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2-Deoxy-D-glucose and ferulic acid modulates radiation
response signaling in non-small cell lung cancer cells
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Abstract Previously, we reported the radiosensitizing po-
tential of the combination of 2-deoxy-D-glucose (2DG) and
ferulic acid (FA) in NCI-H460 non-small cell lung carcino-
ma cells in vitro. The present study aims to explore the
relevant mechanism of cell death induced by the combina-
tion of 2DG and FA along with irradiation in NCI-H460
cells. Incubation of NCI-H460 cells with the combination of
2DG and FA for 24 h before irradiation upregulated the
expression of proapoptotic proteins p53 and Bax. Combina-
tion of 2DG and FA also increased the levels of p21 and
GADD45A in NCI-H460 cells. DNA repair inhibition is
expected to be a possible mechanism for the radiosensitiza-
tion observed, which is evidenced by the downregulation of
radiation-induced ataxia-telangiectasia mutated gene ex-
pression upon treatment with 2DG and/or FA. Moreover,
Western blotting analysis of NF-κB and caspase-3 revealed
the involvement of apoptotic signals in the cytotoxicity
exhibited by the combination of 2DG and FA. Cell cycle
analysis data also showed the increased percentage of Sub-
G0 phase cells upon treatment with the combination of 2DG
and FA before irradiation. Taken together, the results of our
study clearly suggested that the cell death induced by the
combination of 2DG and FA along with irradiation would
involve alteration in expression of p53, p21, NF-κB, Bax,
and caspase-3, indicating oxidative mechanism in NCI-
H460 cells.
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Introduction

Lung cancer can be categorized into two broadly defined
groups: small cell lung carcinoma and non-small cell lung
cancer (NSCLC) [1]. NSCLC accounts for 86 % of all lung
cancer diagnosed. Radiation and chemotherapy are the pri-
mary treatments for non-resectable, locally advanced
NSCLC. However, it has been observed that NSCLC often
resists both chemotherapy and radiotherapy and that over-
expression of glucose transporter 1 and 3 is associated with
poor survival of non-small cell lung cancer [2, 3].

Cancer cells depend mainly on glucose metabolism for
their energy production and macromolecular synthesis. Even
under aerobic conditions, tumor cells continue to rely on
glycolysis rather than oxidative phosphorylation (Warburg
effect), resulting in high glucose requirements to generate
energy and support metabolic function [4, 5]. 2DG, a
glycolytic inhibitor, has been shown to inhibit the
proliferation of tumor cells and also induce cell death. Indeed,
many studies have found that 2DG inhibits the growth of
neoplastic cells in vitro [6, 7]. 2DG exhibits a cytotoxic effect
in cancer cells, but the same dose spares normal cells [8]. Many
mechanisms are postulated to contribute to the antitumor effect
of 2DG, including inhibition of glucose transport [9] and
hexokinase II activity, depletion of cellular ATP, blockage of
cell cycle progression, induction of apoptosis [10], induction of
endoplasmic reticulum stress [11], and/or induction of
oxidative stress [12]. 2DG sensitizes cancer cells to radiation
through mechanisms such as inhibition of DNA repair
processes and recovery from potentially lethal damage [13],
and induction of oxidative stress [12].

Combining glycolytic inhibition with plant-derived phe-
nolics is a new approach being considered to selectively kill
cancer cells. Plant phenolics are usually considered to be
antioxidants, but they also exhibit prooxidant properties in
cancer cells; this is because of acidic environment that prevails
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in cancer cells and presence of high levels of peroxidases
which act on phenolics and produce phenoxy radicals [14].
The prooxidant action of phenolic phytochemicals has been
predicted to be an important mechanism for radiosensitization
property in cancer cells [15]. Tumor cells have higher levels of
ROS than their normal counterparts and are therefore more
sensitive to the additional oxidative stress generated by anti-
cancer agents [16]. Emerging evidence suggests that ROS
induce programmed cell death in several cancer cells. Recent-
ly, many compounds like phenolic phytochemicals have been
shown to induce apoptosis in cancer cells by the generation of
ROS [15]. Earlier reports from our laboratory indicated the
radiosensitizing effect of FA, a dietary phenolic acid, in NCI-
H460 cells through prooxidant mechanism [17].

