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Review Article

Cancer is a complex multifaceted illness that affects different patients in discrete ways. For a number of cancers the use of 
chemotherapy has become standard practice. Chemotherapy is a use of cytostatic drugs to cure cancer. Cytostatic agents not only 
affect cancer cells but also affect the growth of normal cells; leading to side effects. Because of this, radiotherapy gained importance 
in treating cancer. Slaughtering of cancerous cells by radiotherapy depends on the radiosensitivity of the tumor cells. Efforts to 
improve the therapeutic ratio have resulted in the development of compounds that increase the radiosensitivity of tumor cells or 
protect the normal cells from the effects of radiation. Amifostine is the only chemical radioprotector approved by the US Food and 
Drug Administration (FDA), but due to its side effect and toxicity, use of this compound was also failed. Hence the use of herbal 
radioprotectors bearing pharmacological properties is concentrated due to their low toxicity and efficacy. Notably, in silico methods 
can expedite drug discovery process, to lessen the compounds with unfavorable pharmacological properties at an early stage of drug 
development. Hence a detailed perspective of these properties, in accordance with their prediction and measurement, are pivotal for 
a successful identification of radioprotectors by drug discovery process.
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Introduction

The causes of serious ill-health in the world are changing. 
Infection as a major cause is giving way to non-communicable 
diseases such as cardiovascular disease and cancer [1]. Cancer 
it is one of the complex genetic diseases and remains leading 
cause of death globally. It involves multiple changes in gene 
expression leading to cell proliferation, deregulated balance, 
finally resulting abnormal cell growth producing malignant 
tumors with the potential to invade or spread to other parts of 
the body [2]. Faster the tumor’s growth rate the more rapidly 

its cells are multiplying. The International Agency for Research 
on Cancer (IARC) by survey approximately reported nearly 
12.7 million new cancer cases per year and 7.6 million deaths 
reported worldwide [3] and by 2020 it is predicted to be 12 
million deaths and 20 million new cases of cancer. The past 
decade has witnessed a considerable progress in understanding 
the hallmarks of cancer causes, along with advances in early 
detection and various treatment modalities.

Radiotherapy is used as a primary treatment modality in 
the cure of cancer [4,5]. The use of radiotherapy began early 
in the 20th century, prior to chemotherapy, and preceding the 
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wide-scale use of randomized clinical trials, to determine the 
effectiveness of medical treatments [6].  

Eighty percent of cancer patients need radiotherapy 
during the course of treatment, either for palliative or 
curative purpose. Of the approximately 1.4 million cancer 
patients; one million people will be undergoing radiation. 
Each year around 10.9 million people pronounced with cancer 
worldwide, amongst them around 60% people are instructed 
for radiotherapy treatment and 40% of them go for treatment 
with curative intent [7]. This is because of its cost, accounting 
for only 5% of the total cost of cancer cure. In the course of 
treatment, radiation produces various biological perturbations 
in cells; as normal cell toxicity limits the doses used in effective 
treatment; methods are designed to strike a balance between 
eliminating cancer cells and protecting normal tissues. Hence 
the goal of radiation therapy is to achieve maximum tumor cell 
killing while minimizing injury to normal tissues (therapeutic 
ratio). Local failure of tumor suppression is the cause of 40%–
60% of cancer deaths and may occur in 60%–80% of cancer 
patients. Therefore, modulation of therapeutic index has been 
a central issue in radiotherapy for decades [8]. 

Unfortunately as long as acute toxicity occurring in the 
interim of clinical radiotherapy, higher radiation doses cannot 
be used which would be more effective. Hence, improving 
the therapeutic ratio to reduce these toxicities (that is ratio 
of normal tissue toxicity to cancer cell killing), there is a need 
for tremendous research interest in search of radioprotective 
drugs. It is ultimately the use of radioprotectors to protect 
normal tissue and radiosensitization of cancerous tissue that 
limits the ability to maximize patient’s toxicity free treatment 
for survival. 

Radiosensitizers are mainly used for radiosensitizaton 
of tumour cell. Radiosensitizers are compounds that when 
combined with radiation, sensitizes the tumor cells achieving 
greater tumor inactivation by apparently promoting the 
fixation of the free radicals produced by radiation damage at 
the molecular level [9]. On the other hand, radioprotectors are 
used to protect normal cells; these are the compounds that are 
designed to reduce the damage in normal tissues caused by 
radiation. These compounds are often antioxidants and must 
be present before or at the time of radiation for effectiveness. 
Other forms of agents are also present termed mitigators, 
which are mainly used to minimize toxicity even after radiation 
has been delivered [10]. In spite of more than six decades of 
research on the development of radioprotectors, there is no 
safe and effective nontoxic radioprotector available for human 
use [11]. This has enthused extensive search to find effective 

and nontoxic radioprotectors. Hence the interest has shifted 
towards the use of natural products in radioprotection.

