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Abstract: Backgrounds: Impaired sleep is independent risk factor of neurodegeneration and dementia. Chronic
insomnia impairs melatonin (MEL) production that is directly proportionate to its duration. The underlying mecha-
nisms linking sleep loss to dementia and the possible therapeutic effect of melatonin have not been fully eluci-
dated. Previous research showed great controversy concerning the effects of paradoxical sleep deprivation (PSD)
on body weight, serum lipoproteins, and inflammatory cytokines. Goals: To examine the effect of chronic paradoxical
sleep deprivation (PSD) with and without MEL supplementation on memory using RAWM, parameters of metabolic
syndrome (MS), liver enzymes, serum cortisol, and inflammatory cytokines as well as liver, colon, and brain histo-
pathology. Methods: Forty rats were divided into four groups ten animals each; C: control, G: grid group, SD: sleep
deprivation group, and SD+MEL sleep deprivation treated with melatonin. Results: MEL supplementation reversed
PSD-induced memory deficits (P<0.05), the elevation of serum cortisol (P<0.001), glucose (P<0.05), ALT (P<0.05),
AST (P<0.001), TNF-alpha (P<0.001), IL-10 (P<0.01) and improved colon, liver, and brain architecture. Melatonin
reduced body weight (P<0.05), total cholesterol, LDL-c, and triglycerides as well as increased HDL-c (P<0.001).
Conclusion: MEL has a protective effect against chronic PSD-induced metabolic malfunction and cognitive deterio-
ration by reducing stress, improving immunity, and maintaining colonic wall integrity.

Keywords: Melatonin, paradoxical sleep deprivation, metabolic syndrome (MS), radial arm water maze (RAWM),

prefrontal cortex (PFC), hippocampus, liver, tumor necrosis factor-alpha (TNF-&), interleukin-10 (IL-10)

Introduction

Several previous studies highlighted the corre-
lation between sleep loss and neurodegenera-
tive diseases such as Alzheimer disease [1-3].
However, the underlying mechanisms linking
sleep deprivation to dementia have not been
fully elucidated. On the other side, a sleep labo-
ratory study of old U.S. adults revealed little
association between self-reported insomnia
and cognitive decline [4]. The central question
of this study was to examine the effect of ch-
ronic paradoxical sleep deprivation (PSD) on
the learning and memory function of the brain.
Moreover, to examine the histopathological
changes of brain areas responsible for memory
and cognition such as the hippocampus and
prefrontal cortex respectively.

Metabolic syndrome is considered an impor-
tant risk factor for Alzheimer’'s disease [5].

Recently, the relationship between sleep loss
and metabolic syndrome (MS) has attracted
wide attention. Systematic review and meta-
analysis including 18 studies and 75657 par-
ticipants aged from 18-96 years revealed that a
short sleep duration of fewer than 5 hours per
day was associated with MS [6]. Moreover,
sleep restriction caused systemic inflammatory
status that may be a source of metabolic, car-
diovascular, and cognitive impairments [3, 7].
Increased production of tumor necrosis factor-
alpha (TNF-a) impaired the blood-brain barrier,
cognitive function as well as intestinal barrier
[7, 8]. Research in the literature demonstrated
the association between sleep disturbance and
colitis in both animal models and humans [9]. A
previous study reported that chronic sleep loss
caused low-grade neuroinflammation through
the activation of proinflammatory cytokines,
astrocytes, and microglia in rat hippocampus
and piriform cortex [10]. Up to this point, the


http://www.ijppp.org

Ameliorative effect of melatonin on PSD-induced neurodegeneration

current study was designed to elucidate the
effects of chronic PSD on weight gain, glucose
homeostasis, lipid profile, liver function, stress
level, and immune system. Moreover, to exam-
ine the histopathological changes in the brain,
colon, and liver.

A review of previous studies showed that
MEL modulated the learning and memory pro-
cess in several animal models. Moreover, a pre-
vious study proved the neuroprotective effect
of MEL against 5-fluorouracil and methotrex-
ate-induced oxidative stress by increasing the
antioxidants and promoting neurogenesis in
the hippocampus and prefrontal cortex (PFC)
[11]. It was also reported that MEL supplemen-
tation restored normal sleep and reduced anxi-
ety thus improving immunity [12]. Melatonin
supplementation reduced the elevated TNF-
alpha level in pinealectomized rats [13]. Pre-
vious studies showed the antiatherogenic
effect of MEL regardless of the cause whether
metabolic, dietary, or drug-induced [14]. They
also reinforced the marked controversy be-
tween different studies concerning MEL dose
and mode of administration that were effective
in lowering cholesterol and highlighted the
need for further studies on MEL efficacy in
other lipid diseases. Moreover, MEL administra-
tion or restoring its expression is considered a
good therapeutic strategy for liver disease [15,
16]. It was shown that PSD decreased MEL
concentration in the colon tissue and feces of
mice, increased colonic microbiota, and caused
intestinal dysbiosis that were recovered by MEL
supplementation [17]. Therefore, we examined
the effect of MEL supplementation on rats
exposed to chronic PSD for two weeks on mem-
ory function of the brain using a radial arm
water maze (RAWM). Moreover, we tested the
possible protective effect of MEL treatment for
five weeks on the chronic PSD-induced chang-
es in body weight, lipid profile, blood sugar,
serum insulin, and liver enzymes as well as
liver, colon, and brain histopathology.

Methods
Drugs and chemicals

Melatonin (Mel Product No. 7903 (n-Acetyl-5-
Methoxy tryptamine)) purchased from Puritan’s
Pride Egypt © 2019, (http://www.puritanspride.
com.eg/) 30 mg mashed, dissolved in 30 ml
distilled water freshly prepared and given at a
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concentration of 10 mg/Kg/day orally daily by
gavage for 21 days at 5:00 PM (1 hour before
the start of induction of sleep deprivation) [18].
Rat golden-hamster cortisol ELISA Kit REF No.
04610049 from SIEMENS, ADVIA Centaur CP.
Rat tumor necrosis factor-alpha (TNF-a) ELISA
Kit Cat. No. CSB-E11987r from CUSABIO.
Interleukin-10 (IL-10) ELISA Kit Cat. No. 201-
12013 from Sun Red. Human Interferon
Gamma (IFN-y) ELISA Kit Cat. No. SG-10041
from Sino Gene Clon Biotech. Interleukin-6 (IL-
6) ELISA Kit Cat. No. SG-10267 from Sino Gene
Clon Biotech. Alanine aminotransferase (ALT-
GPT) colorimetric Kit REF No. 264001 from
SPECTRUM. Aspartate aminotransferase (AST/
GOT) colorimetric Kit REF No. 260001 from
SPECTRUM. Cholesterol - Liquizyme CHOD-PAP
(Single Reagent) REF No. 230001 from
SPECTRUM. High-density lipoproteins (HDL-
cholesterol-precipitant) Kit REF No. 266001
from SPECTRUM. Triglycerides-Liquizyme GPO-
PAP (Single Reagent) Kit REF No. 314001 from
SPECTRUM. Low-density lipoprotein LDL = total
cholesterol - (triglycerides/5 + HDL-cholesterol).
Glucose-Liquizyme (GOD-PAP Single Reagent)
Kit REF No. 250001 from SPECTRUM. Rat
insulin (INS) ELISA Kit Cat. No. SG-20161 from
Sino Gene Clon Biotech.

