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Abstract

Introduction: The present study describes the potential use of naringin (NAR), a flavanone glycoside, in combination 
with imatinib (IMT), a signal transduction inhibitor used in chronic myeloid leukemia (CML). The study aimed to 
investigate whether NAR could help overcome the multidrug resistance of IMT by inhibiting the overexpression 
of the P-glycoprotein gene. Materials and Methods: Molecular docking approach is used to investigate the 
binding affinity of IMT and NAR to human P-glycoprotein. The results showed that IMT had stronger interactions 
with P-glycoprotein than NAR, indicating better stability with a binding energy of −7.3 kcal/mol compared 
to −5.6 kcol/mol for NAR. However, NAR demonstrated an excellent affinity toward human P-glycoprotein. 
Results: To investigate the effect of NAR and IMT combination on P-glycoprotein expression, flow cytometry 
technique on K562 cell lines is used. The results displayed that IMT alone at a concentration of 1 μM had a P-gp 
expression of 73.6%. Nevertheless, P-gp expression was substantially decreased to 9.7% when coupled with NAR 
at higher doses (5–30 µM). Moreover, pure NAR alone also showed suppression of P-gp expression. In summary, 
the study suggests that the combinatorial approach of IMT with NAR could enhance anticancer activity and delay 
drug resistance by reducing P-gp expression in K562 cell lines. Conclusion: These results support the potential 
use of NAR as an adjuvant therapy to IMT in the management of CML. However, further studies are needed to 
confirm the efficacy and safety of this approach in clinical settings.
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INTRODUCTION

Cancer is a cluster of complicated 
pathways that can lead to the 
development of malignant tumors with 

the capacity to spread, including unrestricted 
cell proliferation, defective cell death, and 
spatial-temporal alterations in cell physiology.[1] 
Chronic myeloid leukemia (CML) is a myelo-
proliferative disease in which significant 
increase in granular leucocytes takes place 
in blood and bone marrow at any stage of the 
development.[2] According to American Cancer 
Society, about 8,860 new instances of CML will 
be detected by 2022, with around 1,220 persons 
dying from the disease. CML accounts for 
around 15% of all new instances of leukemia. 
In the USA, 1 in 526 persons may be detected 
with CML at any stage of the life.[3] The onset 
of the CML mostly occurs between the ages 

of 40–50 years, but at any age, it may show the progression 
including both sexes. CML begins with any pluripotent stem 
cell with multiple or single genetic alterations leading to clonal 
proliferation of altered myeloid progenitors. This will influence 
all cells generated from this precursor.[4] Out of three phases 
of the CML, most of the patients are found in chronic phase 
which is diagnosed by cytogenic and bone marrow sampling. 
The chronic phase is categorized by slow progression that is 
easily treatable and maybe maintained for 2–7 years.[5]
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Imatinib (IMT) is first introduced and widely used in CML 
as signal transduction inhibitor which blocks the BCR-
ABL protein in carcinogenesis. IMT inhibits the activity 
of tyrosine kinase and gets bind to the BCR-ABL kinase 
preventing phosphate group transfer towards tyrosine and 
causes activation of phosphorylated protein. This entire 
scenario leads to the inhibition of proliferation impulses and 
cell undergoes in to the apoptosis. In December 2002, the 
Food and Drug Administration approved IMT as the first-line 
treatment for newly diagnosed CML based on an International 
Randomized Study (IRIS).[6] However, the development of 
multidrug resistance (MDR) restricts IMT’s usage in drug 
delivery. The MDR has been associated to over expression of 
the P-gp gene.[7,8] P-gp-mediated efflux has been identified as 
a barrier to the brain’s uptake of IMT.[8]

P-gp and MRP (MDR-related protein gene) can directly 
interact with IMT and shows the resistance to the treatment,[9] 
while similar observations were noted by Mukai et al. and 
IMT was found to be substrate of P-gp.[10] Burger et al., 
found that IMT is also substrate of breast cancer resistant 
protein (BCRP) and continuous exposure of the IMT causes 
the up regulation of P- gp and BCRP leading to the lesser 
intracellular concentration of IMT.[11] Ferrao et al. also 
believed that the resistance of IMT was attributed to the over 
expression ofthe P-gp.[12] But according to the Hirayama 
et al.[13] resistance to IMT in K562 was not associated with 
the BCRP. Considering all these known draw backs of the 
current therapy, P-gp inhibitors or the molecules which can 
reduce the P-gp expression in cancer cell lines would be 
considered in the treatment of the CML.