Radioprotectors

On the other hand, radioprotective agent or radioprotector 
could be a chemical or a drug that reduces the radiation 
elicited damages, once administered to living organisms. 
Identification of an efficient and nontoxic radioprotector 
is a vital goal for radiation oncologists and basic radiation 
biologists. The most protective radioprotectors developed 
so far are aminothiols and their derivatives viz. cysteamine, 
aminoethanisothiuronium bromide hydrobromide (AET) and 
amifostine (WR-2721). Some of these compounds have been 
used to prevent complications of radiation therapy successfully 
in cancer patients and have conjointly been thought to protect 
against radiation hazards in clinical use and in accidental 
radiation exposure scenarios [12]. Bourhis and Rosine [13] 
found that amifostine in specific is found to be effective in 
patients with head and neck squamous cell carcinoma, but use 
of amifostin in radiotherapy is limited because of its toxicity 
like nausea, sneezing, diarrhea, sleeplessness, hypotension, 
dizziness, hypocalcemia, and hiccoughs [14]. Regardless of its 
current clinical applications, amifostin has not been approved 
for use in any clinical nuclear/radiological exposure setting. 
The negative effects of amifostine encompasses; cost, toxicity, 
limited protection of the central nervous system, limited 
routes of administration and narrow time windows [15]. 
Another synthetic compound is 5-aminosalicylic acid (5-ASA) 
was studied by Lans [16] who observed that on pretreatment 
of 5-ASA, significant reduction in the micronuclei formation 
up to 40%–50% when compared to radiation control, with 
a dose modification factor (DMF) 2.02–2.53. Sulfasalazine 
(SAZ) yet another compound optimally protected mice on 
treatment at 120 mg/kg, without any toxicity. At this dose, SAZ 
protected plasmid DNA (pGEM-7Zf) against Fenton reaction-
induced breaks, suggesting free radical scavenging as one of 
the possible mechanism for radioprotection but this too was 
found to have some level of toxicity [17]. Practical applicability 
of majority of these synthetic compounds remained limited 
owing to their high toxicity [18]. An ideal protector is one 
which gives a high degree of protection to normal tissues, with 
little or no protection to tumor cells and most importantly, 
should be nontoxic.

An understanding of the events occurring during and 
shortly after irradiation of tissues and cells is important to 
understanding the mechanism of action of radioprotectors 
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and mitigators. Fig. 1 shows the sequence of events in cells 
and tissues following radiation exposure. 

The failure to obtain more effective and less toxic 
radioprotectors from synthetic compounds prompted 
researchers to focus towards evaluating the radioprotective 
potential of natural products [29,30].

Natural Radioprotectors

Natural radioprotectors are plant compounds that protect 
normal (noncancerous) cells from the damage caused by 
radiation therapy. Natural plant products are nontoxic with 
proven therapeutic benefits and have been utilized since 
ancient times for curing various ailments. About 60% of the 
1,184 new drugs developed over the past 25 years owe their 
origin to natural sources. Till today, nearly 74 plant products 
have been screened for their radioprotective potential in 
various in vitro and in vivo studies. The use of herbals and 
dietary modulators in combination with radiation have 
enhanced tumor killing by radiosensitizing tumor cells in turn 
protection normal cells against radiation [31]. 

Firstly discussing about radiosensitizers, the use of certain 
plants as radiosensitizers has been reported in literature. 
Reports have shown that Ayurvedic formulation, triphala 

obtained from combining three plants, i.e., E. officinalis, T. 
bellirica, and T. chebula, in combination with gamma radiation 
lead to radiosensitization of tumor cells, MCF-7 breast cancer 
cell line. It was further found that triphala spared normal cells, 
such as mouse hepatocytes and spleen cells at concentrations 
that were toxic to MCF-7 [32], by activating pro-apoptotic 
signals in neuroblastoma xenografts. Similarly Azadirachta 
indica leaf extracts exhibited radiosensitizing effect when 
exposed to single (10 Gy) or fractionated (2 Gy/day for 5 day) 
doses of radiation [33]. Ziziphus mauritiana anther plant 
extracts studied by Bache et al. [34] enhanced cellular toxicity 
with decreased clonogenic survival in combination with 
radiation (4 Gy) in head and neck squamous carcinoma cell 
line and under hypoxic condition it induced cytotoxicity and 
radiosensitivity in glioma cells. An ideal radiosensitizer for use 
as an adjunct in radiotherapy should have such characteristics 
as low toxicity, high radiosensitizing efficiency for hypoxic 
cells, least effect on normal cells and minimum interference 
with other therapies. It should also be economically affordable. 

