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Abstract: Background and Objectives: Radiotherapy uses ionizing radiation for cancer treatment.
One of the side effects of radiotherapy is peripheral neuropathy. After irradiation, the first stage of
neuropathy involves electrophysiological, biochemical and histopathological variations, while the
fibrosis of soft tissues surrounding the exposed nerve occurs in the second stage. The present study
aimed to examine the radioprotective effects of melatonin against ionizing radiation-induced sciatic
nerve damage. Materials and Methods: Sixty male Wistar rats were assigned to four groups: C (Control
+ Vehicle), M (Melatonin), R (Radiation + Vehicle), MR (Radiation + Melatonin). Their right legs were
irradiated with a 30 Gy single dose of gamma rays. Then, 100 mg/kg melatonin was administered to
the animals 30 min before irradiation once daily (5 mg/kg) until the day of rats’ sacrifice. Their exposed
nerve tissues were assessed using the sciatic functional index (SFI) and histological evaluation. Results:
Four, 12 and 20 weeks post irradiation, the SFI results showed that irradiation led to partial loss of
motor nerve function after 12 and 20 weeks. Histological evaluation showed the various stages of
axonal degeneration and demyelination compared to the C and M groups. Scar-like tissues were
detected around the irradiated nerves in the R group at 20 weeks, but were absent in the MR group.
The SFI and histological results of the R group showed partial nerve lesion. However, in all cases,
treatment with melatonin prevented these effects. Conclusions: Results showed that melatonin has the
potential to improve functional and morphological features of exposed sciatic nerves. This could
possibly improve the therapeutic window of radiotherapy.
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1. Introduction

Radiotherapy is a treatment modality for cancer using ionizing radiation. It is administered to
about 60% of cancer patients during the course of their treatment [1]. Despite its beneficial application,
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various side effects resulting from its use have been experienced. Major complications such as
neurological damages, motor disability and pain, which reduce patients” quality of life, have been
reported [2]. Such effects result in permanent sensory and motor damages in the upper and lower
limbs [2-4].

Radiation effects on tissues lead to the production of reactive oxygen species (ROS),
reactive nitrogen species (RNS) as well as free radicals, which attack various cellular components such
as DNA, lipids and proteins, causing cell death [5,6]. After irradiating the peripheral nerve, two stages
of neuropathy arise. The first stage involves electrophysiological, biochemical and histopathological
variations, while the fibrosis of soft tissues surrounding the exposed nerve occurs in the second
stage [7]. These stages have key roles in the onset of peripheral neuropathy [3,8]. The degree of
radiation-induced neuropathies depends on the location of the irradiated part, radiation dose and
radiation delivery model [9]. The probability of neuropathy has been shown to increase with radiation
dose [10]. Enzymes such as superoxide dismutase (SOD) and catalase (CAT) make up the antioxidant
system. They protect cells against the side effects of free radicals. Radiation-induced damages to
normal cells can give rise to an increase in the risk of cancer [11] as well as lipid peroxidation (LP) [12].
LP changes polyunsaturated fatty acids to malondialdehyde (MDA). MDA leads to cellular toxicity
and a decrease in protective enzyme; it also acts as a co-carcinogenic agent [13]. SOD, the body’s major
antioxidant defense which is mostly found in oxygen-based organisms, catalyzes the dismutation of
O, to hydrogen peroxide (H,O,), thereby preventing further production of free radicals [14]. CAT,
which is mostly found in small membrane-enclosed cellular components (peroxisomes), detoxifies HyO,
and other molecules through the catalysis of two H,O, molecules to produce water (H,O) and oxygen
(O2) [15].

Several pharmaceutical agents have been proposed for the mitigation of radiation-induced
neuropathies. Melatonin (N-acetyl-5-methoxytryptamine) is a neurohormone produced by the pineal
gland in a circadian manner, as well as in a non-circadian manner by other organs. It controls
several physiological and pathological processes. In addition to its anti-inflammatory property,
it protects tissues against radiation-induced injuries by scavenging free radicals [16,17]. In view of
these properties, the present study aimed to examine the radioprotective effects of melatonin against
ionizing radiation-induced sciatic nerve damage.

2. Methods

2.1. Animals

Sixty male Wistar rats (180210 g) were purchased from Razi Institute in Tehran, Iran. They were
kept in Plexiglas cages under a temperature of 21 °C, 50-70% relative humidity, an air flow rate of
15 exchanges per hour and a 12 h light and dark cycle.

2.2. Experimental Design

Full ethical approval for this study was obtained from the Ethical Committee of the School
of Medicine, Tehran University of Medical Sciences (approval number 35116; 3 September 2017).
We adhered to the recommendations of the Ethical Committee for the care and use of laboratory
animals. All rats were distributed into four groups (15 rats in each) as follows: C (Control + Vehicle),
M (Melatonin), R (Radiation + Vehicle), MR (Radiation + Melatonin).

Rats in the C group received only intraperitoneal injection of ethanol diluted with normal
saline 0.9 NaCl. The final ethanol concentration was 5% with a vehicle period of 4 weeks.
Intraperitoneal injection of melatonin dissolved in ethanol and normal saline was administered
to the M group. The rats in the R and MR groups both received a single radiation dose of 30 Gy to their
right legs [18,19]. However, only the MR group was administered with melatonin.
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2.3. Irradiation

Rats were anesthetized using intraperitoneal injection of ketamine (90 mg/kg) and xylazine
(10 mg/kg) before irradiation. Their right legs were exposed to a single dose of 30 Gy from a cobalt-60
gamma ray teletherapy unit at a source-to-skin distance (SSD) of 80 cm, field size of 10 X 20 cm? and a
dose rate of 0.65 Gy/min. Irradiation was done according to Ohrnel’s protocol, in which the single
dose of 30 Gy in clinical practice would correspond to approximately 50-70 Gy applied in fractionated
radiotherapy [20]. Other parts of the animals’ body were shielded using lead and beam collimation.

