
© 2020 Pharmacognosy Magazine | Published by Wolters Kluwer - Medknow� S229

ABSTRACT
Background: Naringenin  (NGN) is a flavonoid that has shown 
anticancer activities, but the ability of NGN to radiosensitize cells of 
the non-small cell variety of lung cancer has not been looked into yet. 
Objectives: The objective of the study was to check for the ability of NGN 
to promote radiosensitization of the lung cancer cell line – NCI‑H23  (H23). 
Materials and Methods: 3‑(4,5-dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide assay, trypan blue exclusion assay, and colony‑forming assay were 
performed to check the effect of NGN, with and without X‑ray treatment, 
on the viability of cancer cells. Protein carbonylation, DNA fragmentation, 
and caspase‑3 activity were determined. The levels of pAkt, Akt, matrix 
metalloproteinase‑2 (MMP‑2), RAD50, and p21 proteins were looked at by 
Western blotting. Messenger RNA (mRNA) levels of AKT1, CASPASE3, BAX, 
BCL2, and BCLXL were also checked. Results: When combined with radiation, 
NGN lowered the survivability of H23 cells. NGN showed a prooxidant effect 
while no DNA fragmentation was observed. mRNA levels of CASPASE3 
and caspase‑3 activity also showed an increase. pAkt, Akt, MMP‑2, and p21 
protein levels were lowered in the NGN‑treated groups, while the RAD50 
protein levels showed an increase. The mRNA levels of BCL2 and BCLXL 
were lowered, while BAX mRNA levels were elevated in response to NGN 
treatment. Conclusion: The results showed that NGN, used singularly or in 
combination with radiation, can lower the procancerous and prometastatic 
Akt, p21, and MMP‑2 proteins while upregulating the apoptotic process.
Key words: Akt, caspase‑3, matrix metalloproteinase‑2, non‑small cell 
lung cancer, naringenin, radiosensitization

SUMMARY
•  Naringenin  (NGN) showed potential as a radiosensitizer as it was able to 

lower cell survival, increase DNA degradation, lower pro‑survival proteins, 
and promote an apoptotic environment in H23 cells. As such NGN deserves 
to be further investigated in vivo as a radiosensitizer.

Abbreviations used: NGN: Naringenin; NSCLC: Nonsmall cell lung 
cancer; MMP‑2: Matrix metalloproteinase‑2; MRN: Mre11‑Rad50‑Nbs1; 
MTT: 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide; 
Bcl‑2: B  cell lymphoma 2; Bcl‑XL: B  cell lymphoma‑extra 
large; NFκB: Nuclear factor kappa B; Bax: BCL2 associated X; 
DEVD‑pNA: n‑acetyl‑aspartate‑glutamate‑valine‑aspartate‑para‑nitroaniline; 
BCIP/NBT: 5‑Bromo‑4‑chloro‑3‑indolyl phosphate/nitroblue tetrazolium; 
ACTB: Actin beta; EGFR: Epidermal growth 
factor receptor.
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INTRODUCTION
Of all the major types of cancer, lung cancer has consistently scored the 
highest both in terms of incidence and cancer‑related deaths.[1] Based on 
histology, lung cancer can be divided into small cell lung cancer (SCLC) 
and non‑SCLC  (NSCLC) with NSCLC contributing to approximately 
85% of the lung cancer cases and is also the highest contributor 
to cancer‑related deaths in many countries.[2,3] Radiotherapy and 
chemoradiotherapy form a major part of the treatment modalities 
for NSCLC.[4] The current 5‑year survival rate of 5% to 15% clearly 
demonstrates the resistance of NSCLC to the treatment methods and 
also the need to look for better treatment alternatives.[5]

