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Abstract. Tumor cells depend on aerobic glycolysis 
for adenosine triphosphate (ATP) production, which is 
therefore targeted by therapeutic agents. The compound 
3-bromopyruvate (3-BrPA), a strong alkylating agent and 
hexokinase inhibitor, inhibits tumor cell glycolysis and 
the production of ATP, causing apoptosis. 3-BrPA induces 
apoptosis of nasopharyngeal carcinoma (NPC) cell lines 
HNE1 and CNE-2Z, which may be related to its molecular 
mechanisms. In the present study, we investigated the effects 
of 3-BrPA on the viability, reactive oxygen species (ROS), 
apoptosis and other types of programmed cell death in NPC 
cells in  vitro and in  vivo. PI staining showed significant 
apoptosis in NPC cells accompanied by the overproduction 
of ROS and downregulation of mitochondrial membrane 
potential (MMP, ΔΨm) by 3-BrPA. However, the ROS 
scavenger N-acetyl-L-cysteine (NAC) significantly reduced 
3-BrPA-induced apoptosis by decreasing ROS and facilitating 
the recovery of MMP. We elucidated the molecular 
mechanisms underlying 3-BrPA activity and found that it 
caused mitochondrial dysfunction and ROS production, 
leading to necroptosis of NPC cells. We investigated the 
effects of the caspase inhibitor z-VAD-fmk, which inhibits 
apoptosis but promotes death domain receptor (DR)-induced 
NPC cell necrosis. Necrostatin-1 (Nec-1) inhibits necroptosis, 
apparently via a DR signaling pathway and thus abrogates 
the effects of z-VAD‑fmk. In addition, we demonstrated 

the effective attenuation of 3-BrPA-induced necrotic cell 
death by Nec-1. Finally, animal studies proved that 3-BrPA 
exhibited significant antitumor activity in nude mice. The 
present study is the first demonstration of 3-BrPA-induced 
non-apoptotic necroptosis and ROS generation in NPC cells 
and provides potential strategies for developing agents against 
apoptosis‑resistant cancers.

Introduction

Nasopharyngeal carcinoma (NPC), a malignant tumor, is 
highly prevalent in the Southeast Asian population (1). The 
pathological analysis of these tumors mostly shows poorly 
differentiated squamous cells and therefore, the preferred 
method of treatment is radiation therapy. However, compli-
cations associated with radiation therapy are common; the 
advantage offered by this treatment is only limited to early 
in situ non-metastatic carcinoma and the 5-year survival rate 
is quite low. Therefore, the development of new chemothera-
peutic alternatives with maximum efficacy and low toxicity 
against NPC is necessary.

The development of malignant tumors such as NPC is 
associated with tumor cell growth and the growth of new blood 
vessels, which provide nutrients and oxygen capacity since the 
existing vessels cannot meet the needs of the growing tumor. 
Tumor cells require enhanced glycolysis to maintain strong 
autonomous and physiological activities (2,3). The enhanced 
glycolysis leads to reduced mitochondrial respiration in 
tumor cells, which ultimately depends on aerobic glycolysis 
for adenosine triphosphate (ATP) release as a priority source 
of energy to meet their needs. Furthermore, even with an 
adequate oxygen supply, enhanced glycolysis still weakens 
cellular aerobic oxidation and enhances sugar fermentation (4). 
In order to elucidate the role of glycolysis in ATP production 
in malignant and normal cells, we first determined the intra-
cellular levels of ATP after treatment with a potent inhibitor of 
glycolysis in tumor cells.

