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Aim: We  aimed to determine the changes in TNF-� expression and Malondialdehyde (MDA)

level in a short time after irradiation. Furthermore, we  evaluated the effect of melatonin on

the  modulation of TNF-� gene expression.

Background: The radio-sensitivity of the cervical spinal cord limits the dose of radiation which

can  be delivered to tumors in the neck region. There is increasing evidence that TNF-� has

a  role in the development of the acute phase of spinal cord injury.

Materials/Methods: Four groups of rats were investigated. Group 1 (vehicle treatment) served

as  the control. Group 2 (radiation) was treated with the vehicle, and 30 min later, the rats

were  exposed to radiation. Group 3 (radiation + melatonin) was given an oral administration

of  melatonin (100 mg/kg body weight) and 30 min later exposed to radiation in the same

manner as in group 2. Group 4 (melatonin-only) was also given an oral administration of

melatonin (100 mg/kg body weight). 5 mg/kg of melatonin was administered daily to rats in

groups 3 and 4, and the vehicle was administered daily to rats in groups 1 and 2.

Results: Three weeks after irradiation, TNF-� gene up-regulated almost 5 fold in the irradiated

group compared to the normal group. TNF-� gene expression in the melatonin pretreatment

group, compared to the radiation group, was significantly down-regulated 3 weeks after

irradiation (p < 0.05). MDA levels increased after irradiation and then significantly decreased

under melatonin treatment.
Conclusion: We  suggest that inhibition of TNF-� expression by oral administration of mela-

tonin may be a therapeutic option for preventing radiation-induced spinal cord injury.
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1.  Background

Most patients diagnosed with head and neck malignancy will
receive a course of radiotherapy for treatment, local control, or
symptomatic palliation.1 In the emergency treatment of a can-
cer pressing on the spinal cord, radiotherapy may be used to
reduce the size of the tumor and prevent nerve damage.2 The
dose that can be administered without radiation myelopathy
(RM) is, however, limited by the tolerance of the spinal cord to
radiation.3 Pathological features of radiation myelopathy (RM)
are well-defined, but the molecular mechanisms of this injury
remain uncertain. Studies have shown that the response of the
CNS after irradiation is a continuous, dynamic, and interac-
ting process.4,5 Three types of reactions have been recognized
based on the time of development of symptoms: acute, early
delayed and late delayed.5 Recently, we  have reported that a
single dose of 22 Gy gamma  ray to the spinal cord can cause
limb paralysis with latency of 20 weeks.6 In that study, the role
of VEGF in the development of RM has been shown. In another
study, the roles of Bax and Bcl-2 gene expression have been
studied in the radiation-induced apoptosis of the spinal cord.7

Several studies have provided evidence that the expression
of tumor necrosis factor-alpha (TNF-�)  is directly activated
by ionizing radiation. Many  researchers have suggested that
TNF-� has a role in the development of the acute phase of
spinal cord injury (SCI) through the induction of apoptosis.8

Melatonin administration has effectively prevented SCI due
to spinal cord compression and trauma.9–11 We  have recently
reported the function of melatonin as a radioprotector and
VEGF modulator.6 Some researchers have demonstrated the
antiapoptotic effect of melatonin.7 Some in vivo studies have
shown that melatonin can modulate the expression of TNF-�

induced by toxic agents.11

2.  Aim

This study follows two basic purposes: first, the study seeks to
determine the changes in TNF-� expression in the short time
after irradiation, to explore its possible contribution to the
development of RM.  The second purpose is to assess whether
oral melatonin administration can modulate TNF-� gene and
protein expression after localized irradiation of the cervical
spinal cord.

3.  Materials  and  methods

Twenty adult male Wistar rats weighing 180–220 g were
selected and housed in conventional rodent facilities. They
were fed and watered on a standard rodent chow diet, and
were kept at a constant temperature on a 12-h light–dark cycle.
The rats were divided into four groups. Group 1 (vehicle treat-
ment) served as a control. Group 2 (radiation) was treated with
the vehicle, and after 30 min, the rats were exposed to radia-
tion, which is a process detailed in the following section. Group

