Thus, we examined whether LDH inhibition by
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oxamate influences the sensitivity of NPC cells to ionizing
radiation. Firstly, Annexin-V/PI staining was conducted to
observe the effect of oxamate on the apoptosis induced by
irradiation within a short period of time, and then colony
formation assays were performed to evaluate the long-term
effects of the combined treatment. As shown in Fig. 5A the
combination of irradiation and oxamate synergistically
enhanced the apoptosis rates in both NPC cancer cells, when
compared to either treatment alone. Furthermore, oxamate
enhanced the IR-induced inhibition of clonogenic survival in
NPC cells (Fig. 5B). The sensitivity enhancement ratios (SERs)
were 1.26 and 1.35 in CNE-1 and CNE-2 cells, respectively, as
determined by analyzing the linear quadratic models. These
results revealed that oxamate increased the radiosensitivity in
NPC cells in vitro, and the effects were similar in both CNE-1
and CNE-2 cells.

Oxamate improves the efficacy of irradiation in vivo. Finally,
we examined whether oxamate inhibits tumor growth in vivo

and its effects when combined with irradiation treatment. As
shown in Fig. 6A, oxamate effectively delayed tumor growth
in vivo. Moreover, combined treatment with oxamate and
irradiation significantly improved the growth inhibitory effect
when compared to either oxamate alone or irradiation alone.
As shown in Fig. 6B that inhibition by oxamate had little
influence on the body weights of the mice. A small decrease
in body weights of the mice was noted following treatment
with oxamate and irradiation. However, the decrease had no
statistical significance when compared to the mice treated
with oxamate alone.

Discussion

In the present study, we investigated the role of LDH inhibi-
tion by oxamate and its effect on radiosensitivity in two human
NPC cell lines. We found that oxamate induced G,/M cell cycle
arrest via downregulation of the CDK1/cyclin Bl pathway and
promoted apoptosis through enhancing mitochondrial ROS
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generation. We also determined that oxamate increased sensi-
tivity to irradiation. Furthermore, we verified similar results in
the tumor xenograft model. These results indicate that LHA
may serve as an attractive therapeutic target for NPC treatment.

Although the exact molecular mechanism involved in the
Warburg effect remains to be explored, the altered energy
metabolism in cancer cells provides an opportunity for
developing novel cancer therapeutic strategies by targeting
the glycolytic pathway (5). Previous studies revealed that
LDH-A expression is elevated both in squamous cell head and
neck cancer cells and the blood serum of NPC patients and
is associated with poor prognosis (4,15,16). As anticipated,
LDH inhibition by oxamate was found to impair cell growth
and increase ROS production in NPC cells. Reactive oxygen
species (ROS) are highly reactive molecules and free radicals
containing oxygen. ROS play an important role in mitochon-
drial-mediated apoptosis. Moreover, mitochondria can be both
a source and a target of ROS (24). As previously described,
LDH is a crucial enzyme transforming pyruvate to lactate in
the anaerobic glycolysis pathway. More pyruvates are forced
to enter into the tricarboxylic acid (TCA) cycle when LDH
is inhibited by oxamate. However, mitochondrial dysfunction
and impaired oxidative phosphorylation are quite common in
cancer cells, as demonstrated in many studies (25-27). In this
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Figure 6. Combined treatment with oxamate and irradiation effectively
inhibits tumor growth in vivo. (A) Mice bearing CNE-1 tumors received
oxamate (750 mg/kg) i.p. for 3 weeks with or without irradiation of tumors
(3.3 Gy x 3 fractions) for 3 consecutive days from the second day of drug
administration. The control group received equal volumes of PBS (i.p.).
Values are represented as means + SD; n=6. "P<0.05, “P<0.01 vs. irradiation
alone. (B) Body weight changes in mice in each group. Values are represented
as means = SD; n=6. Con, control; Oxa, oxamate; IR, irradiation.

case, the OXPHOS chains are abnormally activated and more
ROS are generated, resulting in mitochondrial membrane
destruction and subsequent apoptosis. In the present study,
caspase-3 activation was observed by western blot analysis,
and the growth inhibitory effect induced by oxamate was
blocked by the ROS scavenger NAC. These data indicate that
LDH inhibition by oxamate induces ROS-mediated intrinsic
mitochondrial apoptosis in NPC cells.

The cell cycle involves a series of events driven by cyclins
and subsequent cyclin-dependent kinases (CDKs), which
further activate transcription factor proteins for cell cycle
progression from one phase to another. The CDK1/cyclin Bl
kinase complex plays a major role during G,/M transition. A
reduction in CDK1/cyclin B1 kinase activity triggers G,/M
cell cycle arrest (28). In the present study, LDH inhibition by
oxamate induced G,/M arrest and also a decrease in the protein
levels of cyclin Bl and CDK1 in NPC cells. Thus, it is rational
to postulate that G,/M arrest induced by oxamate was medi-
ated by reducing the activity of the CDK1/cyclin Bl kinase
complex. In the present study, cell cycle progression was corre-
lated closely with the status of energy metabolism, although
upstream signals regulating the G,/M+related proteins remain
to be further investigated. Notably, dichloroacetate (DCA), an
inhibitor of pyruvate dehydrogenase kinase also induced G,/M
arrest in colorectal cancer cells in a previous study (29).
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Radiotherapy plays a vitally important role in NPC treat-
ment. Unfortunately, radiation resistance always results in
subsequent recurrence and metastasis of cancer, which leads to
treatment failure. It has been reported that inhibition of LDH
sensitizes cancer cells to chemotherapy (18-20). However,
the relationship between LDH inhibition and radiosensitivity
is still unclear. In the present study, we found that oxamate
significantly increased sensitivity to X-ray irradiation in NPC
cells both in vitro and in vivo. As known, the ‘oxygen effect’ is
an important phenomenon in radiation biology, which refers to
the enhanced killing effect of radiation in the presence of oxic
conditions. Irradiation exposure can cause DNA damage as
well as mitochondrial-dependent ROS generation. In addition,
ROS are also critical mediators of radiation-induced cellular
toxicity (30,31). Therefore, ROS play an important role in regu-
lating the radiosensitivity of tumor cells (32). The results in the
present study showed that LDH inhibition by oxamate induced
increased ROS production and mitochondrial apoptosis in NPC
cells. Thus, it is reasonable to assume that the increased ROS
levels induced by oxamate synergistically enhanced the DNA
damage effect and toxicity of irradiation in NPC cells. Other
studies also found that glycolysis inhibitors increased radio-
sensitivity in cancer cells (33-35). Sharma er al (34) reported
that non-coordinated expression of antioxidant enzymes was
another essential factor that led to selective radiosensitization
in malignant cells, in addition to redox status.

Oxamate is a conventional competitive inhibitor of LDH-A
at high concentrations, which limits its therapeutic potential
in clinical practice (18,36,37). However, the present study
indicates that targeting LDH-A may be a feasible therapeutic
strategy for the treatment of NPC. New effective small
molecules specifically targeting LDH-A are being developed,
including several active compounds from Chinese traditional
herbal medicine. Some have shown promising clinical utility
(38-40).

In conclusion, the present study provides evidence for
LDH-A inhibition in the treatment of NPC alone or combined
with irradiation both in vitro and in vivo. Targeting glycolysis
may be an effective strategy for NPC therapy. Further studies
are required to explore whether inhibition of other key
enzymes in the glycolytic pathway has similar effects as the
inhibition of LDH-A. Further efforts are needed to develop
highly effective novel inhibitors of the LDH-A enzyme.
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