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Abstract. The aim of the present study was to compare the
effects of melatonin and genistein on radiation-induced
nephrotoxicity (RIN). A total of 70 Swiss Albino mice were
divided into 7 groups. Five control groups were defined, which
were sham irradiation (C, G1), radiation therapy only (RT,
G2), melatonin (M, G3), genistein (G, G4) and polyethylene
glycol-400 (GS5), respectively. The co-treatment groups were
the RT plus melatonin (RT+M, G6) and RT plus genistein
(RT+G, G7) groups. Irradiation was applied using a cobalt-60
teletherapy machine (80-cm fixed source-to-surface distance,
2.5-cm depth). Melatonin was administered (100 mg/kg,
intraperitoneal injection) 30 min before the single dose of
irradiation, whereas genistein was administered (200 mg/kg,
subcutaneous injection) 1 day before the single dose of irradia-
tion. All the mice were sacrificed 6 months after irradiation. As
an end point, the extent of renal tubular atrophy for each mouse
was quantified with image analysis of histological sections of
the kidney. Tissue malondialdehyde (MDA) levels were also
measured in each animal. In the histopathological examina-
tion of the mouse kidneys, there was a statistically significant
reduction (P<0.05) in the presence of tubular atrophy between
the RT+M and RT+G groups and the RT group. There was a
statistically significant increase in MDA levels in the irradi-
ated versus sham groups (RT vs. C; P<0.05); however, MDA
levels were significantly decreased by co-treatment with
melatonin or genistein vs. RT alone (RT+M and RT+G vs.
RT; P<0.05). In conclusion, the present experimental study
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showed that melatonin and genistein supplementation prior
to irradiation-protected mice against RIN, which may have
therapeutic implications for radiation-induced injuries.

Introduction

Radiotherapy is one of the most common and important tech-
niques for cancer treatment that is performed with the intent
to cure, or for palliation (1,2). The kidneys are radiosensi-
tive organs. In patients with abdominal malignancies, such
as gastric, pancreatic, lymphomas or any other abdominal
neoplasms, irradiation of the kidneys is inevitable (3,4). The
radiation dose and irradiated volume are the limiting factors
in abdominal radiotherapy and should be taken into consid-
eration for the prevention of kidney injuries (4,5). Radiation
nephropathy includes increased vascular permeability, perfu-
sion disturbance, inflammatory reactions and fibrosis (3,4).

Melatonin (N-acetyl-5-methoxytryptamine), an endog-
enous compound synthesized by the pineal gland in the
human brain, was discovered ~40 years ago and reported to
participate in the regulation of a number of physiological and
pathological processes (6). Melatonin has a lipophilic nature,
which allows the hormone to enter all the cells and subcellular
compartments and establish high concentrations; melatonin
also has the ability to cross morphophysiological barriers (7-9).
Melatonin has been shown in several experimental and clinical
conditions to have antioxidant and prophylactic properties
against oxidative stress (10-15).

Genistein (4',5,7-trihydroxyisoflavone) has antioxidant and
anti-inflammatory properties, low toxicity and is commonly used
as a dietary supplement (16-18). The compound inhibits tyrosine
kinase, possesses phytoestrogen activities, and protects against
cerebral ischemia and skin injury by ultraviolet light (19,20).
Genistein has been reported to reduce acute lung injury from
inflammation following lipopolysaccharide treatment (21); addi-
tionally, following whole-body irradiation, the administration of
genistein in doses <400 mg/kg significantly increases survival
without any toxicity (22). Of particular relevance, genistein is
radioprotective for normal cells, while radiosensitizing toward
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a variety of cancer cells. With regards to the antioxidant,
anti-inflammatory and anticancer properties of genistein, this
compound has potential as a clinical therapeutic agent (20-23).
However, little is known regarding the radioprotective role of
genistein with respect to radiation-induced kidney injury.

