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ABSTRACT

The analysis of literature shows that all halogens can react with important biological macromolecules,
such as DNA and RNA. The consequences of mentioned reactions can be different, i.e., both protection
from further toxic stimuli and toxic (mutagenic and possibly carcinogenic) effects. All halogens are geno-
toxic, but induce this effect only at high doses not relevant for humans.

The biological consequences of such reactions of halogens with deoxyribonucleic and ribonucleic
acids and chromosomes warrant further investigations.

Keywords: halogens, DNA, RNA, micronuclei, sister chromatid exchanges, chromosome aberrations,

Ames test, comet assay.

INTRODUCTION

The halogens or halogen elements are a series
of nonmetal elements from Group 17 (formerly:
VII, VIIA) of the International Union of Pure and
Applied Chemistry (IUPAC) Style periodic table,
comprising fluorine (F), chlorine (CI), bromine
(Br), iodine (I) and produced by radioactive decay
in nature, — astatine (At) [Thomas G., 2000; Close
F., 2004]. Astatine due to its short half-life is found
only in minute amounts. It is currently the rarest
naturally-occurring chemical element with less
than 30 g estimated to be contained in the entire
Earth’s crust [Close F., 2004]. Because of this cir-
cumstance, this element will be not considered in
the present review.

Halogens are highly reactive and as such can be
harmful or lethal to biological organisms in sufficient
quantities. This high reactivity is due to the atoms
being highly electronegative owing to their high ef-
fective nuclear charge. They can gain an electron by
reacting with atoms of other elements and can easily
react with biomolecules [Thomas G., 2000].

In drug discovery, the incorporation of halogen
atoms into a lead drug candidate results in ana-

ADDRESS FOR CORRESPONDENCE:

*Institute of Cancer Research Medical
University of Vienna

Borschkegasse 8A, Vienna A-1090, Austria

Tel.: +431 40160 57601, Fax: +431 4277 957500
E-mail: armen.nersesyan@meduniwien.ac.at

logues that are usually more lipophilic and less
water-soluble. Consequently, halogen atoms are
used to improve penetration through lipid mem-
branes and tissues. Consequently, there is a ten-
dency for some halogenated drugs to accumulate
in adipose tissue [Thomas G., 2000].

The chemical reactivity of halogen atoms de-
pends on both their point of attachment to the lead
and the nature of the halogen. Aromatic halogen
groups are far less reactive than aliphatic halogen
groups, which can exhibit considerable chemical
reactivity. For aliphatic carbon-halogen bonds the
C-F bond is the strongest and usually less chemi-
cally reactive than aliphatic C-H bonds. The other
aliphatic-halogen bonds are weaker, their reactiv-
ity increasing down the periodic table. They are
usually more chemically reactive than aliphatic
C-H bonds. Consequently, the most common halo-
gen substitutions are the less reactive aromatic
fluorine and chlorine groups [Thomas G., 2000].

Halogenation of bases of nucleic acids (bond of
halogens to bases) is a widespread method used for
solving crystal structures of nucleic acids [Feig M.,
Petitt B., 1999; Dugal P. et al., 2000; Ennifar E. et
al., 2007].

Under in vitro conditions all halogens in the
first turn bond to uracil, other bases are not simi-
larly vulnerable [Cantero G. et al., 2006]. Among
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all halogens, uracil at C-5 position is the most vul-
nerable base in the structure of deoxyribonucleic
acid (DNA) [Commerford S., 1971].

lodination of macromolecules: lodination of
DNA by the reaction originally described by S.
Commerford is extremely sensitive to the second-
ary structure of DNA [Commerford S., 1971]. This
reaction has been widely used to ribonucleic acid
(RNA), but has not often been applied to label
DNA. The observed preference of the unpaired cy-
tosines reaction restricts the extent for iodine in-
corporation into duplex DNA, but may permit io-
dination to be used as a probe of DNA secondary
structure. As shown, iodination of polyoma and
SV40 viral DNA destabilizes DNA duplex [Ander-
son D., Folk W., 1976]. lodocytosines in SV40
DNA are preferentially removed by S-nuclease.
The mentioned authors also showed that heavily
iodinated DNA does not associate normally. How-
ever, DNA with only 5-10% of its cytosines re-as-
sociate with normal Kinetics. These experiments
showed that iodine bonds cytosins in DNA and
RNA structure.

lodine can cleave the thioated positions, if they
are not shielded by ribosomal components [Alexeeva
E. et al., 1996]. Only minor differences in iodine
cleavage of ribosome bound and non-bound mRNA
were observed: the nucleotide two positions upstream
of decoding codons (i.e., those codons involved in
codon-anticodon interactions) showed a reduced ac-
cessibility for iodine and nucleotide immediately fol-
lowing the decoding codons — an enhanced accessi-
bility in both elongating states [Alexeeva E. et al.,
1996]. Another research allowed to find that iodine
can react with Cro protein obtained from bacterio-
phage lambda and bond DNA analogues at positions
3,3’,7 and 7’ [Brennan R. et al., 1990].

As revealed using high-pressure liquid chroma-
tography (HPLC) iodine reacts with DNA [Dugal P.
et al., 2000], preferably with uracil, at C-5 position
likewise other halogens [Cantero G. et al., 2006].

In iodine-deficient children a high level of oxi-
dized DNA bases was recorded [Giray B., Hinkal
F., 2002]. These findings support the theory that
iodine was the first antioxidant on the Earth which
played an important role in evolution [Venturi S.,
Venturi M., 2009].

