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Abstract. Flavonoids are natural polyphynolic compounds with major antioxidant activity that can prevent DNA damage.
The anticancer and antiviral activities of these natural products are attributed to their potential biomedical applications. In
this review we are examining how the antioxidant flavonoids bind DNA and RNA and what mechanism of action is involved
in preventing DNA damage. Detailed spectroscopic data on the interactions of morin (mor), apigenin (api), naringin (nar),
quercetin (que), kaempferol (kae) and delphinidin (del) with DNA and transfer RNA in aqueous solution at physiological
conditions were analysed. The structural analysis showed flavonoids mainly intercalate into DNA and RNA duplexes with
minor external binding to the major or minor groove and the backbone phosphate group with overall binding constants for
DNA adducts Kmor = 5.99 × 103 M−1, Kapi = 7.10 × 104 M−1, and Knar = 3.10 × 103 M−1, Kque = 7.25 × 104 M−1,

Kkae = 3.60×104 M−1 and Kdel = 1.66×104 M−1, and for tRNA adducts Kmor = 9.15×103 M−1, Kapi = 4.96×104 M−1,

and Knar = 1.14 × 104 M−1, Kque = 4.80 × 104 M−1, Kkae = 4.65 × 104 M−1 and Kdel = 9.47 × 104 M−1. The
stability of adduct formation is in the order of que > api > kae > del > mor > nar for DNA and del > api > que > kae
> nar > mor for tRNA. Low flavonoid concentration induces helical stabilization, whereas high pigment content causes helix
opening. Flavonoids induce a partial B to A–DNA transition at high pigment concentration, while tRNA remains in A-family
structure upon flavonoid complexation. The antioxidant activity of flavonoids changes in the order delphinidin > quercetin >
kaempferol > morin > naringin > apigenin. The results show intercalated flavonoid molecule can act as an antioxidant and
prevent DNA damage.
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1. Introduction

Oxidative stress in humans arises from an imbalance in the antioxidant status (reactive oxygen species
versus defence and repair mechanisms). The essential features of oxidation via a free radical mediated
chain reaction are initiation, propagation, branching and termination steps. The process may be initiated
by the action of external agents such as heat, light or ionizing radiation, UV or by chemical initiation
involving metal ions or metalloproteins. Among the endogenous defences are enzymes such as superox-
ide dismutase, catalase and glutathione peroxidase plus vitamin E, uric acid and serum albumins. When
an excess of free radicals is formed they can overwhelm protective enzymes by oxidizing membrane
lipids, cellular proteins, DNA and enzymes. Besides the endogenous defences, consumption of dietary
antioxidants is also important [1]. Dietary antioxidants include ascorbate, tocopherols, carotenoids and
flavonoids [2].

Flavonoids are ubiquitous in plants. They are rich in seeds, citrus fruits, olive oil, tea and vegetables.
They are low molecular weight compounds composed of a three-ring structure with various substitutions.
Several flavonoids have been reported to inhibit either enzymatic or nonenzymatic lipid peroxidation.
It has been proposed that flavonoids react with lipid peroxyl radical (LOO·) leading to the termina-
tion of radical chain reaction [3]. The autoxidation of linoleic acid and methyl linolate was inhibited
by flavonoids such as fustin, catechin, quercetin, rutin, luteolin, kaempferol and morin [4]. Morin and
kaempferol were the most inhibitory for the autoxidation of linoleic acid.

There is a relationship between the antioxidant activity of flavonoids and their structure [5]. The
presence of an ortho-hydroxylation on the B-ring of the flavonoid molecule, the number of free hydroxyl
groups, a C2–C3 double bond in the C-ring or the presence of a 3-hydroxyl (Fig. 1) is usually listed as
a condition of antioxidant and antiradical activities [6].

Fig. 1. Chemical structures of flavonoids.
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Flavonoids have been found to have antiviral, antiproliferative, antiallergic, anticancer, antitumor and
antiinflammatory effects [7–22]. Although it was initially hypothesized that the biological activity of
flavonoids would be related to their antioxidant properties, available evidence from cell culture exper-
iments suggested that many biological effects of flavonoids are related to their ability to modulate cell
signaling pathways [22]. Flavonoids are also involved in vital DNA functions such as gene expression,
gene transcription, mutagenesis, carcinogenesis and cell death [23–29]. They are a large family of com-
pounds with common chemical structure [30], can intercalate DNA duplex and react with free radicals in
order to protect DNA from oxidative damage [31,32]. Covalent bindings of quercetin to, DNA and pro-
tein have been recently reported [31–33]. Protection by quercetin and quercetin-rich fruit juice against
induction of oxidative damage has been well demonstrated [34].