2.4. Drug Administration

First, 100 mg/kg of melatonin was dissolved in ethanol and diluted with sterile saline to give
a final concentration of 5%. The intraperitoneal injection of this solution was administered 30 min
before irradiation, while 5 mg/kg was given once daily for 4 weeks till the day of rats” sacrifice [21-23].
These doses had no toxic effect [24-27].

2.5. Sciatic Nerve Function Index (SFI)

The sciatic function index (SFI) is one of the most commonly utilized functional evaluation
methods. It uses mathematical methods to compare the parameters of normal footprints with
experimental (affected foot). It also gives information on the recovery of motor—sensory connections as
well as cortical integration related to the function of walking and mediated by the sciatic nerve [28].
Several improvements on the SFI have made it simpler and more reliable [29,30]. In the present study,
prints predicted by a mathematical formula were conducted on an 8.2 x 42 cm? corridor darkened
at one end, while a white sheet of paper was placed on the floor. The paws of the rats were coated
with black ink. Afterwards, they were allowed to walk around the corridor to obtain foot prints on the
white paper. The calculation of their walking track analysis was given as follows:

Print length factor (PLF): [experimental print length (EPL) — normal print length (NPL)]/NPL.
Toe spread factor (TSF): [experimental toe spread (ETS) — normal toe spread (NTS)]/NTS. Intermediary
toe spread factor (ITF): [experimental intermediary toe spread (EIT) — normal intermediary toe spread
(NIT)]/NIT.

These parameters are presented in Figure 1.

EPL
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=
Figure 1. Original picture of a footprint from our study used to calculate parameters of the sciatic
function index (SFI).

Applying the Bain et al. equation, we obtain: SFI = —38.3 (PLF) + 109.5 (TSF) + 13.3 (ITF) — 8.8 [29].
Here, SFI = 0 represents normal function, while SFI = —100 represents complete functional loss.
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2.6. Histopathological Examination

Five rats in each group were sacrificed 4, 12 and 20 weeks after irradiation. Their sciatic nerves
were isolated from surrounding tissues by separating the femoral biceps and gluteal muscles using
blunt dissection, as shown in Figure 2. The extracted nerves were fixed in 10% buffer formalin,
dehydrated with an alcohol solution and embedded in paraffin. Five-millimeter transverse sections
were obtained from the exposed sciatic nerves and stained with hematoxylin and eosin (H and E).
Afterwards, the samples were assessed for histomorphological changes (degenerative, vascular and
necrotic changes, as well as swellings in myelin sheath, axon, myelin sheath thickness and scar
formation around the exposed nerve) with the aid of a light microscope. The semi-quantitative scoring
of each variable was carried out by an experienced histopathologist and scored using the following
scale: Grade 0 = within normal limits, Grade 1 = mild, Grade 2 = moderate, Grade 3 = severe injury [31].

Figure 2. Sciatic nerve of the right leg (original picture from our study).

2.7. Statistical Analysis

All statistical analyses were performed using SPSS software version 22 (IBM, Chicago, IL, USA).
Data were presented as the mean + standard deviation (SD). Differences between groups were analyzed
using two-way ANOVA, in addition to Tukey’s multiple comparison tests. Mann-Whitney test was used
for nonparametric histopathological comparisons at each time point. p value < 0.05 was considered
statistically significant.

3. Results

3.1. Functional Assessment

Evaluation of the SFI showed that the R group had higher effects compared with the C and
M groups after 12 and 20 weeks (p < 0.001). The average SFI values after 12 and 20 weeks were
—20.51 £ 1.10 and —35.06 + 2.00 in the R group, —6.98 + 1.00 and —7.37 + 0.35 in the C group as well
as —7.06 £ 1.08 and —6.86 + 0.58 in the M group, respectively. However, no significant effect was
observed after 4 weeks (p > 0.05). After 12 and 20 weeks, the average SFI values were —8.13 + 0.80 and
—7.40 £+ 1.01 in the MR group, respectively (p < 0.001). There was no significant difference between the
SFI values of the C group compared with those of the MR group (p > 0.05). Only the R group was
time-dependent (p < 0.001), as shown in Figure 3.
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Figure 3. Effect of irradiation pre and post treatment with melatonin on the SFI changes at 4, 12 and
20 weeks post irradiation. * Significant difference from the C (Control) group (p < 0.001). # Significant
difference from the R (Radiation) group (p < 0.001). The a indicates significant difference at 4 weeks
(p <0.001). The b indicates significant difference at 12 weeks (p < 0.001).

3.2. Histopathological Evaluation

Four, 12 and 20 weeks post irradiation, the histological evaluation showed statistically significant
differences between the R group and the C and M groups (p < 0.005) in terms of vasculature changes,
degenerative changes, necrotic changes and swelling in myelin sheath. Scar-like tissues were detected
significantly around the nerves in the R group compared with the C and M groups at 20 weeks
post irradiation (p < 0.005), while treatment with melatonin prevented these effects in the MR group
(p <0.01). No significant finding was observed between the C and M groups and the MR group
(p > 0.05), except for swelling at 4 weeks and degenerative changes, necrotic changes and swelling in
myelin sheath at 12 weeks. There was time dependence in the R group (p < 0.05), hence suggesting
melatonin as an efficient protective agent in all pathological conditions as shown in Figures 4-6.
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Figure 4. Effects of irradiation pre and post treatment with melatonin on histopathological changes
at 4 weeks post irradiation. At different time periods, these variables for the control and melatonin
groups were within normal limits equal to zero. * Significant difference from the C group (p < 0.05).
# Significant difference from the R group (p < 0.01).