Animal groupings and experimental design

Forty adults male Albino rats (100-150 gm)
were bought from The Animal Core Facility of
Assiut University, Assiut, Egypt. They were
brought to the physiology lab 1 week before
experimentation for adaptation. They were fed
regular rat chow and water ad libitum and
exposed to a normal 24 hr light/dark cycle and
temperature of 25°C. Rats were divided into
four groups ten animals each; C: Home cage
control group, SD: Sleep deprivation group; G:
Grid group; SD+MEL: Sleep-deprived treated
with melatonin. In this study, we wanted to
expose the rats to chronic paradoxical sleep
deprivation. We used the modified multiplat-
form technique (MPT) in which the rat is put on
a small platform in a tank filled with water to
about 2 cm below the edge of the platform.
Loss of muscle tone during paradoxical sleep
caused the rat to touch the water and be awak-
ened, therefore, selectively deprived of para-
doxical sleep. The grid group was exposed to
the same conditions as the SD group but
allowed to sleep by putting stainless steel grid
over the tank floor. The MPT, in which animals
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Figure 1. Schematic diagram of chronic sleep deprivation (CSD) procedure. MEL: melatonin, CSD: chronic sleep de-
privation, RAWM: Radial Arm Water Maze, C: control group, G: grid group, SD: sleep-deprived group, SD+MEL: sleep

deprived plus melatonin group, MPT: multiplatform tank.

were placed with new cohorts inside the water
tanks, resulted in augmented ACTH and corti-
costerone responses. Therefore, a home cage
control group was used to measure how much
stress was added by MPT compared to normal
conditions.

Sample size calculation

This was calculated according to the resource
equation method. E = total number of animals
- total number of groups. E=40-4 = 36.

Chronic sleep deprivation procedure

Rats of SD and SD+MEL groups were sleep
deprived for 18 hours from 6:00 P.M. to 12:00
on the next day and allowed 6 hours of sleep in
their home cage per day from (12:00 noon to
6:00 P.M.) (Figure 1). Chronic sleep deprivation
(CSD) continued for five weeks. We used a mul-
tiplatform stainless-steel tank (MPT) 110 cm in
length, 20 cm in depth, and 60 cm in width. The
tank contained 15 platforms (8.5 cm in height
and 6.5 cm in diameter) and was filled with
water 6 cm in height. When the rats of the SD
group started paradoxical sleep, muscle hypo-
tonia caused them to touch the water and be
awakened, therefore, selectively deprived of
paradoxical sleep [19]. The rats of the G group
were located on a wire mesh steel grid in MPT
to prevent them from falling into water under

the same conditions. Rats of the SD+MEL
group were treated with melatonin (MEL) 10
mg/Kg orally daily for 6 weeks at 5 pm (1 hour
before the start of sleep deprivation). During
the next 6 hours, SD, G, and SD+MEL group
rats were transferred to their home cage. Rats
of the C group were housed in their home cage
for 5 weeks.

Feeding conditions

Rats of all groups had free access to food and
water ad-libitum. Rats fed regular rat chow
through iron wire nets located at the side of the
water tank and water through bottles hanging
on the tank cover. Iron nets and bottles were
filled with food and water, respectively and the
tank was cleaned and filled with water at a tem-
perature of 25°C before 6:00 p.m. every day for
5 weeks. The home cage control group of rats
was fed by placing chow pellets in a small con-
tainer inside the cage and water through bot-
tles hanging on the tank cover. The radial arm
water maze (RAWM) test was on two days after
two weeks of PSD. Blood sampling from all rat
groups was done after 4 weeks of CSD.

Behavioral tests

Radial arm water maze: Forty rats were tested
over fifteen trials after 2 weeks of PSD. Testing
was repeated on 2 consecutive days. After test-
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ing on the first day, the rats of all groups
returned to their home cage. After two hours,
rats of the SD group and SD+MEL group
returned to the MPT and were subjected to PSD
for 18 hours. Rats of the grid group returned to
MPT with a grid. The control rat group stayed in
their home cage. In each trial, we calculated
the time to reach the pedestal (TRT), working
memory errors (WME), and reference memory
errors (RME). Entering the wrong arm for the
first time is considered RME and entering the
wrong arm more than once is considered WME.
The average of three consecutive trials is pre-
sented as five blocks on each day. Failure of the
rat to reach the pedestal in 1 minute is consid-
ered an incorrect trial. The rat was guided to
the pedestal and allowed to explore the sur-
rounding area for 1 min. Rat refusing to stay
on the platform, swimming in circles, floating,
jumping, or climbing was excluded [18].

Biochemical parameters

Blood sampling from 10 rats from each group
and serum isolation was done after 4 weeks
of the start of CSD and stored at -20°C for fur-
ther analysis. Serum levels of cortisol, TNF-q,
IL-10, IL-6, IFN-y, and insulin were measured
using ELISA and following the manufacturer’s
instructions. Alanine aminotransferase (ALT)
and aspartate aminotransferase (AST), total
cholesterol (TC), high-density lipoproteins (HDL-
c), Triglycerides (TGs), and glucose were mea-
sured using the colorimetric method, and fol-
lowing the manufacturer instructions. Low-
density lipoprotein (LDL-c) was calculated using
the following equation [LDL-c = TC - (TGs/5 +
HDL-c)]. All biochemical analysis was done
using Auto Biochemistry Analyzer Stat Fax
3300 and Stat Fax 2100 ELISA reader.

Histopathology

After 5 weeks of CSD, rats were anesthetized
with ketamine (50 mg/Kg). Animals were euth-
anized by humane cervical dislocation at the
atlantooccipital region and rapid decapitation
done by an experienced Staff member who
strictly adheres to IACUC-approved protocols
and institutional policies to avoid disturbance
of brain tissue according to guidelines for
the Use of Cervical Dislocation for Rodent
Euthanasia the University of Texas at Austin
Institutional Animal Care and Use Committee
and all efforts were made to minimize suffer-
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ing. The skulls were opened, and the brains
were removed and washed with ice-cold physi-
ologic saline solution (0.9%). Samples from the
hippocampus, prefrontal cortex, colon, and
liver were taken from six rats per group and
fixed in 10% of neutral buffered formalin at
room temperature for 24 hours. The samples
were dehydrated in increasing concentrations
of ethanol and then routinely processed and
embedded in paraffin blocks for sectioning.
Sections (4 um thick) were de-waxed, stained
with hematoxylin and eosin (H&E) for all sam-
ples, and PAS stain for intestinal samples
according to standard protocol and examined
using Olympus CX31 light microscope. At least
six microscopic fields were examined for each
group. Tissue samples of the colon were orient-
ed with longitudinally cut crypts to precisely
assess alterations in the overall intestinal tis-
sue architecture [20].