It is well known that this cancer-specific metabolic pathway 
has provided an exceptional opportunity for the development 
of new chemotherapeutic agents (2). These newly developed 
agents uniquely target this pathway and have theoretical 
advantages, which include cancer specificity and low toxicity 
to normal cells (5). 3-Bromopyruvate (3-BrPA), a member of 
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this new class of anticancer drugs, is a specific alkylating agent 
and a potent ATP inhibitor, which blocks glycolytic tumor 
metabolism (6). Malignant cells generate a large amount of 
ATP via glycolysis (7,8) and 3-BrPA has been shown to inter-
rupt the glycolytic metabolic pathway, leading to the death of 
the tumor cells through apoptosis (9) with almost no damage 
to the surrounding normal tissues. It has been experimentally 
used to target hexokinase/glycolysis and possesses chemical 
and structural properties that are very similar to the acid, 
lactic acid and glucose metabolic products of glycolysis. These 
similar properties enable 3-BrPA to be transported by the 
same vector mechanisms that transport glycolytic products, 
and once it gains access to the pathway, 3-BrPA penetrates 
tumor cells and initiates its therapeutic effect (10).

Mitochondria are double membrane-enclosed organelles 
that play an essential role in cellular metabolism, ATP genera-
tion, ROS production and regulation of cell proliferation and 
death (11). They are also the principal source of ROS via elec-
tron leakiness in the electron transport chain. Disruption of the 
mitochondrial membrane gradient leads to increased electron 
leakage and potentially toxic ROS levels. Mitochondrial ROS 
were previously studied to determine their role in the tumor 
necrosis factor (TNF)α-induced necrotic death of L929 
cells (12). ROS including singlet oxygen, superoxide, hydroxyl 
free radical, hydrogen peroxides and nitric oxide mainly 
generated from the mitochondria play a crucial role in cell 
death (13). Necrosis is considered a passive cell death process, 
which is disorderly, unregulated and irreversible as opposed 
to the orderly programmed manner of apoptosis. However, 
ongoing studies on the mechanisms of cell death has put forth 
a new concept of type III programmed cell necrosis, known as 
necroptosis, which is a basic cell death pathway (14).

Z-VAD-fmk is a synthetic broad-spectrum caspase inhibitor 
that inhibits apoptosis. The serine-threonine kinase receptor-
interacting protein (RIP) 1 is targeted by necrostatin-1 (Nec-1) 
a specific inhibitor of necroptosis, which depends on RIP1/3 
complex activation  (15,16). Necroptosis controls normal 
embryonic organic evolution, T-cell propagation and chronic 
intestinal inflammation (17). In addition, the discovery of Nec-1, 
a small molecule that inhibits non-apoptotic programmed cell 
death-inducing substances, has provided a useful pharmaco-
logical tool for the study of necroptosis. In the present study, 
we treated NPC cells with 3-BrPA in the presence of Nec-1 and 
z-VAD-FMK to observe the therapeutic effects. The association 
between necroptosis and mitochondrial dysfunction remains to 
be examined in NPC cells.

Materials and methods

Reagents and antibodies. 3-BrPA, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), Nec-1, 
and NAC were purchased from Sigma (St. Louis, MO, 
USA). Z-VAD-fmk was purchased from Calbiochem. 
Dihydroethidium (DHE), JC-1, 4',6-diamidino-2-phenylindole 
(DAPI) and propidium iodide (PI) assay kits were purchased 
from Biotechnology (Beijing, China). Dulbecco's modified 
Eagle's medium (DMEM) and fetal bovine serum (FBS) 
were obtained from Gibco (Carlsbad, CA, USA).  B-cell 
lymphoma 2 (Bcl-2), Bcl-2-associated protein X (Bax) and 
myeloid cell leukemia 1 (Mcl-1) antibodies were purchased 

from Abcam (Cambridge, UK). Mouse monoclonal antibodies 
were obtained from Cell Signaling Technology (Beverly, MA, 
USA). Rabbit anti-β-actin antibodies were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell lines and cell culture. NPC HNE1 and CNE-2Z cells 
were obtained from the Shanghai Cell Bank (Shanghai, 
China). The cells were grown in Roswell Park Memorial 
Institute (RPMI)-1640 medium supplemented with 10% fetal 
calf serum, streptomycin (100 U/ml), penicillin (10 U/ml), 
and HEPES (25 mM). They were maintained at 37˚C in a 5% 
CO2 humidified atmosphere. The NPC cells were seeded at 
a density of 8,000 cells/well in a 96-well plate for 24 h and 
then treated with different concentrations of 3-BrPA. At 24, 
48 and 72 h, the cells were incubated with MTT [5 mg/ml in 
phosphate-buffered saline, (PBS)] for 4 h at 37˚C. The MTT 
solution was then replaced with 100 µl of dimethyl sulfoxide 
(DMSO)/well and the absorbance was measured using a plate 
reader at a wavelength of 490 nm.