In this review the interactions of the flavonoids morin, apigenin, naringin, kaempferol, quercetin and
delphinidin with DNA and tRNA in vitro with regard to their binding modes, stability and structural
aspects, antioxidant activity and biological implications are reported.

2. Materials and methods

2.1. Materials

Apigenin, morin, naringin, quercetin, delphinidin and kaempferol were purchased from Sigma Chem-
ical Company (St. Louis, MO, USA). Highly polymerised type I calf-thymus DNA sodium salt (7% Na
content) and yeast transfer RNA sodium salt were purchased from Sigma Chemical Co., and used as
supplied. The absorbance at 260 and 280 nm was recorded, in order to check the protein content of DNA
and tRNA solution. The A260/A280 ratios were 1.85 for DNA and 2.2 for tRNA showing that polynu-
cleotides are sufficiently free from protein. Other chemicals were of reagent grade and used without
further purification.

2.2. Preparation of stock solutions

DNA or tRNA sodium salt (5 mg/ml) was dissolved in distilled water with Tris/HCl buffer (pH 7.20)
at 5◦C for 24 h with occasional stirring to ensure the formation of a homogeneous solution. The final
concentrations of the stock DNA and RNA solution were determined spectrophotometrically at 260 nm
using molar extinction coefficient ε260 = 6600 cm−1 M−1 (DNA) and ε260 = 9250 cm−1 M−1 (RNA)
(expressed as molarity of phosphate groups). The final concentration of the calf-thymus DNA solu-
tion was determined spectrophotometrically at 260 nm using molar extinction coefficient (expressed as
molarity of phosphate groups) [35,36]. The average length of the DNA molecules, estimated by gel elec-
trophoresis was 9000 base pairs (molecular weight ∼ 6×106 Da). The appropriate amounts of flavonoids
(0.1–12.5 mM) were prepared in distilled water–ethanol (50/50%) and added dropwise to DNA or tRNA
solution, in order to attain the desired pigment/polynucleotides (P) molar ratios (r) of 1/120 to 1/1
with a final DNA or RNA concentration of 6.25 mM (phosphate). It should be noted that ethanol at 75%
concentration facilitates B to A–DNA conformational transition, whereas at lower ethanol content (such
as 50/50% ethanol/water used here) does not effect DNA conformation [37,38]. The pH of the solutions
was adjusted at 7.0 ± 0.2, using NaOH solution.
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2.3. FTIR spectroscopic measurements

Infrared spectra were recorded on a Nicolet Magna 750 FTIR spectrophotometer (DTGS detector,
Ni–chrome source and KBr beam splitter) with 100 scans and resolution of 4 cm−1. Spectra were col-
lected and manipulated using the OMNIC (ver. 3.1) software supplied by the manufacturer. Spectra
were recorded after 1 h of incubation, using AgBr windows. The difference spectra ((polynucleotide
solution + flavonoid solution) − (polynucleotide)) were generated using bands at 968 cm−1 (DNA) and
867 cm−1 (RNA) as internal standard [39,40]. These vibrations are due to sugar C–C stretching modes
and exhibit no spectral changes upon flavonoid–polynucleotide interaction.

2.4. Absorption spectroscopy

The UV-Vis spectra were recorded on a Jasco UV-Vis, V-550 spectrophotometer with a slit of 2 nm
and scan speed of 400 nm min−1. Quartz cuvettes of 1 cm were used. The absorbance assessments were
performed at pH 7.3 by keeping the concentration of DNA or tRNA constant (0.25 mM), while varying
the concentration of flavonoids (0.005–0.3 mM).