Natural products are excellent sources for drug discovery 
as they allow researchers to isolate new molecules that 
may be used as leads or scaffolds in drug delivery system 
with great erbiological properties.[14] High consumption of 
green and other vegetables as well as fruits may lower down 
the chances of the development of various malignancies, 
according to scientific findings and traditional wisdom.[15] 
Flavonoid and its derivatives, fruit-based cancer preventative 
and therapeutic agents, have demonstrated a notable 
potential to decrease tumor development and cancer cell 
proliferation.[16] Flavonoid interacts with several signal 
transduction path ways in carcinogenesis, increasing 
apoptosis while inhibiting metastasis, angiogenesis, and 
proliferation. Natural compounds have been shown excellent 
potential against cancer with fewer side effects. As a result, 
use of natural origin products in various cancerous or other 
treatments is a cost-efficient, accessible, and successful 
treatment option.[17] Naringin (NAR) is flavonone glycoside 
having anti- inflammatory, antioxidant, antiviral and 
antitumor properties.[18] Moreover, it affects and engages 
several signalling pathways. NAR has been shown to 
suppress a variety of cancers through regulating a number 
of cellular signalling cascades, such as oxidative stress 
processes, angiogenesis, and the prevention of malignant 
cell proliferation.[19] Several lines of experimental data show 

that Naringenin or innovative Naringenin formulations might 
help to prevent malignancies and various cancers including 
melanoma, breast cancer, and cervical cancer.[20] NAR has 
been already proven to be effective in the bladder, blood, 
breast, cervical, lung, and head-neck cancer.[19]

We felt that combining IMT with NAR would be a unique 
therapeutic strategy for the treatment of CML with improved 
anticancer activity, given all of the potential advantages 
of NAR. An exhaustive literature search revealed that the 
combination of IMT and NAR as a treatment method has 
yet to be tested. In this study, in silico docking and cellular 
studies were used to establish IMT’s improved anticancer 
efficacy when combined with NAR.

MATERIALS AND METHODS

IMT and NAR were purchased from Acros organics, Belgium. 
Fetal Bovine Serum, Cell culture medium: RPMI1640 were 
purchased from Difco; Invitrogen Corp, Burlington, Canada, 
MTT Reagent and Verapamil from Sigma-Aldrich, D-PBS 
were purchased from Himedia India. K562 cell lines were 
purchased from NCCS, Pune, India. DMSO was purchased 
from Sigma USA. PGP antibody (E-10) FITC was purchased 
from BS Biosciences. Sodium azide was purchased from 
Sigma.

Molecular docking study of IMT and NAR

In this study, human P-glycoprotein (PDB ID: 6C0V) was 
used as the target enzyme while IMT and NAR were used as 
ligands. The structures of these compounds are presented in 
Figure 1. The AutoDock Vinaprogramme was used to perform 
molecular docking experiments on NAR and IMT molecules. 
All molecules were docked against human P-glycoprotein 
(PDB ID: 6C0V). The protein P-glycoprotein was obtained 
from the Protein Data Bank. We utilized grid box settings for 
human P-glycoprotein docking with grid centre: x = 172.155, 
y = 188.865, z = 128.374 and grid box size: x = 12, y = 12, 
z = 22. The grid spacing was set to 1.0Å in this study and 
generated 20 confirmations for each docking. MGL tools 
1.5.6 were used to prepare the input, while AutoDock Tools 
and Pymol software were used to evaluate the findings.