PI staining. Prior to treatment with 3-BrPA, the cells 
(2x105 cells/well) were plated in each well of a 12-well plate 
and allowed to reach exponential growth (24 h). The cells were 
then treated with increasing concentrations of 3-BrPA (40, 80 
and 160 µM) for 24 h, stained with PI and then evaluated using 
flow cytometry.

DAPI staining and quantification of apoptotic cells. A DAPI 
nuclear staining assay was performed to examine the effects of 
3-BrPA on cancer cell apoptosis. The CNE-2Z and HNE1 cells 
were plated in 6-well plates on glass slides (2x105 cells/well). 
Following treatment with 3-BrPA for 24 h, the cells were fixed 
with immunostaining setting for 30 min at 4˚C, washed twice 
with PBS and then incubated with DAPI for 30 min at 4˚C in 
the dark. The slides were then washed with PBS to remove the 
excess DAPI and the cell nuclei were observed under a laser 
confocal scanning microscope (LCSM, Olympus 1x71). The 
apoptosis rate of the NPC cells treated with 3-BrPA (40, 80, 
and 160 µM) was determined by scoring the number of cells 
with nuclear phenotypic changes in microscopic fields under 
the LCSM.

Intracellular ATP measurements. The cells were plated in dupli-
cate in 96-well culture plates and the cellular ATP levels were 
determined using the Cell Titer-Glo luminescent cell viability 
assay (Promega, Madison, WI, USA) according to the manu-
facturer's instructions. The luminescent levels were measured 
using a microplate reader (Varioskan Flash spectral scanning 
multimode reader, Thermo Fisher, Waltham MA, USA).

Mitochondrial membrane potential (MMP) analysis. MMP 
detection was performed using the JC-1 staining assay kit 
according to the manufacturer's instructions. Briefly, following 
treatment with 3-BrPA, the cells were incubated with 10 µM 
JC-1 for 30 min at 37˚C in the dark. Then, the fluorescence 
in the cells was detected using a fluorescence microscope 
(Olympus 1x71).

Detection of superoxide anion levels. The HNE1 and CNE-2Z 
cells were seeded at a density of 2x105 cells/well in a 6-well 
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plate and labeled with 5 µM DHE. This was immediately 
followed by treatment with 3-BrPA (160 or 320 µM) for the 
indicated times and then the cells were collected, washed and 
analyzed using fluorescence-activated cell sorting (FACS).

Western blot analysis. The cells were rinsed with ice-cold PBS 
and lysed in radioimmunoprecipitation assay (RIPA) buffer 
for 30 min on ice, after which the lysates were centrifuged at 
12,000 x g for 30 min at 4˚C. The proteins were then separated 
on a 15% sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis (PAGE) gel and subsequently transferred to 
a nitrocellulose membrane (Bio-Rad, Berkeley, CA, USA). 
The membranes were incubated with the appropriate primary 
antibodies overnight at 4˚C and then further incubated with the 
corresponding secondary antibodies. β-actin was used as the 
loading control.