Akt acts as an onogene, and high levels of phosphorylated Akt have 
been reported in most cancers.[6] Akt protein is a major mediator of the 
actions of the PI3K pathway and is often over expressed in most cases 
of NSCLC.[7] In cancer cells that lack a wild‑type PTEN, Akt is critical 
in promoting ionizing radiation‑induced metastasis by increasing 
the expression of matrix metalloproteinase‑2  (MMP‑2) which often 

leads to resistance of cancer cells to radiation therapy.[8] The cell cycle 
regulatory protein cyclin‑dependent kinase inhibitor/p21CIP1/WAF1  (p21) 
is also known to promote tumor invasiveness and aggressiveness in a 
p53‑deficient environment and is often upregulated in cancer.[9] Akt 
phosphorylates p21 at Ser145 and Thr146 which not only prevents p21 
from carrying out the p21‑mediated cell cycle arrest but also promotes 
the inhibition of apoptosis by p21.[10] RAD50 is a DNA damage sensor 
and is a component of the Mre11–Rad50–Nbs1  (MRN) DNA repair 
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complex.[11] MRN complex can also promote a p53 independent 
apoptosis upon severe DNA damage.[12] Akt promotes the expression 
and activity of the antiapoptotic B cell lymphoma 2 (Bcl-2) proteins 
like B‑cell lymphoma 2  (Bcl‑2) and B cell lymphoma‑extra large via 
the activation of nuclear factor kappa B  (NFκB) while inhibiting the 
expression and activity of the proapoptotic Bcl‑2 proteins, such as BCL2 
associated X (Bax) and caspases via inactivating the forkhead family of 
transcription factors.[13]

A lot of effort is now being invested in finding safer and effective 
compounds which can address the issue of overactivation of Akt in 
NSCLC cases and along with lowering the radiation resistance of 
NSCLC. Several plant polyphenols with proven anticancer properties 
are also currently being investigated as radiosensitisers, as they have 
been reported to lower the prosurvival proteins such as Akt and NFκB. 
Examples include quercetin and vicenin‑2.[14,15] In this study, we check if 
the commonly available flavonoid, naringenin, can inhibit the activities 
of Akt and promote the radiosensitization of the NSCLC cell line H23.

MATERIALS AND METHODS
Cell culturing
NSCLC cell line H23 was obtained from National Centre of Cell  
Science, Pune, India, and cultured in a media made up of RPMI 
1640 (Invitrogen, USA), 2 mM L‑glutamine (Invitrogen, USA), 10% fetal 
bovine serum (FBS) (HiMedia, India), and 0.1% antibiotics (Invitrogen, 
USA). HEK293T embryonic cell line was also obtained from the same 
supplier and cultured in a media consisting of  Dulbecco’s Modified 
Eagle Medium (DMEM)  (Invitrogen, USA), 1% nonessential amino 
acids  (Invitrogen, USA), 2 mM L‑glutamine, 10% FBS, and 0.1% 
antibiotics.

Cytotoxicity assay
H23 cells were plated in a 96‑well plate at a density of 1  ×  104 
cells per well. Once the cells were attached, they were treated 
with varying concentrations of naringenin  (NGN)  (Sigma, USA). 
NGN was initially dissolved in dimethyl sulfoxide  (DMSO) then 
diluted with RPMI before treating the cells with NGN. 5 mg of 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide (MTT) 
(Sigma, USA) was added to 1 ml of phosphate‑buffered saline, and 20 μL 
of the MTT solution was added per well after 24 h of adding NGN. 
MTT allowed color formation, and the intensity of the color formed 
was read by measuring absorbance at 595 nm using a microplate reader 
(Bio‑Rad, USA).

Proliferation assay
H23 cells were given three sets of treatments: treated with NGN alone and 
treated with X‑radiation at a dose rate of 1 Gy/min for a period of 2, 4, 
6, and 8 min respectively, thereby totaling to doses of 2, 4, 6, and 8 Gy, 
respectively. In the third group, the treatment with NGN was followed 
by a treatment with the same pattern of X‑rays doses as in the previous 
case (combination group). Another group of cells were kept untreated and 
served as the control. Cells in the NGN alone and the combination group 
of NGN and radiation were treated with NGN for 24 h, while in the control 
and radiation alone group, the cells were treated with RPMI  +  0.01% 
DMSO. After 24 h, the cells in the radiation alone group and combination 
group were subjected to X‑irradiation  (Faxitron, USA). Thereafter, the 
media was discarded from all the groups and fresh media was added and 
kept in the incubator for 24 h. Once the treatment period was over, the 
MTT solution was added and the readings were taken at 595 nm.