It was demonstrated through earlier in vitro stud-
ies that DNA damage was produced by povidone-

iodine as a result of an in situ modification of the
deoxycytosine moiety of DNA to 5-iododesoxycyti-
dine [Speck W. et al., 1976]. In these studies, DNA
was directly isolated from diploid cells and judged
for shortening or for the presence of fragments.
Based on new approaches, povidon-iodide was
studied for genotoxic activity using the comet assay
and chromosome aberrations (CA) test in Chinese
hamster ovary (CHO)-KI cells. In both tests, no
genotoxic effects were observed independent of io-
dine concentrations [Muller G. et al., 2006].
Different experiments showed that iodination
of uracil in DNA protected against DNA-damaging
effects, CA and sister chromatid exchanges (SCE)
induced by topoisomerase I and II poisons — m-
AMSA and camptothecin [Cortés F. et al., 2003;
Cantero G. et al., 2006; Orta M. et al., 2008].
Investigations of possible tumor inducing abil-
ity of iodine compounds in long-term carcinoge-
nicity studies in rats showed a weak activity of po-
tassium iodide [Takegawa K. et al., 2000]. In a
2-year carcinogenicity study in rats 10% male rats
and 7.5% females had salivary gland tumors after
exposure to 1000 ppm of Kl in drinking water. The
authors showed that this activity was due to epi-
genetic mechanism, but not to genotoxicity of Kl
[Takegawa K. et al., 2000]. The influence of mo-
lecular iodine (1,) but not iodide (I") on N-methyl-
N-nitrosourea-induced mammary carcinogenesis
was also studied [Garcia-Solis P. et al., 2005]. The
researchers found 30% decrease of tumors inci-
dence in rats treated with molecular iodine and
suggested that it was due to effect of iodine on the
promotion phase of carcinogenesis via hormonal
mechanisms. Other authors confirmed the results
of anticarcinogenic action of iodine and Lugol in
rat mammary carcinogenesis study with 7,12-di-
methyl-benzanthracene [Soriano O. et al., 2011].
Experiments allowed to reveal that iodine due
to its reactivity converted into iodides, which dam-
aged DNA via indirect mechanism (oxidative
stress) [Burgi H. et al., 2001]. It is noteworthy that
iodine compounds induced oxidative stress in cells
only at relatively high doses. At low doses they
possessed antioxidant properties. The plant system
(Allium micronucleus assay) allowed researchers
to show that KI prevented chromosomal aberra-
tions induced by methylmercuric chloride and ma-
leic hydrazide through the antioxidant mechanism
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[Panda B. et al., 1995]. In CHO KIl-cells even at
high concentrations did not induce either micronu-
clei (MN) or DNA damage measured by means of
the comet assay [Poul J. et al., 2004].

Halogenated thymidine (TdR) analogs, such as
5-iododeoxyuridine (IdUrd) have been recognized
as potential radiosensitizers since 1950s-1960s
[Prusoff W., 1959; Erikson R., Szybalski W., 1963].
Equilibrium-density-gradient patterns revealed
that the mode of DNA replication in D98/AG cells
is of the semi-conservative type and that DNA can
undergo more than one round of duplication even
at the highest levels of 1dUrd labelling [Erikson R.,
Szybalski W., 1963].

Due to the short half-life of IdUrd (in the order
of minutes), continuous intravenous infusions over
the course of radiotherapy was required to main-
tain adequate exposure. An oral prodrug of 1dUrd,
5-iodo-2-pyrimidin-one-20-deoxyribose  (IPdR),
has many advantages as compared with 1dUrd, in-
cluding ease of administration, a more favorable
toxicity profile, and a better therapeutic index in
animals [Kummar S. et al., 2013]. At present, this
prodrug is under clinical trial at the National Can-
cer Institute (USA) [Kummar S. et al., 2013].

In 1994 it was described and proposed to use in
biological and medical investigations a new
method, which combines the identification of DNA
replicating and apoptotic cells in a single measure-
ment by flow cytometry [Li X. et al., 1994]. The
detection of DNA replicating cells is based on in-
corporation of 5-iodo-2’-deoxyuridine followed by
selective photolysis at the site of incorporation of the
halogenated DNA precursors. Single-strand breaks
in DNA resulting from the photolysis are subse-
quently labelled with digoxygenin or biotin-conju-
gated dUTP in a reaction catalyzed by exogenous
terminal deoxynucleotidyl transferase. The double-
stranded DNA breaks in apoptotic cells resulting
from activation of the endonuclease can be labelled
in this reaction as well. However, in contrast to the
photolysed DNA, the low molecular weight frac-
tion of apoptotic cells DNA is extractable from the
cells, and the degree of DNA elution can be modu-
lated by cross-linking with formaldehyde. Thus,
apoptotic cells can be distinguished and quantified
by virtue of their fractional DNA content. The
method was applied to study apoptosis and prolif-
eration of human leukemic HL-60 cells and nor-

mal, mitogen-stimulated lymphocytes. Whereas
apoptosis of HL-60 cells induced by the DNA
topoisomerase | inhibitor camptothecin was selec-
tive to DNA replicating cells, apoptosis induced by
hyperthermia showed no such selectivity. Lympho-
cytes that preferentially underwent apoptosis in
cultures stimulated by phytohemagglutinin did not
initiate DNA replication. By offering the possibil-
ity for identification of both DNA replicating and
apoptotic cells in a single measurement, the method
may find an application in studies of the prognos-
tic value of both cell proliferation and death in
human tumors and the apoptotic response of DNA
replicating vs non-replicating cells to different
treatments [Li X. et al., 1994].

Chlorination of macromolecules: Upon inflam-
mation the activated neutrophils secrete mieloper-
oxidase, an enzyme able to generate hypochlorous
acid (HOCI), hydrogen peroxide and chloride ion
[Baduard C. et al., 2005]. This acid is able to dam-
age DNAs and RNAs. The acid induces both ribo-
and 2-deoxiribonucleotide derivatives, including
8-chloroguanine, 5-chlorocytosine and 8-chloroad-
enine. The authors established a method to detect
markers of inflammation in human organism by
measuring the levels of chlorination of DNA and
RNA obtained from blood by means of HPLC.

The studies showed that chlorine attacks cyto-
sine forming 5-chlorouracil (5-ClUra) [Halliwell
B., 1999; Whiteman M. et al., 2002]. The men-
tioned compound is very frequently found after the
inflammation process in human organism, because
neutrophils release HOCI to kill microorganisms
[Hawkins C., Davies M., 2002; Jiang Q. et al.,
2003]. The acid can also easily react with DNA
forming 5-ClUra, and RNA and polynucleotides
[Hawkins C., Davies M., 2002]. Reactive chlorine
species as any radicals are probably mutagenic and
carcinogenic [Halliwell B., 1999].