Quantification of goblet cells

To quantify the number of goblet cells, six ran-
domly chosen microscopic fields were exam-
ined under magnification (x400) and the num-
ber of goblet cells was counted in each group
using image J (1J-1.46r software).

Statistical analysis

GraphPad Prism 5 (GraphPad Software Inc., LA
Jolla, CA, USA) was used for data analysis. Data
were presented as mean = SEM. Data were
compared among groups using One Way ANOVA
or Two-Way ANOVA with Bonferroni Multiple
Comparison as a post hoc test as appropriate.
A (P) value of less than 0.05 was considered to
represent a statistically significant difference.
Neuronal and goblet cells count were calculat-
ed using Image J (1J-1.46r software).

Results

Effect of melatonin and sleep deprivation on
rat performance in radial arm water maze

Significant increase in TRT in SD group (P<0.05)
when compared to SD+MEL (B1) and G (B1 &
B2) on day 1. A significant difference in TRT in
the C group (P<0.05) compared to G (B1-2) and
compared to the SD+MEL group (B1) on day
1. No significant difference between treated
groups in TRT on day 1 (B3-5). No significant
difference in TRT between the SD group and C
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Figure 2. Effect of melatonin and sleep deprivation on rat performance in radial arm water maze. TRT: time to
reach the target, WME: working memory errors, RME: reference memory errors, C: control group, G: grid group, SD:
sleep-deprived group, SD+MEL: sleep deprived plus melatonin group; Two Way ANOVA with Bonferroni posttests;
(*P<0.05) any group vs. C group, (*P<0.05) SD or SD+MEL groups vs. G group, (*P<0.05) SD+MEL group vs. SD

group, N=10 in each group.

group on day 1 (Figure 2A; Table 1). A signifi-
cant increase (P<0.05) in TRT in the SD group
when compared to C (B4), G (B1 & B4), and
SD+MEL groups (B1 & B4) on day 2. A signifi-
cant difference (P<0.05) between C and G
groups (B1) on day 2. No significant difference
between treated groups in TRT on day 2 (B3 &
B5) (Figure 2B; Table 1). Significant increase in
WME in the SD group (P<0.05) when compared

to C, G, and SD+MEL groups in B1. Significant
decrease in WME in the G group (P<0.05) com-
pared to the C group on day 1 (B1). No signifi-
cant difference in WME between groups on day
1 (B2-5) (Figure 2C; Table 1). Significant
increase in WME in the SD group (P<0.05) com-
pared to the C group, G group, and SD+MEL in
(B1, B3, B4) on day 2. An insignificant differ-
ence in WME between C, G, and SD+MEL
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Table 1. The interaction of time and treatment on rat performance in radial arm water maze in differ-

ent treated groups

Source of Variation Df Sum-of-squares Mean square F % of total variation P value
TRT Day 1

Interaction 12 820 68 2.8 .77 0.0015

Treatment 3 1244 415 17 11.79 <0.0001

Time 4 4387 1097 45 41.57 <0.0001
TRT Day 2

Interaction 12 214 18 2.9 10.33 0.0010

Treatment 3 405 135 22 19.58 <0.0001

Time 4 420 105 17 20.29 <0.0001
WME Day 1

Interaction 12 3.3 0.28 2.9 13.41 0.0013

Treatment 3 1.4 0.48 4.9 5.78 0.0026

Time 4 3.6 0.90 9.2 14.38 <0.0001
WME Day 2

Interaction 12 1.3 0.11 2.8 10.56 0.0018

Treatment 3 3.9 1.3 33 31.68 <0.0001

Time 4 0.47 0.12 3.0 3.83 0.0195
RME Day 1

Interaction 12 12 0.96 4.5 11.92 <0.0001

Treatment 3 24 7.8 37 24.22 <0.0001

Time 4 26 6.4 30 26.41 <0.0001
RME Day 2

Interaction 12 2.1 0.18 0.85 4.07 0.5954

Treatment 3 8.7 2.9 14 16.86 <0.0001

Time 4 5.9 1.5 7.2 11.43 <0.0001

Data represent mean + SEM of; TRT: time to reach the target, WME: working memory errors, RME: reference memory errors.
Two Way ANOVA with Bonferroni Multiple comparison test P<0.05 is considered significant; N=10 in each group.

groups on day 2 (B1-B5) was found (Figure 2D;
Table 1). Significant increase in RME in the SD
group (P<0.01) compared to SD+MEL (B1) and
compared to the G group (P<.001) (B1-3) on
day 1. Significant decrease in RME in the G
group (P<0.001) compared to the C group (B1-
2) and SD+MEL (B1-3) on day 1. No significant
difference between the C group and SD group
or C group and SD+MEL in RME (B1-5) on day 1
(Figure 2E; Table 1). Significant increase in
RME in the SD group (P<0.05) when compared
to C, G, and SD+MEL groups in (B4, B3, and B4)
on day 2. No significant difference between C,
G, and SD+MEL groups in RME (B1-5) on day 2
(Figure 2F; Table 1).

Effect of melatonin and sleep deprivation on
total body weight

The present work showed a significant effect of
both time (P<0.05) and treatment (P<0.0001)
on percent change in body weight as well as sig-
nificant interaction of both factors (P<0.0001)
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on body weight. Two Way ANOVA with Bonferroni
posttests showed a significant difference in %
change in body weight of the control group
when compared to the G group at week 3
(P<0.05) and weeks 4 and 5 (P<0.001), SD gr-
oup at weeks 4 and 5 (P<0.05) and compared
to SD+MEL group at week 1 (P<0.05), 2 and 4
(P<0.001), 3 and 5 (P<0.01). Moreover, we
found significant differences between the G
group and SD group at week 2 (P<0.05) and
weeks 3, 4, and 5 (P<0.001). A significant dif-
ference between the G group and SD+MEL
group (P<0.001) at weeks 2, 3, 4, and 5. A sig-
nificant difference between the SD group and
SD+MEL group at weeks 2 (P<0.001) and 3
(P<0.05) (Table 2; Figure 3A).