HEK293T cell viability assay
HEK293T cells were plated in a 6‑well plate with a plating density of 
2 × 105 cells per well. The HEK293T cells were treated in the same manner 
as the H23 cancer cells. This was followed by dispering the adherent cells 
via trypsinization, and a count of the viable trypan blue‑stained cells 
was achieved using a chambered hemocytometer (HBG, Germany) by 
viewing in an inverted microscope.

H23 cell viability assay
Based on the results of the above three experiments, the cell viability 
assay, and the remainder of the experiments, the H23 cells were irradiated 
with only 6 Gy dose of X‑rays in the radiation alone and combination 
group. The combination group was pretreated with NGN. Another set 
of cells was treated with NGN alone and there was a set of untreated 
control cells. This was followed by dispering the adherent cells via 
trypsinization, and a count of the trypan blue‑stained cells was achieved 
using a chambered hemocytometer (HBG, Germany) by viewing in an 
inverted microscope. Cells whose cytoplasm was clear with a ring of blue 
stain on the membrane were considered to be viable and cells without a 
clear cytoplasm and a distorted membrane were considered as dead.[16]

Clonogenic assay
The clonogenic assay was performed according to the steps mentioned 
by Crowley et  al.[17] with slight modifications. Once the treatment 
process of the cells was over, the cells were dispersed via trypsinization 
and plated on a 24‑well plate with a density of 200 cells per well and 
grown for 2 weeks. On the 14th day, methanol was applied on the cells to 
fix the cells, followed by staining with 0.5% crystal violet, after which a 
colony count was taken under a microscope.

Protein carbonylation assay
The protocol described by Colombo et al.[18] was followed for checking 
the levels of carbonylated proteins, with minor modifications. 
Once the treatment period was over, cells were lysed and 10 mM 
2,4‑dinitrophenylhydrazine  (DNPH) was added to the lysates, after 
which they were kept in the dark for an hour. Trichloroacetic acid (TCA) 
solutions of strengths 20% followed by 10% were added to the 
lysate‑DNPH mixture with centrifuging after each addition of TCA at 
11000 g for 5 min. An equimolar solution of ethyl acetate and ethanol 
was then added to the pellet obtained and again was centrifuged with 
the same parameters. The supernatant was discarded and the pellet 
was resuspended in guanidine hydrochloride solution of strength 6 M. 
Readings of absorbance were taken at a wavelength of 366 nm using a 
spectrophotometer.

DNA fragmentation assay
Isolation of DNA was achieved by making minor adjustments of the 
protocol mentioned in Saadat et  al.’s study[19] After the lysis of H23 
cells, the lysates were treated with chloroform: isoamyl alcohol, and the 
aqueous upper phase was separated by spinning the mixture at 12,000 g 
for a duration of 5 min. An equal volume of the cold isopropanol was 
added to the isolated aqueous phase and the DNA was pelleted from 
this mixture by centrifuging at the same parameters as earlier. This 
was followed by drying and subsequent dissolving of the pellet in 
Tris‑EDTA (TE) buffer. Electrophoresis of the DNA was performed on a 
1.5% agarose gel at a voltage setting of 70V. Ethidium bromide was used 
at a strength of 0.3 µg/ml to stain the DNA followed by viewing under a 
gel doc (Bio‑Rad, USA).
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DEVDase assay
This assay was performed to estimate caspase‑3 activity as per the 
instructions available in the protocol booklet of the manufacturer of the 
assay kit (ABCAM, UK). Cytosolic extracts were incubated in substrate 
buffer containing caspase‑3 substrate n‑acetyl‑aspartate-glutamate‑val
ine‑aspartate‑para‑nitroaniline for a period of 4 h at 37°C, which was 
followed by spectrophotometric readings taken at 400 nm. An increase 
in caspase‑3 activity was compared with the control set and expressed in 
terms of fold change.