Another investigation showed that leukocytes
derived peroxidases, such as myeloperoxidase, use
hydrogen peroxide and halides (CI') to generate hy-
pohalous acids, halogenating intermediates [Kawai
Y. et al., 2004]. Mentioned oxidants can react with
DNA bases forming 2-deoxycytidine. Hence, chlo-
rination of DNA may therefore constitute one of the
mechanisms for oxidative DNA damage at the site
of inflammation [Kawai Y. et al., 2004].

The alkaline elution of chlorodeoxyuridine-
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containing (CldUrd) DNA was studied in two CHO
cell lines, the parental AA8 and a mutant line EM9,
which has a defect in repairing DNA strand breaks
and a 12-fold elevated baseline frequency of SCE
[Dillehay L. et al., 1984]. CldUrd-DNA, which
gives higher frequencies of SCE than BrdUrd-
DNA, had more strand breaks than BrdUrd-DNA
in AAS8 cells after treatment with benzamide, while
without benzamide there was no difference. The
accumulation of breaks in CldUrd-DNA by benza-
mide was shown to occur rapidly, to reach a maxi-
mum by 90 min, and to be readily reversible after
benzamide removal. Under all conditions, EM9
cells had more strand breaks than AA8. The ob-
served differences in strand breaks were not due to
differences in incorporation efficiencies. For dif-
ferent halogenated pyrimidines and cell types there
was a good correlation between the number of
DNA strand breaks and reduction in plating effi-
ciencies [Dillehay L. et al., 1984].

Hypochlorous acid, a strong oxidant derived
from myeloperoxidase in neutrophils and macro-
phages, can chlorinate DNA bases at the site of in-
flammation [Burchum P., 1999; Kawai Y. et al.,
2008]; the specified acid preferentially damaged
pyrimidine residues forming oxidation products,
as well as a novel chlorinated base, 5-chlorocyto-
sine. The latter species underwent conversion to
5-chlorouracil during DNA hydrolysis. The mech-
anism involved in the formation of 5-chlorocyto-
sine was not fully clarified, although a role for la-
bile chloramines formed upon reaction of HOCI
with primary amines in DNA was suggested [Bur-
chum P., 1999]. Hypochlorous acid was also shown
to react with DNA of Salmonella and to induce
gene mutations in strain TA1530 of Salmonella
[Burchum P., 1999].

Because little is known about the protective
role of natural antioxidants, such as polyphenols,
for the myeloperoxidase-derived DNA damage, Y.
Kawai and co-authors screened the inhibitory ef-
fects of various phenolic antioxidants on the chlo-
rination of the 2'-deoxycytidine residue by HOCI
in vitro and found that green tea catechins, espe-
cially (-)-epicatechin gallate (ECg) and (-)-epigal-
locatechin gallate (EGCqg), significantly inhibited
the chlorination. These catechins also reduced nu-
cleoside- and taurine-chloramines, which can in-
duce secondary oxidative damage, into their native

forms. Mass spectrometric and nuclear magnetic
resonance analyses showed that ECg and EGCg
can effectively scavenge HOCI and/or chloramine
species resulting in the formation of mono- and di-
chlorinated ECg and EGCg. Using the HL-60
human leukemia cell line, it was found that ECg
could efficiently accumulate in the cells. Immuno-
cytometric analyses using antihalogenated 2'-de-
oxycytidine antibody showed that pretreatment of
cells with ECg inhibited the HOCI-induced immu-
nofluorescence. In addition, the chlorinated ECg
derivatives were detected in the HOCI-treated
HL-60 cells. These results showed that green tea
catechins, especially 3-galloylated catechins, may
be the plausible candidates for the prevention of
inflammation-derived DNA damage and perhaps
carcinogenesis [Kawai Y. et al., 2008].

Aberrant methylation patterns have long been
known to exist in the promoter regions of key reg-
ulatory genes in the DNA of tumor cells [Valinluck
V., Sowers L., 2007 b]. However, the mechanisms,
by which these methylation patterns become al-
tered during the transformation of normal cells to
tumor cells, have remained elusive. It has been re-
cently shown through in vitro studies that inflam-
mation-mediated halogenated cytosine (5-chloro-
cytosine) damage products can mimic 5-methylcy-
tosine in directing enzymatic DNA methylation
and in enhancing the binding of methyl-binding
proteins, whereas certain oxidative damage prod-
ucts inhibit both. It was proposed that cytosine
damage products could potentially interfere with
normal epigenetic control by altering DNA-protein
interactions critical for gene regulation and the
heritable transmission of methylation patterns;
these inflammation-mediated cytosine damage
products may provide, in some cases, a mechanis-
tic link between inflammation and cancer [Valin-
luck V., Sowers L., 2007 b].

Alterations in cytosine methylation patterns are
usually observed in human tumors [Valinluck V.,
Sowers L., 2007a]. The consequences of altered
cytosine methylation patterns include both inap-
propriate activation of transforming genes and si-
lencing of tumor suppressor genes. Despite the bi-
ological effect of methylation changes, little is
known about how such changes are caused. The
heritability of cytosine methylation patterns from
parent to progeny cells is attributed to the fidelity
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of the methylation-sensitive human maintenance
methyltransferase DNMT1, which methylates with
high specificity the unmethylated strand of a hemi-
methylated CpG sequence following DNA replica-
tion. DNA damage that might alter the specificity
of DNMT1, either inhibiting the methylation of
hemimethylated sites or triggering the inappropri-
ate methylation of previously unmethylated sites,
was studied. As demonstrated, known forms of en-
dogenous DNA damage can cause either hyper-
methylation or hypomethylation. Inflammation-
induced 5-halogenated cytosine damage products,
including 5-chlorocytosine, mimic 5-methylcyto-
sine and induce inappropriate DNMT1 methyla-
tion within a CpG sequence. In contrast, oxidation
damage of the methyl group of 5-methylcytosine,
with the formation of 5-hydroxymethylcytosine,
prevents DNMT1 methylation of the target cyto-
sine. It was proposed that reduced DNMT1 selec-
tivity resulting from DNA damage could cause
heritable changes in cytosine methylation patterns,
resulting in human tumor formation [Valinluck V.,
Sowers L., 2007a]. Both sodium chlorite and so-
dium hypochlorite were found to be strongly posi-
tive agents in the Ames assay (Salmonella/micro-
somes assay), both with and without metabolic
activation and also CA inducer in Chinese hamster
fibroblasts [Ishidate M. et al., 1984].