Estimation of P-Glyco-protein in K562 Cell lines 

To induce IMT resistance, the original IMT-sensitive 
K562 cells were subjected to a stepwise increase in IMT 
concentration in the culture medium. The concentration was 
escalated from 1 µM to 5 µM over there months. At each 
step, the IMT concentration was increased by 0.3 µM and 
maintained for 10–15 days, depending on the proportion of 
surviving cells. The resulting K562 IR cell line exhibited 
resistance to 5 µM IMT. From our previous study results of 
MTT assay, the IC 50 values of IMT and NAR were 1 μM 
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and 109 μM, respectively. Hence, the concentrations of IMT 
were taken <1 μM and NAR concentration at 25, 50 and 
100 μM which is also less than the IC50 concentration. This 
study was conducted in K562 cell lines cultured at density of 
1 × 105 cells/2 mL in 6 well plate. These cells were incubated 
in CO2 incubator at 37°C for period of 24 h in RPMI 1640 
supplemented with 10% FBS and Pen-Strep. The cultured 
cells were separated from spent medium followed by 
washing with PBS. As per Table 1 the cells were treated with 
test compounds and controls followed by incubation for 24 h. 
Lateron these cells were allowed to harvest in polystyrene 
tube followed by centrifugation at 25°C for 5 minutes. The 
supernatant was decanted and cells washed twice with PBS. 
PGP antibody (E-10, 10 μL) and FITC antibodies were mixed 
properly and incubated at RT for 30 min. Later on these cells 
were washed with 1× PBS and sodium azide (0.1%). Flow 
cytometry analysis was performed after the addition of PBS 
(0.5 mL) with 495 and 519 as excitation emission.

RESULTS AND DISCUSSION

The present research work in silico docking and p-glycoprotein 
expression study in K562 was done with the assumption that 
NAR would potentially enhance the anticancer activity of 
IMT using P-glycoprotein inhibition with excellent affinity. 
We are certain that this innovative combinatorial therapeutic 
approach will provide fresh perspectives on how to treat 
CML while delaying the onset of drug resistance.

Human P-glycoprotein docking

One of the most effective ways for determining the binding 
process and affinity of a ligand with a protein molecule within 
a receptor is molecular docking.[21] The molecular docking 
studies can also detect active chemicals that don’t fit well 
in binding sites.[22,23] The docking experiments were used to 
conclude the binding affinity of NAR and IMT for human 
P-glycoprotein. The binding affinity of these compounds 
revealed substantial interaction energies with the active site 
of human P-gp, as shown in Table 2.

The docking of NAR and IMT compounds was based on 
the crystal structure of human P-gp (PDB ID: 6C0V). The 
interactions of NAR and IMT molecules in the active site of 

human P-gp are depicted in Figures 2 and 3. Hydrophobic 
interactions and hydrogen bonding stabilize NAR linked to 
P-gp. Interactions of NAR in the active site of human P-gp 
are shown in Figure 2. Gly-475, Ser-429, Ser-434, and Gln-
438 residues demonstrated hydrogen bond interactions with 
NAR. NAR is further stabilized by hydrophobic contacts 
in the active site with Gly-432, Gln-1180, and Ser-1177 
residues.

Hydrogen bonds between Gln-438, Arg-905, and Arg-404 
residues stabilize the IMT molecule [Figure 3]. It also had 
hydrophobic interactions with the residues Tyr-401, Val-407, 
and Gly-432. IMT’s robust hydrogen bonding, non-covalent, 
and hydrophobic interactions with human P-glycoprotein 
revealed greater stability in contrast to NAR (−5.6 kcal/mol), 
with a binding energy of −7.3 kcal/mol. It has been determined 
through docking research that NAR and IMT have strong 
affinities for human p-glycoprotein.

P-glycoprotein expression study

MDR is still a significant stumbling block to cancer therapy’s 
long-term effectiveness. P-gp is membrane transporter that 
is responsible for the efflux of the molecules from the cells 

Table 1: The concentrations of the compounds 
(IMT‑ Imatinib, Test‑ Naringin)

S. No. Sample Name/Code Concentrations
1. Verapamil 1 μM

2. Imatinib 1 μM

3. Naringin 10 μM

4. IMT+Test 1 μM+15 μM

5. IMT+Test 1 μM+20 μM

6. IMT+Test 1 μM+25 μM

7. IMT+Test 1 μM+30 μM

8. Untreated cells NA

Table 2: Protein‑ligand binding interaction energies 
(in kcal/mol) calculated by using AutoDock vina