Medicina 2019, 55, 502 6 of 12

w
1

mm C 12 weeks
1 M 12weeks
* mm R 12 weeks

L
h . MR 12 weeks
W
I ” | #
#

Vasculatwre Degenerative Necrotic Swelling in myelin
changes changes changes sheath

N
1

—
1

Histolopathological value (damage)
o

Post irradiation

Figure 5. Effects of irradiation pre and post treatment with melatonin on histopathological changes
at 12 weeks post irradiation. At different time periods, these variables for the control and melatonin
groups were within normal limits equal to zero. * Significant difference from the C group (p < 0.05).
# Significant difference from the R group (p < 0.01).
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Figure 6. Effects of irradiation pre and post treatment with melatonin on histopathological changes
at 20 weeks post irradiation. At different time periods, these variables for the control and melatonin
groups were within normal limits equal to zero. * Significant difference from the C group (p < 0.05).
# Significant difference from the R group (p < 0.01).

3.3. Axon and Myelin Sheath Diameter

Four, 12 and 20 weeks post irradiation, the axon as well as myelin sheath diameters in the R
group were significantly different compared with those in the C and M groups (p < 0.001). The average
values of the C group were 54.61 + 1.61 um, 53.02 + 0.83 um and 55.95 + 1.79 pum, respectively. In the
M group, they were 53.64 + 0.98 um, 55.35 + 0.94 um and 57.09 + 1.03 um, respectively. In the R
group, they were 62.09 + 5.13 um, 42.86 + 3.59 um and 38.18 + 2.77 um. Diameter measurements
were significantly increased in the R group compared to the C and M groups at 4 weeks (p < 0.001),
while they were significantly reduced in the R group compared to the C and M groups at 12 and
20 weeks (p < 0.001). Treatment with melatonin reversed these effects (p < 0.001). The mean values of
the MR group were 56.83 + 1.08 um, 51.35 + 4.13 um and 55.30 + 1.53 pum, respectively. There was no
significant difference between the C and M groups (p > 0.05). Melatonin as well as radiation effects
were both time-dependent (p < 0.01), except for in the MR group between 4 and 20 weeks (p > 0.05),
as shown in Figures 7 and 8.
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Figure 7. Effects of irradiation pre and post treatment with melatonin on the thickness of axonal
and myelin sheath at 4, 12 and 20 weeks post irradiation. * Significant difference from the C group
(p < 0.001). # Significant difference from the R group (p < 0.001). The a indicates significant difference
at 4 weeks (p < 0.01). The b indicates significant difference at 12 weeks (p < 0.01).
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Figure 8. Histopathological changes (whose images are shown in longitudinal sections) at 4, 12 and
20 weeks post irradiation for all groups with 400X magnification and different scale bars. The control
as well as melatonin groups showed appearance within normal limits. In the R group, we can see
inflammatory cells in the sections and the aggregation of macrophages as well as the infiltration of
polymorphonuclear and degenerative changes. In some nerve regions, the axon and myelin sheath
diameters (measured using Image tool 2 of OPTIKA software, OPTIKA Microscope, Italy) were enlarged
at 4 weeks due to inflammatory changes and congestion, while they were reduced at 12 and 20 weeks
due to degenerative changes. For the MR (Melatonin + Radiation) group, we observed appearance
within normal limits. Some artefacts which appeared in the histological pictures are not related to the
structural anatomy of the nerve tissue. == Signifies inflammatory changes. A Signifies degenerative
changes and swelling in myelin sheath. m Signifies necrotic and vascular changes.
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4. Discussion

Radiotherapy is aimed at delivering the maximum radiation dose to kill tumor cells with minimal
complications to normal tissues. However, normal tissues surrounding cancer cells are inevitably
exposed to radiation, leading to early and late effects [32,33]. Peripheral neuropathy, one of the major
side effects of radiotherapy, can lead to permanent sensory and motor damage in the upper and lower
limbs [2-4,8,34,35]. Peripheral nerve (PN) abnormalities after exposure to ionizing radiation have
been reported by several studies. Enzyme changes and increased glycogen uptake by PN have also
been observed after exposure to a 30 Gy single radiation dose [36]. The direct effects of radiation
on Schwann cells and radiation-induced fibrosis in the surrounding tissues of the nerves play a
significant role in the onset of peripheral neuropathy [3,8]. Neuropathy after radiotherapy in breast
cancer has also been reported [37-39]. The incidence of neuropathy has been observed in animal
studies [40,41]. Scaravilli et al. showed that exposure to 20 Gy led to a reduction in nerve fibers as
well as an increase in endoneurial collagen [42]. Other studies showed that irradiation led to a decline
in nerve regeneration [43,44]. The risk of damages due to neuropathy is higher with increased total
radiation dose and dose per fraction [45,46].

Radioprotectors can be used to reduce the risk of side effects after radiotherapy [47]. Anappropriate
radioprotector should protect healthy tissues without side effects due to the response of cancer
cells [48,49]. Melatonin, a natural hormone in humans, has properties for protecting normal tissues
against radiotherapy complications [50,51]. It can scavenge free radicals [52-54] and it has the
advantages of less toxicity and minimal side effects [55,56].

Our results showed that irradiation led to partial loss of motor nerve function in terms of the SFI
after 12 and 20 weeks. This finding agrees with previous studies which showed that the irradiation of
peripheral nerves led to sensory and motor destruction [2—4,8,34,35]. In addition to the effect of a 30 Gy
single radiation dose on SFI, there was also damage to the ankle joint, foot and toe movement. Therefore,
the footprint typically showed increased print length, contracted toe spread and intermediate toe
spread [57]. However, treatment with melatonin improved nerve function due to its direct free radical
scavenging and indirect stimulation of the antioxidant enzyme. Melatonin offers superior treatment for
peripheral nerve injury due to its special effects on the morphological features of the peripheral nerve
tissue and positive effect on axon length, which lead to the sprouting of post peripheral nerve damages,
inhibition of scar formation, improvement of nerve regeneration and functional recovery [58,59].