Chlorine dioxide and sodium chlorite were
found to induce MN after a single intraperitoneal
(i.p.) injection in mice at relatively high doses
(both routes of exposure and doses are not relevant
for humans) [Hayashi M. et al., 1988]. However,
after oral treatment no effect was observed.

Bromination of macromolecules: The investi-
gation on interactions of bromate with L1210 mouse
leukemia cells found that in DNA damage either Br
or BrO radicals are involved, but not the molecular
Br [Ballmaier D., Epe B., 2006]. Bromine contain-
ing substances react with DNA both in vitro and in
vivo with guanosine. Due to this reaction 8-oxo-
2-deoxyguanosine appear [Bull R. et al., 2012].

Other researchers showed that leukocyte-de-
rived peroxidases, such as eosinophil peroxidase,
use hydrogen peroxide and halides (Br) to gener-
ate HOBr, a halogenating intermediate [Kawai Y.
et al., 2004]. Mentioned oxidants can react with
DNA bases forming 2-deoxycytidine. Therefore,
bromination of DNA may constitute one of the

mechanisms for oxidative DNA damage at the site
of inflammation [Kawai Y. et al., 2004]. Bromine
due to its reactivity converts into bromide, which
damages DNA via indirect mechanism (via the ox-
idative stress) [Burgi H. et al., 2001].

The alkaline elution of bromodeoxyuridine-
containing (BrdUrd) DNA was studied in two CHO
cell lines, the parental AA8 and a mutant line,
EM9, which has a defect in repairing strand breaks
and a 12-fold elevated baseline frequency of SCE
[Dillehay L. et al., 1984]. BrdUrd-DNA was found
to have alkali-labile sites, as well as direct breaks,
neither of which were increased significantly by
prior treatment of AA8 cells with an inhibitor
(benzamide) or poly(adenosine diphosphoribose)
polymerase. Under all conditions, EM9 cells had
more strand breaks than AA8. The observed differ-
ences in strand breaks were not due to differences
in incorporation efficiencies. For different haloge-
nated pyrimidines and cell types, there was a good
correlation between the number of DNA strand
breaks and reduction in plating efficiencies [Dille-
hay L. et al., 1984].

Oxidants generated by eosinophils during
chronic inflammation may lead to mutagenesis in
adjacent epithelial cells [Henderson J. et al.,
2001]. Eosinophil peroxidase, a heme enzyme re-
leased by eosinophils, generates hypobromous
acid that damages tissues in inflammatory condi-
tions. As shown by J. Henderson and co-workers,
human eosinophils use eosinophil peroxidase to
produce 5-bromodeoxycytidine. Flow cytometric,
immunohistochemical, and mass spectrometric
analyses all demonstrated that 5-bromodeoxycyti-
dine generated by eosinophil peroxidase was taken
up by cultured cells and incorporated into genomic
DNA as 5-bromodeoxyuridine. Although previous
studies focused on oxidation of chromosomal
DNA, the observations of mentioned researchers
suggested another mechanism for oxidative dam-
age of DNA. In this scenario, peroxidase-catalyzed
halogenation of nucleotide precursors yields prod-
ucts that subsequently can be incorporated into
DNA. Because the thymine analog 5-BrUra mi-
spairs with guanine in DNA, generation of bromi-
nated pyrimidines by eosinophils might constitute
a mechanism for cytotoxicity and mutagenesis at
sites of inflammation [Henderson J. et al., 2001].

As already mentioned in this review, X. Li and
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associates (1994) described and proposed to use in
biological and medical investigations a new
method, which combines the identification of DNA
replicating and apoptotic cells in a single measure-
ment based on incorporation of 5-bromo-2’-de-
oxyuridine or 5-iodo-2’-deoxyuridine (see detailed
description above). Replication of less than 1% of
a genome of a cell in the presence of 5-bromo-2’-
deoxyuridine (equivalent of a 5-minute 10 microM
5-bromo-2’-deoxyuridine pulse) can be detected
by the selective photolysis method. This method
might find its application in studies on the prog-
nostic value of both cell proliferation and death in
human tumors, as described in lodination part of
the paper [Li X. et al., 1994].

The in situ presence of numerous DNA strand
breaks is a typical feature of apoptotic cells [Li X.,
Darzynkiewicz Z., 1995]. The selective DNA strand
break induction by photolysis (SBIP) at sites that
contain incorporated halogenated DNA precursors
has been proposed as a method of analysing DNA
replication. Detection of DNA strand breaks thus
enables one to identify apoptotic and/or DNA rep-
licating cells. The current methods for DNA strand
break labelling rely on the use of exogenous termi-
nal deoxynucleotidyl transferase, which either di-
rectly attaches the fluorochrome conjugated tri-
phosphodeoxynucleotides to 3’0OH ends in the
breaks, or indirectly labels 3’OH ends with digoxy-
genin or biotin-conjugated triphosphodeoxynucle-
otides. A limitation of these methodologies, espe-
cially restricting their routine application in the
clinic, is high cost of reagents.

In 1995, X. Li and Z. Darzynkiewicz tested,
whether relatively simple compound BrdUTP,
which is approximately three orders of magnitude
less expensive than dUTP conjugated to digoxy-
genin, can be used as marker of DNA strand breaks.
Apoptosis of HL-60 cells was induced by DNA
topoisomerase | inhibitor camptothecin. The incor-
porated BrdUTP was detected by fluoresceinated
anti-BrdUrd MoAb. Cellular fluorescence was mea-
sured by flow cytometry as well as by Laser Scan-
ning Cytometer. The data showed that intensity of
DNA strand break labelling with BrdUTP was
nearly four- and two-fold higher than that obtained
with the indirect labelling using biotin- or digoxy-
genin-conjugated dUTP, respectively, and over
eight-fold higher than in the case of direct labelling

with the fluorochrome (fluorescein or BODIPY)-
conjugated deoxynucleotides. The increased label-
ling of DNA strand breaks with BrdUTP may reflect
more efficient incorporation of this precursor by
terminal transferase, compared to the nucleotides
with bulky fluorochrome conjugates. Thus, DNA
strand break labelling with BrdUTP offers a possi-
bility of more sensitive (and at lower cost) detection
of apoptotic or DNA replicating cells, compared to
the alternative methods of DNA strand break label-
ling [Li X., Darzynkiewicz Z., 1995].