The values of the binding constants K were obtained according to the methods reported [41,42]. To
calculate the flavonoid–polynucleotide binding constant, the data are treated according to the following
equations:

polynucleotides + flavonoid ↔ polynucleotides–flavonoid, (1)

K = (polynucleotides–flavonoid complex)/(polynucleotides)free(flavonoid)free. (2)

The values of the binding constants K were obtained from the polynucleotides absorption at 260 nm
according to the published methods [41,42], where the bindings of various ligands to hemoglobin were
described. For weak binding affinities the data were treated using linear reciprocal plots based on the
following equation:

1
A − A0

=
1

A∞ − A0
+

1
K(A∞ − A0)

1
Cligand

, (3)

where, A0 is the absorbance of polynucelotides (DNA or RNA) at 260 nm in the absence of ligand,
A∞ is the final absorbance of the ligated-DNA or RNA and A is the recorded absorbance at different
ligand concentrations. The double reciprocal plot of 1/(A − A0) vs. 1/Cligand is linear and the binding
constant (K) can be estimated from the ratio of the intercept to the slope.

3. Results and discussion

3.1. Flavonoid–DNA adducts

Spectroscopic data indicated that morin, apigenin and naringin–DNA interactions might be complex,
involving DNA grooves and PO2 group as well as intercalation [43–45]. Evidence for groove binding
and PO2 interaction comes from the infrared spectroscopy, while UV-Vis results show some degree
of drug intercalation. In the FTIR spectra of morin, apigenin and naringin–DNA, the guanine band at
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Fig. 2. Infrared absorption spectra of the free DNA (first curve) and difference spectra of flavonoid–DNA adducts (six curves)
in aqueous solution at pH 7 in the region of 1800–600 cm−1.

1710 shifted to 1714–1697 cm−1, the adenine band at 1610 cm−1 shifted to 1626–1614 cm−1, major
intensity variations were observed for the backbone phosphate group at 1226 cm−1 (Fig. 2). The ob-
served spectral changes can be due to interaction of morin, apigenin and naringin with guanine and
adenine N7 and backbone phosphate group. The UV-Vis shows that at lower concentrations of morin
and naringin, intercalation occurs with DNA duplex, while at higher concentrations, external binding
is predominant (Fig. 3). For apigenin, intercalation occurs at all concentrations. Evidence for inter-
calation comes from a major reduction in the intensity of UV-Vis bands characteristics of flavonoid.
The major intensity decrease of characteristic UV-Vis band at 254 nm (apigenin), is indicative of
drug intercalation via DNA duplex (Fig. 3), while intensity increase of the bands at 266 nm (morin)
and 267 nm (naringin) is indicative of interaction at higher concentrations (Fig. 3). The above results
are consistent with Bible and Webb reports, which concluded that apigenin intercalates DNA duplex
[33,43,44].

Quercetin, kaempferol and delphinidin bind externally to DNA bases and the backbone PO2 group.
Evidence for this comes from shifting of the guanine band at 1710 to 1706–1699 cm−1 and the inten-
sity variations of the phosphate band at 1226 cm−1 (Fig. 2) [45]. The observed spectral changes are
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(A) (B)

(C) (D)

(E) (F)

Fig. 3. UV-visible spectra characteristics of flavonoids and their DNA adducts for morin at 266 nm (A), apigenin at 254 nm (B),
naringin at 267 nm (C), quercetin at 375 nm (D), kaempferol at 370 nm (E) and delphinidin at 576 nm (F) with final DNA
concentration of 0.25 mM.

due to an indirect interaction of flavonoids with guanine N7 and the backbone PO2 group (spectra not
shown). However, some degree of pigment intercalation occurs with DNA duplex. Evidence for inter-
calation comes from a major reduction in the intensity of UV-Vis bands characteristic of flavonoids
upon DNA interaction (Fig. 3). The major intensity decrease of characteristic UV-Vis band at 375 nm
(quercetin), 370 nm (kaempferol) and 576 nm (delphinidin) is indicative of drug intercalation via DNA
duplex (Fig. 3). It has been demonstrated that intercalation of flavone into DNA duplex causes major
reduction in the intensity of the UV-Vis absorption band characteristics of flavones. This hypochromic
shift indicates helical ordering of flavone in the DNA helix. The limitation on molecular movements of
flavone causes a decrease in its ability to absorb light energy [46–48].
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3.2. Flavonoid–tRNA adducts

Flavonoids bind tRNA via both external and intercalation modes. Evidence for external binding comes
from infrared spectroscopy (Fig. 4), while UV-Vis results show some degree of pigment intercalation
(Fig. 4).