Histopathological examination is traditionally considered a descriptive approach. However,
in recent years, several studies have shown that it is possible to conduct morphometric or quantitative
analysis in histological sections [60]. Histological evaluation showed that the various stages of axonal
degeneration and demyelination at 12 and 20 weeks were significantly induced by radiation compared
to the measurements observed in the C and M groups. Free radical-induced LP has been proposed as a
major factor of post nerve injury, which leads to the degeneration of nerve tissue [61,62]. Treatment with
melatonin reversed these effects. Four weeks post irradiation, the axon and myelin sheath diameters of
the R group increased due to inflammatory changes with moderate to severe swelling in myelin sheath,
while the decrease in the diameter after 12 and 20 weeks was due to axonal degeneration and the
demyelination of the sciatic nerve. The R group at 20 weeks showed scar-like formations around the
exposed nerve, while treatment with melatonin inhibited these effects. Our results were close to those
of a study by Gul et al. [63], which showed histological nerve variations such as myelin breakdown
and axonal swelling or decline. Meanwhile, studies by Alimoradi et al. [64] and Pourmohammadi
et al. [65] both showed histopathological changes in axonal degeneration and the demyelination of
the sciatic nerve. Our histological evaluations are in agreement with the conclusions of these studies.
Furthermore, in the present study, the SFI and histological results of the R group showed partial nerve
lesion; however, melatonin was able to ameliorate these effects.

Radiation-induced neuropathy may be mostly unavoidable in radiotherapy for cancer patients.
However, melatonin has the ability to prevent radiotherapy-induced complications via its anti-apoptotic
and anti-inflammatory effects as well as its ability to regulate physiological and pathological
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processes [16,66]. It is more effective in scavenging free radicals, leading to lipid peroxidation [16].
In addition, studies have shown that melatonin can ameliorate chronic and acute inflammation [67].
It has ability to improve neurological defects by inhibiting lipid peroxidation and the synthesis of nitric
oxide, decreasing oxidative mitochondrial damage, stimulating antioxidant enzymes and reducing
edema as well as excitotoxic damages. Myelin sheath mainly consists of lipids. Its irradiation induces
free radicals, which mediates lipid peroxidation. It has also been reported that long-term treatment
with melatonin can ameliorate the oxidative damage of lipids, proteins as well as mitochondria in nerve
tissue [68]. Melatonin is a more potent antioxidant than vitamins E and C as well as glutathione [52,53].
The hydroxyl radical induces lipid peroxidation and inhibits the synthesis of nitric oxide [69,70]. Hence,
melatonin can improve the electrophysiological and functional features of irradiated sciatic nerves [71].

5. Conclusions

Results from this study have shown that melatonin has the potential to improve functional and
morphological features of irradiated sciatic nerves. Hence, melatonin could be used to protect against
radiotherapy-induced complications. Optimal and safe doses of melatonin should be administered
over a long period of time for effective protection of the peripheral nerve tissues. This could go a long
way in improving the therapeutic window of radiotherapy.

Author Contributions: Conceptualization, D.S., A. EM., M.K. and A S.; methodology, D.S., A A EM., MK. and A.S.;
formal analysis, D.S., A.AEM., MK, EE,, GH., AS. and M.N,; investigation, D.S., AEM., MK, EE, GH.,, AS.
and M.N; data curation, D.S., A EM., MK, EE,, GH., AS. and M.N.; writing—original draft preparation, D.S.
and A.E.M.; writing—review and editing, D.S., A EM., MK, EE., G.H., AS. and M.N; supervision, A.S., M.K.
and G.H.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Halperin, E.C.; Brady, L.W.; Perez, C.A.; Wazer, D.E. Perez & Brady’s Principles and Practice of Radiation
Oncology; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013.

2. Delanian, S.; Lefaix, J.L.; Pradat, PF. Radiation-induced neuropathy in cancer survivors. Radiother Oncol.
2012, 105, 273-282. [CrossRef] [PubMed]

3.  Gikas, P.D.; Hanna, S.A.; Aston, W.; Kalson, N.S.; Tirabosco, R.; Saifuddin, A.; Cannon, S.R. Post-radiation
sciatic neuropathy: A case report and review of the literature. World J. Surg. Oncol. 2008, 6, 130. [CrossRef]
[PubMed]

4. Gosk, J.; Rutowski, R.; Reichert, P.; Rabczynski, J. Radiation-induced brachial plexus neuropathy-
aetiopathogenesis, risk factors, differential diagnostics, symptoms and treatment. Folia Neuropathol. 2007, 45,
26-30. [PubMed]

5. Zhang, B.; Su, Y; Ai, G.; Wang, Y.; Wang, T.; Wang, F. Involvement of peroxiredoxin I in protecting cells from
radiation-induced death. J. Radiat. Res. 2005, 46, 305-312. [CrossRef] [PubMed]

6. Mansour, H.H.; Hafez, H.F.,; Fahmy, N.M.; Hanafi, N. Protective effect of N-acetylcysteine against radiation
induced DNA damage and hepatic toxicity in rats. Biochem. Pharmacol. 2008, 75, 773-780. [CrossRef]

7. Gillette, E.; Mahler, P.; Powers, B.; Gillette, S.; Vujaskovic, Z. Late radiation injury to muscle and peripheral
nerves. Int. J. Radiat. Oncol. Biol. Phys. 1995, 31, 1309-1318. [CrossRef]

8. Mendes, D.; Nawalkar, R.; Eldar, S. Post-irradiation femoral neuropathy. A case report. JBJS 1991, 73, 137-140.
[CrossRef]

