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Abstract

Objective. There is currently substantial clinical interest in zinc (Zn)
as an antioxidant and a protective agent against radiation-related
normal tissue injury. To further assess the potential antioxidative ef-
fects, the effects of Zn were studied in rat lenses, a model of radia-
tion-induced oxidative stress.

Materials and Methods. Sprague-Dawley rats were divided into
three equal groups. Group 1 received neither Zn nor irradiation (cont-
rol group). Group 2 (RT group) and 3 (RT+Zn group) were exposed to
total cranium irradiation of 5 Gy in a single dose by using a cobalt-60
teletherapy unit. In addition to irradiation, group 3 was administered
10 mg/kg/day Zn. At the end of 10 days, the rats were killed. Their
eyes were enucleated to measure the activities of antioxidant en-
zymes and the levels of iron, calcium, sodium and potassium.

Results. Irradiation significantly increased malondialdehyde levels as
an end product of lipid peroxidation, glutathione peroxidase activity,
and iron and calcium concentrations. Irradiation decreased super-
oxide dismutase activities and zinc concentrations in the rat lens,
indicating an increased oxidative stress generated by the decomposi-
tion of water and/or Fenton reaction. Malondialdehyde levels and
iron and calcium concentrations were significantly decreased, and
superoxide dismutase and glutathione peroxidase activities and zinc
concentrations were increased, in the rat lenses of the RT+Zn group.
No differences were detected in any final measurement of sodium
and potassium in the direct comparison among all groups.

Conclusion. Zinc, acting as an antioxidant agent, may protect the

lens from radiation-induced injury by improving oxidative stress ge-
nerated by the decomposition of water and/or Fenton reaction.

Keywords: Radiotherapy, Oxidative stress, Zinc sulfate, Antioxidant
enzymes, Trace elements.
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Ozet

Amac. Halen bir antioksidan ve radyasyona bagli normal doku ha-
sarina karsi koruyucu bir ajan olarak cinkoya (Zn) azimsanmayacak
klinik ilgi vardir. Bu, ilacin potansiyel antioksidan etkilerini daha fazla
degerlendirmek icin, sicanlarin lenslerinde radyasyona bagl olusan
oksidatif stres modeli kullanilarak cinkonun antioksidan etkileri ca-
lisildl.

Gerec ve Yontem. Sprague-Dawley tird sicanlar g esit gruba bo-
lindd. Grup 1 ne Zn ne de radyasyon aldi (kontrol grubu). Grup 2
(RT grubu) ve 3 (RT+Zn grubu) cobalt-60 teleterapi cihazi kullanilarak
tek doz 5 Gy total kraniyal radyasyona maruz birakildi. Isinlama-
ya ek olarak grup 3’e 10mg/kg/quin Zn verildi. On gindn sonunda
sicanlar sakrifiye edildi. Sicanlarin gézlerine antioksidan enzimlerin
aktiviteleri ve bazi elementlerin seviyelerinin élctilmesi icin entikle-
asyon yapildi.

Bulgular. Isinlama anlamli sekilde lipid peroksidasyonunun bir son
drdnd olan malondialdehit seviyelerini, glutatyon peroksidaz ak-
tivitesini, demir ve kalsiyum konsantrasyonlarini artirdi ve su ve/
veya fenton reaksiyonunun dekomposizyonu ile artmis oksidatif
stresin gdstergesi olarak sican lenslerinde ¢inko konsantrasyonu ve
superoksit dismutaz aktivitesi azaldl. Malondialdehit seviyelerinde,
demir ve kalsiyum konsantrasyonlarinda anlamli bir azalma ve stpe-
roksit dismutaz, glutatyon peroksidaz aktiviteleri ve ¢inko konsant-
rasyonlarinda anlamli artis, RT+Zn grubunda ki sicanlarin lenslerinde
bulundu. Tdm gruplarin direkt karsilastirmasinda sodyum ve potas-
yum son dlcdmlerinde herhangi bir fark tespit edilmed.

Sonuc. Cinko, su ve/veya fenton reaksiyonunun dekomposizyonu ile
olusan oksidatif stresin meydana getirdigi radyasyona bagl hasar-

dan bir antioksidan ajan olarak lensi koruyabilir.