On the other hand, radioprotectors from plant source 
have been studied to protect normal cells. For example the 
plant Pilea microphylla, protected livers of irradiated mice 
from depleting endogenous antioxidants like superoxide 
dismutase (SOD), glutathione, thiols and catalase. It conferred 

Time scale
(sec)

seconds to hours

Hours to years

Weeks to years

Type of intervention

Chemical
radiation

protectors

Radiation
mitigators

TreatmentLate effects
(Fibrosis, scarring, vascular

damage, organ damage)

Events

Energy absorption

Excitation, ionization
OH radicals near target(DNA)

Secondary radicals
(diffusible)

DNA radicals

Modulation of damage

Any molecule

Antifibrotics

Radioprotectors

Thiols, nitroxides

Chemical repair

Thiols, nitroxides

Enzymatic

Repair

DNA oxidized

DNA breaks

proliferation/degeneration

Cell death      Cell survival

Mutation/carcinogenesis

10-17 to 10-13

10-10

10-6

10-6 to 10-3

▶

▶

▶

▶

▶

▶

▶
▶

▶
▶

▶

▶
▶

▶

Fig. 1. Sequence of events in cells and tissues following radiation exposure.

Modulation of
Signal transduction
Gene expression

Host cell activation
inflammation

Physiological effects
Repopulation
Proliferation



Natural radioprotectors

268www.e-roj.orghttps://doi.org/10.3857/roj.2018.00381

overall radioprotection by protecting the gastrointestinal and 
hematopoietic system as studied by Bansal et al. [35]. Some of 
the herbal plants used as radioprotectors are listed in Table 1.

At the same time large number of phytochemicals obtained 
from plant sources has been reported to be radioprotective 
activity in various animal models. All these reports support 
the argument that plant products and their isolates have 
great potential to be developed as radioprotectors. Speaking 
about constituents of plant products, plants are rich sources 
of polyphenols which include anthocyanins, flavonoids, 
stilbenes, tannins, lignins, etc. [36]. Among these, plant 
phenolic compounds such as lignin precursors and flavonoids 
are the important constituents of the human diet [37]. These 
compounds have been recognized as beneficial antioxidants 
that can scavenge harmful active oxygen species. 

Antioxidant and anti-inflammatory properties of curcumin 
in mouse models are well documented by Conney et al. [38]. 
Lupeol has been examined for its cardioprotective effects and 
was determined to provide 34.4% protection against in vitro 
LDL oxidation [39]. Lycopene another compound is a bright 
red carotene and carotenoid pigment and phytochemical 
found in tomatoes and other red fruits and vegetables, in line 
with one preliminary study, consumption tomato paste for 3 
months decreases sun injury by UV radiation by 30 minutes 
through the action of lycopene. Resveratrol is a stilbenoid, 
a polyphenolic compound found in grapes, red wine, purple 
grape juice, peanuts, and some berries. Xanthorrhizol may 
be a sesquiterpenoid compound extracted from Curcuma 
xanthorrhiza was found to possess antibacterial, anticancer 
and anti-inflammatory activity. The stem has additionally been 
used to treat inflammation in postpartum uterine bleeding. 
Recent studies also proved that it possess nephroprotective 
activity. It is also worth mentioning that phytochemicals have 
the advantage of low toxicity, therefore, they might be more 
easily and safely used in patients undergoing radiotherapy 
than other radioprotective chemicals. Based on the present 
status of herbal radioprotectors (Table 2), the future holds 
promise for revealing the potential natural products in 
radioprotective drug discovery.

Drug Discovery Process

The search for potent radioprotectors from plant source can be 
overwhelmed by use of drug discovery process. It is a process 
of generating new compounds that is targeted towards 
disease. The drug can be identified by comprehensively 
understanding disease process. It is a challenging process with 