9. Emami, B.; Lyman, J.; Brown, A.; Cola, L.; Goitein, M.; Munzenrider, ].; Shank, B.; Solin, L.; Wesson, M.
Tolerance of normal tissue to therapeutic irradiation. Int. J. Radiat. Oncol. Biol. Phys. 1991, 21, 109-122.
[CrossRef]

10. Gunderson, L.L.; Nelson, H.; Martenson, J.A.; Cha, S.; Haddock, M.; Devine, R.; Fieck, ].M.; Wolff, B.;
Dozois, R.; O’Connell, M.]. Locally advanced primary colorectal cancer: Intraoperative electron and external
beam irradiation+5-FU. Int. |. Radiat. Oncol. Biol. Phys. 1997, 37, 601-614. [CrossRef]


http://dx.doi.org/10.1016/j.radonc.2012.10.012
http://www.ncbi.nlm.nih.gov/pubmed/23245644
http://dx.doi.org/10.1186/1477-7819-6-130
http://www.ncbi.nlm.nih.gov/pubmed/19077234
http://www.ncbi.nlm.nih.gov/pubmed/17357008
http://dx.doi.org/10.1269/jrr.46.305
http://www.ncbi.nlm.nih.gov/pubmed/16210786
http://dx.doi.org/10.1016/j.bcp.2007.09.018
http://dx.doi.org/10.1016/0360-3016(94)00422-H
http://dx.doi.org/10.2106/00004623-199173010-00020
http://dx.doi.org/10.1016/0360-3016(91)90171-Y
http://dx.doi.org/10.1016/S0360-3016(96)00563-9

Medicina 2019, 55, 502 10 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative stress and antioxidant defense.
World Allergy Organ |. 2012, 5, 9. [CrossRef] [PubMed]

Chevion, S.; Or, R.; Berry, E.M. The antioxidant status of patients subjected to today body irradiation. IUBMB
Life 1999, 47, 1019-1027. [CrossRef]

Taysi, S.; Uslu, C.; Akcay, E; Sutbeyaz, M.Y. Malondialdehyde and nitric oxide levels in the plasma of patients
with advanced laryngeal cancer. Surg. Today 2003, 33, 651-654. [CrossRef]

Halliwell, B. Antioxidants in human health and disease. Annu. Rev. Nutr. 1996, 16, 33-50. [CrossRef]
Victor, V.M.; McCreath, K.J.; Rocha, M. Recent progress in pharmacological research of antioxidants in
pathological conditions: Cardiovascular health. Recent Pat. Anti-Infect. Drug Discov. 2006, 1, 17-31.
[CrossRef]

Shirazi, A.; Ghobadi, G.; Ghazi-Khansari, M. A radiobiological review on melatonin: A novel radioprotector.
J. Radiat. Res. 2007, 48, 263-272. [CrossRef]

Karbownik, M.; Reiter, R.J. Antioxidative effects of melatonin in protection against cellular damage caused
by ionizing radiation. Proc. Soc. Exp. Biol. Med. 2000, 225, 9-22. [CrossRef] [PubMed]

Shabeeb, D.; Keshavarz, M.; Shirazi, A.; Hassanzadeh, G.; Hadian, M.; Nowrouzi, A.; Najafi, M.; Musa, A.
Evaluation of the radioprotective effects of melatonin against ionizing radiation-induced muscle tissue injury.
Curr. Radiopharm. 2019. [CrossRef]

Shabeeb, D.; Najafi, M.; Musa, A.E.; Keshavarz, M.; Shirazi, A.; Hassanzadeh, G.; Hadian, M.R.; Samandari, H.
Biochemical and Histopathological Evaluation of the Radioprotective Effects of Melatonin Against Gamma
Ray-Induced Skin Damage. Curr. Radiopharm. 2019, 12, 72-81. [CrossRef]

Ohrnel, L.-O.; Branemark, R.; Nyman, J.; Nilsso, P.,; Thomsen, P. Effects of Irradiation on the Biomechanics of
Osseointegration: An Experimental in Vivo Study in Rats. Scand. J. Plast. Reconstr. Surg. Hand Surg. 1997, 31,
281-293. [CrossRef]

Daglioglu, E.; Dike, M.S,; Kilinc, K.; Erdogan, D.; Take, G.; Ergiingtr, F.; Okay, O.; Biyikli, Z. Neuroprotective
Effect of Melatonin on Experimental Peripheral Nerve Injury: An Electron Microscopic and Biochemical
Study. Central. Eur. Neurosurg. 2009, 70, 109-114. [CrossRef] [PubMed]

Atik, B.; Erkutluy, I; Tercan, M.; Buyukhatipoglu, H.; Bekerecioglu, M.; Pence, S. The effects of exogenous
melatonin on peripheral nerve regeneration and collagen formation in rats. J. Surg. Res. 2011, 166, 330-336.
[CrossRef] [PubMed]

Shirazi, A.; Haddadi, G.; Minaee, B.; Sepehrizadeh, Z.; Mahdavi, S.R.; Jaberi, E.; Haddadi, M. Evaluation of
melatonin for modulation of apoptosis-related genes in irradiated cervical spinal cord. Int. J. Low Radiat.
2010, 7, 436. [CrossRef]

Vijayalaxmi, R.R.J.; Tan, D.-X.; Herman, T.S.; Thomas, C.R. Melatonin as a radioprotective agent: A review.
Int. J. Radiat. Oncol. 2004, 59, 639-653. [CrossRef] [PubMed]

Slominski, A.; Tobin, D.J.; Zmijewski, M.A.; Wortsman, J.; Paus, R. Melatonin in the skin: Synthesis,
metabolism and functions. Trends Endocrinol. Metab. 2008, 19, 17-24. [CrossRef] [PubMed]