Effect of melatonin and sleep deprivation on
serum lipid profile

Insignificant differences in serum lipoproteins
between C, SD, and G groups were found.
Co-administration of melatonin caused a sig-
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Table 2. Interaction of time and treatment on % change of total body weight of different rat groups

Source of Variation Df Sum-of-squares Mean square F % of total variation P value
Interaction 12 26400 2200 7.6 17.08 <0.0001
Treatment 3 79476 26492 91 51.42 <0.0001
Time 4 3057 764 2.6 1.98 0.0365

Data represent a comparison of mean + SEM of the percentage change of total body weight. Two Way ANOVA with Bonferroni
Multiple comparison test P<0.05 is considered significant; N=10 in each group.
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Figure 3. Effect of sleep deprivation and melatonin administration on (A) Total body weight. Data represent the
percent change of total body weight with time compared to initial weight (Final weight - initial weight)/initial weight
* 100). Serum level of (B) Lipoproteins; TC: total cholesterol, LDL-c: low-density lipoproteins, HDL-c: high-density
lipoproteins, TGs: triglycerides. (C) Glucose. (D) Insulin. (E) HOMA IR (HOMA-IR index = Glucose (mmole/L) * Insulin
(pmole/L)/22.5). (F) Cortisol. (G) Alanine amino transferase (ALT). (H) Aspartate amino transferase (AST). C: control
group; G: grid group; SD: sleep deprived group; SD+MEL: sleep deprived treated with melatonin. Two Way ANOVA
with Bonferroni posthoc in (A and B); (***P<0.001) SD+MEL group vs. SD group, (*P<0.05) SD+MEL group vs. SD
group, (*¥P<0.001) SD+MEL group vs. G group, (*P<0.05) SD and SD+MEL group vs. G group, ("P<0.05) any group
vs. C group. One Way ANOVA with Bonferroni posthoc in (C-H); (***P<0.001) SD+MEL group vs. SD group, (*P<0.05)
SD+MEL group vs. SD group, (*#P<0.001) SD+MEL group vs. G group, (**P<0.01) SD+MEL group vs. G group,
(*P<0.05) SD+MEL group vs. G group, (""*P<0.001) any group vs. C group, (""P<0.01) G and SD groups vs. C group,
n=10 in each group.

nificant lowering in serum total cholesterol, G (P<0.001), and SD (P<0.001) groups.
LDL-c,and triglycerides compared to C (P<0.05), Significant rise in serum HDL-c in the SD+MEL
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group when compared to C (P<0.05), G
(P<0.001), and SD (P<0.001) groups (Figure
3B).

Effect of melatonin and sleep deprivation on
glucose homeostasis

Effect of melatonin and sleep deprivation
on serum glucose level: Significant rise in
serum glucose levels in the SD group and G
group compared to the C group (P<0.01).
Co-administration of melatonin caused a sig-
nificant decrease in serum glucose levels in the
SD+MEL group compared to the SD group
(P<0.05). No significant difference in serum
glucose levels between the SD group and the G
group (P>0.05) (Figure 3C).

Effect of melatonin and sleep deprivation on
serum insulin level: An insignificant difference
in serum insulin levels between treated groups
was found (Figure 3D).

Effect of melatonin and sleep deprivation on
the HOMA-IR index: Significant rise in HOMA-IR
Index in the G group compared to the C group
(P<0.001), SD+MEL group (P<0.001), and SD
group (P<0.01). Co-administration of melaton-
in caused a significant decrease in HOMA-IR
Index in SD+MEL compared to the G group.
Insignificant difference between the HOMA-IR
index in C, SD, and SD+MEL groups (Figure 3E).

Effect of melatonin and sleep deprivation on
serum cortisol level

Significant rise in serum cortisol levels in G, SD,
and SD+MEL groups compared to the control
group (P<0.001). Significant rise in serum corti-
sol levels in the SD group when compared to
the G group (P<0.001). Co-administration of
melatonin caused a significant decrease in
serum cortisol levels in the SD+MEL group
compared to the SD group (P<0.001) and G
group (P<0.05) (Figure 3F).

Effect of melatonin and sleep deprivation on
serum liver enzymes

Effect of melatonin and sleep deprivation on
serum alanine aminotransferase (ALT): Signi-
ficant rise in serum ALT levels in the SD group
when compared to the C group (P<0.01) and G
group (P<0.05). Co-administration of melatonin
caused a significant decrease in serum ALT
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level in the SD+MEL group when compared to
SD (P<0.05). No significant difference in serum
level ALT between C, G, and SD+MEL (P>0.05)
(Figure 3G).

Effect of melatonin and sleep deprivation on
serum aspartate aminotransferase (AST): Sig-
nificant rise in the serum level of AST in the SD
group when compared to the C and G groups
(P<0.001). Co-administration of melatonin ca-
used a significant decrease in serum AST level
in the SD+MEL group when compared to SD
(P<0.001). No significant difference in serum
level AST between C, G, and SD+MEL groups
(P>0.05) (Figure 3H).

Effect of melatonin and sleep deprivation on
serum inflammatory cytokines

Effect of melatonin and sleep deprivation on
serum tumor necrosis factor alpha (TNF-):
Significant rise in serum TNF-« levels in G, SD,
and SD+MEL groups compared to the control
group (P<0.001). Significant rise in serum
TNF-« level in the SD group when compared to
the G group (P<0.01). Co-administration of mel-
atonin caused a significant decrease in serum
TNF-« level in the SD+MEL group compared to
the SD group (P<0.001) and G group (P<0.001)
(Figure 4A).

Effect of melatonin and sleep deprivation on
serum IL-6: Significant increase in IL-6 in the SD
group compared to the G group (P<0.001).
Insignificant difference in IL-6 between the C
group, SD, and SD+MEL groups (P>0.05).
Significant decrease in serum IL-6 in the G
group compared to the C group (P<0.001) and
SD+MEL group (P<0.05) (Figure 4B).

Effect of melatonin and sleep deprivation on
serum INF-gamma: Insignificant difference in
serum INF-gamma level between treated gr-
oups (Figure 4C).

Effect of melatonin and sleep deprivation on
serum IL-10 level: Significant increase in IL-10
in the SD group compared to the G group
(P<0.001). Melatonin caused a significant
decrease in serum IL-10 level in the SD+MEL
group compared to the SD group (P<0.01).
Insignificant difference in serum IL-10 in the C
group when compared to SD and SD+MEL
groups (P>0.05). Significant decrease in serum
IL-10 in the G group compared to the C group

Int J Physiol Pathophysiol Pharmacol 2023;15(3):56-74
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Figure 4. Effect of melatonin and sleep deprivation on serum inflammatory cytokines. A: Tumor necrosis factor
alpha (TNF-a); B: Interleukin-6 (IL-6); C: Interferon gamma (INF-y); D: Interleukin-10 (IL-10). C: control group, G: grid
group, SD: sleep deprived group, SD+MEL: sleep deprived plus melatonin group; One Way ANOVA with Bonferroni
posttests; (*) any group vs. C group, (#) SD or SD+MEL groups vs. G group, (+) SD+MEL group vs. SD group, One
Way ANOVA with Bonferroni posttests; (**P<0.001) G group vs. C group, (**P<0.01) SD+MEL group vs. SD group,
(***P<0.001) SD+MEL group vs. SD group, (**P<0.01) SD group vs. G group, (*#P<0.001) SD group vs. G group,

(*P<0.05) SD+MEL group vs. G group, N=10 in each group.

(P<0.001) and SD+MEL group (P<0.05) (Figure
4D).