significant trial and error element. It is indeed an expensive 
process, requiring 12–15 years and millions to dollars to 
designing a drug and to reach the market from its initial 
discovery stage [40]. Until the recent few decades, the science 
of drug discovery has relied heavily upon systematic screening 
of the drug related to disease process. This eventually paved 
way to increased usage of medicinal chemistry and allied 
disciplines wherein the chemistry of the potential drugs 
were understood and exploited in great detail to design more 
effective molecule. In fact, there are a number of drugs in 
current clinical use, which have emerged out of traditional 
medicinal chemistry approaches involving organic synthesis 
of potential drug candidates and pharmacological testing. 
For example, the taxanes [41], paclitaxel, and docetaxel [42] 
has been show antitumor activity against breast, ovarian 
and other tumor types in the clinic trial. Paclitaxel stabilizes 
microtubules and leading to mitotic arrest [43]. In addition, 
the camptothecin derivatives irinotecan and topotecan, have 
shown significant antitumor activity against colorectal and 
ovarian cancer, respectively [44]. The scenario is, however, 
changing rapidly and the science of drug discovery has 
witnessed several paradigm shifts [45]. Many of these can be 
attributed to advances in molecular biology, delineation of the 
molecular bases of pathological processes, as well as those of 
drug actions in many cases, leading to shifts in the discovery 
focus from a ligand lead to the target molecule. With the 
advancement in the high throughput screening techniques 
[46] and the genomics and post-genomics eras to analyze 
whole genomes and proteomes, are helpful in providing huge 
amount of information, not only with respect to the genome 
sequences and protein structures but also with respect to 
regulation, gene-expression, and protein–protein interactions 
(PPIs). The availability of such information in publicly accessible 
databases and the advances in both computing power as well 
as in computational methods for data mining and modeling, 
have led to the emergence of several in silico approaches to 
systematically address several questions in biology, with an 
obvious impact on drug discovery. Systems level approaches 
to discover drug aid at multiple stages in the drug discovery 
pipeline, particularly in target identification and in identifying 
the molecular basis of disease for rational drug discovery 
[47]. Target selection or identification involves choosing a 
disease to treat. This means selection or discovery of biological 
targets such as receptors or particularly enzymes or ion 
channels linked to a pathological process. Identification and 
validation of drug able targets from thousands of candidate 
macromolecules are still a challenging task [48]. Numerous 
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technologies for addressing the targets have been developed 
recently. Genomic and proteomic approaches are the major 
tools for target identification. For example, a proteomic 
approach for identification of binding proteins for a given 
small molecule involves comparison of the protein expression 
profiles for a given cell or tissue in the presence or absence 
of the given molecule. This method has not been proved very 
successful in target discovery because it is laborious and time 
consuming [49]. Therefore complementary to the experimental 
methods a series of computational approach have also been 
developed for drug target identification, which may speed 
up the whole biological/chemical/medical community, and 
lead to the high-throughput, low cost, and the means to 
save time and energy [50]. Currently, microarray technology 
is used to identify disease markers, biological processes and 
novel transcriptional cascades. This technology represented 
as one of the first functional genomics platforms that exploit 
genome sequence data to analyze a biological process (gene 
transcription) on a gene-by-gene basis. However, this tool is 
also facing some problems such as consistency of experimental 
results [51] and also data comparison obtained from different 
platforms.

To overcome such kind of flaws, in silico approaches for 
studying PPI are gaining importance in identifying drug 
targets. In view of these Hormozdiari et al. [52] developed 
a strategy for identifying potential multiple-drug targets in 
pathogenic PPI networks with the goal of disrupting known 
pathways/complexes and showed how protein interaction 
networks are disrupted on altering the hub protein so as to 
maximize the number of potential pathways/complexes. Finally 
28 potential targets were identified (four of them known 
drug targets) on the E. coli PPI network whose removal led to 
partitions of network in to two sub-networks with relative 
sizes of 1 to 5. 

After target identification, its validation becomes important 
criteria; the next step is to develop a therapy that affects 
the target in a way that interferes with its ability to promote 
cancer cell growth or survival. It involves demonstration 
of relevance of the target protein in a disease process. For 
example, a targeted therapy could reduce the activity of the 
target or prevent it from binding to a receptor that it normally 
activates, among other possible mechanisms. Validation of 
targets becomes important because, during clinical trials, 
the target validation fails for about 50% of therapeutic 
approaches. A retrospective analysis of drug development 
programs at Pfizer revealed some opportunit ies for 
optimization of the drug development process. To overcome 

such a failure three knowledge pillars have been identified, 
which increase the likelihood of candidate survival in phase II 
trials such as: deep understanding of the drug exposure at the 
site of action, target binding of the drug, and clear expression 
of functional pharmacological activity. The latest reached 
highest significance for prediction of success in clinical trials. 
Hence, an in-depth biological understanding of a molecular 
target as one of the very early steps in the entire drug 
discovery and development process which can determine later 
success or failure of the emerging drug candidate is required. 

Tens of thousands of potential drug substances (obtained 
from massive compound libraries) are tested against the target 
proteins in a robotic process called high-throughput screening 
(HTS). The identification of radiation-protecting agents is an 
important goal for radiation oncologists and basic radiation 
biologists. Herbal plants are gaining prime importance in 
search of radioprotecting agents.