Lipid peroxidation is an important cause of cell membrane
destruction and damage, which is a likely contributing factor
in the development of radiation-induced tissue damage (24,25).
An increase in malondialdehyde (MDA) levels is used as a
marker of lipid peroxidation (26). During radiotherapy, mela-
tonin pretreatment significantly reduces the level of MDA and
increases the levels of enzymatic antioxidants in the ovaries
and in plasma (27-30).

The present study was carried out to evaluate whether
melatonin or genistein administration prior to irradiation
would have a protective effect on radiation-induced nephro-
toxicity (RIN) in an experimental mouse model.

Materials and methods

Study design. Swiss Albino mice (10-12-week-old, weighing
25+2 g) were purchased from the Center for Laboratory
Animals at the Karadeniz Technical University (Trabzon,
Turkey). All the mice were acclimatized upon arrival, and
representative animals were screened for evidence of disease.
The Institutional Animal Care and Use Committee at
Karadeniz Technical University approved the protocol used in
the present study.

Animals were housed 4 per cage in a controlled animal
holding room with a 12/12-h light/dark cycle; temperature
and relative humidity were continually monitored to provide
standard laboratory conditions. Food and water were provided
ad libitum. Mice were divided into 7 groups composed of
10 animals. C was defined as the control group, and mice
in this group were sham irradiated. RT was the radiation
therapy only group. The M, G and PEG groups represented the
melatonin, genistein and polyethylene glycol-400 (PEG-400)
control groups, respectively. RT+M and RT+G represented the
RT plus melatonin and RT plus genistein groups, respectively
(Table I). Melatonin was administered 30 min before the RT,
and genistein was administered 24 h before the RT. The two
co-treatments were continued until the animals were sacrificed
24 weeks later. As an end point, the extent of renal tubular
atrophy for each mouse was quantified with image analysis
of histological sections of the kidney. Tissue MDA concentra-
tions were also measured in each animal.

Irradiation protocol. Prior to whole-body irradiation, the
animals were anesthetized with intraperitoneal (i.p.) injections
of 90 mg/kg ketamine and 10 mg/kg xylazine. Subsequently,
the animals were placed on a straphore in the prone position
by taping their extremities. Correct positioning of the fields
was controlled for each mouse via a therapy simulator. A 6-Gy
single dose y-radiation was selected according to previous
studies (31,32). Mice in the RT, RT+M and RT+G groups
were irradiated with a Co60 teletherapy machine from a
source-to-surface distance of 80 cm. A single dose of 6 Gy
v-radiation was delivered to the whole-body area at a dose rate
of 47.50 Gy/min. The dose was calculated for the central axis
at a depth of 2.5 cm.

Table I. Abbreviations used for the study groups.

Abbreviations Study groups

C Shame-irradiated control
RT 6-Gy

M Melatonin control

G Genistein control

PEG PEG-400 control
RT+M 6 Gy + melatonin
RT+G Gy + genistein

PEG-400, polyethylene glycol-400; RT, radiation therapy.

Melatonin and genistein protocols. For the mice in M and
RT+M, melatonin (Melatonin Crystalline; Sigma-Aldrich,
St. Louis, MO, USA) was prepared at a 1% concentration by
dissolving in ethanol and diluting in 0.9% sodium chloride,
and was administered at a dose of 100 mg/kg i.p. 30 min prior
to exposure to radiation. The selection of a 30-min interval
between the melatonin administration and exposure to radia-
tion was based on 2 previous studies in animals (33,34) and
human volunteers (35).

Genistein and PEG, of molecular weight 400, were
obtained from Sigma-Aldrich. Genistein was solubilized
in PEG-400 on the day of the experiment using 20 sec of
sonication (Heat Systems-Ultrasonics Inc., Plainview, NY,
USA). Genistein was administered at a dose of 100 mg/kg
subcutaneously (s.c.) 24 h prior to being exposed to radiation.
0.9% sodium chloride was prepared at an equal volume with
melatonin, and the remaining procedure was applied identi-
cally for G and RT+G mice. PEG-400 was prepared at an
equal volume with genistein, and the rest of the procedure
was applied identically for group PEG mice. The selection
of a 24-h interval between genistein administration and
exposure to radiation was based on one earlier study in
animals (20).