Western blotting analysis
For performing Western blotting, total proteins were isolated by lysing the 
H23 cells. The Bradford reagent was used to ascertain the protein content 
in the cell lysates.[20] Equal amounts of proteins were loaded and run on 
an sodium dodecyl sulfate‑polyacrylamide gel electrophoresis gel and 
were transferred into a membrane made of nitrocellulose. Membranes 
were incubated in rabbit monoclonal antibodies against Akt, Akt with 
S473 phosphorylation (pAkt), p21, MMP‑2, and Rad‑50 (ABCAM, UK) 
proceeded by treating membranes in anti‑rabbit secondary antibody 
conjugated to alkaline phosphatase. Color development of the immunblot 
was achieved by treating the membrane with the appropriate substrate.[21]

Gene expression analysis
The messenger RNA (mRNA) levels of AKT1, CASPASE3, BCL2, 
BCLXL, and BAX genes were measured using a SYBR green based 
quantitative real time polymerase chain reaction (PCR) kit (Applied 
Biosystems, USA) using a PCR system with real time applications 
(Applied Biosystems). Trizol reagent (Sigma, USA) was used to isolate 
RNA from the cells. The isolated RNA was then used as a template to 
form the corresponding cDNA using a reverse transcriptase based kit 
from Applied Biosystems. The cDNA was used to run real‑time PCR 
using an SYBR Green kit. Actin beta was used as the reference gene, and 
the changes in the expression levels were quantified in relation to the 
reference gene.[22]

Statistical analysis
The data have been expressed in terms of mean ±  standard deviation. 
Significance values were calculated using ANOVA  (SPSS, USA) and 
differences between groups were considered to be statistically significant 
if P < 0.05.

RESULTS
Naringenin lowers cancer cell survival as a single 
agent and when naringenin precedes radiation 
treatment
H23 cell survival showed a gradual lowering with increasing doses of 
NGN [Figure 1a]. Cell survival was lowered by 50% (**P < 0.01) when 
the NGN dose was increased to 100 μM. We checked the effect of treating 
the H23 cells with 100 μM NGN prior to treatment with radiation as 
compared to treating the cells with radiation alone  [Figure  1b]. We 
observed a significantly lowered cell survival when the H23 cells were 
treated with NGN prior to radiation treatment with respect to the cells 
treated with only X‑rays (##P < 0.01 vs. 2 Gy, 4 Gy, and 6 Gy irradiated 
group and #P  <  0.05  vs. 8 Gy radiation alone group). In case of the 
HEK293T embryonic cells, 100 µM of NGN did not lower the number 
of viable HEK293T cells. Between the radiation treated doses, cells in the 
combination group of NGN + 6 Gy X‑radiation showed higher levels of 
viability in relation to the cells treated only with 6 Gy of X‑rays [Figure 1c, 
##P < 0.01]. As observed from the cell proliferation assay [Figure 1b], the 
combination groups of 8 Gy and 6 Gy had the minimum number of 

surviving cells (44.28 ± 3.55 and 53.36 ± 3.39, respectively). On the other 
hand, from the HEK293T viability assay [Figure 1c], we observed that 
the combination group of 8 Gy had a percent cell viability of 52.89 ± 2.75, 
while in the combination group of 6 Gy, the percent cell viability stood at 
84.95 ± 5.22. As NGN acted as a radiosensitizer at 6 Gy while also being 
radioprotective at the same dose, we decided to proceed with the rest of 
the study using only the 6 Gy dose of radiation.
We took a count of the viable H23 cells [Figure 1d], and the number of 
surviving cells in the NGN alone group was observed to be reduced to 
59.35 ± 3.45 (**P < 0.01 vs. control) and 63.17 ± 3.47 in the combination 
group (##P  <  0.01  vs. 6 Gy). From Figure  1e, we observed that the 
dead cell count was increased by fourfolds in both the NGN‑treated 
groups with respect to the control and cells treated with only 6 Gy of 
X‑rays  (**P  <  0.01 and ##P  <  0.01, respectively). The clonogenic assay 
results [Figure 1f and g] showed a lowering in the number of colonies 
formed and subsequently a significant lowering of the surviving cell 
percentage in the NGN‑treated groups, 53.21 ± 4.78 in the NGN alone 
group  (**P  <  0.01  vs. control) and 39.18  ±  3.59 in the combination 
group (##P < 0.01 vs. 6 Gy).