In vivo tumor experiment. The nude mice (3- to 4-weeks old) 
weighed 18-21 g at the time of tumor implantation. The mice 
were kept under a 12/12-h light/dark cycle at 24±2˚C and were 
given standard food and clean water. The mice were inoculated 
with the human CNE-2Z cells (8x106 cells/ml) subcutaneously 
to induce tumor formation. Fifteen mice that developed tumors 
(100-200  mm3) were randomly assigned to three groups 
(5 mice/group). On day 7 after inoculation, the groups began to 
be treated intraperitoneally with vehicle [0.9% normal saline, 
(NS)], 3-BrPA (8 mg·kg-1) or cisplatin (DDP, 3 mg·kg-1) treat-
ment every 4 days for 28 days. Tumor growth was monitored 
every 4 days by obtaining two-dimensional measurements of 
the individual tumors of each mouse. The tumor volume was 
calculated using the formula: length x width2/2. After the treat-
ment ended, all the mice were euthanized and the tumors were 
excised. The tumor growth inhibition rate was calculated using 

Figure 1. Inhibition of the proliferation of HNE1 and CNE-2Z cells by 3-BrPA. (A) HNE1 and CNE-2Z cells were treated with medium (Ctrl) and 20, 40, 80, 
160 and 320 µM 3-BrPA for 24, 48 and 72 h. Cell viability was measured using the MTT assay. (B) Inhibition of colony formation in HNE1 cells by 3-BrPA. 
HNE1 and CNE-2Z cells were treated with medium (Ctrl) and 20, 40 and 80 µM 3-BrPA for 5 days. (C) Reduction in ATP production and viability of malignant 
cells after 3-BrPA treatment. HNE1 and CNE-2Z cells were cultured with 40, 80, 160 and 320 µM 3-BrPA. Cellular levels of ATP were measured after 5 h. 
3-BrPA, 3-bromopyruvate.
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the following formula: tumor inhibition rate = (1 - treatment 
group tumor weight/control group tumor weight) x 100%. The 
tumors were then fixed in 4% formalin solution, embedded in 
paraffin and stained with hematoxylin and eosin (H&E).

Statistical analysis. Data are expressed as the mean ± SEM of 
three experiments. SPSS v.16.0 software (SPSS Inc., Chicago, 
IL, USA) was used for data analysis. The statistical analyses 
were carried out using one-way analysis of variance (ANOVA). 
P<0.05 and P<0.01 indicated values that were significantly 
different from the control values.

Results

Inhibition of NPC cell proliferation by varying concentrations 
of 3-BrPA. The effects of different concentrations of 3-BrPA 
were evaluated on the cell proliferation of two NPC cell lines 
treated for 24, 48 and 72 h. We found that 3-BrPA inhibited 
proliferation and induced the apoptosis of HNE1 and CNE-2Z 
cells (Fig. 1A and B). The results demonstrated that the rate of 
apoptosis had a direct ratio relationship with the dose-response 
curve. Next, we determined the effects of 3-BrPA on the colony 
formation of the HNE1 and CNE-2Z cells by evaluating their 
5-day survival rate in different concentrations of 3-BrPA. The 
results showed that the colony-forming ability of the cells was 

clearly reduced by 3-BrPA (Fig. 1B). The results show that the 
NPC cells with clonogenic capacity overcame the effects of 
glycolysis inhibition.

The role of glycolysis in ATP production in the HNE1 and 
CNE-2Z cells was evaluated by measuring the intracellular 
levels of ATP following treatment with the potent glycolysis 
inhibitor 3-BrPA for 5 h. We found that the concentration 
of ATP decreased with increasing concentrations of 3-BrPA 
in both cell lines. However, the downward trend was more 
pronounced in the HNE1 cells. The results showed that 3-BrPA 
inhibits ATP production in the NPC cells (Fig. 1C).