Fischer, T.W.; Slominski, A.; Zmijewski, M.A.; Reiter, R.J.; Paus, R. Melatonin as a major skin protectant:
From free radical scavenging to DNA damage repair. Exp. Dermatol. 2008, 17, 713-730. [CrossRef] [PubMed]
Reiter, R.J.; Tan, D.; Manchester, L.C.; Qi, W. Biochemical reactivity of melatonin with reactive oxygen and
nitrogen species. Cell Biochem. Biophys. 2001, 34, 237-256. [CrossRef]

De Medinaceli, L.; Freed, W.J.; Wyatt, R.J. An index of the functional condition of rat sciatic nerve based on
measurements made from walking tracks. Exp. Neurol. 1982, 77, 634—643. [CrossRef]

Bain, J.R.; MacKinnon, S.E.; Hunter, D.A. Functional Evaluation of Complete Sciatic, Peroneal, and Posterior
Tibial Nerve Lesions in the Rat. Plast. Reconstr. Surg. 1989, 83, 137-138. [CrossRef]

Carlton, J. Quantitating integrated muscle function following reinnervation. Surg Forum. 1979, 37, 611-612.
Shirazi, A.; Hadadi, G.H.; Ghazi, KM.; Abou, A.F; Mahdavi, S.R.; Eshraghian, M. Evaluation of melatonin
for prevention of radiation myelopathy in irradiated cervical spinal cord. Cell J. 2009, 11, 43-48.

Rose, T.; Garcia, E.; Bachand, E; Kim, D.; Petrik, D.; Halperin, R.; Crook, ]. QOL Comparison of Acute Side
Effects From a High Dose Rate Vs. Low Dose Rate Prostate Brachytherapy Boost Combined With External
Beam Radiotherapy. Brachytherapy 2015, 14, S36. [CrossRef]

Savard, J.; Ivers, H.; Savard, M.H.; Morin, C.M. Cancer treatments and their side effects are associated with
aggravation of insomnia: Results of a longitudinal study. Cancer 2015, 121, 1703-1711. [CrossRef]


http://dx.doi.org/10.1097/WOX.0b013e3182439613
http://www.ncbi.nlm.nih.gov/pubmed/23268465
http://dx.doi.org/10.1080/15216549900202143
http://dx.doi.org/10.1007/s00595-002-2562-3
http://dx.doi.org/10.1146/annurev.nu.16.070196.000341
http://dx.doi.org/10.2174/157489106775244136
http://dx.doi.org/10.1269/jrr.06070
http://dx.doi.org/10.1046/j.1525-1373.2000.22502.x
http://www.ncbi.nlm.nih.gov/pubmed/10998194
http://dx.doi.org/10.2174/1874471012666190219120329
http://dx.doi.org/10.2174/1874471012666181120163250
http://dx.doi.org/10.3109/02844319709008974
http://dx.doi.org/10.1055/s-0029-1220712
http://www.ncbi.nlm.nih.gov/pubmed/19701868
http://dx.doi.org/10.1016/j.jss.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20006352
http://dx.doi.org/10.1504/IJLR.2010.037665
http://dx.doi.org/10.1016/j.ijrobp.2004.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15183467
http://dx.doi.org/10.1016/j.tem.2007.10.007
http://www.ncbi.nlm.nih.gov/pubmed/18155917
http://dx.doi.org/10.1111/j.1600-0625.2008.00767.x
http://www.ncbi.nlm.nih.gov/pubmed/18643846
http://dx.doi.org/10.1385/CBB:34:2:237
http://dx.doi.org/10.1016/0014-4886(82)90234-5
http://dx.doi.org/10.1097/00006534-198901000-00025
http://dx.doi.org/10.1016/j.brachy.2015.02.245
http://dx.doi.org/10.1002/cncr.29244

Medicina 2019, 55, 502 11 0f12

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Johansson, S.; Svensson, H.; Larsson, L.G.; Denekamp, J. Brachial plexopathy after postoperative radiotherapy
of breast cancer patients: A long-term follow-up. Acta Oncol. 2000, 39, 373-382. [CrossRef] [PubMed]
Killer, H.; Hess, K. Natural history of radiation-induced brachial plexopathy compared with surgically
treated patients. J. Neurol. 1990, 237, 247-250. [CrossRef] [PubMed]

Calvo, W.; Forteza-Vila, ]J. Glycogen changes in bone marrow nerves after whole-body x-irradiation.
Acta Neuropathol. 1972, 20, 78-83. [CrossRef] [PubMed]

Match, R.M. Radiation-induced brachial plexus paralysis. Arch. Surg. 1975, 110, 384-386. [CrossRef]
[PubMed]

Mondrup, K,; Olsen, N.; Pfeiffer, P.; Rose, C. Clinical and electrodiagnostic findings in breast cancer patients
with radiation-induced brachial plexus neuropathy. Acta Neurol. Scand. 1990, 81, 153-158. [CrossRef]
[PubMed]

Pierce, S.M.; Recht, A.; Lingos, T.L; Abner, A.; Vicini, E; Silver, B.; Herzog, A.; Harris, ].R. Long-term radiation
complications following conservative surgery (CS) and radiation therapy (RT) in patients with early stage
breast cancer. Int. J. Radiat. Oncol. Biol. Phys. 1992, 23, 915-923. [CrossRef]

Kinsella, T.J.; Deluca, A.M.; Barnes, M.; Anderson, W.; Terrill, R.; Sindelar, W.E. Threshold dose for peripheral
neuropathy following intraoperative radiotherapy (IORT) in a large animal model. Int. |. Radiat. Oncol. Biol.
Phys. 1991, 20, 697-701. [CrossRef]