Virtual screening has reached a status of a dynamic and 
lucrative technology in probing for novel drug-like compounds 
(radioprotectors) or so-called hits in the pharmaceutical 
industry [53]. Various physiochemical descriptors, e.g., polar 
surface area, predicted pharmacokinetic properties (ADME), 
passive transcellular permeability in the intestine or in 
the brain, are used to filter out these compounds. ADME 
processes play a critical role in determining the inclination of 
a drug candidate, and thus its therapeutic efficacy. The initial 
analysis of ADME properties, e.g., anesthetic agents in the 
late nineteenth century, focused on the partition coefficient 
(logP) between water and oil, basically the lipophilicity of 
the compound. This has served as one of the fundamental 
principles for drug discovery and design [54]. Many drugs are 
affected by lipophilicity, highly lipophilic compounds have low 
solubility and poor absorption. Increase in the lipophilicity 
increases the probability of binding to hydrophobic protein 
targets rather than desired one leading to toxicity [55]. First-
phase metabolism influences oral bioavailability and toxicology 
of drugs Once compounds enter the bloodstream, they need 
to get to the target site, that is, the site(s) of malignancy. 
The initial interaction of the compounds will be with plasma 
protein, which exerts a large influence on the distribution 
process. The rapid elimination of active compound from the 
site of action (or) from the body itself can severely impact the 
efficacy of any therapeutic agent. The most common routes 
of elimination are via renal and/or biliary excretion, the kidney 
being the most important organ. Once the knowledge of the 
target is available, rapid docking algorithms are used to place 
the available candidate compounds within the active site 



Vinutha Kuruba, Pavan Gollapalli

273 www.e-roj.org https://doi.org/10.3857/roj.2018.00381

of the biochemical target of interest and then the activity 
of compounds is rank ordered by analyzing the steric and 
electrostatic components [56].

Docking and scoring would then be applied only on these 
compounds that meet these filtering criteria [57]. 

The control of cell growth and its behavior has long been 
recognized to be complex. However, we are increasingly 
daunted by exactly, how great a challenge it will be to 
understand or predict normal cell behavior and the rewiring 
that goes on in cancer cells. There are some recent examples 
in which the discovery of entire levels of cellular regulation, 
such as microRNAs, adds yet another layer of complexity. 
Radiotherapy one of the treatments for cancer, faces a major 
drawback as it inevitably involves exposure of normal tissues 
to the deleterious effects of ionizing radiation. Damage to 
DNA and membrane lipids, is the critical factors in radiation-
induced cellular damage and reproductive cell death [58]. 
The severe side-effects of radiotherapy and chemotherapy 
prohibit the application of doses which are high enough to 
kill all cancer cells, which in turn leads to the development of 
radio- and chemoresistance cancerous tissue. Many strategies 
have been proposed to improve radiotherapy, most of which 
are based on two main concepts: firstly, the sensitization of 
tumour tissues for radiation, which allows radio-resistant 
tumor populations to be killed and/or radiation doses to be 
reduced [59]. Secondly, the protection of normal tissues from 
radiation damage by radioprotectors. 

Radioprotector is the prime antidote to radiation 
injury and until now none radioprotector has undeniably 
reached the stage of drug development. Hence to find new 
radioprotective agents, an attractive approach is to repurpose 
the protracted list of accepted non radioprotective drugs, i.e., 
by computational approach one example is by comparing 
publicly available gene expression data of ionizing radiation-
treated samples from the Gene Expression Omnibus (GEO) 
database with gene expression signatures of more than 1,309 
small-molecule compounds from the Connectivity Map (cmap) 
dataset one can discover new radioprotectors in silico [60].

Conclusion

Drugs are designed for a particular purpose or against a 
specific protein target; still they interact with different proteins 
showing their off-targets. This sometimes results in side 
effects for a particular drug. This kind of interaction of a drug 
with different proteins is termed as ‘drug polypharmacology’ 
[61]. Drugs used for some other purpose, if show association 

of some new activity, can therefore be repurposed for this new 
activity. In particular, if a drug in the market shows new target 
association it can be used for that new activity as well. This 
phenomenon is termed as ‘drug repositioning or repurposing’. 
In silico approaches could be adopted as the primary step for 
attaining such processes, which fasten sorting out potentially 
positive molecules for a given end point. Such approach may 
involve structural and/or functional studies at virtual level [62]. 
The drug repurposing strategy by connecting the GEO data 
and cmap can be used to identify known drugs as potential 
radioprotective agents.

Thus, the protection of humans and animals from the 
influence of infrared radiation is a major challenge in radiation 
biology and medicine. It has been suggested that various 
chemical structures may protect against the cell and tissue 
toxicities and delayed carcinogenesis that are induced by 
radiation. 

Hence there is a need for understanding the mechanism 
of radiation damage and its possible prevention by drugs 
such as radioprotectors. Herbal medicines have been gaining 
importance in radioprotective drug discovery owing to lesser 
side effects as reviewed extensively by many authors. In silico 
approach adds up in screening and identification of potent 
radioprotectors.