3-BrPA induces apoptosis in NPC cells. In the MTT assay, we 
treated HNE1 and CNE-2Z cells with three different concen-
trations of 3-BrPA for 24 h and then used PI staining and 
flow cytometry to distinguish the apoptotic cells. The results 
showed that 3-BrPA induced apoptosis in the human HNE1 and 
CNE-2Z cells and the rate of apoptosis induction increased in 
a concentration-dependent manner (Fig. 2A). Many alkylating 
agents used to treat tumors act by inducing apoptosis (18) and 
therefore, we sought to determine whether 3-BrPA inhibited 
NPC cell proliferation by inducing apoptosis. The CNE-2Z 
and HNE1 cells were treated with different concentrations 
of 3-BrPA for 24 h and DAPI staining was used to detect 
apoptotic cells. The results showed that the 3-BrPA-treated 

Figure 2. 3-BrPA induces cell death in HNE1 cells. (A) HNE1 cells were treated with medium (Ctrl) and 40, 80 and 160 µM 3-BrPA for 24 h. Cell death was 
measured by the PI staining method using flow cytometry. (B) NPC cells were treated with 0, 40, 80, and 160 µM 3-BrPA for 24 h, subjected to DAPI staining 
(showing nucleus) and then visualized under a fluorescence microscope. 3-BrPA, 3-bromopyruvate; PI, propidium iodide; NPC, nasopharyngeal carcinoma; 
DAPI, 4',6-diamidino-2-phenylindole.
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HNE1 and CNE-2Z cells exhibited apoptotic characteristics 
of chromatin condensation with typical apoptotic bodies and 
the number of apoptotic nuclei was significantly increased in 
these groups (Fig. 2B).

3-BrPA reduces MMP and protein expression in NPC cells. 
JC-1 is a carbocyanine fluorescent probe widely used to detect 
MMP fluorescence, which we used to explore the mechanisms 
by which 3-BrPA induced apoptotic cell death in HNE1 and 
CNE-2Z cells. The normal mitochondria of the untreated 
control cells were characterized by red fluorescence while 
the depolarized mitochondria of the 3-BrPA-treated cells 
showed concentration-dependent, characteristic diffused 
green fluorescence. This result indicates that 3-BrPA increases 
mitochondrial membrane permeability (Fig. 3A). Although 
apoptosis may be induced by death receptors, the mitochondrial 
pathway is the major mediator of apoptosis and the induction 

of major outer-membrane proteins is essential for the initiation 
of this process. We sought to determine the mechanisms by 
which 3-BrPA induced apoptosis by measuring its effects on 
the expression of major outer-membrane proteins by using 
western blot analysis. The results showed that 3-BrPA inhibited 
the expression of the antiapoptotic proteins Mcl-1 and Bcl-2 
in a dose-dependent manner and also the expression of the 
pro-apoptotic protein Bax. These results suggest that 3-BrPA 
may regulate the expression of apoptosis-related proteins. 
The expression of the inhibitors of apoptosis proteins (IAPs) 
including c-IAP1, c-IAP2, and XIAP was decreased by 
3-BrPA in a dose-dependent manner, which also promoted the 
apoptosis of NPC cells (Fig. 3B).

Reactive oxygen species (ROS) production is involved in 
3-BrPA-induced cell death. Next, we investigated the role of 
mitochondrial ROS activity in 3-BrPA-induced necroptosis. 

Figure 3. 3-BrPA reduces mitochondrial membrane potential (MMP, ΔΨm). (A) HNE1 cells were treated with 3-BrPA for 24 h and ΔΨm was measured using 
JC-1 staining and observed under a fluorescence microscope with a camera. (B) The expression levels of apoptosis-related protein were determined by western 
blot analysis. NPC cells were treated with 0, 40, 80 and 160 µM 3-BrPA for 24 h; then, cell lysates were prepared and examined simultaneously using western 
blot analysis, n=3. 3-BrPA, 3-bromopyruvate; NPC, nasopharyngeal carcinoma.