Anahtar Kelimeler: Radyoterapi, Oksidatif stres, Cinko sdilfat, Antioksidan
enzimler, Eser elementler.
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Introduction

he killing action of ionizing radiation is predominantly
due to ROS, including 02" 7, HO ", and H202 generated
by the decomposition of water and/or the Fenton reac-
tion, which produces H202 and OH" via some metals such as
iron (Fe+2), the most important Fenton reagent. The superoxide
dismutase (SOD) enzyme catalyzes the dismutation of 02"~ into
H202. H202 can be transformed into H20 and O2 by catalase
(CAT) and glutathione peroxidase (GSH-Px) enzymes. One of the
indices of oxidative damage is the malondialdehyde (MDA) for-
mation as an end product of lipid peroxidation [1-4].

lonizing radiation such as x-rays, gamma ( )-rays and ultra-
violet lights is known to be a cataractogenic factor for rat lenses
[1,2]. Cataracts are an unavoidable complication if radiotherapy
includes the orbit in the treated volume, even with very low doses
of radiation [3]. Although the mechanisms of radiation-induced
cataract formation are not clearly known, several mechanisms
have been proposed. Because the damaging effects of ionizing
radiation on living cells are predominantly due to reactive oxy-
gen species (ROS), the first mechanism proposed for radiation-
induced cataract is the theory of oxidative damage [1,2]. The
second mechanism is DNA strand break induction within the lens
epithelial cells and induction of apoptosis within the lens epithe-
lial cell [5]. The third mechanism is a calcium (Ca+2) content
increase in the lens [3], likely due to mitochondrial damage of
lens epithelia similar to a chemical’s ocular toxicity potential
[6,7]. All of these mechanisms may be related to the damaging
effects of irradiation.

Over the past 30 years, numerous researchers have deter-
mined the pivotal role of zinc (Zn) in activities such as growth and
development, maintenance and priming of the immune system,
and tissue repair [8]. Many studies have shown Zn to be the
catalytic component of more than 300 enzymes, the structural
constituent of many proteins, and the regulatory ion for the sta-
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Fig. 1 — The level of malondialdehyde (MDA) in the rat lenses. Each data
point (+SD) represents an average of twelve animals. (RT: irradiation, RT+Zn:
irradiation plus zinc sulfate supplementation, a P<0.05 vs. control group, b
P<0.05 vs. RT group, ¢ P<0.05 vs. RT+Zn group).
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bility of proteins and the prevention of free radical formation.
Therefore, Zn is a pivotal element in assuring the functioning
of various tissues and organs as well as the immune system [9].

Presently, there is no doubt that Zn as an essential trace
element has an antioxidant role [10-12]. Two mechanisms have
been elucidated: the protection of sulfhydryl groups against oxi-
dation and the inhibition of the production of reactive oxygen
molecules by transition metals [11,12]. Zn ions may induce the
synthesis of metallothionein, sulfhydryl-rich proteins that are pro-
tective against the cytotoxic effects of reactive oxygen species,
jonizing radiation, anti-cancer drugs and mutagens, and metals
[9]. Zn is also the co-factor of copper-zinc superoxide dismutase
(Cu-Zn SOD), an enzyme that acts as an important scavenger of
superoxide radicals in the lens, thereby protecting against radia-
tion-induced cataract formation [13]. There is currently substan-
tial clinical interest in Zn as a protective agent against radiation-
related normal tissue injury [14-18]. In order to further assess this
compound’s potential antioxidative effects, the radioprotective
effects of Zn were studied in rat lenses as a model of radiation-
induced oxidative stress.

Materials and Methods

Rats and Experiments:

Thirty-six Sprague-Dawley rats, 10-12 weeks old, weighing
195 + 25 g at the time of testing, bred at Atatlirk University
Medical School, Department of Pharmacology Experimental Ani-
mal Laboratory, were used for the experiment. All procedures
involving Sprague-Dawley rats adhered to the ARVO Resolution
on the Use of Animals in Research. The rats were quarantined for
at least three days before irradiation, housed twelve to a cage in
a windowless laboratory room with automatic temperature (22
+ 10C) and lighting controls (14 hr light / 10 hr dark), and fed
standard laboratory feed and provided water ad libitum.