Aberrant methylation patterns have long been
known to exist in the promoter regions of key regu-
latory genes in the DNA of tumor cells. It has been
recently shown by in vitro studies that inflamma-
tion-mediated halogenated cytosine (5-bromocyto-
sine) damage products can mimic 5-methylcytosine
in directing enzymatic DNA methylation likewise at
the earlier described 5-chlorocytosine-induced
damage [Valinluck V., Sowers L., 2007 b].

Cytosine methylation or bromination of the DNA
sequence d(GGCGCC)2 was shown to induce a
novel extended and eccentric double helix, which
was called E-DNA [Vargason J. et al., 2000]. Like
B-DNA, E-DNA has a long helical rise and bases
perpendicular to the helix axis. However, the 3¢-
endo sugar conformation gives the characteristic
deep major groove and shallow minor groove of
A-DNA. Also, if allowed to crystallize for a period
of time longer than that yielding E-DNA, the meth-
ylated sequence forms standard A-DNA, suggesting
that E-DNA is a kinetically trapped intermediate in
the transition to A-DNA. Thus, the structures pre-
sented here chart a crystallographic pathway from
B-DNA to A-DNA through the E-DNA intermediate
in a single sequence. The E-DNA surface is highly
accessible to solvent, with waters in the major
groove sitting on exposed faces of the stacked nu-
cleotides. It is suggested that the geometry of the
waters and the stacked base pairs would promote
the spontaneous deamination of 5-methylcytosine
in the transition mutation of dm5C-dG to dT-dA
base pairs [Vargason J. et al., 2000].

Halogenated thymidine (TdR) analogs, such as
5-bromodeoxyuridine (BrdUrd) has been recog-
nized as potential radiosensitizers [Prusoff W.,
1959; Erikson R., Szybalski W., 1963].

Potassium bromated, which is used as a bleach-
ing agent in flour, was found to be strongly positive
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agent in the Ames assay (Salmonella/microsomes
assay) both with and without metabolic activation,
as well as CA inducer in Chinese hamster fibro-
blasts [Ishidate M. et al., 1984]. It also induces MN
after a single i.p. injection in mice. The compound
was further tested by oral administration and showed
a clearly positive result [Hayashi M. et al., 1988].
Furthermore, this compound was tested for geno-
toxicity in human peripheral blood lymphocytes
in vitro by SCE, CA and MN tests and also for deter-
mining any probable genotoxic potential for humans.
Cells were treated with 400, 450, 500, 550 ug/ml
concentrations of potassium bromate for 24 and 48
hours [Kaya F., Topaktas M., 2007].

The SCE frequencies showed an increase after
both treatment periods, however, the differences
between treated cells and the control groups were
found to be statistically significant only for the 48-
hour treatment. In addition, potassium bromate
statistically significantly induced CA after the 24-
and 48-hour treatment periods. Strikingly, it in-
duced CA as much as the positive control, mitomy-
cin C (MMC). Furthermore, potassium bromate
decreased both the cell proliferation index and the
mitotic index. Although MN formation was in-
duced by potassium bromate during the 24-hour
treatment period in a dose-dependent manner, only
the doses 500 and 550 pg/ml yielded statistically
significant results. In contrast, MN formation was
significantly induced at all doses during the 48-
hour treatment period [Kaya F., Topaktas M. et al.,
2007]. In CHO cells potassium bromate induced
both MN and DNA damage measured by means of
the comet assay [Poul J. et al., 2004].

This compound is also very potent in the MN assay
in mouse and rat bone marrow and peripheral
blood cells [Nakajima M. et al., 1989; Awogi T. et
al., 1992; Sai K. et al., 1992]. The mechanisms of
genotoxic action of potassium bromate were stud-
ied by D. Ballmaier and B. Epe (2006). They
found that exposure of mammalian cells to bro-
mate (BrO,-) generates oxidative DNA modifica-
tions, in particular 7,8-dihydro-8-oxo-guanine (8-
0x0G). The damaging mechanism is quite unique,
since glutathione, which is protective against
most oxidants and alkylating agents, mediates a
metabolic activation, while bromate itself does
not react directly with DNA. Neither enzymes,
nor transition metals are required as catalysts in

the activation. The ultimate DNA damaging spe-
cies has not yet been established, but experiments
under cell-free conditions suggest that neither
molecular bromine nor reactive oxygen species,
such as superoxide, hydrogen peroxide or singlet
oxygen, are involved. Rather bromine radicals
(Br*) or oxides (BrO*, BrO2*) might be respon-
sible. Compared to hypochlorite (CIO°), bromate
is much less cytotoxic, probably because the for-
mer halite efficiently reacts with proteins and
other vitally important cellular constituents. In
consequence, oxidative DNA damage and the in-
duction of mutations and MN is easily detectable
at non-cytotoxic concentrations of bromate, while
DNA damage by hypochlorite is observed only at
cytotoxic concentrations and follows a non-linear
(hockey-stick-like) dose response [Ballmaier D.,
Epe B., 2006].

Potassium bromate is genotoxic rat renal car-
cinogen; however, the agent is genotoxic and car-
cinogenic in rats only at high doses [Yamaguchi T.
et al., 2008].

Fluorination of macromolecules: Fluorine, the
17th most abundant element in the earth’s crust, is
a gas and never occurs in a free state in nature.
Fluorine exists only in combination with other ele-
ments as fluoride compounds, which are constitu-
ents of minerals in rocks and soil [Dhar V., Bhat-
nagar M., 2009]. The fluoride ion comes from the
element fluorine. Fluoride can easily react with
uracil under in vitro conditions [Begue J., Bonnet-
Delpon D., 2006]. The compound obtained after
this reaction and called 5-fluorouracil reacts with
DNA obtained from any organism and induces se-
vere damage. This compound has been used as a
potent antitumor agent since 1950s. The compound
damages DNA both directly and indirectly, but
mostly indirectly inhibiting thymidylate synthase
involved in DNA synthesis. Fluoride can bond
with uridine in vitro producing 5-trifluoromethyl-
2-deoxyuridine [Begue J., Bonnet-Delpon D.,
2006], which is very effective against herpes sim-
plex virus infection. It is also a potent inhibitor of
thymidylate synthase involved in DNA synthesis.