Effect of melatonin and sleep deprivation on
liver histopathology

Photomicrographs of liver sections from the
control group showing preserved lobular archi-
tecture and portal areas (asterisk). Hepatocytes
had a polyhedral shape with vesicular nuclei,
and granular cytoplasm and arranged in cords
radiating outwards from a central vein (thin
arrow). They revealed no evidence of any spe-
cific pathology (fatty changes, hydropic chang-
es, feathery changes, cholestasis, lymphocytic
infiltration, or fibrosis). Hepatic sinusoids (S)
between the strips of hepatocytes drained into
the central vein (Figure 5A, 5B). Liver sections
from the grid G group showed unremarkable
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pathology (Figure 5C, 5D). Liver sections from
the SD group showed congested blood vessels
with hemorrhagic areas (Hge). Hepatocytes
showed diffuse hydropic degeneration in the
form of clear vacuolated cytoplasm with cen-
trally located darkly stained nuclei, preserved
lobular architecture with no significant portal
area inflammation or fibrosis (Figure 5E, 5F).
Liver sections from sleep-deprived rats treated
with melatonin SD+MEL group showed unre-
markable pathology (Figure 5G, 5H).

Effect of melatonin and sleep deprivation on
colon histopathology

Sections of the colon of the control rat group
showed the mucosa lined by simple columnar
epithelium with a thin brush border and numer-
ous goblet cells. The crypts of Lieberkihn are
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Figure 5. Liver sections of rats from different treated groups. (A, B) Control group showing the normal histological
structure of the hepatic lobule. (C, D) Grid group. (E, F) Sleep-deprived group. (G, H) Sleep-deprived treated with
melatonin group. Nuclei of hepatocytes (thick arrows), central vein (thin arrows), sinusoids (S). H&E images magni-
fication (A, C, G) (40X); (E) (100X); (B, D, F, H) (400X), N=6 in each group.

straight and unbranched and lined with goblet
cells. The lamina propria showed abundant leu-
kocytes (Figure 6A, 6B). Sections of the colon
of the grid group (Figure 6C, 6D) showed nor-
mal colon architecture. Sections of the colon of
sleep-deprived rats (SD) group showing multifo-
cal mucosal and submucosal (bracket) mixed
infiltrate of inflammatory cells (Figure 6E, 6F).
Sections of the colon of sleep-deprived rats
treated with melatonin group showing normal
colon architecture (Figure 6G, 6H).

Effect of melatonin and sleep deprivation on
goblet cell count: Photomicrograph of colon
sections stained with PAS stain showing a
marked decrease in glandular goblet cells in
the SD group compared to other groups (Figure
6l-L). Sleep deprivation caused a significant
decrease in goblet cell count in the SD group
compared to the C group and G group (P<0.01).
Treatment with melatonin caused a significant
rise in goblet cell count in the SD+MEL group
compared to the SD group (P<0.05) (Figure
6M). Sleep deprivation caused 88% goblet cell
loss compared to controls. Melatonin decrea-
sed goblet cell loss to 18% compared to the
control group. We found an increase in goblet
cells to 67% in the grid group when compared
to the control group (Figure 6N).

Effect of sleep deprivation and melatonin on
prefrontal cortex histology

Parasagittal H&E sections of the internal layers

prefrontal cortex of the control rat group
showed larger neuronal cell bodies with open-
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face vesicular nuclei (N) and prominent nucleoli
and a rim of basophilic cytoplasm, lightly (Ig)
and deeply stained nuclei (dg) of glial cells with
normal blood capillaries (bc) observed in acido-
philic neuropile (*) (Figure 7A). Sections of the
grid group showed a good number of open-face
vesicular nuclei (N) with prominent nucleoli and
a rim of basophilic cytoplasm, lightly (Ig), and
deeply stained nuclei (dg) of glial cells. It also
showed some dark shrunken neurons (pn) with
perinuclear haloes (h) or flame-like pointed
ends (thick arrow) and dilated blood capilla-
ries (*bc) (Figure 7B). Sections of the sleep-
deprived group showed many dark shrunken
neuronal cell bodies with deeply stained pyk-
notic nuclei (pn) and perinuclear haloes (h),
some of these dark cells appear as flame-like
with pointed ends (thick arrow), dilated blood
capillaries (*bc) with many lightly (Ig) and deep-
ly (dg) stained glial cells in the vacuolated neu-
ropile (V) (Figure 7C). Sections of the sleep-
deprived group treated with MEL showed a
good number of open-face vesicular nuclei (N)
with prominent nucleoli and a rim of basophilic
cytoplasm, lightly (Ig), deeply stained nuclei
(dg) of glial cells, some dark shrunken neurons
(pn) with perinuclear haloes (h), vacuolated
neuropile (V) and dilated blood capillary (*bc)
(Figure 7D). Count of large neurons with open
face nuclei (Figure 7E).

Effect of sleep deprivation and melatonin on
hippocampus histology

Histopathological examination of sections of
control rat brain A: showed the different parts

Int J Physiol Pathophysiol Pharmacol 2023;15(3):56-74
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% loss of goblet cell

Figure 6. Photomicrographs of colon sections stained with H&E from; (A, B) Control rat group showing normal ap-
pearance of all layers of the colon; mucosa, submucosa, and Musculosa. (C, D) Grid group showing normal colon
architecture. (E, F) Sleep-deprived rat group showing multifocal mucosal and submucosal mixed infiltrate of inflam-
matory cells (bracket). (G, H) Sleep-deprived rat group treated with melatonin showing normal colon architecture.
(I-L) Representative photomicrograph of colon glands; (1) Control group, (J) Grid group, (K) Sleep-deprived group, (L)
Sleep-deprived plus melatonin group. The arrow indicates three PAS-positive glandular goblet cells. Magnification;
(A, C, E, G) (100X) and (B, D, F, H) (H&E, 400X), (I-L) (PAS, 400X). (M) Quantification of glandular goblet cells of
treated groups. (N) Percentage of goblet cell loss ((C group - treated group)/C group * 100). One Way ANOVA with
Bonferroni posttests; (“*P<0.01) SD group vs. C group, (*P<0.05) SD+MEL group vs. SD group, (*¥P<0.01) SD group

vs. G group, (*P<0.05) SD+MEL group vs. G group, N=6 in each group.