The rats were randomly divided into three equal groups.
Group 1 did not receive Zn or irradiation (control group) but re-
ceived 1 ml of saline orally plus sham-irradiation. Group 2 received
total cranium gamma irradiation of 5 Gy as a single dose (RT
group) plus 1 ml of saline orally. Group 3 received total cranium
irradiation plus 10 mg/kg/day of Zn (RT+Zn group). Zinc sulfate
(containing 50 mg zinc, Zinco 220 capsule, Berko, istanbul) was
administered to the RT+Zn group diluted in 1 ml of physiological
saline through an orogastric tube beginning 3 days prior to ir-
radiation and for 10 days after irradiation (13 days total). Excess
oral ingestion of zinc to the point of toxicity (100 to 300 mg/
day) is rare. Zinc sulfate in amounts of 2 grams per day or more
can cause gastrointestinal irritation and vomiting. In our study, 5
and 10 mg/kg/day doses of zinc sulfate were the calculated non-
toxic doses for the gastrointestinal tract in a 70 kg (150 pound)
of man. One milliliter of saline was administered daily through
orogastric tube beginning 3 days prior to irradiation and for 10
days after irradiation (13 days total) to both the control group
and the RT group.

Prior to total cranium radiotherapy, the rats were anesthe-
tized with 50 mg/kg ketamine HCl (Pfizer, istanbul, Turkey) and
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Fig. 2 — The activity of superoxide dismutase (SOD) enzyme in rat lenses.
Each data point (+SD) represents an average of twelve animals. (RT: irradia-
tion, RT+Zn: irradiation plus zinc sulfate supplementation, a P<0.05 vs. cont-
rol group, b P<0.05 vs. RT group, ¢ P<0.05 vs. RT+Zn group).

placed on a Plexiglas tray in a prone position. While the rats in
the control group received sham-irradiation, the rats in the RT
and the RT+Zn group were exposed to total cranium irradiation
of 5 Gy in a single dose by using a cobalt-60 teletherapy unit
(Picker, C 9, Maryland, NY, USA) with an output of 0.59 Gy/min
to a 0.5 cm depth with a source-to-surface distance of 80 cm on
a 5x5 cm anterior field. To maximize the dose delivered to the
lens, a 0.5 cm thick wax bolus was placed on the rats’ eyes.

Fractionation of Samples:

At the end of 10 days, the rats were anesthetized with ether,
and an intra-cardiac withdrawal of blood was performed. Follow-
ing the withdrawal of blood, the rats were killed using a high
dose of ether. Their eyes were enucleated, and the lenses were
immediately dissected. The lenses were homogenized using an
OMNI TH International, model TH 220 (Warrenton, VA, USA) ho-
mogenizer at the first speed setting. The right and left lenses of
the rats were homogenized separately in isotonic saline and in
deionized water (1/20 weight/volume) on ice for 10 seconds,
respectively. The homogenate was centrifuged at 10,000 g for 60
min at 40 C. The supernatants were stored at —800 C in aliquots
for biochemical measurements. Biochemical measurements for
antioxidant status and trace metals were carried out on these
supernatants spectrophotometrically.

Determination of MDA Levels:

Measurement of the MDA levels in the rat lenses was carried
out using the method published by Ohkawa et al. [19]. Total
thiobarbituric acid-reactive substances (TBARS) were expressed
as MDA, using a molar extinction coefficient for MDA of 1.56 x
105 ¢cm-1 M-1. MDA levels in the rat lenses were expressed as
nmol/mg protein of lens sediment.

Determination of SOD Activity:

SOD activity in the rat lenses and erythrocytes was detected
according to methods described by Sun and co-workers [20].
One SOD unit was defined as the enzyme amount causing 50%
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inhibition in the NBTH2 reduction rate. SOD activities in the rat
lenses were expressed as U/mg protein of lens sediment.

Determination of GSH-Px Activity:

GSH-Px activity in the rat lenses was measured according to
the Paglia and Valentina method [21]. By measuring the absor
bance change per minute and by using the molar extinction coef-
ficient of NADPH, GSH-Px activity of lens tissue was calculated.
GSH-Px activities in the rat lenses were expressed as U/mg pro-
tein of lens sediment.