3 (radiation + melatonin) was given an oral administration of
melatonin (100 mg/kg body weight), and after 30 min, it was
exposed to radiation in the same manner as in group 2. Group
4 (melatonin-only) was also given an oral administration of
iotherapy 2 0 ( 2 0 1 5 ) 123–127

melatonin (100 mg/kg body weight). 5 mg/kg of melatonin was
administered daily to rats in groups 3 and 4, and the vehicle
was administered daily to rats in groups 1 and 2. The drug
was administered between 4 and 5 pm.  At this time of the day,
melatonin is considered to be at its lowest natural concen-
tration in the blood. The dose of melatonin was selected on
the basis of our previous works.6,7 All the procedures in this
study are in accordance with the guidelines for the care and
use of laboratory animals as adopted by the Ethics Commit-
tee, School of Medicine, Tehran University of Medical Sciences
(210/27686, Nov 3, 2002).

4.  Irradiation

The animals were anesthetized with an i.p. injection of
ketamin (60 mg/kg) and xylazin (20 mg/kg) and then placed in
a prone position. The rats of groups 2 and 3 were irradiated
with gamma beam of Cobalt-60 teletherapy unit (theratron
760-C) to the 1.8 cm cervical segment of the spinal cord (C1-
T2). A single dose of 22 Gy (at the dose rate of 1.8 Gy/min and
source skin distance of 79.5 cm)  was delivered to the depth of
0.5 cm based on lateral simulation radiographs. This dose is
proposed as an effective dose for white matter necrosis and
limbs paralysis after 20 weeks of irradiation.12 Control and
melatonin-only groups were also sham-irradiated. Although
the rats were anesthetized, they were not irradiated.

5.  Sample  preparations

The animals were sacrificed under ketamine and xylazine
injection chronologically 3 weeks after irradiation. Tissue
sampling was carried out using a posterior approach to
the cervical spinal cord. One cm of spinal cord was dissec-
ted and used for different purposes. For real time RT-PCR,
the spinal cord was embedded in GITC (6 molar) for the
inactivation of enzymes and RNase-free condition, and then
homogenized by Heidolf Homogenizer. All samples were
stored at −70 ◦C until they were subsequently used.

6.  RNA  isolation  and  real  time  RT-PCR

The total RNA from the spinal cord was isolated using highly
pure RNA extraction kit (Roche), following the manufacturer

′
s

instructions. A 2 �g sample of the total RNA (treated in 8 �L
diethel pyrocarbonate water in an Ependorf tube) was dena-
tured by incubation at 65 ◦C for 5 min, and the tube was
placed on ice for 2 min. The quality of the extracted RNA
was checked using denatured agarose gel and quantified with
a BioPhotometer (Eppendorf, Canada). Specific primers and
SYBR Green PCR Mix were purchased from the Superarray
Company. The PCRs were carried out in a reaction volume of
25 �L consisting of 20 pmol of each primer, 2.5 IU Super Taq
DNA polymerase, 5 �L cDNA, 0.5 �L dNTPs (10 mM),  2.5 �L PCR
buffer, 2.5 mM MgCl2, and 1/10,000 SYBR Green as fluorogenic

dye. Thermal cycling was initiated with an initial denaturation
step of 94 ◦C for 3 min, and followed by the thermal profile of
94 ◦C (20 s) + 55◦ C (30 s) + 72◦ C (40 s) for 40 cycles in a Strata-
gen real-time system. A suitable threshold was applied to

dx.doi.org/10.1016/j.rpor.2014.11.003
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Fig. 1 – Effect of melatonin pre treatment on TNF-� gene
expression at 3 weeks after exposure to 22 Gy irradiation.
Vertical bars represent mean ± SEM, n = 5 for each group.
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mplification plots, and the resulting Ct values (threshold
ycles) were used for relative quantification. The Ct values of
NF-� were normalized according to the Ct values for �-actin,
nd the resulting values were compared to those of the control
roup through a 2−��Ct method.

.  Biochemical  survey

DA levels (in �g/mg of protein) as an index of lipid peroxida-
ion were measured in each of the tissue samples; accordingly,
he samples were briefly homogenized in 1 ml  of 0.9% cold
aline. After the addition of 200 �L TCA (25%), they were then
entrifuged at 6000 rpm for 15 min, and their absorbance of
upernatant at 535 nm was measured.