Fluoride is mutagenic agent, which induces
gene mutations and CA in cultured mammalian
cells [Pati P., Bhunya S., 1987]. Recently, K. Erci-
yas and R. Sarikaya (2009) showed that NaF in-
duced mutations in Somatic Mutation and Recom-
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bination Test (SMART-test) in Drosophila melano-
gaster. In lymphocytes of persons exposed to ex-
cess of fluoride in drinking water the increased
levels of SCE, MN, and CA were found. At the
same time, mentioned authors showed that muta-
genic effects induced by fluoride were not direct,
but owing to ability of fluoride to damage enzymes
necessary for DNA and RNA synthesis. High lev-
els of fluoride in food of rats induced DNA dam-
age in brain cells measured by the comet assay
only in deficiency of iodine in food and water of
animals. At normal levels of iodine in food and
water of rats the damage of DNA was not so pro-
nounced [Erciyas K., Sarikaya R., 2009]. This is in
agreement with data of many investigations that,
as mentioned above, iodine was the first antioxi-
dant, which played an important role in evolution
[Venturi S., Venturi M., 2009].

Fluorinated analogues of DNA bases are potent
antiviral and antimicrobial agents, which damage
DNA/RNA of microorganisms [Kamal A. et al.,
2004]. Fluorinated analogues of uridine, thymidine
and cytosine at C-2, C-4 and C-5 positions of DNA
bases are potent antiviral and antitumor agents,
which damage DNA or RNA targets [Pankiewicz K.,
2000; Liu P. et al., 2008]. Many studies examined
the possible effects of fluoride on chromosome
damage. While there are no published studies on the
genotoxic (damage to DNA) effect of fluoride in hu-
mans, numerous studies have been done in mice
[Dhar V., Bhatnagar M., 2009]. These studies have
shown no evidence of fluoride effects on chromo-
somes in bone marrow or sperm cells even at fluo-
ride levels 100 times higher than those in fluori-
dated water. An independent group of researchers
reported a similar lack of fluoride-induced chromo-
somal damage to human white blood cells, which
are especially sensitive to agents that cause genetic
mutations. Not only did fluoride fail to damage
chromosomes, but it also protected them against the
effect of a known mutagen. The genotoxic effects of
fluoride were also studied in hamster bone marrow
cells and cultured hamster ovarian cells. Again, the
results support the conclusion that fluoride does not
cause chromosomal damage, and therefore, is not a
genetic hazard [Dhar V., Bhatnagar M., 2009].

In further tests, fluoride has not caused genetic mu-
tations in the most widely used bacterial mutagene-
sis assay (the Ames test) over a wide range of fluo-
ride levels. Occasional questions arise regarding ef-
fects of fluoride on human reproduction, fertility,
and birth rates. Very high levels of fluoride intake
were associated with adverse effects on reproduc-
tive outcomes in many animal species. Based on
these findings, it appears that fluoride concentra-
tions associated with adverse reproductive effects in
animals are far higher (100-200 ppm) than those, to
which human populations are exposed. Conse-
quently, there is insufficient scientific basis under-
lying the conclusion that ingestion of fluoride at

levels found in community water fluoridation (0.7-

1.2 ppm) would have adverse effects on human re-

production [Dhar V., Bhathagar M., 2009]. The Na-

tional Research Council (NRC) of the US National

Academy of Sciences supports the conclusion that

drinking optimally fluoridated water is not a genetic

hazard. In a statement summarizing its research, the

NRC states that:

1. The genotoxicity of fluoride is limited primarily
to doses much higher than those, to which hu-
mans are exposed.

2. Even at high doses, genotoxic effects are not al-
ways observed.

3. The preponderance of the genotoxic effects that
have been reported are of the types that proba-
bly are of no or negligible genetic significance.

4. The lowest dose of fluoride reported to cause
chromosomal changes in mammalian cells was
approximately 170 times higher than normally
found in human cells in areas, where drinking
water is fluoridated, which indicates a very large
margin of safety.

CONCLUSION

The analysis of literature shows that all halo-
gens can react with important biological macro-
molecules, such as DNA and RNA. The conse-
qguences of mentioned reactions can be different,
i.e., both protective from further toxic stimuli and
toxic (mutagenic and possibly carcinogenic) ef-
fects. The biological consequences of such reac-
tions warrant further investigations.

40



OFFICIAL PUBLICATION OF THE YEREVAN STATE MEDICAL UNIVERSITY

THE NEW ARMENIAN MEDIc4L Journar, VOI.7 (2013), No 3, p.33-43

Iin A.l. et al.

10.

REFERENCES

Alexeeva E.V., Shpanchenko O.V.,, Dontsova O.A.,
Bogdanov A.A., Nierhaus K.H. Interaction of
MRNA with the Escherichia coli ribosome: ac-
cessibility of phosphorothioate-containing
MRNA bound to ribosomes for iodine cleavage.
Nucleic. Acids Res. 1996; 24: 2228-2235.

Anderson D.M., Folk W.R. lodination of DNA:
Studies of the reaction and iodination of papova-
virus DNA. Biochemistry. 1976; 15:1022-1030.

Awogi T., Murata K., Uejima M., Kuwahara T.,
Asanami S., Shimono K., Morita T. Induction
of micronucleated reticulocytes by potassium
bromate and potassium chromate in CD-1 male
mice. Mutat Res. 1992; 278: 181-185.

Badouard C., Masuda M., Nishino H., Cadet J.,
Favier A., Ravanat J.L. Detection of chlori-
nated DNA and RNA nucleosides by HPLC
coupled to tandem mass spectrometry as po-
tential biomarkers of inflammation. J. Chro-
matogr. B Analyt. Technol. Biomed. Life Sci.
2005; 827: 26-31.

Ballmaier D., Epe B. DNA damage by bro-
mate: mechanism and consequences. Toxicol-
ogy. 2006; 221: 166-171.

Begue J.P., Le Bonnet-Delpon D. Recent ad-
vances (1995-2005) in fluorinated pharmaceu-
ticals based on natural products. J. Fluorine
Chem. 2006; 127: 992-1012.