Naringenin increases oxidative stress in H23 cells
NGN caused an increase in the levels of carbonylated proteins when 
used alone  (**P  <  0.01). The increase in carbonylated proteins was 
also observed in the radiation‑treated groups  [Figure  2]. Increase in 
carbonylated proteins is an indicator of oxidative stress.[18]

Naringenin promoted DNA degradation
Although there was no observable DNA fragmentation in any of the 
treatment groups  [Figure  3a], the increase in the levels of the DNA 
damage sensing protein RAD50, in the combination group of NGN + 6 
Gy radiation (#P < 0.05), pointed toward an increased DNA damage in 
the combination group [Figure 3b and c].

Naringenin lowers Akt levels and modulates its 
downstream effectors
pAkt [Figure 4a and b] protein levels showed a reduction in both NGN was 
used alone and when NGN treatment was followed by exposure to X‑rays 
with respect to the control and X‑ray alone group (**P < 0.01 vs. control and 
##P < 0.01 vs. 6 Gy). Akt protein levels [Figure 4a and c] also showed a similar 
reduction in the NGN‑treated groups of NGN and NGN + 6 Gy in relation 
to the control and X‑ray alone group (**P < 0.01 and #P < 0.05, respectively). 
The gene expression levels of AKT1 gene [Figure 4f] showed a significant 
lowering in the NGN‑treated group with respect to the control (**P < 0.01) 
and also in the combined treatment group of NGN + 6 Gy with respect to 
the 6 Gy‑treated cells (##P < 0.01). The p21 levels [Figure 4a and d] were 
lowered in the NGN alone group in relation to the control (*P < 0.05) and 
in the combination group in relation to the 6 Gy group (##P < 0.01). The 
MMP‑2 levels were lowered in both the NGN‑treated groups, NGN alone 
and NGN + 6 Gy, with respect to the control and 6 Gy groups, respectively.
(**P < 0.01 vs. control and ##P < 0.01 vs. 6 Gy, respectively).

Naringenin treatment promoted apoptosis in H23 
cells
The mRNA levels of the antiapoptotic BCL2 gene  [Figure  5a] was 
downregulated in the NGN  +  6 Gy group  (##P  <  0.01  vs. 6 Gy). 
BCLXL mRNA levels were also lowered in the combination group 
of NGN  +  6 Gy in relation to the 6 Gy‑treated cells  (#P  <  0.05). The 
proapoptotic BAX mRNA levels  [Figure  5c] were increased by NGN 
both when it was used alone  (*P  <  0.05) and when it was combined 
with 6 Gy radiation (##P < 0.01). NGN increased the CASPASE3 mRNA 
levels  [Figure  5d] when used alone  (*P  <  0.05), while no statistically 
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significant difference in the levels of CASPASE3 mRNA in the 
radiation‑treated groups was observed.  There was an approximately 2 
fold increase in the activity of caspase-3 [Figure 5e] in the NGN alone 

group (*P < 0.05 vs. control) and when NGN treatment preceded 
radiation treatment (##P < 0.01 vs. 6 Gy).