ZOU et al:  Inhibitory effects of 3-bromopyruvate in human nasopharyngeal carcinoma cells1900

We examined the effects of 3-BrPA on intracellular ROS 
production by using DHE, a fluorescent probe. As shown in 
Fig. 4A, cells treated with 3-BrPA showed a higher increase in 
the fluorescence intensity than did the control group (P<0.05). 
In addition, the fluorescence intensity of the cells treated with 
the antioxidant N-acetyl-L-cysteine (NAC, 5 mM) alone was 
reduced more than that of the cells treated with 3-BrPA alone. 
Furthermore, the DHE assay revealed high levels of green 
fluorescence in cells co-treated with 3-BrPA and NAC, while 
the addition of more NAC darkened the cells again (Fig. 4A). 
In addition, we discovered that 3-BrPA increased the ROS 
levels in a time-dependent manner within 6 h (Fig. 4B). These 

results showed that NAC (5 mM) completely blocked the effect 
of 3-BrPA and reduced the intracellular ROS levels (Fig. 4B). 
Finally, the viability of the NPC cells treated with 160 or 
320 µM 3-BrPA was decreased significantly, and this effect 
was blocked by 5 mM NAC (Fig. 4C).

3-BrPA induces cell death in NPC cells by necroptosis. To 
confirm the type of cell death induced in HNE1 and CNE-2Z 
cells by 3-BrPA, we evaluated the inhibitory effects of 
z-VAD‑fmk, a broad-spectrum caspase inhibitor, on 3-BrPA. 
The MTT assay  (Fig. 5A) showed that z-VAD-fmk aggra-
vated cell death in the HNE1 and CNE-2Z cells. The cell 

Figure 4. ROS production contributes to 3-BrPA-induced cell death in NPC cells. (A) HNE1 and CNE-2Z cells were treated with 160 and 320 µM 3-BrPA, 
respectively, with or without 5 mM NAC for 0.5, 1, 3 and 6 h. Cells were photographed using a fluorescence microscope camera. (B) After pre-incubation with 
5 mM NAC for 1 h, cells were treated as above. ROS production was analyzed using DHE staining and flow cytometry. Mean ROS (100%) values are shown. 
*P<0.05 vs. the control at a given time-point. (C) After pre-incubation with 5 mM NAC for 1 h, HNE1 and CNE-2Z cells were treated with 160 and 320 µM 
3-BrPA, respectively, for 24 h and the relative cell viability was assessed using the MTT assay. *P<0.05. Experiments were performed in triplicate. ROS, reac-
tive oxygen species; 3-BrPA, 3-bromopyruvate; NPC, nasopharyngeal carcinoma; NAC, N-acetyl-L-cysteine; DHE, dihydroethidium.
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death observed was possibly mediated by necroptosis, the 
programmed form of necrosis, which involves RIP1 and RIP3 
triggering the death receptors (19). Nec-1 alone had no effect 
on both HNE1 and CNE-2Z cells, but radically restored cell 
survival of 3-BrPA-treated cells (Fig. 5A). Electron microscopy 
(EM) showed that the 3-BrPA-treated HNE1 and CNE-2Z 
cells had ruptured plasma membranes, which is indicative of 
necrosis (Fig. 5B).

In vivo antitumor efficacy of 3-BrPA. We investigated the 
in vivo antitumor activity of 3-BrPA using tumor-bearing nude 
mice. On day 7 after inoculation, mice bearing CNE-2Z tumors 
were intraperitoneally administered 3-BrPA (8 mg·kg-1) and 
DDP (3 mg·kg-1) treatment every 4 for 28 days. The tumor 
volumes of the treated mice increased at a much slower rate 
than those of the control group (Fig. 6A and B). The tumors 
were completely excised 35 days after the cancer cell inocula-
tion. The tumor weight and growth inhibition rate for the three 

groups are shown in Fig. 6C. The transplanted tumor tissue 
sections from all three groups showed poorly differentiated 
squamous cancer cells with varying degrees of pathological 
mitosis and eosinophilic necrosis. The DDP and 3-BrPA‑treated 
CNE-2Z tumors showed a consistent size and shape, and the 
cell size was smaller than that of the untreated control cells. 
These tumors also showed a decreased nuclear-cytoplasmic 
ratio. In addition, the number of nucleoli, pathological mitosis 
and number of vessels were lower in the treated tumors than 
these in the tumors in the control group, while fibrous tissue 
increased owing to eosinophilic necrosis (Fig. 6D).