Brennan R.G., Roderick S.L., Takeda Y., Mat-
thews B.W. Protein-DNA conformational
changes in the crystal structure of a lambda
Cro-operator complex. Proc. Natl. Acad. Sci.
USA. 1990; 87: 8165-8169.

Bull R.J., Kolisetty N., Zhang X., Muralidhara S.,
Quifiones O., Lim K.Y., Guo Z., Cotruvo J.A,,
Fisher J.W,, Yang X., Delker D., Snyder S.A., Cum-
mings B.S. Absorption and disposition of bromate
in F344 rats. Toxicology. 2012; 300(1-2): 83-91.

Burcham P.C. Internal hazards: baseline DNA
damage by endogenous products of normal
metabolism. Mutat Res. 1999; 443: 11-36.

Burgi H., Schaffner T.H., Seiler J.P. The toxi-
cology of iodate: a review of the literature.
Thyroid. 2001; 11: 449-456.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cantero G., Mateos S., Pastor N., Cortés F.
Halogen substitution of DNA protects from
poisoning of topoisomerase Il that results in
DNA double-strand breaks. DNA Repair
(Amst). 2006; 5: 667-674.

Close F. Particle Physics: A Very Short Intro-
duction. Oxford University Press: New York.
2004. 148p.

Commerford S.L. lodination of nucleic acids in
vitro. Biochemistry. 1971; 10: 1993-2000.

Cortés F., Pastor N., Mateos S., Dominguez I.
The nature of DNA plays a role in chromo-
some segregation: endoreduplication in halo-
gen-substituted chromosomes. DNA Repair
(Amst). 2003; 2: 719-726.

Dhar V., Bhatnagar M. Physiology and toxi-
city of fluoride. Indian J. Dent. Res. 2009; 20:
350-355.

Dillehay L.E., Thompson L.H., Carrano A.V.
DNA-strand breaks associated with haloge-
nated pyrimidine incorporation. Mutat. Res.
1984; 131: 129-136.

Dugal P.C., Abdoul-Carime H., Sanche J.L.
Mechanisms for Low-Energy (0.5-30 eV)
Electron-Induced Pyrimidine Ring Fragmenta-
tion within Thymine- and Halogen-Substituted
Single Strands of DNA. Phys. Chem. B. 2000;
104: 5610-5617.

Ennifar E., Bernacchi S., Wolff P., Dumas P.
Influence of C-5 halogenation of uridines on
hairpin versus duplex RNA folding. RNA.
2007; 13: 1445-1452.

Erciyas K., Sarikaya R. Genotoxic evaluation
of sodium fluoride in the Somatic Mutation
and Recombination Test (SMART). Food
Chem. Toxicol. 2009; 47: 2860-2862.

Erikson R.L., Szybalski W. Molecular radiobi-
ology of human cell lines. Radiat. Res. 1963;
20: 252-262.

Feig M., Pettitt B.M. Sodium and Chlorine
lons as Part of the DNA Solvation Shell. Bio-
phys. J. 1999; 77: 1769-1781.

41



OFFICIAL PUBLICATION OF THE YEREVAN STATE MEDICAL UNIVERSITY

lin A.l. etal. THE NEW ARMENIAN MEDICAL JoURrNAL, VOI.7 (2013), No 3, p. 33-43

22. Garcia-Solis P., Alfaro Y., Anguiano B., Del-
gado G., Guzman R.C., Nandi S., Diaz-Mufioz M.,
Vazquez-Martinez O., Aceves C. Inhibition of
N-methyl-N-nitrosourea-induced  mammary
carcinogenesis by molecular iodine (12) but
not by iodide (I-) treatment Evidence that 12
prevents cancer promotion. Mol. Cell. Endo-
crinol. 2005; 236: 49-57.

23. Giray B., Hincal F. Oxidative DNA base dam-
age, antioxidant enzyme activities and sele-
nium status in highly iodine-deficient goitrous
children. Free Radic. Res. 2002; 36(1): 55-62.

24. Halliwell B. Oxygen and nitrogen are pro-car-
cinogens. Damage to DNA by reactive oxygen,
chlorine and nitrogen species: measurement,
mechanism and the effects of nutrition. Mutat
Res. 1999; 443(1-2): 37-52.

25. Hawkins C.L., Davies M.J. Hypochlorite-in-
duced damage to DNA, RNA, and polynucleo-
tides: formation of chloramines and nitrogen-
centered radicals. Chem. Res. Toxicol. 2002;
443(1): 83-92.

26. Hayashi M., Kishi M., Sofuni T., Ishidate M.
Micronucleus tests in mice on 39 food addi-
tives and eight miscellaneous chemicals. Food
Chem. Toxicol. 1988; 26: 487-500.

27. Henderson J.P., Byun J., Williams M.V., Mc-
Cormick M.L., Parks W.C., Ridnour L.A., Hei-
necke J.W. Bromination of deoxycytidine by
eosinophil peroxidase: a mechanism for muta-
genesis by oxidative damage of nucleotide pre-
cursors. Proc. Natl. Acad. Sci. USA. 2001;
98(4): 1631-1636.

28. Ishidate M., Sofuni T., Yoshikawa K., Hayashi
M., Nohmi T., Sawada M., Matsuoka A. Pri-
mary mutagenicity screening of food additives
currently used in Japan. Food Chem. Toxicol.
1984; 22(8): 623-636.

29. Jiang Q., Blount B.C., Ames B.N. 5-Chloroura-
cil, a marker of DNA damage from hypochlo-
rous acid during inflammation. A gas chroma-
tography-mass spectrometry assay. J. Biol.
Chem. 2003; 278(35): 32834-32840.

30. Kamal A., Reddy PS., Reddy D.R., Laxman E.,
Murthy Y.L. Synthesis of fluorinated analogues of
SJG-136 and their DNA-binding potential. Bioorg.
Med. Chem. Lett. 2004; 14(22): 5699-5702.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kawai Y., Matsui Y., Kondo H., Morinaga H.,
Uchida K., Miyoshi N., Nakamura Y., Osawa T.
Galloylated catechins as potent inhibitors of
hypochlorous acid-induced DNA damage.
Chem. Res. Toxicol. 2008; 21(7): 1407-1414.