Vujaskovic, Z.; Gillette, S.; Powers, B.; LaRue, S.; Gillette, E.; Borak, T.; Scott, R.; Colacchio, T. Intraoperative
radiation (IORT) injury to sciatic nerve in a large animal model. Radiother. Oncol. 1994, 30, 133-139.
[CrossRef]

Scaravilli, F.; Love, S.; Myers, R. X-irradiation impairs regeneration of peripheral nerve across a gap.
J. Neurocytol. 1986, 15, 439-449. [CrossRef]

Stearns, M. The effect of irradiation on nerve grafting. Clin. Otolaryngol. 1982, 7, 161-164. [CrossRef]
Brandt, K.; Evans, G.R; Giirlek, A.; Savel, T.; Lohman, R.; Nabawi, A.; Williams, J.; Patrick, CW.; Ang, KK.;
Lembo, T. The effects of preoperative irradiation on peripheral nerve regeneration. Ann. Plast. Surg. 1998,
40, 277-282. [CrossRef] [PubMed]

Powell, S.; Cooke, J.; Parsons, C. Radiation-induced brachial plexus injury: Follow-up of two different
fractionation schedules. Radiother. Oncol. 1990, 18, 213-220. [CrossRef]

Johansson, S.; Svensson, H.; Denekamp, J. Dose response and latency for radiation-induced fibrosis, edema,
and neuropathy in breast cancer patients. Int. J. Radiat. Oncol. Biol. Phys. 2002, 52, 1207-1219. [CrossRef]
Bae, Y.S.; Oh, H.; Rhee, S.G.; Do Yoo, Y. Regulation of reactive oxygen species generation in cell signaling.
Mol. Cells. 2011, 32, 491-509. [PubMed]

Allison, R.; Dicker, A. Minimizing morbidity in radiation oncology: A special issue from Future Oncology.
Future Oncol. 2014, 10, 2303-2305. [CrossRef]

Najafi, M.; Motevaseli, E.; Shirazi, A.; Geraily, G.; Rezaeyan, A.; Norouzi, F; Rezapoor, S.; Abdollahi, H.
Mechanisms of inflammatory responses to radiation and normal tissues toxicity: Clinical implications. Int. J.
Radiat. Biol. 2018, 94, 335-356. [CrossRef]

Ghobadi, A.; Shirazi, A.; Najafi, M.; Kahkesh, M.H.; Rezapoor, S. Melatonin ameliorates radiation-induced
oxidative stress at targeted and nontargeted lung tissue. |. Med. Phys. 2017, 42, 241.

Shabeeb, D.; Najafi, M.; Keshavarz, M.; Musa, A.E.; Hassanzadeh, G.; Hadian, M.R,; Shirazi, A.; Kashavarz, M.;
Hasanzadeh, G. Recent Finding in Repair of the Peripheral Nerve Lesions Using Pharmacological Agents:
Common Methods for Evaluating the Repair Process. Central. Nerv. Syst. Agents Med. Chem. 2018, 18,
161-172. [CrossRef]

Sinha, K.; Degaonkar, M.N.; Jagannathan, N.R.; Gupta, Y.K. Effect of melatonin on ischemia reperfusion
injury induced by middle cerebral artery occlusion in rats. Eur. ]. Pharmacol. 2001, 428, 185-192. [CrossRef]
Kondoh, T.; Uneyama, H.; Nishino, H.; Torii, K. Melatonin reduces cerebral edema formation caused by
transient forebrain ischemia in rats. Life Sci. 2002, 72, 583-590. [CrossRef]

Musa, A.E.; Shabeeb, D. Radiation-Induced Heart Diseases: Protective Effects of Natural Products. Medicina
2019, 55, 126. [CrossRef]

Erol, ES.; Kaplan, M.; Tiftikci, M.; Yakar, H.; Ozercan, L; Ilhan, N.; Topsakal, C. Comparison of the effects of
octreotide and melatonin in preventing nerve injury in rats with experimental spinal cord injury. J. Clin.
Neurosci. 2008, 15, 784-790. [CrossRef]


http://dx.doi.org/10.1080/028418600750013140
http://www.ncbi.nlm.nih.gov/pubmed/10987234
http://dx.doi.org/10.1007/BF00314628
http://www.ncbi.nlm.nih.gov/pubmed/2391547
http://dx.doi.org/10.1007/BF00687904
http://www.ncbi.nlm.nih.gov/pubmed/5020595
http://dx.doi.org/10.1001/archsurg.1975.01360100026005
http://www.ncbi.nlm.nih.gov/pubmed/1147755
http://dx.doi.org/10.1111/j.1600-0404.1990.tb00952.x
http://www.ncbi.nlm.nih.gov/pubmed/2327236
http://dx.doi.org/10.1016/0360-3016(92)90895-O
http://dx.doi.org/10.1016/0360-3016(91)90011-R
http://dx.doi.org/10.1016/0167-8140(94)90042-6
http://dx.doi.org/10.1007/BF01611727
http://dx.doi.org/10.1111/j.1365-2273.1982.tb01577.x
http://dx.doi.org/10.1097/00000637-199803000-00014
http://www.ncbi.nlm.nih.gov/pubmed/9523612
http://dx.doi.org/10.1016/0167-8140(90)90057-4
http://dx.doi.org/10.1016/S0360-3016(01)02743-2
http://www.ncbi.nlm.nih.gov/pubmed/22207195
http://dx.doi.org/10.2217/fon.14.195
http://dx.doi.org/10.1080/09553002.2018.1440092
http://dx.doi.org/10.2174/1871524918666180830101953
http://dx.doi.org/10.1016/S0014-2999(01)01253-5
http://dx.doi.org/10.1016/S0024-3205(02)02256-7
http://dx.doi.org/10.3390/medicina55050126
http://dx.doi.org/10.1016/j.jocn.2007.06.009

Medicina 2019, 55, 502 12 0of 12

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

Yahyapour, R.; Shabeeb, D.; Cheki, M.; Musa, A.E.; Farhood, B.; Rezaeyan, A.; Amini, P; Fallah, H.; Najafi, M.
Radiation Protection and Mitigation by Natural Antioxidants and Flavonoids: Implications to Radiotherapy
and Radiation Disasters. Curr. Mol. Pharmacol. 2018, 11, 285-304. [CrossRef]

Sarikcioglu, L.; Demirel, B.M.; Utuk, A. Walking track analysis: An assessment method for functional
recovery after sciatic nerve injury in the rat. Folia Morphol. 2009, 68, 1-7.