Discussion

There are currently several treatment options for NPC, 
including radiotherapy, chemotherapy, surgery and chemo-
therapy. However, none of them provides an ideal or optimal 
therapeutic effect. The commonly used chemotherapeutic 

Figure 5. 3-BrPA plus z-VAD-fmk induce necroptosis in human NPC cells. (A) HNE1 and CNE-2Z cells were treated with medium (Ctrl), and 160 and 320 µM 
3-BrPA with 20 µM z-VAD-fmk or 20 µM Nec-1 for 24 h. Other cells were treated with 20 µM z-VAD-fmk or Nec-1 alone. Cell viability was determined using 
the MTT assay. (B) HNE1 and CNE-2Z cells were treated with 160 and 320 µM 3-BrPA for 24 h and then the cells were collected and prepared for EM analysis. 
Scale bar, 1 µm; Ctrl, control; 3-BrPA, 3-bromopyruvate; NPC, nasopharyngeal carcinoma; Nec-1, necrostatin-1; EM, electron microscopy.
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drugs are highly toxic and susceptible to drug resistance. Thus, 
strategies for reducing the toxic side effects of the drugs while 
simultaneously improving drug efficacy are an important 
aspect of anticancer drug development (20).

3-BrPA has recently become a popular drug among research 
scholars worldwide (21). This drug is a glycolytic inhibitor 
that acts via hexokinase II and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and plays a critical role in apoptosis 
induced by intracellular ATP depletion. At the same time, it 
also inhibits succinate dehydrogenase (SDH) activity, which 
causes an imbalance in the cellular redox state. The additional 
inhibition of the hexokinase II pentose phosphate pathway 
leads to a decrease in the activity of the NADPH-generating 
pentose phosphate pathway (PPP), ultimately reducing the 
equivalent intracellular NADPH levels and further decreasing 
the peroxide state. Therefore, 3-BrPA lowers the levels of 

intracellular ATP and induces an imbalance in the intracellular 
oxidative metabolism, with good antitumor effects (22,23). 
Our results showed that 3-BrPA inhibited NPC HNE1 and 
CNE-2Z cell proliferation, triggered apoptosis, reduced ATP 
production and increased intracellular ROS levels.

Bcl-2 and Bax exist as either homologous dimers or 
heterodimers and form an apoptosis regulatory system in 
combination with the B-cell lymphoma-extra-large (Bcl-xL) 
protein. The formation of Bax homologous dimers induces 
apoptosis while Bcl-2 protein expression causes the separation 
of these dimers, thereby increasing the Bcl-2 to Bax-Bax ratio. 
This increase in Bcl-2 facilitates the creation of the more stable 
Bax-Bcl-2 heterodimer, thereby ‘neutralizing’ the Bax-Bax 
dimer-induced apoptosis. Thus, the Bcl-2 and Bax proportion 
controls apoptosis (24,25). Our results revealed a decrease in 
the expression of Bcl-2 in HNE-1 cells with an increase in Bax 

Figure 6. Antitumor activity of 3-BrPA in nude mice. CNE-2Z cells were inoculated subcutaneously to form tumors. Mice with tumors (100-200 mm3) were 
randomized into three groups (5 mice/group). On day 7 after inoculation, vehicle (0.9% normal saline), cisplatin (DDP, 3 mg·kg-1) or 3-BrPA (8 mg·kg-1) was 
administered to the mice intraperitoneally every 4 days. (A) Comparison of the transplanted tumors. (B) Tumor growth was monitored every 4 days and 
calculated using the formula: length x width2/2. (C) Tumor weights and tumor growth inhibition rate after 3-BrPA and DDP treatment. (D) H&E staining 
in vivo. 3-BrPA, 3-bromopyruvate; H&E, hematoxylin and eosin.
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expression. However, in the CNE-2Z cells, the Bcl-2 protein 
expression remained essentially unchanged while BAX 
expression increased. Members of the Bcl-2 protein family 
can induce imbalances in the endogenous pathway regulating 
apoptosis (26). The IAP-induced direct inhibition of caspases 
or pro-caspases mainly suppresses key members of the 
caspase family. Thus, IAPs such as c-IAP1, c-IAP2, XIAP, 
livin and survivin proteins directly inhibit caspases 3, 7 and 9. 
The IAPs possess a highly conserved BIR and RING domain 
structure, which interacts with the protease caspases and plays 
an antiapoptotic role by inhibiting caspase activity (25).