Determination of MDA activity. Kidney tissues were weighed
and homogenized in ice-cold 1.15% KCI (2 and 10% w/v,
respectively). The homogenate was centrifuged at 2,000 x g for
10 min. MDA levels in tissue samples were determined by the
method of Mihara and Uchiyama (36). Tetramethoxypropane
was used as a standard,and tissue MDA levels were calculated
as nmol/g wet tissue.

Morphological study and light microscopy. The animals
were anesthetized and sacrificed by cervical dislocation
24 weeks after the start of irradiation. The kidneys were
excised and fixed in a 10% formaldehyde solution and
embedded in paraffin for light microscopic examination. One
transverse section of each kidney was taken using vertical
sections. The slices obtained were stained with hematoxylin
and eosin to evaluate the fibrosis in the kidney. Tissues were
also processed using a sirius red stain to examine for tubular
atrophy. Kidney damage was scored based on the presence
of tubular atrophy as none (0), light (1), moderate (2) or
severe (3) damage.
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Table II. Tubular atrophy in the mice kidneys for each group of mice as examined by slit-lamp microscopy.

Tubular atrophy grade
Groups Absent Grade 1 Grade 2 Grade 3 Total
Sham-irradiated control group (C) 8 0 0 0 8
6 Gy group (RT) 0 4 2 4 10
Melatonin control group (M) 4 4 0 0 8
Genistein control group (G) 2 8 0 0 10
PEG-400 control group (PEG-400) 0 2 3 1 6
6 Gy+melatonin group (RT+M) 2 6 0 0 8
6 Gy+genistein group (RT+G) 0 5 1 0 6
Total 16 29 6 5 56

PEG-400, polyethylene glycol-400; RT, radiation therapy.

Statistical analysis. Compatibility of the variables to
normal distribution was investigated using visual (histo-
gram and probability graphs) and analytical methods (one
simple Kolmogorov-Smirnov test). The data are reported
as mean + standard error and were analysed using one-way
analysis of variance followed by a post hoc test for multiple
comparisons. Type 1 errors of <5% were accepted as statisti-
cally significant. All the statistical analyses were performed
using SPSS version 13 (SPSS, Inc., Chicago, IL, USA).

Results

Histopathological examination of the mice kidneys.
Glomerular and tubular structures were histopathologically
normal in the C group (Fig. 1). Widespread kidney tubular
atrophy and diffuse intertubular fibrosis were present in the
RT group (Fig. 2). The rates, as assessed using slit-lamp biomi-
croscopy of grade 1, 2 and 3 tubular atrophy, respectively,
in the C (0, 0 and 0%), PEG (33.3, 50 and 16.7%,), M (50,
0 and 0%.,), G (80,0 and 0%), RT (40, 20 and 40%), RT+M (75,
0 and 0%) and RT+G groups (83.3, 16.7 and 0%) are presented
in Table II.

In the histopathological examination of the mice kidneys,
there was a statistically significant elevation of tubular atrophy
induced by y-irradiation (C vs. RT; P<0.05; Table III). A
significant elevation in all the investigated histopathological
parameters was identified in the PEG and RT+G groups
versus the C group (P<0.05) but not between the M, G and
RT+M groups versus the C group (P>0.05). In addition, a
significant elevation was observed in all the investigated histo-
pathological parameters in the RT group compared to the M,
G, RT+M and RT+G groups (P<0.05) but not the PEG group
(P>0.05), indicating reduced injury in the irradiation plus
co-treatment groups. However, there was no statistically
significant difference between the RT+M and the RT+G groups
(P>0.05). At the end of the histological examination, all the
mice in each group had a certain degree of tubular atrophy.