Approximately 80 % of human lung cancers are NSCLC,
and their development involves multiple genetic abnormal-
ities that lead to malignant transformation of the bronchial
epithelial cells, followed by invasion and lymph node and
distant metastases. Among such genetic abnormalities, the
TP53 tumor suppressor gene appears to be the most frequent
target, and abnormality of TP53 plays an important role in
the tumorigenesis of lung epithelial cells. The transcription
factor, TP53 can activate the transcription of numerous
downstream genes, such as p21 and MDM2, by binding to
specific sequences, which often mediates their biological
functions [18]. Ionizing radiation induces a number of
DNA and nonDNA lesions [19], causing disturbances in
the signal transduction pathways and alterations in gene
expression [20], leading to the initiation of repair processes,
delayed cell proliferation, and apoptosis [21].

Pathological NF-κB-induced gene expression is essential
for tumorigenesis and metastasis [22]. In NSCLC cell lines,
it has been demonstrated that tobacco components stimulate
NF-κB-dependent survival [23]. It has been reported earlier
that curcumin induces apoptosis by targeting mitochondria,
affecting p53-related signaling or blocking NF-κB activa-
tion [24]. Caspases, a group of cysteine proteases, are found
to be responsible for most of the morphological and bio-
chemical changes observed in apoptotic cells and are con-
sidered to be the central executioners of apoptotic process
[25]. In vitro, chemotherapy-resistant NSCLC is associated
with reduced expression of apical CASP9 and CASP3 as
measured by immunochemistry [26]. CASP3 plays an im-
portant role in cytotoxic drug-induced apoptosis in NSCLC
[27]. It was reported earlier that the apoptotic markers p53,
Bax, and Bcl-2 expression would influence the treatment
outcome in NSCLC patients [28]. NSCLC pathologic sam-
ples have shown that Bcl-2 and Bax proteins may also
impact chemotherapy response in patients [29]. The cyto-
toxicity of ionizing radiation is mainly mediated through the
generation of DNA-double strand break (DSB) as evidenced
by the pronounced radiosensitivity of cells and organisms
defective in the machinery of DSB repair [30]. The ataxia-

telangiectasia mutated (ATM) protein kinase is a critical
component in these pathways. Xing and his colleagues have
reported the prognostic significance of ATM expression in
patients with NSCLC [31]. In the present study, we investi-
gated the modulatory role of 2DG and FA on radiation
response signaling in terms of radiosensitization in relative-
ly radioresistant NCI-H460 cells in vitro.

Materials and methods

Chemicals

2DG, FA, RPMI-1640 medium, glutamine–penicillin–strep-
tomycin solution, heat inactivated fetal calf serum (FCS),
trypsin-EDTA solution were purchased from Sigma Chem-
icals Co., St. Louis, USA. CellsDirect™ One-Step qRT-PCR
kit was purchased from Invitrogen Company, California,
USA. Primers for the genes were purchased from Sigma
Chemicals Co. Monoclonal antibodies anti-β actin, anti-
TP53, anti-TP21, anti-NF-κB, anti-Bax, anti-caspase-3 an-
tibody, and IgG-HRP polyclonal antibody were purchased
from Sigma Chemicals Co.

Cell and culture conditions

Human non-small cell lung carcinoma cell line, NCI-H460,
was obtained from National Centre for Cell Science, Pune,
India. Cells were maintained in RPMI-1640 medium sup-
plemented with 10 % FCS, 1 mM sodium pyruvate, 10 mM
HEPES, 1.5 g/L sodium bicarbonate, 2 mML-glutamine,
10,000 U/ml penicillin, and 10 mg/ml streptomycin. Cells
were grown in 5 % CO2 and air in a humidified 37 °C
incubator. Stocks were maintained in 25-cm2 tissue culture
flasks at 37 °C in 5 % CO2 incubator.