Conflict of Interest

No potential conflict of interest relevant to this article was 
reported.

Acknowledgments

The authors thank the Registrar, Vignan’s Foundation for 
Science, Technology, and Research (Deemed to be University) 
for support in developing this review article.  

References

	 1.	� Mustonen T, Alitalo K. Endothelial receptor tyrosine kinases 

involved in angiogenesis. J Cell Biol 1995;129:895-8.

	 2.	� Alison MR. Cancer [Internet]. Hoboken, NJ: John Wiley & 

Sons Inc.; 2001 [cited 2018 Nov 10]. Available from: https://

onlinelibrary.wiley.com/doi/full/10.1038/npg.els.0001471.

	 3.	� Chabner BA, Boral AL, Multani P. Translational research: 

walking the bridge between idea and cure: seventeenth Bruce F. 

Cain Memorial Award lecture. Cancer Res 1998;58:4211-6.

	 4.	� International Agency for Research on Cancer. GLOBOCAN 



Natural radioprotectors

274www.e-roj.orghttps://doi.org/10.3857/roj.2018.00381

2008: cancer incidence and mortality worldwide [Internet]. 

Lyon, France: International Agency for Research on Cancer; 

2010 [cited 2017 Nov 10]. Available from: https://www.iarc.fr/

en/media-centre/iarcnews/2010/globocan2008.php.

	 5.	� Lawrence TS, Ten Haken RK, Giaccia A. Principles of radiation 

oncology. In: DeVita VT, Lawrence TS, Rosenberg SA, editors. 

DeVita, Hellman, and Rosenberg's cancer: principles and 

practice of oncology. 8th ed. Philadelphia, PA: Lippincott 

Williams & Wilkins; 2008. p. 307-36.

	 6.	� Nair CK, Parida DK, Nomura T. Radioprotectors in radiotherapy. 

J Radiat Res 2001;42:21-37.

	 7.	� Schulz-Ertner D, Jakel O, Schlegel W. Radiation therapy with 

charged particles. Semin Radiat Oncol 2006;16:249-59.

	 8.	� Barnett GC, West CM, Dunning AM, et al. Normal tissue 

reactions to radiotherapy: towards tailoring treatment dose by 

genotype. Nat Rev Cancer 2009;9:134-42.

	 9.	� Wasserman TH, Chapman JD. Radiation response modulation. 

Part A. Chemical sensitizers and protectors. In: Perez & 

Brady’s principles and practice of radiation oncology. 4th ed. 

Philadelphia, PA: Lippincott Williams & Wilkins; 2004.

	10.	� Ross GM. Induction of cell death by radiotherapy. Endocr Relat 

Cancer 1999;6:41-4.

	11.	� Citrin D, Cotrim AP, Hyodo F, Baum BJ, Krishna MC, Mitchell 

JB. Radioprotectors and mitigators of radiation-induced 

normal tissue injury. Oncologist 2010;15:360-71.

	12.	� Raviraj J, Bokkasam VK, Kumar VS, Reddy US, Suman V. 

Radiosensitizers, radioprotectors, and radiation mitigators. 

Indian J Dent Res 2014;25:83-90.

	13.	� Arora R, Gupta D, Chawla R, et al. Radioprotection by plant 

products: present status and future prospects. Phytother Res 

2005;19:1-22.

	14.	� Mon ig  H ,  Messe r schmidt  O,  S t re f fe r  C .  Chemica l 

radioprotection in mammals and in man. In: Schere E, Streffer 

C, Trott KR, editors. Radiation exposure and occupational risks. 

Heidelberg: Springer; 1990. p. 97-143.

	15.	� Bourhis J, Rosine D. Radioprotective effect of amifostine in 

patients with head and neck squamous cell carcinoma. Semin 

Oncol 2002;29(6 Suppl 19):61-2.

	16.	� Hazra B, Ghosh S, Kumar A, Pandey BN. The prospective role of 

plant products in radiotherapy of cancer: a current overview. 

Front Pharmacol 2012;2:94.

	17.	� Tannehill SP, Mehta MP. Amifostine and radiation therapy: 

past, present, and future. Semin Oncol 1996;23(4 Suppl 8):69-

77.

	18.	� Lans C. Ethnomedicines used in Trinidad and Tobago for 

reproductive problems. J Ethnobiol Ethnomed 2007;3:13.

	19.	� Mantena SK, Unnikrishnan MK, Uma Devi P. Radioprotective 

effect of sulfasalazine on mouse bone marrow chromosomes. 

Mutagenesis 2008;23:285-92.

	20.	� Sweeney TR. A survey of compounds from the antiradiation 

drug development program of the US army medical research 

and development command. Washington, DC: Walter Reed 

Army Institute of Research; 1979.