Changes in MDA level following irradiation. Whole-body
irradiation by 6 Gy of y-irradiation, as a single dose, signifi-
cantly increased the MDA level (P<0.05) in the mice kidneys

Figure 1. In the control group, glomerular and tubular structures were
observed to be histopathologically normal (hematoxylin and eosin; magni-
fication, x50).

Figure 2. Renal tubular atrophy and diffuse intertubular fibrosis in the radia-
tion therapy group (hematoxylin and eosin; magnification, x50).

when compared to the untreated controls (RT vs. C; Table IV).
Melatonin and genistein supplementation in conjunction with
body irradiation significantly decreased the MDA level in the
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Table III. Mean value of tubular atrophy for each group of mice.

Mean tubular

Groups atrophy value
Sham-irradiated control group (C) 0.12+0.35"<¢
6-Gy group (RT) 2.00£0.942¢d e
Melatonin control group (M) 0.50+0.53%¢
Genistein control group (G) 0.80+0.42°¢
PEG-400 control group (PEG-400) 1.83£0.75%¢41e
6 Gy+melatonin group (RT+M) 0.7520.46°¢

6 Gy+genistein group (RT+G) 1.16£0.40%b¢

PEG-400, polyethylene glycol-400; RT, radiation therapy. Values are
presented as mean =+ standard error for 7 mice in each group. P<0.05
compared to ’C; °RT; °M; ‘G; °PEG; 'RT+M; ¢RT+G.

Table IV. Level of MDA in the mice kidneys.

Mean MDA value,
Groups nmol/mg protein
Sham-irradiated control group (C) 37.31.11™
6-Gy group (RT) 45.6+0.90< ¢
Melatonin control group (M) 40.4+1.00°
Genistein control group (G) 35.2+0.94°
PEG-400 control group (PEG-400) 38.5+1.28°
6 Gy+melatonin group (RT+M) 37.5«1.17™
6 Gy+genistein group (RT+G) 39.1+0.75°

MDA, malondialdehyde; PEG-400, polyethylene glycol-400; RT,
radiation therapy. Values are presented as mean =+ standard error for
7 mice in each group. P<0.05 compared to *C; °RT; ‘M; ‘G; °PEG;
RT+M; tRT+G.

kidney (RT vs. RT+M and RT vs. RT+G; P<0.05), but there was
no statistically significant difference between the co-treatment
groups (RT+M vs. RT+G; P>0.05).

Discussion

In numerous clinical and experimental studies, kidneys have
been shown to be highly sensitive to radiation injuries (1).
Radiation nephropathy presents itself in 20% of patients
following irradiation; the clinical presentations include acute
radiation nephritis, chronic radiation nephritis, malignant
hypertension and benign hypertension (37). Clinical signs of
radiation damage that develop after a period of 4-12 months
are of particular concern (3,38-40). In the kidney, irradiation
leads to a progressive reduction in function associated with
concomitant glomerulosclerosis and/or tubulointerstitial
fibrosis, which largely depends on the total radiation dose,
dose per fraction, irradiated volume and age at the time of
irradiation (3).

Melatonin is a highly efficient free radical scavenger
and general antioxidant that protects DNA, lipids and
proteins (12-15). The radioprotective effect of melatonin was

confirmed in in vitro (41,42) and in vivo studies (4,36), as well as
when administered to humans (42,43), mainly by assessing the
induction of chromosomal aberration and micronucleus in
cultured lymphocytes. Several studies have demonstrated that
melatonin appears to ameliorate irradiation-induced injury in
various organs including the spleen (44.,45), liver (29), lung,
colon, ileum (46), kidney (37), lens (47), spinal cord (48) and
brain (49). Doses of melatonin in mice, 10-250 mg/kg, have
been tested in in vivo investigations (4). In the present study,
100 mg/kg melatonin was administered by i.p. injection in
accordance with the literature.