Kawai Y., Morinaga H., Kondo H., Miyoshi N.,
Nakamura Y., Uchida K., Osawa T. Endoge-
nous formation of novel halogenated 2’-deox-
ycytidine. Hypohalous acid-mediated DNA
modification at the site of inflammation. J.
Biol. Chem. 2004; 279(49): 51241-51249.

Kaya F.F., Topaktas M. Genotoxic effects of po-
tassium bromated on human peripheral lympho-
cytes in vitro. Mutat. Res. 2007; 626: 48-52.

Kummar S., Anderson L., Hill K., Majerova E.,
Allen D., Horneffer Y., Ivy S.P., Rubinstein L.,
Harris P., Doroshow J.H., Collins J.M. First-
in-Human Phase 0 Trial of Oral 5-lodo-2-Py-
rimidinone-2’-Deoxyribose in Patients with
Advanced Malignancies. Clin. Cancer Res.
2013; 19: 1852-1857.

Li X., Darzynkiewicz Z. Labelling DNA strand
breaks with BrdUTP. Detection of apoptosis
and cell proliferation. Cell Proliferation. 1995;
28: 571-579.

Li X., Traganos F., Darzynkiewicz Z. Simulta-
neous analysis of DNA replication and apopto-
sis during treatment of HL-60 cells with camp-
tothecin and hyperthermia and mitogen stimu-
lation of human lymphocytes. Cancer Res.
1994; 54(16): 4289-4293.

Liu P., Sharon A., Chu C.K. Fluorinated Nucle-
osides: Synthesis and Biological Implication.
J. Fluor. Chem. 2008; 129(9): 743-766.

Miller G., Hai D.N., Kramer A. Lack of in vitro
genotoxicity of povidone-iodine in solution, in
ointment or in a liposomal formulation (Repi-
thel). Dermatology. 2006; 212(Suppl. 1): 94-97.

Nakajima M., Kitazawa M., Oba K., Kitagawa
Y., Toyoda Y. Effect of route of administration
in the micronucleus test with potassium bro-
mate Mutat. Res. 1989; 223: 399-402.

Orta M.L., Mateos S., Cantero G., Wolff L.J.,
Cortés F. Protection of halogenated DNA from
strand breakage and sister-chromatid exchange
induced by the topoisomerase I inhibitor camp-
tothecin. Mutat. Res. 2008; 637: 40-48.

42



OFFICIAL PUBLICATION OF THE YEREVAN STATE MEDICAL UNIVERSITY

THE NEW ARMENIAN MEDIc4L Journar, VOI.7 (2013), No 3, p.33-43

Iin A.l. et al.

41.

42.

43.

44,

45.

46.

47.

48.

Panda B.B., Subhadra A.V., Panda K.K. Pro-
phylaxis of antioxidants against the genotoxic-
ity of methyl mercuric chloride and maleic hy-
drazide in Allium micronucleus assay. Mutat.
Res. 1995; 343(2-3): 75-84.

Pankiewicz K.W. Fluorinated nucleosides. Car-
bohydr. Res. 2000; 327(1-2): 87-105.

Pati P.C., Bhunya S.P. Genotoxic effect of an
environmental pollutant, sodium fluoride, in
mammalian in vivo test system. Caryologia.
1987; 40: 79-87.

Poul J.M., Huet S., Godard T., Sanders P. Lack
of genotoxicity of potassium iodate in the alka-
line comet assay and in the cytokinesis-block mi-
cronucleus test. Comparison to potassium bro-
mate. Food Chem. Toxicol. 2004; 42: 203-209.

Prusoff W.H. Synthesis and biological activities
of iododeoxyuridine, an analog of thymidine.
Biochim. Biophys. Acta. 1959; 32: 295-296.

Sai K., Hayashi M., Takagi A., Hasegawa R.,
Sofuni T., Kurokawa Y. Effects of antioxidants
on induction of micronuclei in rat peripheral
blood reticulocytes by potassium bromate.
Mutat Res. 1992; 269(1): 113-118.

Soriano O., Delgado G., Anguiano B., Petro-
syan P., Molina-Servin E.D., Gonsebatt M.E.,
Aceves C. Antineoplastic effect of iodine and
iodide in dimethylbenz[a]anthracene-induced
mammary tumors: association between lacto-
peroxidase and estrogen-adduct production.
Endocr. Relat. Cancer. 2011; 18: 529-539.

Speck W.T., Carr H.S., Rosenkranz H.S. DNA
damage produced by povidone-iodine in cul-
tured human diploid cells. J. Toxicol. Environ.
Health. 1976; 1: 977-980.

49.

50.

51.

52.

58.

54,

55.

56.

Takegawa K., Mitsumori K., Onodera H.,
Shimo T., Kitaura K., Yasuhara K., Hirose M.,
Takahashi M. Studies on the carcinogenicity of
potassium iodide in F344 rats. Food Chem.
Toxicol. 2000; 38(9): 773-781.

Thomas G. Medicinal Chemistry. John Wiley
& Sons. West Sussex. UK. 2000.

Valinluck V., Sowers L.C. Endogenous cytosine
damage products alter the site selectivity of human
DNA maintenance methyltransferase DNMTL.
Cancer research. 2007 a; 67(3): 946-950.

Valinluck V., Sowers L.C. Inflammation-medi-
ated cytosine damage: a mechanistic link be-
tween inflammation and the epigenetic altera-
tions in human cancers. Cancer research. 2007
b; 67(12): 5583-5586.

Vargason J.M., Eichman B.F., Ho P.S. The ex-
tended and eccentric E-DNA structure induced
by cytosine methylation or bromination. Nat.
Struct. Biol. 2000; 7(9): 758-761.

Venturi S., Venturi M. lodine in evolution of
salivary glands and in oral health. Nutr. Health.
2009; 20(2): 119-134.

Whiteman M., Hong H.S., Jenner A., Halliwell
B. Loss of oxidized and chlorinated bases in
DNA treated with reactive oxygen species: im-
plications for assessment of oxidative damage
in vivo. Biochem. Biophys. Res. Commun.
2002; 296(4): 883-889.

Yamaguchi T., Wei M., Hagihara N., Omori M.,
Wanibuchi H., Fukushima S. Lack of muta-
genic and toxic effects of low dose potassium
bromate on kidneys in the Big Blue rat. Mutat.
Res. 2008; 652: 1-11.

43