.  Biochemical  procedure  for  TNF-� protein
ssay

issue samples were homogenized in 400 ml  PBS (pH 7.2).
he homogenates were centrifuged at 15,000 rpm for 30 min
t 41 ◦C. The supernatant was collected and stored at −78 ◦C
ntil further analysis. The TNF-� concentration was deter-
ined using an enzyme-linked immunosorbent assay (ELISA)

it specific for TNF-� (Biosource, Camarillo, CA, USA), accord-
ng to the manufacturer’s specifications. The TNF-� level of
ach sample was evaluated as the TNF-� protein concen-
ration (mg/l) divided by the total protein concentration (g/l)
issolved in a sodium dodecyl sulfate solution. Results were
xpressed as picograms per milligram of tissue protein (pg/mg
rotein).

.  Statistical  analysis

he data are presented as mean ± SEM. The differences among
he groups were analyzed using the analysis of variance
ANOVA) test followed by Tukey’s multiple comparisons test.

 < 0.05 was considered significant.

0.  Results

0.1.  TNF-˛  gene  expression

hree weeks after irradiation, TNF-� gene up-regulated almost
 fold in the irradiated group compared to the control group.
NF-� gene expression in the melatonin pretreatment group,
ompared to the radiation group, was significantly down-
egulated 3 weeks after irradiation (p < 0.05). There was no
ignificant difference between the control and melatonin-only
roups (Fig. 1).

0.2.  TNF-˛  protein  expression

e  next assessed whether the influence of melatonin on TNF-

 mRNA  levels also corresponded to a decreased production
f TNF-� protein. Three weeks after irradiation, TNF-� pro-
ein levels were measured in the samples by ELISA. At this
ime point, TNF-� levels in the spinal cord tissue samples were
found to be significantly higher in the irradiation group than
in the control group (p < 0.05). The levels of TNF-� protein were
notably lower in the radiation + melatonin group compared to
that in the radiation-only group (p < 0.05). No significant dif-
ferences in TNF-� protein levels were seen in the control and
melatonin-only groups. The TNF-� protein levels for all exper-
imental groups are shown in Fig. 2.

10.3.  Tissue  MDA  levels

MDA levels of all experimental groups are shown in Fig. 3.
Tissue MDA levels in the spinal cord samples were found
to be significantly higher in the irradiation group than in
the control group (p < 0.05). Oral administration of melatonin
(100 mg/kg) significantly reduced MDA levels in the spinal
cords of rats subjected to irradiation. No significant differ-
ences were observed between the levels of MDA  in the spinal
cord tissues of the control and melatonin-only groups.
Fig. 2 – Effect of melatonin pre treatment on TNF-� protein
expression at 3 weeks after exposure to 22 Gy irradiation.
Vertical bars represent mean ± SEM, n = 5 for each group.

dx.doi.org/10.1016/j.rpor.2014.11.003
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Fig. 3 – Effect of pre-treatment with melatonin on MDA
levels (microgram per milligram protein) 3 weeks after
irradiation. MDA levels of the irradiated group are
significantly higher than that of the control group,
Melatonin significantly reduced MDA levels in the spinal

the TNF-� mRNA  as well as protein production in the spinal
cords of rats subjected to irradiation. Data are given as
mean ± SEM of 5 rats.

11.  Conclusion

In this study, we evaluated the expression of TNF-� gene, TNF-
� protein and level of MDA as an index of lipid peroxidation in
the spinal cord tissue after cervical irradiation. The effects of
melatonin on these factors were then investigated.

Several molecular and cellular aspects of radiation
myelopathy have been explored. The histopathologic appear-
ance of RM is similar to that of other spinal cord injuries, which
may result from hypoxia or trauma. Parallel to the induction of
apoptosis, the activation of TNF-� gene expression seems to
be highly important for the development of radiation-induced
spinal cord injury.8

TNF-� is an important mediator for inflammation and
tissue injury. Stimulated granulocytes are the main source
of TNF-�. Glial cells also produce TNF-� after stimulation.
TNF-� activates the inflammatory cascade by stirring the
production of several cytokines and chemokines, and by
enhancing endothelial adhesion molecules expression on vas-
cular endothelial cells that promote neutrophil adherence to
these cells. Several studies provided evidence that the expres-
sion of TNF-� is directly activated by ionizing radiation.13–15

Furthermore, it was shown previously that after spinal cord
injury, TNF-� might serve as an external signal, initiating apo-
ptosis in neurons and oligodendrocytes. In addition, TNF-�

increases the endothelial cell permeability and induces the
release of other inflammatory mediators, which may con-
tribute to the increased permeability.8,16