Genistein has antioxidant and anti-inflammatory proper-
ties, has low toxicity and is commonly used as a dietary
supplement (16,50). Wei et al (51) reported that genistein
provided protection against non-ionizing ultraviolet-B radia-
tion through either direct quenching of reactive oxygen
species (ROS) or indirect anti-inflammatory effects when it
was applied to the skin of hairless mice 1 h before exposure.
Genistein also reduced the frequency of micronucleated retic-
ulocytes in the peripheral blood of mice receiving a sublethal
dose of ionizing radiation (52). Thus, the antioxidant activity
of genistein and its ability to protect against radiation-induced
cytogenetic damage could contribute to its radioprotective
action. Landauer et al (20) demonstrated in a preliminary study
that oral administration of pharmacological doses of genistein
is radioprotective in adult mice. However, oral administration
required a multiple dosing regimen beginning several days prior
to irradiation. The beneficial effects of single-dose s.c. admin-
istered radioprotectants are also being evaluated in the clinic
in conjunction with RT (53). The study by Landauer ef al (20)
reported the results of experiments designed to assess in vivo
radioprotection in whole-body y-irradiated mice with genis-
tein. Radioprotection was demonstrated without the toxicity or
performance-degrading side effects in mice receiving a single
s.c. administration of genistein. Therefore, the present study
administered genistein at 100 mg/kg s.c. in accordance with
the literature.

Tubular interstitial injury is an additional feature of radia-
tion nephropathy. Morphological and physiological studies
have identified the renal tubule system as the site of maximum
radiation damage (1,38,54,55). The results of the present study
indicated that the tubular toxicity induced by 6 Gy irradiation
became apparent during the 6-month period after radiation
exposure. The differences observed during histopathological
evaluation were statistically significant. The degrees of
grades 2 and 3 tubular atrophy were 20 and 40%, respec-
tively, for the RT controls. Treatment with RT+M blocked all
grade 2 and 3 tubular atrophy, and RT+G treatment blocked
all grade 3 and some grade 2 atrophy (16.7%). These results
indicate that pretreatment with melatonin and genistein mark-
edly decreased the severity of tubular changes that occurred
following irradiation.

The present results with supplemental melatonin are in
agreement with the published literature on the antioxidant
effects of melatonin. Melatonin administration prior to total
body irradiation with a single dose of 6 Gy prevents rat liver
damage induced by irradiation, reflecting the antioxidant
roles of melatonin against y-irradiation-induced oxidative
damage (29). The liver tissue MDA levels in irradiated rats
that were pretreated with melatonin (5 or 10 mg/kg) were
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significantly decreased, while the superoxide dismutase
and glutathione peroxidase activities were significantly
increased. Similarly, the levels of mouse kidney MDA in
the y-irradiation-plus 100 mg/kg melatonin (RT+M) group
were significantly decreased when compared with the
v-irradiation-only (RT) group.

Genistein has stronger antioxidative properties combined
with its capacity to activate the antioxidant systems; the
resulting reduction of free radical lipid peroxidation protects
and stabilizes the cellular membrane structure (50). Genistein
protects against ultraviolet-B radiation either by directly
quenching ROS or by indirect anti-inflammatory effects
when applied to the skin of hairless mice prior to radiation
exposure (51). Kim er al (56) demonstrated that genistein can
significantly protect against a radiation-induced increase of
ROS in the testis, suggesting that genistein protects against
testicular injury from radiation via a protective mechanism
that includes antioxidative activity. In agreement with the
published literature on the radioprotective and antioxidant
effects of genistein in the skin and tests, the levels of kidney
MDA in the y-irradiation-plus 100 mg/kg genistein (RT+G)
group were significantly decreased when compared with the
v-irradiation-only (RT) group.

In conclusion, melatonin and genistein have clear antioxi-
dant properties and are likely to be valuable adjuvant drugs for
the protection against y-irradiation and/or use as antioxidants
against oxidative stress. Light microscopic examinations and
MDA measurement performed at the end of the 6-month
follow-up period revealed that the kidneys of the mice in the
RT+M and RT+G groups were healthier compared with the
radiotherapy only group mice. Based on the present findings,
additional studies of the protective effects of melatonin and
genistein against RIN are merited.
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