Drug and radiation treatment

Stock solutions of 1 M 2DG and FA were dissolved in PBS
and diluted in culture medium to the indicated final concen-
tration for cell treatment. Radiation doses were given as single
fractions. Irradiation (IR) was carried out using Phonex Tele-
therapy Unit (Cobalt 60), G.V.N. Cancer Hospitals, Trichy,
India. Radiation dose was given at a rate of 1.6 Gy/min.

Experimental groups

To evaluate the radiosensitizing potential of 2DG and FA, the
NCI-H460 cells were treated with 4 mM 2DG and/or 53.8 μM
FA for 24 h and then exposed to 2-Gy irradiation. Upon 24 h
postirradiation, different cellular and molecular end points were
studied. This has been clearly given under material and meth-
ods. Group 1: untreated control cells; Group 2: 2DG (4 mM)
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treated; Group 3: FA (53.8 μM) treated; Group 4: 2DG (4 mM)
+FA (53.8 μM) treated; Group 5: IR (2 Gy) treated; Group 6:
2DG (4 mM)+IR (2 Gy) treated; Group 7: FA (53.8 μM)+IR
(2 Gy) treated; Group 8: 2DG (4 mM)+FA (53.8 μM)+IR
(2 Gy) treated.

Gene expression analysis: qRT-PCR assay

Total cellular RNAwas extracted with the RNeasyTM mini kit
in accordance with the manufacturer’s instructions fromQiagen
Company. The concentrations of extracted RNA were deter-
mined bymeasuring the absorbance at 260 and 280 nm, and the
quality of RNA was determined from the absorbance ratio of
A260/A280 (A260/A280>1.8) and confirmed by gel electro-
phoresis. Extracted RNA was preserved at −80 °C until used.
cDNAwas synthesized using 5 μg total RNA by superscript III
reverse transcriptase enzyme (Invitrogen). Primers sequences
for 18S rRNA F: 5′ AGGAATTCCCAGTAAGTGCG 3′, R: 5′
GCCTCACTAAACCATCCAA 3′, TP53 F: 5′ CTTCGA
GATGTTCCGAGAGC 3′, R: 5′ TTATGGCGGGAGGTA
GACTG 3′, Bax F: 5′ CATGGAGCTGCAGAGGATGAT 3′,
R: 5′ TTGCCGTCAGAAAACATGTCA 3′, ATM F: 5′
TGGATCCAGCTATTTGGTTTGA 3′, R: 5′ CCAAGTATG
TAACCAACAATAGAAGAAGTAG 3′, and GADD45A F: 5′
TCAGCGCACGATCACTGTC 3′, R: 5′ CCAGCAGGCA
CAACACCAC 3′. Complimentary DNA was amplified in
50 μl total volume containing SYBR green master mix and
600 nM of the specific primers. Real time-PCR was performed
on Eppendorf Mastercycler. Cycling conditions were as fol-
lows: For cDNA synthesis, 25 °C for 10 min, 42 °C for 50 min,
and 75 °C for 15 min; for DNA amplification, 2-min denatur-
ation step at 95 °C followed by 40 cycles with 15 s denaturation
at 95 °C, 15 s primer annealing at 55 °C, and 20 s of elongation
at 68 °C; for quantitation, differences between treatments were
analyzed by comparing mRNA levels to the control after nor-
malization to 18S rRNA mRNA levels. The statistical analysis
of the real time-PCR results was calculated by using the ΔCt
value (Ct gene of interest − Ct reporter gene). Relative gene
expression was obtained by ΔΔCt methods (ΔCt sample −
ΔCt calibrator) with the use of the sham-operated group as a
calibrator for comparison of all unknown sample gene expres-
sion levels. The conversion between ΔΔCt and relative gene
expression levels is as follows: fold induction 0 2-ΔΔCt, where
2-ΔΔCt is relative gene expression [32].