DISCUSSION
The results from the cytotoxicity and proliferation assays of H23 cells 
showed that NGN was able to lower the survivability of the H23 cells 
both alone and in combination with radiation [Figure 1a and b]. At 
the same time, we observed a potential radioprotective effect of NGN 
on the HEK293T embryonic cells, as evidenced by a higher count of 
viable cells in the combination groups [Figure 1c]. We also observed 
a reduction in the viable cancer cell count, while the dead cell count 
showed an increase in the NGN‑treated groups which further showed 
the chemotherapeutic and radiosensitizing potential of NGN upon 
the H23 cell line [Figure 1d and e]. We performed a colony‑forming 
assay [Figure 1f] to further confirm our results and to account for the 
delayed membrane breakage shown by cells in response to treatment 
or by cells entering a cell cycle delay in response to treatment 
which could affect the results of the trypan blue and MTT assays.[23] 
Calculating the percent cell survival from the number of colonies 
formed, we observed that the reduction in the number of surviving 

Figure  2: Bar graph showing nmol of carbonylated protein per mg of 
protein after various treatments. **P  <  0.01 versus control. Values are 
mean ± standard deviation. (Figure legend 2 to be reproduced at full page 
width)

Figure 1: Naringenin lowers H23 cell survival singularly and in combination with radiation. (a) Graph showing the percent cell survival of H23 cells with 
increasing doses of naringenin. **P < 0.01 versus control. (b) Graph showing percent cancer cell survival under various treatment groups. **P < 0.01 versus 
control and ##P < 0.01 versus 2 Gy, 4 Gy and 6 Gy irradiated group, while #P < 0.05 versus 8 Gy radiation alone group. (c) Bar graph for percent cell survival 
of normal fibroblast cells under various treatment groups. ##P < 0.01 versus the respective irradiated group. (d) Bar graph showing percent viable H23 cells 
after various treatments. **P < 0.01 versus control and ##P < 0.01 versus respective irradiated group. (e) Bar graph showing fold change in dead H23 cells after 
various treatments. ** P < 0.001 versus control and ## P < 0.01 versus respective irradiated group. (f ) H23 colonies after staining with crystal violet. (g) Bar 
graph showing percent surviving cells from colony forming assay. **P < 0.01 versus control and ##P < 0.01 versus respective irradiated group. All values are 
expressed as mean ± standard deviation. (Figure Legend 1 to be reproduced at full page width)
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cancer cells was observed in both the cases involving treatment with 
NGN [Figure 1g].

The increase in carbonylated proteins in the NGN‑treated groups showed 
the ability of NGN to act as a pro‑oxidant  [Figure 2]. Phytochemicals 
have been reported to exert their pro‑oxidant effects via increased 
protein carbonylation; for example, green tea polyphenols cause an 
increase in the carbonylated proteins.[24] Proanthocyanidins also exert 
their proapoptotic effect on human adenocarcinoma cells via increasing 
protein carbonylation.[25] The lowering of Akt levels in the NGN‑treated 
groups can also contribute to increased oxidative stress, as Akt is critical 
in the maintainence of redox homeostasis.[26]

We observed no fragmentation of DNA in any of the treated groups 
[Figure 3a]. The lack of fragmentation can be attributed to the very low 
levels of the caspase‑activated DNase  (CAD) protein in lung tissues 
and also in adenocarcinomas, which is responsible for carrying out 
the fragmentation of the DNA.[27,28] The increased levels of the DNA 
damage sensing RAD50 protein,[11] especially in the combination group 
of NGN  +  6 Gy, indicated the presence of DNA damage in the H23 
cancer cells  [Figure  3b and c]. Rad50 also has pro-apoptotic activities 
and increases in the levels of Rad50 have been associated with increased 
apoptosis in cancer cells. Flavonoids promote the levels of Rad50 protein 
to induce apoptotic cell death in cancer cells.[29] The lowering of H23 
cell survival in the combination group and the upregulation of caspase‑3 
activity is an indicator of increased apoptotic activity, ultimately leading 
to cell death.
There was a lowering of pAkt [Figure 4a and b] and Akt [Figure 4a and c] 
proteins and AKT1 mRNA [Figure 4f] in the NGN‑treated groups. The 
lowering of Akt levels could be attributed to the reported ability of 
NGN to lower the expression and activity of upstream receptor kinases 
like epidermal growth factor receptor which is known to activate 
Akt.[30,31] The lowering of p21 was observed in the NGN‑treated groups 
[Figure 4a and d]. The lowering of p21 is significant, as lowering of p21 