Many studies have shown that ROS such as peroxide 
induce apoptosis in many different cell types including 
neutrophils (gas apoptosis) and this process is mediated by 
catalase inhibition (27). The mercapto group donor in NAC 
confers antioxidant properties by clearing the generated free 
groups, thereby regulating cellular metabolic activity (28,29). 
In contrast, 3-BrPA facilitates an increase in intracellular 
ROS levels and has been widely used in clinical studies 
because of this activity. The actions of NAC and 3-BrPA 
render them highly useful joint pharmacological tools. While 
NAC protects the cells, 3-BrPA enhances the intracellular 
ROS content, which induces apoptosis by regulating cell 
death. The resultant apoptotic cell death model is well known 
and widely used.

The pathway of essential cell death is invoked by various 
cellular stresses, including DNA damage, oxidative stress, 
growth factor deprivation, heat shock and endoplasmic 
reticulum stress (30). With the passage of time, experimental 
advances and discoveries, researchers are now more interested 
in the concept of necrotic cell death. Necrotic death gener-
ally occurs as a result of high-dose cytotoxic abuse and does 
not require any specific molecular programming. However, 
it is now recognized that mechanisms other than those 
mediated by caspase induce cellular suppression through a 
caspase-independent pathway of cell death that exhibits the 
morphological characteristics of necrosis. This form of regu-
lated cell death was recently termed ‘necrotizing apoptosis’ or 
‘necroptosis’ (14), because it shares features of both apoptosis 
and necrosis. As in the case of apoptosis, necroptosis involves 
an explicit molecular cascade. However, both necroptosis 
and necrosis are characterized by swelling of the cell and 
its organelles and cell rupture, which leads to the release of 
cellular contents  (31). One example of necroptosis can be 
observed in HT-29 cells, wherein z-VAD-fmk accelerates 
Smac analog-induced cell death, which is inhibited by Nec-1, 
the necrosis-specific chemical inhibitor (32). We also discov-
ered that Nec-1 protects HNE1 and CNE-2Z cells against the 
acceleration of 3-BrPA-induced cell death via z-VAD-fmk. 
However, additional experiments are required to confirm 
how 3-BrPA induces necroptosis in HNE1 and CNE-2Z cells 
treated with caspase inhibitors. Necroptosis and apoptosis are 
two different forms of death receptor-mediated cell death. 
These processes are caspase-independent and do not require 
mitochondrial release of cytochrome c, but are controlled by a 
signal-regulated process mediated by RIP1/RIP3. Inhibition of 
caspase activity in cells will inhibit apoptosis but not necrosis. 
Nec-1 acts as a specific inhibitor of programmed necrosis by 
inhibiting the formation of the RIP1-RIP3 complex; therefore, 
the inhibition of RIP1 interferes with necroptosis (33).

In conclusion, the results of the present study showed that 
3-BrPA significantly inhibits the proliferation of human NPC 
HNE1 and CNE-2Z cells and induces apoptosis by increasing 
ROS levels. In addition, the mechanism of action of 3-BrPA 
may be mediated via the mitochondrial pathway in cells 
and the death-receptor pathway. These results suggest that 
3-BrPA may be a potential candidate for development as a new 
anticancer drug. However, the instability of 3-BrPA in solution 
poses a serious challenge to developing a safe and stable 
potent inhibitor of hexokinase, which is certain to become an 
important research topic.
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