Western blot analysis

Cultured cells were washed with PBS solution and detached
from the culture dishes using a rapid treatment with trypsin-
EDTA solution. Cell suspensions were centrifuged at
1,000 rpm for 10 min, and the pellets were lysed with an
ice-cold lysis buffer (50 mM; Tris–HCl pH 7.4; 1 % NP-40;
150 mM NaCl; 2 mM EDTA; 0.1 % SDS; 1 mM EGTA;

1 mM PMSF; 0.15 % bME) containing a protease inhibitor
cocktail (Sigma–Aldrich, Saint Louis, Missouri, USA) for
30 min. The lysate was cleared by centrifugation at 4 °C for
10 min at 14,000 rpm, and the supernatant was used to
determine the protein concentration of the lysates using the
Lowry protein assay [33]. Cell extracts containing 50 μg of
proteins were fractionated on 10 and 12 % SDS–PAGE gel
and transferred to a nitrocellulose acetate membrane (Amer-
sham Biosciences, Piscataway, NJ, USA) using Bio-Rad
semi-dry apparatus. Nitrocellulose membrane were blocked
with 5 % (w/v) nonfat milk (blocking solution) in Tris-
buffered saline–Tween-20 (TBST) (1.5 M NaCl, 20 mM
Tris–HCl, 0.05 % (v/v) Tween-20) for 6 h and then incubat-
ed with primary antibodies (Sigma–Aldrich), diluted
1:1,000 in blocking solution, overnight at 37 °C. The mem-
branes were washed with TBST thrice with 10-min intervals
and then incubated with horseradish peroxidase conjugated
secondary antibody diluted 1:2,000 in blocking solution
incubated for 2 h at 37 °C. Then, the membranes were
washed with TBST thrice with 10-min intervals, and the
bands were detected using a DAB solution. The images
were acquired by Image Station 2000R (Kodak, NY,
USA). The graph represents the quantification results nor-
malized to β-actin levels.

Cell cycle analysis

The cells at the density of 3.5×106 cells were seeded in T-25
culture flasks. The cells (treated/untreated) were then ex-
posed to 2 Gy gamma radiation. After exposure, the cells
were washed in PBS, and the viability of the cells was
determined by the trypan blue dye exclusion method. For
analyzing DNA content, 1×106 viable cells were fixed in
cold 70 % ethanol in PBS at −20 °C. After 12 h, the fixed
cells were pelleted, gently resuspended in ice-cold PBS, and
supplemented with 0.5 mg/ml propidium iodide plus 50 μg/
ml RNase A. The samples were then incubated at 37 °C
for 30 min and stored in dark at 4 °C. The red fluo-
rescence of individual cells was measured at an excita-
tion wavelength of 540 nm and emission wavelength at
610 nm on a FACS caliber flow cytometry (Becton
Dickinson, San Jose, CA, USA). A minimum of
10,000 events were analyzed per samples in the flow
cytometer.

Statistical analysis

All experiments were performed two times independently,
and each experiment included two or three replicates. The
data were statistically analyzed using one-way analysis of
variance (ANOVA) on statistical package for social scien-
ces, and the group means were compared by Duncan’s
multiple range test (DMRT). The results were considered
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statistically significant if the P value is the less than 0.05
levels.

Results

Figure 1 shows the effect of 2DG, FA, and IR on the
expression pattern of p53 and p21 proteins in NCI-H460
cells. p53 and p21 protein expression was increased signif-
icantly in 2DG+FA treatment group as compared to the
groups treated with 2DG and FA alone. Radiation exposure
to NCI-H460 cells has significantly increased the expression
of p53 and p21 proteins. Combination treatment of 2DG
+FA+IR showed a further increase in the expression of p53
and p21 proteins compared to all other groups.