Protein name Imatinib Naringin
Human P‑glycoprotein (6C0V) −7.3 −5.6

Figure 1: Structures of (a) Human P-glycoprotein (targetenzyme) (PDBID: 6C0V); (b) IMT (ligand) and (c) Naringin (ligand)

cba



Figure 3: Docking of IMT at active site of the human P-glycoprotein (PDBID: 6C0V). The side chains of proteins and amino acids 
are depicted in line style in cyan color, while the side chains of ligand molecules are displayed in pink color stick style

Figure 2: Molecule NAR docked in the active site of the human P-glycoprotein (PDBID: 6C0V). The side chains of proteins and 
amino acids are displayed inline-style in cyan color, while the side chains of ligand molecules are displayed in pink color stick 
style
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reducing chemotherapy efficacy. As an adaptive response 
to chemotherapy-induced cell death, P-gp expression is 
increased in cancer cells. Most of the P-gp inhibitors are 
discovered through preclinical investigations and in silico 
techniques, but only a handful have made it through all 
the stages of clinical trials.[24] The capacity of NAR in 
combination with IMT to change the expression pattern of 
P-gp in cell lines has been investigated in this work. Through 
this study, it has been revealed that the P-gp over expression 
is reduced in a dose-dependent manner when compared to 
untreated K562 cells. Ali et al. had previously proven NAR’s 

regulation of anticancer drug-induced P- glycoprotein 
expression and described an appealing novel agent for cancer 
cell chemosensitization.[25] In our study, the combination of 
IMT with NAR has displayed excellent inhibition of P-gp 
expression in K562cell line.

When IMT was coupled with NAR at concentrations 
ranging from 25 to 200 M, P-gp expression was significantly 
decreased to 9.7% from its initial value of 73.6% at 5 M. 
In our investigation, pure NAR (alone) has likewise shown 
effective P-gp expression suppression. Percentage of P-gp 
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expressing K562 cells in performed in triplicate and is 
presented in Figure 4.

The highest P-gp expression was found in the samples of the 
untreated cells in flow cytometry analysis. The flow cytometry 
images of the untreated cells are shown in Figure 5. This 
group of cells had shown nearly 99.8 % of P-gp expression.

When we analyzed only IMT treated group of the cells, we 
observed strong expression of P-gp in K562 cells (73.6%). 
Flow cytometry images of the cells treated with 1 μM are 

shown in Figure 6. It is a well-known fact that IMT is substrate 
of P-gp so overexpression was observed in this group of cells.

As expected, the combination of IMT with NAR had 
displayed excellent inhibition in P-gp expression in K562 
cell lines. In our study, NAR had already displayed affinity 
toward the human P-gp and inhibited the expression. NAR 
displayed decrease in P-gp expression with respect to dose in 
comparison to untreated cells. The flow cytometry images of 
the cells treated with 1 μM of IMT and 30 μM of NAR are 
shown in Figure 7.

Figure 5: P-gp expression in untreated K562 cell line

Figure 4: Percentage of P-gp expressing K562 cells-overlay bar graph



Figure 6: Expression of P-gp in IMT (1 μM) treated K562 cellline

Figure 7: Expression of P-gp in imatinib (1 μM) + NAR (30 μM) treated K562 cell line
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The comparative overlay spectra for all the groups displaying 
P-gp expression are presented in Figure 8. From these overlay 
spectra, it is clear that the combination of NAR with IMT had 
helped to reduce the P-gp expression which would be fruitful 
in the treatment of IMT resistant CML.

P-gp-mediated MDR is found to be major challenge in the 
treatment of cancer. As a result, most of the present research 
is focused on identifying molecules which can potentially 
reverse the MDR avoiding the toxicity.[26] Overexpression 
of the P-gp efflux pump is a leading cause of chemotherapy 



Figure 8: The comparative overlay spectra for all the groups 
displaying P-gp expression
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failure since it causes several anticancer drugs to become 
resistant to cancer cells.[27] P-gp through its efflux mechanism 
pumps out the drug molecules from the cancer cells. As a 
result, P-gp inhibitors must be developed that are both safe 
and efficient in preventing anticancer treatment resistance 
caused by P-gp. Flavonoids had previously shown that they 
inhibitedthe P-gp efflux pump, enabling anticancer drugs to 
accumulate intracellular in cancer cells.[28]

Most MDR-reversing substances have physical properties 
in common, including lipophilic characteristics, and charge 
(positive or neutral) at physiological pH.[29] NAR was found 
to be a possible chemosensitizing agent because of its 
hydrophobic nature and aromatic components, which resulted 
in a considerably stronger suppression of P-gp expression. 
NAR has already been explored as potential anticancer 
natural molecule, but its exact mechanism of action is still 
not fully understood.[30] For the first time, the present work 
demonstrated the combinatorial approach consisting of IMT 
with NAR to reduce P-gp expression in K562 cells and by 
enhancing the anticancer activity.