The protein content in the lens was determined using the
Bradford method [22]. Biochemical measurements of antioxidant
status were carried out at room temperature using a spectro-
photometer (CECIL, CE 3041, Cambridge, UK). While biochemi-
cal measurements for zinc (Zn) and iron (Fe) were carried out
at room temperature using an atomic absorption spectrophoto
meter (Shimadzu AA-670, Kyoto, Japan), an automatic spectro-
photometer (Olympus, AU-2700, Melville, NY, USA) was used for
calcium (Ca), sodium (Na) and potassium (K).

Statistical Analyses:

The results were given as mean + SD. Statistical analyses
were performed using the SPSS packed program (Statistical Pack-
age for Social Science; Windows version 10.0) after the neces-
sary data had been collected. Kruskal-Wallis non-parametric ana
lysis of variance/orthogonal Mann Whitney tests were used to
examine for contrasts among the treatment modalities. A p-value
of less than 0.05 was accepted as statistically significant.

Results

The levels of MDA and the activities of SOD and the GSH-Px
enzymes in the rat lenses are all presented in Figures 1, 2, and
3, respectively. In the RT group, the MDA level was higher than
in the control group. There was a statistically significant differ-
ence between the RT group and the control group (P<0.05). In
the RT+Zn group, the MDA level was lower than in the RT group.
There was also a significant difference between the RT+Zn group
and the RT group (P<0.05). There was no significant difference
between the control group and the RT+Zn group. In the control
group and the RT+Zn group, the SOD activity was higher than
in the RT group, and this level was higher in the RT+Zn group
relative to the control group. There was a significant difference
between the RT group and the control group and the RT+Zn
group (P<0.05). In the control group, the GSH-Px activity was
lower than in the other groups. There was a statistically signifi-
cant difference both in the RT group and the RT+Zn group when
compared with those in the control group (P<0.05). In the RT+Zn
group, the GSH-Px activity was higher than in the RT group, but
there was not a significant difference between the two groups.

The concentrations of Zn, Fe, Ca, Na and K in the rat lenses
are all presented in Table 1. Fe and Ca concentrations in the lens-
es of the RT group were significantly higher, and Zn concentra-
tions were significantly lower, compared with the lenses of the
control and RT+Zn groups. There was not a statistically significant
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difference in the concentrations of Zn, Fe, Ca, Na and K between
the control group and the RT+Zn group. No differences were de-
tected in Na and K concentrations among all groups.

Discussion

The goal of radiation treatment is to deliver completely
measured doses of ionizing radiation to a defined tumor volume
while minimizing the injurious effects of ionizing radiation to the
surrounding healthy tissue, thus eliminating tumor cells, giving a
high quality of life and prolonging survival of cancer patients at
reasonable cost [18]. When living cells are exposed to ionizing
radiation, a variety of changes occur such as damage to cellular
DNA and membrane structures and alterations in the immune
system, depending on the exposed and absorbed dose, the dura-
tion of exposure and the interval after exposure, and the suscep-
tibility of tissues to ionizing radiation [23]. Radiation is a known
producer of ROS. When water, which constitutes approximately
80% of the cell, is exposed to ionizing radiation, decomposition
occurs through which a variety of reactive oxygen species, such
as the superoxide radical (O"27), hydrogen peroxide (H202) and
the hydroxyl radical (OH™). The sensitivity of cells to ionizing radi-
ation depends on the rate of differentiation as well as on the effi-
ciency of the intrinsic antioxidative defense systems. Although all
respiring cells are equipped with protective enzymes such as SOD
and CAT or GSH-Px, increased oxidative stress in cells stemming
from ionizing radiation may overwhelm the protective systems,
leading to cell injury. The ROS formed in cells contribute to radia-
tion injury in cells [3]. These ROS cause DNA strand breaks, lipid
peroxidation and protein modification [4,24]. The ocular lens is
one of the most radiosensitive tissues in the body, and the lens
epithelium is considered to be the initiation site for the develop-
ment of radiation-induced cataracts [24,25]. Because the damag-
ing effects of ionizing radiation on living cells are predominantly
due to ROS generated by the decomposition of water and/or
the Fenton reaction [1,3,4], the theory of oxidative damage for
cataract development is of interest [1,2].Bardak et al. [2] found
that, one week after exposure, SOD and GSH-Px activities in the
rat lens were lower in the group exposed to UVB than in the
controls. In addition, the MDA level, which served as an index
of cellular damage by free radicals, was higher in the UVB group
than in the controls (P < 0.05). They suggested that the deple-
tion of important intracellular antioxidant stores by UV-radiation
in the lenses of the animals might have been the main cause
of lens opacification. In a previous study, we determined that
irradiation significantly increased both the MDA level and the ac-
tivity of the GSH-Px, and significantly decreased the activity of
the SOD in the rat lenses. This indicated the generation of oxida-
tive stress and an early protective response to oxidative damage
[26]. Avunduk et al. [1] demonstrated that 10 days after irradia-
tion, Fe+2 and Ca+2 concentrations in the lens in the irradiated
group were significantly higher, and that Zn+2 concentrations
were significantly lower, compared with the control group. They
proposed that enhancement of calcium influx in the presence of
oxygen was related to accumulation of ROS that damages the
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Fig. 3 — The activity of the glutathione peroxidase (GSH-Px) enzyme in rat
lenses. Each data point (+SD) represents an average of twelve animals. (RT:
irradiation, RT+Zn: irradiation plus zinc sulfate supplementation, a P<0.05 vs.
control group, b P<0.05 vs. RT group, ¢ P<0.05 vs. RT+Zn group).