At low pigment concentration (r = 1/120), no major morin and naringin–RNA interaction occurred as
indicated by the minor shifting and decrease in the intensity due to bases and phosphate bands. However,
at low apigenin concentration (r = 1/120), major decrease in the intensity of the bands can be related to
apigenin intercalation into RNA. At high pigment concentrations, major spectral changes occurred for
bases (mainly guanine) and back bone PO2 asymmetric stretching band (Fig. 4). The observed spectral
changes can be due to interaction of morin, apigenin and naringin with bases mainly guanine, adenine N7
and backbone phosphate group [49].

The UV-Vis shows that apigenin intercalation occurs with RNA duplex, while for morin and naringin,
external binding is predominant (Fig. 5). Evidence for intercalation comes from a major reduction in
the intensity of UV-Vis bands characteristics of flavonoid. The major intensity decrease of character-

Fig. 4. Infrared absorption spectra of the free tRNA (first curve) and difference spectra of flavonoid–RNA adducts (six curves)
in aqueous solution at pH 7 in the region of 1800–600 cm−1.
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(A) (B)

(C) (D)

(E) (F)

Fig. 5. UV-visible spectra characteristics of flavonoid and their tRNA adducts for morin at 266 nm (A), apigenin at 254 nm (B),
naringin at 267 nm (C), quercetin at 375 nm (D), kaempferol at 370 nm (E) and delphinidin at 576 nm (F) with final RNA
concentration of 0.25 mM.

istic UV-Vis band at 254 nm (apigenin), is indicative of drug intercalation via RNA duplex (Fig. 5).
Intercalation is also observed for the morin and naringin/RNA complexes. The decrease in intensity
of the characteristic UV-Vis bands at 266 nm (morin) and 267 nm (naringin) is indicative of pigment
intercalation via RNA duplex (Fig. 5).

The band at 1698 cm−1 in the free RNA spectrum, related to C=O stretching vibrations of gua-
nine and uracil bases exhibited shifting towards a lower frequency at 1695–1687 cm−1 upon quercetin,
kaempferol and delphinidin complexation (Fig. 4). The backbone PO2 asymmetric stretching band at
1241 cm−1 showed some alterations in the spectra of flavonoid–RNA complexes. The spectral changes
observed for the band at 1698 and 1241 cm−1 are due to some degree of drug interaction with guanine
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bases and the backbone phosphate group [50]. However, the major intensity decrease of the flavonoids
characteristic UV-Vis bands at 375 (quercetin), 370 (kaempferol) and 576 nm (delphinidin) is indicative
of drug intercalation via RNA duplex (Fig. 5). It has been demonstrated that intercalation of flavonoids
into DNA duplex causes major reduction in intensity of the UV-Vis absorption band characteristics of
flavones. This hypochromic shift indicates helical ordering of flavone in the tRNA helix [46–48].

3.3. DNA and RNA conformations

A partial B to A–DNA transition occurred upon flavonoid adduct formation at high drug concentra-
tions. Evidence for this comes from the shift of the sugar–phosphate band at 836 cm−1 (B–DNA marker)
towards a lower frequency with major reduction in its intensity. In the difference spectra of flavonoid–
DNA complexes (r = 1), the emergence of a new peak at about 820 cm−1 (A–DNA marker) is accom-
panied by a major loss of the intensity of the band at 836 cm−1 (B–DNA marker) [51,52]. Similarly,
the other B–DNA marker band at 1710 shifted to 1706–1699 cm−1 upon drug complexation (Fig. 2).
However, other B–DNA marker band at 1226 cm−1 showed no major shifting in the spectra of flavonoid–
DNA adducts. In a complete B–A transition, the B–DNA marker bands are observed at 1710–1700 cm−1,
1226–1240 cm−1, 825–800 cm−1, respectively, and a new band appears at about 870–860 cm−1 (Fig. 2).
The observed shifting for the bands at 836 and 1710 cm−1, is due to a partial reduction of the B–DNA
towards A–DNA upon flavonoid complexation. The free tRNA is in A-conformation with characteristic
infrared bands at 1698 (guanine), 1241 (phosphate), 867 and 809 cm−1 (phosphodiester) (Fig. 4). Al-
though some of the ribose–phosphate vibrations are overlapped by flavonoid vibrations, the presence of
the major bands at 1700–1687 cm−1 (guanine), 1240–1235 cm−1 (phosphate), 868–865 cm−1 (ribose–
phosphate) and 815–802 cm−1 (phosphodiester) are indicative of tRNA remaining in A-conformation
upon flavonoid complexation (Fig. 4).