Figure 2 shows the effect of 2DG, FA, and IR on the
expression pattern of Bax, caspase-3, and NF-κB proteins in
NCI-H460 cells. Bax and caspase-3 protein levels were
significantly increased in 2DG+FA treatment group as com-
pared to groups treated with 2DG and FA alone. Radiation
exposure to NCI-H460 cells has significantly increased the
expression of Bax and caspase-3 proteins. 2DG+FA+IR
combined treatment group has showed a further increase in
the levels of Bax and caspase-3 proteins. NF-κB protein
levels were decreased in 2DG- and FA-treated groups com-
pared to control group. Radiation exposure alone has in-
creased the expression of NF-κB protein in NCI-H460 cells.
Combination of 2DG+FA+IR has showed a significant de-
crease in the expression level of NF-κB protein.

Figure 3 shows the effect of 2DG, FA, and IR on the
relative mRNA levels of p53, Bax, ATM, and GADD45A
genes in NCI-H460 cells. The mRNA levels of p53, Bax,
and GADD45A were overexpressed under 2DG and FA
treatments compared to untreated control. Exposing NCI-
H460 cells to radiation has resulted in the overexpression of

p53, Bax, and GADD45A genes. Combined treatment of
2DG+FA+IR has resulted in the significant overexpression
of p53, Bax, and GADD45A genes compared with any
treatment group alone. Expression of ATM gene was down-
regulated upon the treatment with 2DG and FA. Irradiation
of NCI-H460 cells resulted in the overexpression of ATM.
Combined treatment of 2DG and FA along with irradiation
has resulted in the downregulation of radiation-induced
expression of ATM.

Figure 4 shows the effect of 2DG, FA, and IR on NCI-
H460 cell cycle progression. Table 1 shows the percentage
of cells in sub-zero, G0-G1, S, and G2/M phases of cell cycle
in NCI-H460 cells. Incubation of cells with 2DG+FA
(39.7 %) resulted in the increase of sub-G0 cell population
compared with groups treated with 2DG and FA alone.
Radiation treatment significantly increased (41.3 %) the
population of cells in the sub-G0 phase, indicating the char-
acteristics of apoptosis. Whereas incubation of cells with
2DG and FA before irradiation has further increased
(57.2 %) the population of cells in sub-G0 stage when
compared to all other treatment modalities.

Discussion

Radiotherapy acts through the induction of double strand
breaks to DNA in order to induce elimination of cancerous
cells via programmed cell death [34]. The efficiency of
radiotherapy for cancer treatment is limited by toxic side
effects impeding dose escalation. Moreover, cancer cells
often develop radioresistance mechanisms that are related
to the DNA repair response. The aim of combining chemo-
therapy to radiotherapy is to strengthen the efficiency of
radiation by inhibition of DNA repair, and overcoming of
apoptosis resistance.

Fig. 1 Effect of 2DG, FA, and
IR on the expression pattern of
p53 and p21 proteins in NCI-
H460 cells. (A) Control, (B)
2DG, (C) FA, (D) 2DG+FA, (E)
IR, (F) 2DG+IR, (G) FA+IR,
and (H) 2DG+FA+IR. The
graph represents the quantifi-
cation results normalized to β-
actin levels. Values not sharing
a common marking (a, b, and c)
differ significantly at P≤0.05
(DMRT)
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It has been shown that 2DG, a glycolytic inhibitor, inhib-
its growth and induces apoptosis in a number of cancer cell
lines [35]. Many reports have well documented the role of
p53 in apoptosis. In this study, we have observed that p53
plays an important role in the radiosensitization effect of
2DG in NCI-H460 cells. 2DG sensitizes cancer cells to
radiation through mechanisms such as inhibiting DNA re-
pair processes and recovery from potentially lethal damage
[13], and inducing oxidative stress [12]. Earlier studies also
demonstrated that 2DG induces radiosensitization of p53
wild-type non-small cell lung cancer cells but not of p53-
deficient cells [36], and this study also shows that 2DG
increases p53 expression in p53 wild-type cells. Ionizing
radiation activates p53, causing cell cycle arrest and apopto-
sis [37]. Consistent with earlier reports, we have also ob-
served an increase of p53 level in NCI-H460 cells upon
treatment with 2DG, FA, and/or 2 Gy radiation in the
present study. A microarray analysis of H2O2-treated human
cells identified one-third of the 48 highly H2O2 responsive
genes as targets of p53 [38]. Though it is generally recog-
nized that oxidative stress is associated with p53-dependent
cell cycle arrest, DNA repair, and apoptosis, a clear

understanding of the mechanisms of the interactions be-
tween ROS and p53 is still elusive.