membrane transport system of the lens. They also proposed that
the iron-catalyzed Fenton reaction played an important role in
x-ray-induced lens damage in the rat lens and that the decreased
lens Zn+2 concentrations after irradiation indicated enhanced
consumption of this antioxidant element and/or antioxidant en-
zymes as a counterbalance to the effects of oxidants.

In the present study, we found that the rat lens MDA level,
an end product of lipid peroxidation, was significantly higher in
the RT group than in the control group. We also found that the
SOD activity in the RT group was significantly lower than in the
control group, and that the GSH-Px activity in the RT group was
significantly higher than in the control group. These results are
consistent with previous studies. We demonstrated that, after
irradiation, Fe+2 and Ca+2 concentrations in the rat lens in the
RT group were significantly higher than in the control group. This
is consistent with the hypothesis that the Fe+2-catalyzed Fenton
reaction may play an important role in radiation-induced lens
damage in the rat lens and that enhancement of Ca+2 influx in
the presence of oxygen may be related to the accumulation of a
ROS that damages the membrane transport system of the lens.
We also demonstrated that, after irradiation, Zn+2 concentra-
tions in the rat lens in the RT group were significantly lower than
in the control group. This result is also consistent with the hypot
hesis that the decreased Zn+2 concentrations in the rat lens may
indicate increased consumption of this element subsequent to
oxidative damage.

Zn has long been known as a trace element for living
bodies [27]. Abundant evidence has demonstrated the antioxi-
dant and anti-inflammatory roles of Zn in tissues, including the
eye [11,12,27-29]. Zn plays a part in the maintenance of epithe-
lial and tissue integrity by promoting cell growth and suppressing
apoptosis and by protecting against free radical damage during
inflammatory responses, an underappreciated role [30].

Currently, there is increasing evidence from human and ex-
perimental studies suggesting that Zn could be a beneficial agent
in the protection against radiation-related normal tissue injury
[14,18]. Zinc salts are a new class of radioprotectors against to-
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Table 1. Concentrations of zinc (Zn), iron (Fe), calcium (Ca), sodium (Na) and potassium (K)
in the rat lens. Each data point (£tSD) represents an average of twelve animals.