of the hippocampal formation; the hippocam-
pus, subiculum (SU), and entorhinal cortex (EC).
The hippocampus is formed of; cornu ammonis
(CA) and dentate gyrus (DG), these two parts
are separated by a hippocampal sulcus (HS).
CA is further partitioned into; CA1, CA2, CA3,
and CA4. The choroid plexus (CP) of the lateral
ventricle was observed (Figure 8A). B, D and H:
Higher magnification of the squared area of
CA1 region of control, grid, and sleep-deprived
rats treated with melatonin groups respectively
exhibited well-defined three layers; polymor-
phic layer (POL), pyramidal cell layer (PCL), and
molecular layer (ML). The pyramidal cell layer
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(PCL) exhibited closely packed cell bodies of
the pyramidal neurons (arrowheads) that were
regularly arranged in 3 to 4 rows and appeared
small with vesicular nuclei, prominent nucleoli,
and scanty cytoplasm. The POL and ML showed
deeply (dg) and lightly (Ig) stained nuclei of glial
cells with normal blood capillaries (bc) (Figure
8B, 8D, 8H). C, E and I: Higher magnification of
the squared area of the dentate gyrus (DG)
showed well-defined three layers; ML, granule
cell layer (GCL), and POL. The GCL had aggrega-
tion of rounded to oval granule cell bodies.
Small oval deeply stained nuclei (thick arrow) of
the immature neurons could be detected in the
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Figure 7. Representative photomicrograph of a parasagittal section of the
internal layers prefrontal cortex of; (A) control rat group, (B) rat of grid group,
(C) sleep deprived rat, and (D) sleep deprived rat treated with melatonin.
Larger neuronal cell bodies with open-face vesicular nuclei (N) and promi-
nent nucleoli and a rim of basophilic cytoplasm, dark shrunken neuronal cell
bodies with deeply stained pyknotic nuclei (pn) with perinuclear haloes (h)
or flame-like pointed end (thick arrow), lightly (Ig) and deeply stained nuclei
(dg) of glial cells, normal blood capillaries (bc), dilated blood capillary (*bc),
acidophilic neuropile (*), vacuolated neuropile (V), Magnification (A-D) (H&E
400X). (E) Count of large neurons with open face nuclei; One Way ANOVA
with Bonferroni posttests; (““P<0.001) SD group vs. C group, (""P<0.001)
G group vs. C group, (*P<0.05) SD+MEL group vs. SD group, (*#P<0.01) SD
and SD+MEL groups vs. G group, No. of animals used =6 in each group.

DG of the sleep-deprived
group displayed dark shrunk-
en granule cell bodies having
pyknotic nuclei (pn) with peri-
cellular haloes (h) and few
apparently normal granules
cell bodies (thick arrows) in
GCL. Widening of SGZ show-
ing few immature neurons
(thin arrows) was observed
(Figure 8G). Count of large
neurons with open face nuclei
in CA1 area of hippocampus
in different groups (Figure 8J).

Discussion

Paradoxical sleep deprivation
(PSD) is implicated in impair-
ment of spatial learning and
memory function of the brain.
We found that eighteen hours
of PSD after 15 trials of train-
ing in the radial arm water
maze (RAWM) caused a sig-
nificant increase in latency to
reach the pedestal (TRT) in
the SD group when compared
to the C group (B4) and G
group (B1 & B4). The present
work showed that co-admi-
nistration of melatonin (MEL)
improved PSD-induced spa-
tial learning and memory defi-
cits. We observed that MEL
significantly decreased TRT in
the first three trials (B1) as
well as in trials 7 to 9 (B3) in
the SD+MEL group when com-
pared with the SD group.
Moreover, posttraining PSD
caused a significant increase
in reference (RME) and work-
ing (WME) memory errors in

subgranular zone (SGZ). The POL and ML had
deeply (dg) and lightly (Ig) stained nuclei of glial
cells with normal blood capillaries (bc) (Figure
8C, 8E, 8I). F: higher magnification of the
squared area of the CA1 region of the sleep-
deprived rat group exhibited most of the cell
bodies of the pyramidal neurons in PCL are dis-
arranged and loosely packed; they appeared
dark, shrunken, and having pyknotic nuclei (pn)
with pericellular haloes (h) (Figure 8F). G: Hig-
her magnification of the squared area of the
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the SD group compared to both the C group and
G group (B1, B3, B4) on day 2. Melatonin signifi-
cantly decreased RME and WME in the first 3
trials (B1) and trials 7 to 12 (B3 & B4) in the
SD+MEL group when compared with the SD
group on day 2. Also, we found no significant
difference between C, G, and SD+MEL groups
in escape latency and search errors throughout
the fifteen trials (B1-5) on day 2. Results of day
2 testing especially in the first three trials (B1)
indicated a lack of memory retention from day

Int J Physiol Pathophysiol Pharmacol 2023;15(3):56-74
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Figure 8. Representative photomicrographs of parasagittal sections of hippocampus of (A-C) control rat, (D, E) grid
rat group, (F, G) sleep deprived rat and (H, I) sleep deprived rat treated with melatonin. (A) Showing different parts
of hippocampal formation, (B, D, F, H) higher magnification of squared region of CA1 area and (C, E, G, I) higher
magnification of squared region of dentate gyrus. Subiculum (SU), entorhinal cortex (EC), Cornu Ammonis (CA);
CA is further divided into; CA1, CA2, CA3 and CA4, dentate gyrus (DG), hippocampal sulcus (HS), choroid plexus
(CP) of the lateral ventricle, polymorphic layer (POL), pyramidal cell layer (PCL) and molecular layer (ML), pyramidal
neurons (arrowhead), deeply (dg), lightly (Ig) stained nuclei of glial cells, normal blood capillaries (bc), granule cell
layer (GCL). small oval deeply stained nuclei (thick arrow) of the immature neurons, subgranular zone (SGZ), dark,
shrunken and pyknotic nuclei (pn) with pericellular haloes (h). H&E (Magnification; A: 40X; B-I: 400X, Scale bar 20
um). (J) Count of large neurons with open face nuclei in CA1 area of hippocampus in different groups; C: control, G:
grid group, SD: sleep deprived and SD+MEL: sleep deprived treated with melatonin. One Way ANOVA with Bonferroni
posttests; ("“P<0.001) SD group vs. C group, (**P<0.05) SD+MEL group vs. SD group, (*P<0.01) SD group vs. G
group, No. of animals used =6 in each group.

1. Moreover, increased errors of the SD group two weeks before training in RAWM caused no
when compared with other groups in B3 and B4 significant difference in escape latency and
indicated disturbed learning with repeating tri- search errors between treated groups on day 1.
als on day 2. Therefore, MEL treatment im- Most of the differences in TRT, WME, and RME
proved both memory retention from day 1 as between groups were in the first 6 trials (B1 &
well as learning on day 2 in the SD+MEL group B2) that were abolished with repeating trials
when compared with the SD group. Along with 7-15 (B3-5) on the first-day testing. In agree-
us, it was found that MEL administration (100 ment with us, a previous study in rats showed
mg/Kg orally daily for 4 weeks) in rats de- that post-training PSD for 24 hours caused
creased PSD-induced spatial memory errors impairment of task acquisition, and survival
in RAWM through its antioxidant effect [21]. function and prolonged the latency of comple-
Moreover, it was reported that MEL treatment tion in dry radial arm maze (RAM) with marked
ameliorated PSD-induced delayed escape la- effect in the first four hours [23]. Another study
tency, increased search errors, and path length reported that post-training PSD for 48 hours
in the Morris water maze (MWM) task that was caused significant impairment of retention of
associated with decreased glial activation in reference memory in MWM task [24]. In con-
rat hippocampus [22]. We found that PSD for trast to us, it was reported that pretraining PSD
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for 24 hours using modified MPT caused short-
term memory impairment tested half an hour
after 12 learning trials in the RAWM test [25].
This apparent controversy may be explained by
the shorter pretraining period of PSD (24 hours)
compared to the longer period (2 weeks) in
our study which might cause adaptation and
increased synthesis of proteins necessary for
learning and memory.