It has previously been shown that cytotoxic stimuli, such
as radiation, activate p53 pathway, which leads to the ex-
pression of p21, GADD45, and other downstream targets,
resulting cell cycle arrest and apoptosis [39]. The p53 pro-
tein is a critical regulator of cellular growth controlling both
proliferation and apoptotic response of cells. The induction
of the p21WAF1/CIP1 protein after ionizing radiation medi-
ates p53-dependent G1 arrest via its inhibitory effects on
cyclin-dependent kinases (CDKs) required for S-phase entry
[40]. GADD45 is under transcriptional control by p53; since
cellular responses to DNA damage are also under transcrip-
tional control by p53, an understanding of the interaction of
p53 with GADD45 is important [41]. In this study, we
observed an increase in the GADD45A gene expression
upon exposing the NCI-H460 cells to 2-Gy irradiation and
a combination of 2DG, FA, and IR greatly enhances the
GADD45A expression. Ionizing radiation-induced GADD45
expression has been reported to play a critical role in apo-
ptosis [42]. Curcumin has been reported to increase the
GADD45 expression in lung cancer cells [43]. In the present

Fig. 2 Effect of 2DG, FA, and
IR on the expression pattern of
Bax, caspase-3, and NF-κB
proteins in NCI-H460 cells (A)
Control, (B) 2DG, (C) FA, (D)
2DG+FA, (E) IR, (F) 2DG+IR,
(G) FA+IR, and (H) 2DG+FA
+IR. The graph represents the
quantification results normal-
ized to β-actin levels. Values
not sharing a common marking
(a, b, and c) differ significantly
at P≤0.05 (DMRT)

Tumor Biol. (2013) 34:251–259 255



study, radiation-induced GADD45A expression has been
upregulated by 2DG and FA treatment.

It has been found earlier that p53 expression precedes Bax
expression. It is well recognized that whether a cell becomes
committed to apoptosis partly depends upon the balance be-
tween proteins that mediate cell death, e.g., Bax, and proteins
that promote cell viability, e.g., Bcl-2 or Bcl-xL [44], and the
ratio of Bax to Bcl-2 or Bcl-xL appears to be a critical deter-
minant of a cell’s threshold for undergoing apoptosis [44].
Interestingly, wild-type p53 has been shown to be capable of
both downregulating the death suppressor Bcl-2 and upregulat-
ing the death promoter Bax, thereby changing the Bcl-2/Bax
ratio and disposing to programmed cell death [44]. Bax over-
expression has recently been shown to enhance radiation-
induced apoptosis, but only in the presence of functional p53
[45]. Exposing thymocytes to ionizing radiation has been
reported to increase the levels of Bax [46]. Examination
of cell death pathway demonstrated proapoptotic protein
Bax activation and caspase cleavage in 2DG-treated
lymphoma cells [47]. It has been reported earlier that
curcumin potentiates p53 DNA binding which in turn
induces Bax expression [48]. From the present results,

we deduce that the increased expression of p53 by 2DG
and FA also triggered the Bax expression.

Irradiated cells have been shown to be able to increase their
survival by reducing or repairing IR-induced damage via
activation of stress responsive genes [49]. ATM is a nuclear
serine kinase that upon sensing DNA damage activates several
signaling pathways to regulate cell cycle, stress, and DNA
repair [50]. Cells from ataxia-telangiectasia patients lack ATM
and suffer from extreme radiosensitivity and cell cycle anoma-
lies [51]. These cells also display a defect in NF-κB activation
that could explain in part their enhanced apoptotic responses
to DNA damaging agents [52]. Curcumin, a natural com-
pound that interfere with IkappaB kinase (IKK) activation
enhanced radiation-induced apoptosis of prostate PC-3 cancer
cells [53]. NF-κB-dependent transcription produces proteins
that make cells resistant to apoptosis, stimulates oncogene
expression and angiogenesis and stimulates cell proliferation.
Indeed, high constitutive NF-κB activity prevents cancerous
cells from apoptosis and results in a more aggressive potential
for prostate [54] or ORL [55] cancer cell lines. Several studies
have explored the impact of NF-κB inhibition on radiosensi-
tivity in various models [56].ATM is essential for activation of