Lipid peroxidation is a fundamentally harmful reaction and
is considered in various types of neurodegenerative disorders.
MDA,  the product of lipid peroxidation, is toxic to cells. The
amount of lipid peroxidation is a useful parameter for evalu-
ating radiation-induced spinal cord injury.17

Overexpression of TNF-� in the irradiated group indi-
cates that this cytokine has a role in the radiation-induced

spinal cord injury. In an animal model of lung irradiation,
similar TNF-� mRNA  and protein expression patterns were
observed.14,15 Our results, that are in good agreement with
iotherapy 2 0 ( 2 0 1 5 ) 123–127

what has been mentioned in previous studies, indicate that
an increase in MDA level is an indicator of radiation injury and
most likely tissue membrane damage due to the production of
free radicals through ionizing radiation.10,11,17

There was a good correlation between changes in TNF-
� expression and MDA level three weeks after irradiation.
This result indicates that overexpression of this cytokine may
result in lipid peroxidation (proinflammatory effect of TNF-�

may be involved in the increased level of MDA).
Lipid peroxidation has a disturbing effect on the functional

state of the membrane because of decreasing membrane flu-
idity and, accordingly, changing the Ion exchange process.
Excessive lipid peroxidation can initiate the inflammation pro-
cesses and TNF-� expression, as observed in this study.

Currently, there is a great interest in the potential value
of melatonin as an inhibitor of normal tissue injury caused by
radiation.18 There is no current evidence to suggest that mela-
tonin protects cancerous cells from the destructive effects of
ionizing radiation. In fact, other researchers have observed
that melatonin may enhance tumor radiosensitivity through
apoptosis activation.19 With respect to the amelioration of
radiation myelopathy, several observations suggested that
melatonin might be a useful therapeutic agent.18,20

Melatonin has also been reported to significantly reduce
radiation-induced injury in rats. Genovese’s study reported
that melatonin attenuated the release of TNF-� in spinal
cord trauma.9 In an animal model of lung irradiation,
melatonin treatment of mice partially suppressed radiation-
induced TNF-� expression in the lung tissue.15 Our previous
study showed that intraperitonial (i.p) injection of melatonin
could modulate overexpression of TNF-� due to spinal cord
irradiation.21

The present data provided evidence that oral administra-
tion of melatonin modulated the TNF-� overexpression and
MDA level. The results of our previous study and this study
indicate that oral administration and i.p injection of mela-
tonin have the same effect on irradiated cervical spinal cord.
The exact mechanism through which melatonin decreases
the levels of MDA in the spinal cord tissue has not yet
been fully determined. Probably, TNF-� overexpression results
in reactive oxygen species (ROS) generation, and ROS can in
turn enhance the lipid peroxidation process.22 Furthermore,
TNF-� directly induces the oxidative stress of the cells by
depleting the GSH, which is the most abundant and vital
antioxidant of the body.13 Melatonin, as a free radical scav-
enger, attenuates ROS generation, inhibits oxidative stress,
reduces lipid peroxidation, and enhances GSH depletion.18–24

It has been suggested that melatonin may also have strong
anti-inflammatory actions.11,14

Most probably, the regulation of TNF-� is a complicated
process; in addition to the anti-oxidative effects of melatonin,
the anti-inflammatory role of this agent was involved in the
regulation of TNF-� expression.

This study found a significant radiation-induced increase
of TNF-� in the spinal cord tissue during the early phase. In
addition, our results indicate that melatonin down-regulates
cord tissue in response to radiation. Inhibition of the acute
phase is thought to be important for the prevention of
radiation myelopathy, so pharmacological regulation of the

dx.doi.org/10.1016/j.rpor.2014.11.003


radio

T
o
p
c

C

N

F

T
C

A

W
a
t
o
C
g

r

1

1

1

1

1

1

1

1

1

2

2

2

2

2015;17(1) (in press).
24. Shirazi AR, Fardid R, Mihandoost E. Protective effect of low

dose melatonin on radiation-induced damage to rat liver. J
Biomed Phys Eng 2012;2(2):66–71.
reports of practical oncology and 

NF-� production may thus ameliorate severe consequences
f spinal cord irradiation. Therefore, melatonin may provide
rotection against radiation-induced cellular damage as a
ytokine-mediated.
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