Previous studies showed conflicting results
concerning the effect of sleep loss on body
weight. The present study revealed a signifi-
cant drop in body weight in the SD group com-
pared to the C group on weeks 4 and 5 and
compared to the G group on weeks 2 through 5.
This result is supported by previous experimen-
tal studies using MPT for PSD and explained
by long periods of sleep deprivation, heavier
stress, increased sympathetic activity, and
energy expenditure [26, 27]. In contrast to us,
other studies reported increased body weight
with sleep deprivation [28, 29]. This apparent
conflict may be explained by a different method
of sleep restriction that was induced by noise
in the study of Coborn and being a clinical study
in the study of Cooper. The present study
showed that MEL co-administration didn’t
recover the PSD-induced reduction of body
weight. Moreover, MEL caused a significant
drop in body weight in the SD+MEL group com-
pared to other studied groups. Along with us,
MEL did not recover the weight loss induced by
sleep deprivation in rat models of colitis [30].
Moreover, it was reported that chronic MEL
administration in drinking water for 8-11 weeks
caused a reduction in weight gain and serum
cholesterol, as well as increased cholesterol
excretion in obese rats, fed high-fat and high-
calorie diets [31].

The present study demonstrated that MEL
administration significantly reduced TC, TGs,
and LDL-c and increased HDL-c in the SD+MEL
group when compared with C, G, and SD groups.
In line with our study, it was reported that MEL
(50 mg/kg for 8 weeks) elevated plasma HDL-c
and lowered plasma LDL-c in rat models of
streptozotocin-induced diabetes [32]. We found
insignificant differences in serum levels of lipo-
proteins between SD, C and G groups. In agree-
ment with us, one study in rats reported insig-
nificant change in serum lipids with chronic
PSD for 3 months (18 h/day) compared to their
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controls [33]. In contrast to us, it was found
that sleep deprivation for 72 h using a ran-
domly moving platform induced a significant
increase of serum cholesterol, a decrease of
HDL-c while triglycerides and free fatty acids
levels kept unchanged when compared with
the control group in both rats and mice [34].
This apparent controversy may be explained by
a different method and short time of sleep
restriction in the previous study 72 hours com-
pared to our study 5 weeks.

We found that MEL significantly lowered the
PSD-induced rise of serum glucose and cortisol
levels in the SD+MEL group when compared
with both SD and G groups. In agreement with
us, it was reported that IP injection of MEL (5
mg/kg) or its agonist piromelatine (20 mg/Kg)
reduced plasma glucose, and improved insulin
sensitivity and lipid profile in a rat model of
sleep restriction using intermittently rotating
cages 20 hours per day for 8 days [35]. We
found a significant rise in serum glucose and
cortisol levels in both SD and G groups com-
pared to the C group. Significantly higher serum
cortisol in the SD group compared to the G
group was found indicating that PSD augment-
ed stress induced by being in the MPT. No sig-
nificant difference in the serum glucose levels
between the SD group and the G group was
observed. We found insignificant differences in
the serum insulin levels between treated
groups. In the current study, PSD didn’'t change
insulin sensitivity as indicated by insignificant
differences in the HOMA-IR indices between
the C, SD, or SD+MEL groups. Along with us, it
was reported that PSD for 4-8 weeks in rats
caused a significant rise in plasma glucose and
corticosterone and an insignificant change in
plasma insulin or HOMA-IR compared to con-
trols [26]. Moreover, it was found that sleep
disturbance for 72 hrs. caused an elevation
of serum corticosterone and an insignificant
change in serum insulin level in both rats and
mice [34]. In addition, chronic PSD for 12 weeks
in rats caused a significant rise in serum glu-
cose and a lowering of body weight when com-
pared to controls [33]. In contrast to us, Xu and
his colleagues found a significant increase in
HOMA-IR and TGs compared to controls. This
might be explained by the longer duration of
PSD (12 weeks) compared to ours (5 weeks). In
the current study, we observed a significant rise
in the HOMA-IR Index in the G group that was
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associated with a significant increase in weight
gain compared to C, SD and SD+MEL groups.
We suggest that the marked increase of body
weight in the G group may be the cause of
increased insulin utilization and decreased
insulin sensitivity.

Clinical and experimental evidence showed
that sleep loss is associated with impaired
immune function which might be a risk factor
for metabolic and cognitive deterioration. We
found that co-administration of MEL caused a
significant decrease in serum TNF-a and IL-10
levels in the SD+MEL group compared to the
SD group. Along with the current result, It was
reported that MEL treatment at a dose of 20-40
mg/Kg reduced the acute 3 days SD-induced
rise of serum corticosterone, TNF-alpha, IL-6,
IL-4, and IL-10 in mice [36]. Moreover, MEL
administration decreased serum IL-6, TNF-
alpha, and corticosterone levels that were
induced by 3 days of continuous PSD in mice
through its antioxidant activity [37]. We ob-
served a significant rise in serum TNF-a in the
SD group when compared to both C and G
groups. Moreover, we found a significant rise in
IL-6 and IL-10 levels in the SD group when com-
pared to the G group. In agreement with this
result, one study in rats reported that 96 hours
of PSD induced inflammation and elevation of
TNF-alpha immuno-expression in both rat tem-
poral and masseter muscles [38]. Moreover,
five days of sleep restriction using a periodically
rotating wheel caused a significant rise of IL-13
and TNF-a expression in the frontal cortex, hip-
pocampus, and basal forebrain in rats that
were associated with neurocognitive malfunc-
tion [39]. We found insignificant differences in
serum INF gamma levels between treated
groups. In contrast to us, it was reported that
PSD decreased TNF-alpha, INF-gamma, and
IL-6 as well as impaired T cell function in ex-
perimental mice model of malaria [40]. In addi-
tion, 12 hrs of sleep loss decreased IL-10 ex-
pression in the brain and peripheral tissues of
rats [41]. This apparent controversy may be
explained by different experimental models,
duration, and methods of sleep deprivation. We
found that MEL caused a significant decrease
in serum TNF-alpha, IL-6, and IL-10 in SD+MEL
when compared to the G group which was asso-
ciated with decreased cortisol, glucose, and
improvement in memory function in the RAWM
task. Up to this point, we may suggest that the
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beneficial effect of MEL on memory was due to
its anti-inflammatory effect and its ability to
decrease serum cortisol and glucose levels.

The current work revealed that co administra-
tion of MEL caused significant decrease in
PSD-induced rise of serum ALT and AST levels
in the SD+MEL group when compared to SD.
We found a significant rise in serum ALT and
AST levels in SD group when compared to both
C and G groups. Moreover, liver sections from
the SD group showed congested blood vessels
with hemorrhagic areas and diffuse hydropic
degeneration. Along with us, a previous study
reported that 24 hrs of PSD in mice caused a
significant rise of ALT and AST that was associ-
ated with hepatocyte ballooning and necrosis
[42]. Moreover, it was found that 22 hrs of PSD
per day for 21 days in rats caused a significant
rise of liver enzymes ALT, AST, and ALP that was
associated with hydropic degeneration of liver
cells [43]. MEL caused significant improvement
in liver histopathology in the SD+MEL group
when compared to SD. In line with us, it was
found that 3 days of PSD significantly reduced
MEL, raised liver enzymes, and exacerbated
liver injury induced by lipopolysaccharides and
D-galactose in mice [44]. In addition, they found
that MEL supplement at 10 mg/Kg restored
MEL level, and significantly reduced ALT, TNF-
alpha, caspase-3 activity, apoptosis, and he-
patic cell injury. Along with the previous study,
we may speculate that MEL favorable effect on
liver function in our study is due to its anti-
inflammatory effect and its ability to reverse
the histopathological changes induced by ch-
ronic PSD.