Fig. 3 Effect of 2DG, FA, and
IR on relative expression
patterns of a TP53, b Bax, c,
and ATM d GADD45A genes in
NCI-H460 cells. Values not
sharing a common marking (a,
b, and c) differ significantly at
P≤0.05 (DMRT)
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the entire NF-κB pathway by DSBs in both cultured human
cells and mouse tissues, including IKK activation, IκB degra-
dation, and induction of NF-κB DNA binding activity [57]. In
the present study, we observed that the ATM expression was
downregulated by 2DG and FA, which ultimately resulted in
the decreased expression of NF-κB.

Deregulation of the cell cycle and apoptosis are frequent
occurrences in cancer development. In the present study,

increased fraction of cells was observed in G0 phase upon
treatment with 2DG+FA compared with 2DG and FA alone.
During ionizing radiation treatment, a large fraction of cells
appeared in the sub-G0 phase which corresponded to cells
undergoing apoptosis, and few fraction of cells were distrib-
uted in G2/M and S phase of the cell cycle. To enhance
radiosensitization of tumor cells, numerous studies have
focused on abrogation of G1- and G2-phase arrests [58].

Fig. 4 Effect of 2DG, FA, and IR on cell cycle distribution in NCI-H460 cells

Table 1 Effect of 2DG, FA, and
IR on the percentage of cells in
sub-zero, G0-G1, S, and G2/M
phases of cell cycle in NCI-
H460 cells

Control 2DG FA 2DG+FA IR 2DG+IR FA+IR 2DG+FA+IR

Sub G0 (%) 12.6 21.4 15.3 39.7 41.3 53.4 49.6 57.2

G0-G1 (%) 51.2 46.2 49.4 16.5 15.2 16.4 17.3 15.3

S (%) 15.4 15.7 16.9 21.1 17.1 15.6 15.4 14.3

G2/M (%) 15.7 16.3 18.1 22.5 26.2 14.3 17.2 13.1
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Furthermore, abrogation of DNA damage-induced S and G2/
M checkpoints by antisense inhibition of check point protein
(CHK2) has been shown to enhance radiation-induced apo-
ptosis in HEK-293 cells [59]. Giammarioli et al. has earlier
reported that 2DG induce cell cycle arrest in G0-G1 phase in
metastatic melanoma cells [60]. It has been reported earlier
that genistein promotes apoptosis and G2/M cell cycle arrest in
prostate cancer cells exposed to radiation [61]. Following
curcumin treatment of vascular smoothmuscle cells, cell cycle
analysis revealed a G0-G1 arrest and a reduction in the per-
centage of cells in S phase [62]. It has been suggested earlier
that FA inhibited vascular smooth muscle cell (VSMC) pro-
liferation by regulating the cell progression fromG1 to S phase
[63]. Concurrent with earlier reports, accumulation of cells in
G0 phase during 2DG and FA treatment before irradiation
showed that 2DG and FA are involved in bypass of G2/M
checkpoint in the present study. Such a bypass of the G2/M
phase checkpoint can lead to inappropriate entry into mitosis
and subsequent mitotic catastrophe [64].

In conclusion, it has been observed in the present study
that incubation of NCI-H460 cells with 2DG and FA before
irradiation triggered many apoptosis-related signaling cas-
cades including p53, Bax, caspase-3, and GADD45. The
decreased expression of ATM by 2DG and FA also caused
the negative impact on the NF-κB activation. 2DG and FA
also decreased the percentage of cells that lies in the G2/M
check point there by forcing the cells to undergo apoptosis.
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