CONCLUSION

The current research work reveals NAR as a potential P-gp 
expression inhibitor and could be potentially coupled with 
IMT to reduce the multiple drug resistance. It was discovered 
through docking research that NAR exhibited a superb 
affinity for human p-glycoproteins identical to IMT. The P-gp 
over expression was found to be reduced in a dose-dependent 

manner in comparison to the untreated K562 cells. The 
combination of IMT with NAR would be a unique therapeutic 
strategy for the treatment of CML with improved anticancer 
activity and delaying the drug resistance.

ACKNOWLEDGMENT

The authors are thankful to GITAM University for continuous 
encouragement and support.

REFERENCES

1.	 Baliou S, Adamaki M, Kyriakopoulos AM, 
Spandidos DA, Panayiotidis M, Christodoulou I, et al. 
CRISPR therapeutic tools for complex genetic disorders 
and cancer (Review). Int J Oncol 2018;53:443-68.

2.	 Zizioli D, Bernardi S, Varinelli M, Farina M, Mignani L, 
Bosio K, et al. Development of BCR-ABL1 transgenic 
Zebrafish model reproducing chronic myeloid leukemia 
(CML) like-disease and providing a new insight into 
CML mechanisms. Cells 2021;10:445.

3.	 Huang X, Cortes J, Kantarjian H. Estimations of the 
increasing prevalence and plateau prevalence of chronic 
myeloid leukemia in the era of tyrosine kinase inhibitor 
therapy. Cancer 2012;118:3123-7.

4.	 Knight GW, McLellan D. Use and limitations of imatinib 
mesylate (Glivec), a selective inhibitor of the tyrosine 
kinase Abl transcript in the treatment of chronic myeloid 
leukaemia. Br J Biomed Sci 2004;61:103-11.

5.	 Hoffbrand AV, Higgs DR, Keeling DM, Mehta AB. 
Postgraduate Haematology. Hoboken: John Wiley and 
Sons; 2016.

6.	 Sacha T. Imatinib in chronic myeloid leukemia: 
An overview. Mediterr J Hematol Infect Dis 
2014;6:e2014007.

7.	 Widmer N, Colombo S, Buclin T, Decosterd LA. 
Functional consequence of MDR1 expression on imatinib 
intracellular concentrations. Blood 2003;102:1142.

8.	 Aller SG, Yu J, Ward A, Weng Y, Chittaboina S, 
Zhuo R, et al. Structure of P-glycoprotein reveals a 
molecular basis for poly-specific drug binding. Science 
2009;323:1718-22.

9.	 Hegedus T, Orfi L, Seprodi A, Váradi A, Sarkadi B, 
Kéri G. Interaction of tyrosine kinase inhibitors with 
the human multidrug transporter proteins, MDR1 and 
MRP1. Biochim Biophys Acta 2002;1587:318-25.

10.	 Mukai M, Che XF, Furukawa T, Sumizawa T, Aoki S, 
Ren XQ, et al. Reversal of the resistance to STI571 
in human chronic myelogenous leukemia K562 cells. 
Cancer Sci 2003;94:557-63.

11.	 Burger H, van Tol H, Boersma AW, Brok M, Wiemer EA, 
Stoter G, et al. Imatinib mesylate (STI571) is a substrate 
for the breast cancer resistance protein (BCRP)/ABCG2 
drug pump. Blood 2004;104:2940-2.

12.	 Ferrao PT, Frost MJ, Siah SP, Ashman LK. 



Gudimetla and Prabhakar: Targeting drug resistance: Imatinib and naringin in chronic myeloid leukemia

Asian Journal of Pharmaceutics • Apr-Jun 2023 • 17 (2) | 294

Overexpression of P-glycoprotein in K562 cells does 
not confer resistance to the growth inhibitory effects of 
imatinib (STI571) in vitro. Blood 2003;102:4499-503.