Kaya, Y.; Savas, K.; Sarikcioglu, L.; Yaras, N.; Angelov, D.N. Melatonin leads to axonal regeneration,
reduction in oxidative stress, and improved functional recovery following sciatic nerve injury.
Curr. Neurovascular Res. 2015, 12, 53-62. [CrossRef]

Yanilmaz, M.; Akduman, D.; Sagun, O.F,; Haksever, M.; Yazicilar, O.; Orhan, L; Akpolat, N.; Gok, U.
The effects of aminoguanidine, methylprednisolone, and melatonin on nerve recovery in peripheral facial
nerve neurorrhaphy. J. Craniofac. Surg. 2015, 26, 667—-672. [CrossRef]

Raimondo, S.; Fornaro, M.; Di Scipio, F.; Ronchi, G.; Giacobini-Robecchi, M.G.; Geuna, S. Methods and
protocols in peripheral nerve regeneration experimental research: Part I—Morphological techniques. Int. Rev.
Neurobiol. 2009, 87, 81-103. [PubMed]

Hall, E.D.; Braughler, ].M. Effects of intravenous methylprednisolone on spinal cord lipid peroxidation
and (Na++ K+)-ATPase activity: Dose-response analysis during 1st hour after contusion injury in the cat.
J. Neurosurg. 1982, 57, 247-253. [CrossRef]

Konat, G.W.; Wiggins, R.C. Effect of reactive oxygen species on myelin membrane proteins. J. Neurochem.
1985, 45, 1113-1118. [CrossRef]

Giil, §.; Celik, S.E.; Kalayci, M.; Tagytirekli, M.; Cokar, N.; Bilge, T. Dose-dependent neuroprotective effects of
melatonin on experimental spinal cord injury in rats. Surg. Neurol. 2005, 64, 355-361. [CrossRef]
Alimoradi, H.; Pourmohammadi, N.; Mehr, S.E.; Hassanzadeh, G.; Hadian, M.R.; Sharifzadeh, M.;
Bakhtiarian, A.; Dehpour, A.R. Effects of lithium on peripheral neuropathy induced by vincristine in
rats. Acta Med. Iran. 2012, 50, 373-379.

Pourmohammadi, N.; Alimoradi, H.; Mehr, S.E.; Hassanzadeh, G.; Hadian, M.R.; Sharifzadeh, M.;
Bakhtiarian, A.; Dehpour, A.R. Lithium attenuates peripheral neuropathy induced by paclitaxel in rats.
Clin. Pharmacol. Toxicol. 2012, 110, 231-237. [CrossRef]

Musa, A.E.; Shabeeb, D.; Omyan, G. Clinical Applications of Melatonin in Radiotherapy: A Review. SN Compr.
Clin. Med. 2019, 1, 575-583. [CrossRef]

Fujimoto, T.; Nakamura, T; Ikeda, T.; Takagi, K. Potent protective effects of melatonin on experimental spinal
cord injury. Spine 2000, 25, 769-775. [CrossRef]

Reiter, R.J. Melatonin: Lowering the high price of free radicals. Physiology 2000, 15, 246-250. [CrossRef]
Salie, R.; Harper, I.; Cillie, C.; Genade, S.; Huisamen, B.; Moolman, J.; Lochner, A. Melatonin protects against
ischaemic-reperfusion myocardial damage. J. Mol. Cell. Cardiol. 2001, 33, 343-357. [CrossRef]

Cuzzocrea, S.; Reiter, R.J. Pharmacological actions of melatonin in acute and chronic inflammation. Curr. Top.
Med. Chem. 2002, 2, 153-165. [CrossRef]

Shabeeb, D.; Musa, A.E.; Keshavarz, M.; Hassanzadeh, G.; Hadian, M.R.; Nowrouzi, A.; Shirazi, A.; Najafi, M.
Melatonin ameliorates radiation induced sciatic nerve injury. Lett. Drug Des. Discov. 2019, 16, 1. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2174/1874467211666180619125653
http://dx.doi.org/10.2174/1567202612666150102151900
http://dx.doi.org/10.1097/SCS.0000000000001503
http://www.ncbi.nlm.nih.gov/pubmed/19682634
http://dx.doi.org/10.3171/jns.1982.57.2.0247
http://dx.doi.org/10.1111/j.1471-4159.1985.tb05530.x
http://dx.doi.org/10.1016/j.surneu.2005.03.036
http://dx.doi.org/10.1111/j.1742-7843.2011.00795.x
http://dx.doi.org/10.1007/s42399-019-00100-6
http://dx.doi.org/10.1097/00007632-200004010-00003
http://dx.doi.org/10.1152/physiologyonline.2000.15.5.246
http://dx.doi.org/10.1006/jmcc.2000.1306
http://dx.doi.org/10.2174/1568026023394425
http://dx.doi.org/10.2174/1570180816666190617160434
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Animals 
	Experimental Design 
	Irradiation 
	Drug Administration 
	Sciatic Nerve Function Index (SFI) 
	Histopathological Examination 
	Statistical Analysis 

	Results 
	Functional Assessment 
	Histopathological Evaluation 
	Axon and Myelin Sheath Diameter 

	Discussion 
	Conclusions 
	References