Figure  3: Naringenin and DNA damage.  (a) naringenin in combination 
with radiation promotes DNA degradation.  (b) Western blot analysis of 
Rad50 protein. (c) Bar graph showing the densitometric plot of the level 
of Rad50 protein. #P  <  0.05 versus respective irradiated group. Values 
are expressed as mean  ±  standard deviation.  (Figure Legend 3 to be 
reproduced at full page width)

c

b
a

Figure 4: Naringenin lowers the expression of pAkt, Akt, p21, and matrix metalloproteinase‑2. (a) Western blotting images of pAkt, Akt, p21, and matrix 
metalloproteinase‑2 proteins. Densitometric plots of the level of  (b) pAkt protein, **P  <  0.01 versus control and ##P  <  0.01 versus respective irradiated 
group; (c) Akt protein, **P < 0.01 versus control and #P < 0.05 versus respective irradiated group; (d) p21 protein, *P < 0.05 versus control and ##P < 0.01 
versus respective irradiated group; (e) matrix metalloproteinase‑2 protein, **P < 0.01 versus control and ##P < 0.01 versus respective irradiated group. All 
groups were normalized with β‑actin protein. (f ) Fold change in messenger RNA expression of AKT1. **P < 0.01 versus control and ##P < 0.01 versus respective 
irradiated group. All values were normalized with actin beta endogenous control. All values are expressed as mean ± standard deviation. (Figure legend 4 
to be reproduced at full page width)
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has been reported to promote cell death in response to radiation and 
also promotion of radiation‑induced apoptosis.[32] There was a reduction 
in the MMP‑2 [Figure 4a and e] levels in both the NGN‑treated groups. 
The lowering of MMP‑2 can be attributed to a lowering of Akt, as Akt 
contributes to increasing the activity of MMP‑2.[8] The lowering of 
MMP‑2 is associated with lowered metastasis, greater radiosensitivity, 
and increased apoptosis in NSCLC.[33,34]

The gene expression level of the antiapoptotic BCL2 and BCLXL 
genes [Figure 5a and b] was downregulated in the combination group 
where NGN was combined with a radiation dose of 6 Gy. The lowering of 
the expression of these two genes holds importance not only because they 
code for antiapoptotic proteins but also because these protein products 
are involved in promoting the Akt pathway.[35‑38] The proapoptotic BAX 
gene mRNA levels registered an elevation in both the NGN‑treated 
groups [Figure  5c]. The BAX protein encoded by the BAX gene is a 
positive prognostic marker for NSCLC and can promote apoptosis in 
both caspase dependent and independent ways along with promoting 
radiosensitization.[39,40] The activity levels of caspase‑3 increased in both 
the NGN‑treated groups [Figure 5e]. The increased activity of caspase‑3 
in the combination group of NGN  +  6 Gy with respect to the 6 Gy 
radiation group minus any corresponding changes in the CASPASE3 
mRNA levels between the radiation treated groups [Figure 5d] can be 
caused by the observed lowering of Akt and p21 levels, both of which are 
known to inhibit the activity of a caspase‑3 protein.[41,42] An increase in 
caspase‑3 activity is also favorable as caspase‑3 can also serve as a marker 
of radiosensitivity.[43]

CONCLUSION
In conclusion, the results from our study show that NGN had a 
chemotherapeutic and a radiosensitizing effect on the H23 cancer cells. 
NGN singularly and when combined with a radiation dose of 6 Gy caused 
a reduction in Akt, MMP‑2, and p21 levels and promoted DNA damage. 
There was a diminishing of the mRNA levels of antiapoptotic BCL2 and 
BCLXL genes, while an increase in mRNA levels of proapoptotic BAX 
and CASPASE3 genes was observed in the NGN‑treated groups. An 

increase in the proteolytic activity of caspase‑3 was also observed in the 
NGN‑treated groups. However, our results are based on a single cell line, 
and we plan to extend our work into other NSCLC cancer models to 
further validate NGN as a radiosensitizer of NSCLC cells.
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