13.	 Hirayama C, Watanabe H, Nakashima R, Nanbu T, 
Hamada A, Kuniyasu A, et al. Constitutive overexpression 
of P-glycoprotein, rather than breast cancer resistance 
protein or organic cation transporter 1, contributes to 
acquisition of imatinib-resistance in K562 cells. Pharm 
Res 2008;25:827-35.

14.	 Atanasov AG, Zotchev SB, Dirsch VM, International 
Natural Product Sciences Taskforce, Supuran CT. Natural 
products in drug discovery: Advances and opportunities. 
Nat Rev Drug Discov 2021;20:200-16.

15.	 Ramesh E, Alshatwi AA. Naringin induces death 
receptor and mitochondria-mediated apoptosis in 
human cervical cancer (SiHa) cells. Food Chem Toxicol 
2013;51:97-105.

16.	 Dutta S, Mahalanobish S, Saha S, Ghosh S, Sil PC. 
Natural products: An upcoming therapeutic approach to 
cancer. Food Chem Toxicol 2019;128:240-55.

17.	 Ravishankar D, Rajora AK, Greco F, Osborn HM. 
Flavonoids as prospective compounds for anti-cancer 
therapy. Int J Biochem Cell Biol 2013;45:2821-31.

18.	 Rivoira MA, Rodriguez V, Talamoni G, de Talamoni NT. New 
perspectives in the pharmacological potential of naringin 
in medicine. Curr Med Chem 2021;28:1987-2007.

19.	 Ghanbari-Movahed M, Jackson G, Farzaei MH, 
Bishayee A. A systematic review of the preventive 
and therapeutic effects of naringin against human 
malignancies. Front Pharmacol 2021;12:639840.

20.	 Choi J, Lee DH, Jang H, Park SY, Seol JW. Naringenin 
exerts anticancer effects by inducing tumor cell death 
and inhibiting angiogenesis in malignant melanoma. Int 
J Med Sci 2020;17:3049-57.

21.	 Klebe G. Virtual ligand screening: Strategies, perspectives 

and limitations. Drug Discov Today 2006;11:580-94.
22.	 Oprea TI, Matter H. Integrating virtual screening in lead 

discovery. Curr Opin Chem Biol 2004;8:349-58.
23.	 Mizutani MY, Itai A. Efficient method for high-

throughput virtual screening based on flexible docking: 
Discovery of novel acetylcholinesterase inhibitors. 
J Med Chem 2004;47:4818-28.

24.	 Robinson K, Tiriveedhi V. Perplexing role of 
P-glycoprotein in tumor microenvironment. Front Oncol 
2020;10:265.

25.	 Ali MM, Agha FG, El-Sammad NM, Hassan SK. 
Modulation of anticancer drug-induced P-glycoprotein 
expression by naringin. Z Naturforsch C J Biosci 
2009;64:109-16.

26.	 Li W, Zhang H, Assaraf YG, Zhao K, Xu X, Xie J, 
et al. Overcoming ABC transporter-mediated multidrug 
resistance: Molecular mechanisms and novel therapeutic 
drug strategies. Drug Resist Update 2016;27:14-29.

27.	 Waghray D, Zhang Q. Inhibit or evade multidrug 
resistance P-glycoprotein in cancer treatment. J Med 
Chem 2017;61:5108-21.

28.	 Nerdy P, Putra ED, Haro G, Harahap U, Hutagaol R, 
Karsono. In silico screening of hesperetin and naringenin 
ester derivatives as anticancer against p-glycoprotein. Int 
J Pharm Pharm Sci 2014;7:485-8.

29.	 Zamora JM, Pearce HL, Beck WT. Physical-chemical 
properties shared by compounds that modulate multidrug 
resistance in human leukemic cells. Mol Pharmacol 
1988;33:454-62.

30.	 Jagetia GC, Reddy TK. The grapefruit flavanone 
naringin protects against the radiation-induced genomic 
instability in the mice bone marrow: A micronucleus 
study. Mutat Res 2002;519:37-48.

Source of Support: Nil. Conflicts of Interest: None declared.