3.4. Stability of flavonoid–DNA and flavonoid–tRNA adducts

One binding constant was observed for the flavonoid–DNA and flavonoid–RNA complexes with
Kmor = 5.99 × 103 M−1, Kapi = 7.10 × 104 M−1, and Knar = 3.10 × 103 M−1, Kque = 7.25 × 104 M−1,
Kkae = 3.60 × 104 M−1 and Kdel = 1.66 × 104 M−1 (Fig. 6 and Table 1). Similarly one binding constant
was calculated for the pigment–tRNA adducts with Kmor = 9.15×103 M−1, Kapi = 4.96×104 M−1, and
Knar = 1.14 × 104 M−1, Kque = 4.80 × 104 M−1, Kkae = 4.65 × 104 M−1 and Kdel = 9.47 × 104 M−1

(Fig. 7 and Table 1). The stability of adduct formation is in the order of que > api > kae > del >
mor > nar for DNA and del > api > que > kae > nar > mor for tRNA (Figs 6, 7 and Table 1). The
larger K value obtained for del–tRNA complexes can be due to the presence of a positive charge associ-
ated with delphinidin, which neutralizes the backbone phosphate negative charge (external binding) and
brings additional stability for delphinidin–tRNA complexes. However, in the case of del–DNA adducts
major ligand intercalation occurred, while less external binding is observed. This can be the reason why
stability of del–RNA is larger than del–DNA complexes.

Morin contains 2, 4 adjacent hydroxyl groups that can easily form intermolecular hydrogen bonds.
It has a greater density of negative charges which prevent strong interaction with DNA and RNA, its
unusually low pKa of 3.5, making it anionic at neutral pH and unlikely to make strong interaction with
DNA and RNA duplex [33,53]. Apigenin presents a binding constant that is 10 times bigger than the
morin and naringin which suggests the carbonyl groups of DNA and RNA bases have been involved in
fairly strong hydrogen bonding with apigenin. Since apigenin is less water-soluble than the other two
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(A) (B)
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(E) (F)

Fig. 6. The plot of 1/(A − A0) vs. 1/C and the binding constant (K) for DNA and its flavonoid complexes where A0 is the
initial absorption of DNA (260 nm) and A is the recorded absorption at different pigment concentrations (0.005–0.3 mM) and
final DNA concentration of 0.25 mM.

Table 1

Overall binding constants (K) of flavonoid–DNA and flavonoid–RNA adducts

Compound K, binding constant (M−1)

Flavonoid–DNA Flavonoid–RNA

Morin 5.99 × 103 9.15 × 103

Apigenin 7.10 × 104 4.96 × 104

Naringin 3.10 × 103 1.14 × 104

Quercetin 7.25 × 104 4.80 × 104

Kaempferol 3.60 × 104 4.65 × 104

Delphinidin 1.66 × 104 9.47 × 104
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(A) (B)

(C) (D)

(E) (F)

Fig. 7. The plot of 1/(A − A0) vs. 1/C and the binding constant (K) for tRNA and its flavonoid complexes where A0 is the
initial absorption of tRNA (260 nm) and A is the recorded absorption at different pigment concentrations (0.005–0.3 mM) and
final tRNA concentration of 0.25 mM.

compounds as it has less hydroxyl groups (3 compared to 5 for morin and 8 for naringin) (Fig. 1), one
can presume that it is less solvated and consequently susceptible to interaction with DNA and RNA
more significantly. This would be in line with the suggestion made by Wang that myricetin (analogue
of apigenin with 6 OH groups) did not have influence on cell cycle arrest or cell number because it was
more water-soluble than apigenin and other apigenin analogues [54].