	21.	� Brown JM, Diehn M, Loo BW Jr. Stereotactic ablative 

radiotherapy should be combined with a hypoxic cell 

radiosensitizer. Int J Radiat Oncol Biol Phys 2010;78:323-7.

	22.	� Hicks KO, Siim BG, Jaiswal JK, et al. Pharmacokinetic/

pharmacodynamic modeling identifies SN30000 and 

SN29751 as tirapazamine analogues with improved tissue 

penetration and hypoxic cell killing in tumors. Clin Cancer Res 

2010;16:4946-57.

	23.	� Skellett A, Swift L, Tan E, Garioch J. A randomized, double-

blind, negatively controlled pilot study to determine whether 

the use of emollients or calcipotriol alters the sensitivity of 

the skin to ultraviolet radiation during phototherapy with 

narrowband ultraviolet B. Br J Dermatol 2011;164:402-6.

	24.	� Zenk JL. New therapy for the prevention and prophylactic 

treatment of acute radiation syndrome. Expert Opin Investig 

Drugs 2007;16:767-70.

	25.	� Ghosh SP, Perkins MW, Hieber K, et al. Radiation protection 

by a new chemical entity, Ex-Rad: efficacy and mechanisms. 

Radiat Res 2009;171:173-9.

	26.	� Fukuzawa N, Petro M, Baldwin WM 3rd, Gudkov AV, Fairchild 

RL. A TLR5 agonist inhibits acute renal ischemic failure. J 

Immunol 2011;187:3831-9.

	27.	� Stickney DR, Dowding C, Authier S, et al. 5-androstenediol 

improves survival  in c l inical ly  unsupported rhesus 

monkeys with radiation-induced myelosuppression. Int 

Immunopharmacol 2007;7:500-5.

	28.	� Srinivasan V, Doctrow S, Singh VK, Whitnall MH. Evaluation 

of EUK-189, a synthetic superoxide dismutase/catalase 

mimetic as a radiation countermeasure. Immunopharmacol 

Immunotoxicol 2008;30:271-90.

	29.	� Goff JP, Epperly MW, Dixon T, et al. Radiobiologic effects of 

GS-nitroxide (JP4-039) on the hematopoietic syndrome. In 

Vivo 2011;25:315-23.

	30.	� Thotala DK, Geng L, Dickey AK, Hallahan DE, Yazlovitskaya EM. 

A new class of molecular targeted radioprotectors: GSK-3beta 

inhibitors. Int J Radiat Oncol Biol Phys 2010;76:557-65.

	31.	� C Jagetia G. Radioprotective potential of plants and herbs 

against the effects of ionizing radiation. J Clin Biochem Nutr 

2007;40:74-81.

	32.	� Hosseinimehr SJ. Trends in the development of radioprotective 

agents. Drug Discov Today 2007;12:794-805.



Vinutha Kuruba, Pavan Gollapalli

275 www.e-roj.org https://doi.org/10.3857/roj.2018.00381

	33.	� Weiss JF, Landauer MR. Protection against ionizing radiation 

by antioxidant nutrients and phytochemicals. Toxicology 

2003;189:1-20.

	34.	� Sandhya T, Mishra KP. Cytotoxic response of breast cancer cell 

lines, MCF 7 and T 47 D to triphala and its modification by 

antioxidants. Cancer Lett 2006;238:304-13.

	35.	� Veeraraghavan J, Aravindan S, Natarajan M, Awasthi 

V, Herman TS, Aravindan N. Neem leaf extract induces 

radiosensitization in human neuroblastoma xenograft 

through modulation of apoptotic pathway. Anticancer Res 

2011;31:161-70.

	36.	� Bache M, Zschornak MP, Passin S, et al. Increased betulinic 

acid induced cytotoxicity and radiosensitivity in glioma cells 

under hypoxic conditions. Radiat Oncol 2011;6:111.

	37.	� Bansal P, Paul P, Nayak PG, et al. Phenolic compounds isolated 

from Pilea microphylla prevent radiation-induced cellular DNA 

damage. Acta Pharm Sin B 2011;1:226-35.

	38.	� Manach C, Williamson G, Morand C, Scalbert A, Remesy C. 

Bioavailability and bioefficacy of polyphenols in humans. I. 

Review of 97 bioavailability studies. Am J Clin Nutr 2005;81(1 

Suppl):230S-242S.

	39.	� Nijveldt RJ, van Nood E, van Hoorn DE, Boelens PG, van 

Norren K, van Leeuwen PA. Flavonoids: a review of probable 

mechanisms of action and potential applications. Am J Clin 

Nutr 2001;74:418-25.