Zn Fe Ca Na K
Groups pg/mi pg/mi mg/dL nmol/L nmol/L
Control 6.68 £ 0.462 14.18 £ 9.13? 11.79+£4.882 16.33+3.05 0.97 £ 0.40
RT 5.23+0.2°¢ 2859+0.64>c 1947 +1.89P¢ 13.66 +0.57 0.52 £0.17
RT+Zn 6.55 £ 0.24° 6.72+2.012 6,91+£4.572 13,00+ 1.00 0.90 £ 0.48

RT: irradiation, RT+Zn: irradiation plus zinc sulfate supplementation. 2 P<0.05 vs. control
group, ® P<0.05 vs. RT group, ¢ P<0.05 vs. RT+Zn group

tal body irradiation lethality [16]. In three recent studies, we de
monstrated that zinc sulfate supplementation protected oropha-
ryngeal mucosa against radiation-induced oropharyngeal mucosi-
tis in patients with head and neck cancer [14], white blood cells
against radiation-induced hematopoietic toxicity in rats exposed
to single-dose total body irradiation to 8 Gy [15] and the skin
against radiation-induced dermatitis in a rat model [18]. Floershe-
im et al. [17] reported that Zn did not inhibit the radiotherapeutic
effect of gamma rays on human tumors grown as xenografts
in immunosuppressed mice and significantly reduced the fall in
the hematocrit and numbers of thrombocytes, erythrocytes and
leucocytes caused by irradiation, indicating a sparing effect on
bone marrow precursors of peripheral blood cells. Ali et al. [31]
reported that metallothionein induction by Zn was a highly ef-
fective approach in preventing cardiotoxicity and hepatotoxicity
caused by daunorubicin in the rats. Based on the results of their
experimental study, the authors suggested that the use of Zn in
the chemotherapy of cancer patients was able to reduce dau-
norubicin- induced cardiotoxicity and hepatotoxicity. In addition,
Provinciali et al. [32] reported that Zn exerted a direct selective
action on cancer cells, inducing cell death through apoptosis. At
the same time, Zn protects against apoptosis induced by diverse
physical, chemical, or immunologic stimuli [33,34]. This means
that zinc may not only protect intact tissues by decreasing apop-
tosis induced by injurious conditions but also increase apoptosis
with a direct selective action on cancer cells. Briefly, Zn, as a
radioprotective agent, may protect intact tissues against injuri-
ous effects of cancer treatments, such as chemotherapy or radio-
therapy, without inhibiting the therapeutic effects.

Zinc, an essential element that affects cell metabolism by
means of a variety of mechanisms, seems to play a pivotal role in
maintaining normal ocular function. [27]. It has been demonst-
rated that irradiation decreased Zn concentrations in the rat lens
[1]. Because of the antioxidant and anti-inflammatory effects of
zinc [11,28], the decreased Zn concentrations interact with radia-
tion damage in the lens. Because Zn is the co-factor of the Cu-Zn

SOD enzyme that is an important scavenger of superoxide radi-
cals in the lens, protecting against cataract formation due to irra-
diation [13], and because induction of DNA fragmentation under
Zn-deficient conditions is a result of exchange of Zn for Ca and
Mg within the nuclei with subsequent activation of endogenous
endonucleases [33,35], these interactions may be related both
to the insufficient activity of antioxidant enzymes such as SOD
and GSH-Px and to the induction of DNA fragmentation under
Zn deficient conditions. It is for these reasons that we tested zinc
sulfate as a radioprotective agent in our study.

In the present study, we found that, in the RT group, the
MDA level was significantly higher than in the RT+Zn group. We
also found that the SOD activity was significantly higher in the
RT+Zn group than in the RT group, and that the GSH-Px activity
was higher in the RT+Zn group than in the RT group. However,
this was not statistically significant. Because of these results, one
can suggest that zinc sulfate supplementation might accelerate
the activity of the lens SOD enzyme, and that the antioxidant
system would be able to gradually clear away free radicals occur-
ring in the environment as a result of Zn supplementation. We
also found that Zn supplementation decreased the MDA level.
We demonstrated that Zn supplementation increased the Zn con-
centration and decreased the Fe and Ca concentrations in the
rat lens. According to these results, one may conclude that Zn
supplementation protects the lens from radiation-induced cata-
racts via inhibition of the production of reactive oxygens by tran-
sition metals and prevents DNA fragmentation by inhibiting the
exchange of Zn for Ca and Mg within the nuclei with subsequent
activation of endogenous endonucleases.

Based on our study results, we suggest that Zn may protect
against the damage produced by radiation by the up-regulation
of antioxidant enzymes and by scavenging free radicals gene-
rated by ionizing radiation. These results should contribute to
future studies that will examine the ability of zinc sulfate to limit
radiation toxicity.
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