3.5. Antioxidant activity

Burda et al. [55] have tested the antioxidant activity of morin, naringin and apigenin by applying the
β-carotene/linoleic acid antioxidant activity assay and the DPPH· antiradical activity method: in the
case of the β-carotene/linoleic acid method: morin is a flavonol with a free hydroxyl group at the C-3
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Table 2

Antioxidant activity of flavonoids

Compound DPPH· method β-carotene/linoleic acid method
Morin 96.5 63.5
Apigenin 0.7 −78.8
Naringin 5.6 47.4
Quercetin −6.73 ± 0.08 630 ± 42
Kaempferol −2.09 ± 0.10 172 ± 6
Delphinidin −8.86 ± 0.28 897 ± 147

position. Therefore, the flavonol C-3 hydroxyl group is responsible for the high inhibition of β-carotene
oxidation. Comparison of the antioxidant activity of flavonol aglycons with those of their glycosides
or methyl derivatives showed that the blockage of the C-3 hydroxyl group resulted in a total loss of
antioxidant activity. Glycosylation or methylation of other flavonol hydroxyls did not produce such an
effect. That’s why morin has higher antioxidant activity than naringin and apigenin (Table 2).

In the case of the DPPH· method: the flavonoids with hydroxyl group (flavone e.g. apigenin, flavanone
e.g. naringin) or with the free hydroxyls only at C-5 and/or C-7 had no effect on scavenging free radicals.
All flavonols with a free hydroxyl in the C-3-position (e.g. morin) which were very effective antioxi-
dants, also had high ability to scavenge DPPH· radicals. Flavanones with a single bond at C2–C3, which
have only one hydroxyl group in the B-ring at C-4′, showed very low antiradical activity (naringin).
Flavones and flavonols with a substituted hydroxyl group at the C-3 position, which have only a C-4′

hydroxyl group in the B-ring showed distinctly higher activity; only apigenin showed no antiradical
properties (Table 2). So the antioxidant activity is: morin > naringin > apigenin.

The results of antioxidant activity of quercetin, kaempferol and delphinidin measured by different
methods [56–58] are presented in Table 2. Higher values for β-carotene bleaching method indicated less
bleaching with increasing concentrations of compound added and therefore, higher antioxidant activity.
Higher absolute values for antiradical activity by the DPPH· method indicated a higher concentration of
DPPH· needed to react with each micromolar of compound and, therefore, higher potential antioxidant
activity. Compounds with three hydroxyl groups on the B ring of flavonoids (delphinidin) showed higher
antioxidant activity. The loss of one hydroxyl group decreased activity slightly (quercetin), whereas the
loss of two hydroxyl groups significantly decrased activity (kaempferol). Thus the antioxidant activity is
delphinidin > quercetin > kaempferol (Table 2). From the previous results it is obvious that in general
flavonoids have significant antioxidant activity.

Flavone smaller than flavonols and anthocyanidin (belongs to flavonoid class) can intercalate into
DNA duplex and protects DNA from free radicals [46]. Flavonoids bind to DNA via both external
and intercalative modes and can prevent DNA damage by scavenging free radicals. Addition of free
OH radical into flavonoids is the key mechanism of antioxidant properties of these naturally occurring
polyphenolic compounds. Flavonoids can chelate Fe cations and prevent free radical production in Fen-
ton reaction, which are the major source of DNA damage. Flavonoids also bind other divalent cations
such as Cu and prevent DNA oxidation from free radicals.

4. Summary and future directions

Flavonoids bind DNA and RNA via both intercalation and groove binding. The stabilities of the com-
plexes formed are Kmor = 5.99 × 103 M−1, Kapi = 7.10 × 104 M−1, and Knar = 3.10 × 103 M−1,
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Kque = 7.25 × 104 M−1, Kkae = 3.60 × 104 M−1 and Kdel = 1.66 × 104 M−1 for DNA and
Kmor = 9.15 × 103 M−1, Kapi = 4.96 × 104 M−1, and Knar = 1.14 × 104 M−1, Kque = 4.80 × 104 M−1,
Kkae = 4.65 × 104 M−1 and Kdel = 9.47 × 104 M−1 for RNA. Flavonoid complexation leads to a
partial B to A–DNA transition, while RNA remains in A-conformation.

The ability of flavonoids to interact with free radicals when are associated with DNA via external
binding or intercalative modes makes them strong antioxidants to protect DNA from harmful chemical
reactions.

So far, we have only one report presenting the structural model for intercalation of apigenin and related
compounds with DNA duplex [44]. Future studies should be focused on building possible models for
different types of flavonoid–DNA or flavonoid–RNA complexes based on intermolecular distances and
energy minimization in order to establish correlations between pigment binding mode and antioxidant
activity that lead to prevent DNA damage.
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