	40.	� Conney AH, Lysz T, Ferraro T, et al. Inhibitory effect of 

curcumin and some related dietary compounds on tumor 

promotion and arachidonic acid metabolism in mouse skin. 

Adv Enzyme Regul 1991;31:385-96.

	41.	� Wang S, Sim TB, Kim YS, Chang YT. Tools for target 

identification and validation. Curr Opin Chem Biol 2004;8:371-

7.

	42.	� Gorbounova V, Khokhlova S, Orel N. Docetaxel and cisplatin 

as firstline chemotherapy in patients with advanced ovarian 

cancer. In: 36th Annual American Society of Clinical Oncology 

Meeting; 2000 May 20-23; New Orleans, LA. Abstract 1536.

	43.	� Zhou J, Liu M, Aneja R, Chandra R, Joshi HC. Enhancement of 

paclitaxel-induced microtubule stabilization, mitotic arrest, 

and apoptosis by the microtubule-targeting agent EM012. 

Biochem Pharmacol 2004;68:2435-41.

	44.	� Cragg GM, Newman DJ, Weiss RB. Coral reefs, forests, and 

thermal vents: the worldwide exploration of nature for novel 

antitumor agents. Semin Oncol 1997;24:156-63.

	45.	� Newman DJ, Cragg GM. Natural products as sources of new 

drugs over the last 25 years. J Nat Prod 2007;70:461-77.

	46.	� Searls DB. Data integration: challenges for drug discovery. Nat 

Rev Drug Discov 2005;4:45-58.

	47.	� Apic G, Ignjatovic T, Boyer S, Russell RB. Illuminating drug 

discovery with biological pathways. FEBS Lett 2005;579:1872-7.

	48.	� Claus BL, Underwood DJ. Discovery informatics: its evolving 

role in drug discovery. Drug Discov Today 2002;7:957-66.

	49.	� Imming P, Sinning C, Meyer A. Drugs, their targets and the 

nature and number of drug targets. Nat Rev Drug Discov 

2006;5:821-34.

	50.	� Huang CM, Elmets CA, Tang DC, Li F, Yusuf N. Proteomics 

reveals that proteins expressed during the early stage of 

Bacillus anthracis infection are potential targets for the 

development of vaccines and drugs. Genomics Proteomics 

Bioinformatics 2004;2:143-51.

	51.	� Jackson RC. Update on computer-aided drug design. Curr Opin 

Biotechnol 1995;6:646-51.

	52.	� Stears RL, Martinsky T, Schena M. Trends in microarray 

analysis. Nat Med 2003;9:140-5.

	53.	� Hormozdiari F, Salari R, Bafna V, Sahinalp SC. Protein-protein 

interaction network evaluation for identifying potential drug 

targets. J Comput Biol 2010;17:669-84.

	54.	� Shoichet BK. Virtual screening of chemical libraries. Nature 

2004;432:862-5.

	55.	� Dennis M, Sammes PG, Taylor JB. Absorption processes. In: 

Hansch C, editor. Comprehensive medicinal chemistry. Oxford, 

UK: Pergamon Press; 1990. p. 1-44.

	56.	� Faller B, Wohnsland F. Physiochemical parameters as tools. 

In: Testa B, van der Waterbeemd H, Folkers G, Guy R, editors. 

Pharmacokinetic optimization in drug research. Zurich, 

Switzerland: Wiley-VCH; 2001. p. 257-73.

	57.	� Good AC, Oprea TI. Optimization of CAMD techniques 3. 

Virtual screening enrichment studies: a help or hindrance in 

tool selection? J Comput Aided Mol Des 2008;22:169-78.

	58.	� Maurya DK, Salvi VP, Krishnan Nair CK. Radioprotection of 

normal tissues in tumor-bearing mice by troxerutin. J Radiat 

Res 2004;45:221-8.

	59.	� Hollstein M, Rice K, Greenblatt MS, et al. Database of p53 gene 

somatic mutations in human tumors and cell lines. Nucleic 

Acids Res 1994;22:3551-5.

	60.	�� Ren L, Xie D, Li P, et al. Radiation protective effects of baclofen 

predicted by a computational drug repurposing strategy. 

Pharmacol Res 2016;113(Pt A):475-83.

	61.	� Horst JA, Laurenzi A, Bernard B, Samudrala R. Computational 

mul t i ta rget  d rug  d i scovery.  In :  Pe te rs  JU ,  ed i to r. 

Polypharmacology in drug discovery. Hoboken, NJ: John Wiley 

& Sons; 2012. p. 263-302. 

	62.	� Jin G, Wong ST. Toward better drug repositioning: prioritizing 

and integrating existing methods into efficient pipelines. Drug 

Discov Today 2014;19:637-44.