Moreover, we observed infiltration of the colon-
ic mucosa and submucosa with mixed inflam-
matory cells that was associated with a signifi-
cant decrease in goblet cell count in the SD
group compared to the G and C groups. Sleep
deprivation caused 88% goblet cell loss com-
pared to controls. Melatonin supplementation
decreased goblet cell loss to 18% compared to
the control group and improved colonic muco-
sal architecture. In agreement with us, it was
found that MEL administration significantly
reduced PSD-induced ulcerative colitis in mice
and prolonged their survival [45]. Melatonin
treatment protected against PSD-induced ex-
acerbation of inflammation and mucosal injury
in mice model of colitis [30]. Melatonin reduced
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inflammation and prevented the PSD-induced
decrease of goblet cell count, villi/crypt (V/C)
ratio, and the number of PCNA-positive cell
counts in mice’s small intestine [37]. Hence,
they suggested the use of MEL as a probiotic
agent to protect against PSD-induced intestinal
mucosal injury.

Insufficient sleep increased the risk of neuro-
degenerative diseases such as Alzheimer’s
disease (AD) [46]. Histopathological sections
of rat hippocampus and PFC of SD groups
revealed disarranged pyramidal neurons with
darkly stained pyknotic nuclei, pericellular
haloes, and a significant decrease in cell count
in both layers 3 and 5 PFC and hippocampal
pyramidal cell layer. Examination of the dentate
gyrus (DG) of the SD group showed dark shrunk-
en granule cell bodies having pyknotic nuclei
with pericellular haloes and widening of the
subgranular zone (SGZ). Supporting the current
result, it was found that 6 days of PSD de-
creased viable neuronal count, and increas-
ed degenerated cells with chromatolysis, pyk-
notic nuclei, and darkly stained cytoplasm in
mice hippocampus, amygdala, and PFC [47].
Moreover, a relatively recent study reported
that 21 days of SD caused a significant reduc-
tion in the basal and apical dendritic arboriza-
tion of CA3 hippocampal neurons, impaired
spatial memory, and caused anxiety-like behav-
ior in rats [48]. The current study demonstrated
the protective effect of MEL supplementation
on PSD- induced histopathological changes in
hippocampal as well as PFC neurons. In line
with us, a previous study reported that MEL
treatment (10 mg/Kg IP daily) during 72 hours
of PSD increased the number of BrdU-positive
cells in the subgranular zone of mice hippocam-
pus that was associated with increased expres-
sion of epigenetic mediators [49]. Another
study revealed that prophylactic MEL supple-
mentation at 10 mg/Kg IP injection daily for 2
weeks and during 72 hours of PSD caused a
44% increase of neural precursors in SGZ of
mice hippocampus [50]. It was reported that
MEL treatment at 5 mg/Kg IP daily for 6 weeks
ameliorated the experimental social isolation-
induced degeneration and lost neurons of the
hippocampus and frontal cortex in rats [51].
The present work showed that MEL supple-
mentation improved the working and spatial
memory function of rats in RAWM and protect-
ed hippocampus and PFC neurons from PSD-
induced degeneration. Moreover, MEL signifi-
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cantly reduced stress, and improved glucose
homeostasis and immune function of chronic
PSD rats. It also improved liver function and
structure as well as colon wall integrity. Taken
together, we suggest the use of MEL as a
prophylactic measure against the deleterious
effects of chronic PSD.

Conclusion

Posttraing REM sleep deprivation (PSD) in the
window of (2-18 hours) caused significant im-
pairment of memory retention as well as the
ability of the rat to learn with repeating trials in
the radial arm water maze (RAWM). The learn-
ing ability of rats in RAWM on day 1 testing was
not affected by pretraining PSD for two weeks.
In contrast to several previous studies, the
present study revealed a significant reduction
in body weight with chronic PSD. The results of
the present study demonstrated the efficacy of
MEL supplementation at a dose of 10 mg/Kg to
reverse chronic PSD-induced rise of serum glu-
cose, liver enzymes, cortisol, TNF-alpha, and
IL-10. Moreover, MEL protected against memo-
ry impairment, neuronal degeneration of the
hippocampus and PFC induced by PSD. It also
improved liver histopathology and protected
colon wall integrity. Melatonin administration
failed to correct the PSD-induced reduction of
body weight and caused a significant reduction
in body weight compared to other treated
groups. Melatonin had an antiatherogenic ef-
fect as it caused a significant reduction of
serum TC, TGs, LDL-c, and increased HDL-c
when compared to other treated groups. We
suggested the use of MEL supplements to pro-
tect against the deleterious metabolic and cog-
nitive effects of PSD. Future experimental as
well as clinical studies are needed to elucidate
other mechanisms, side effects, and proper
doses of MEL, especially in astronauts and resi-
dent doctors exposed to chronic PSD.

Acknowledgements

The Authors would like to thank Dr. Ghada
Hosny Lecturer Department of Pathology, Fa-
culty of Medicine, Assiut University, Assiut,
Egypt for helping with the histopathology part
of the present work.

Disclosure of conflict of interest

None.

Int J Physiol Pathophysiol Pharmacol 2023;15(3):56-74



Ameliorative effect of melatonin on PSD-induced neurodegeneration

Abbreviations

MEL, Melatonin; REM, Paradoxical sleep; PSD,
Paradoxical sleep deprivation; CSD, Chronic
sleep deprivation; MS, Metabolic syndrome;
ALT, Alanine transaminase; AST, Aspartate
transaminase; TGs, Triglycerides; TC, Total cho-
lesterol; LDL-c, Low density lipoproteins; HDL-c,
High density lipoproteins; TNF-a, Tumor necro-
sis factor-alpha; IL-6, Interleukin-6; IL-10, In-
terleukin-10; INF-y, Interferon-gamma; RAWM,
Radial arm water maze; PFC, Prefrontal cortex.

Address correspondence to: Dr. Ghada S Mahmoud,
Department of Medical Physiology, Faculty of Me-
dicine, Assiut University, Assiut 71515, Egypt. Tel:
+201069651669; Fax: +20882332278; E-mail:
ghadaszam@gmail.com; ghadaszam@aun.edu.eg
References

[1] Musiek ES, Xiong DD and Holtzman DM. Sleep,
circadian rhythms, and the pathogenesis of
Alzheimer disease. Exp Mol Med 2015; 47:
el148.

Scullin MK and Bliwise DL. Sleep, cognition,
and normal aging: integrating a half century of
multidisciplinary research. Perspect Psychol
Sci 2015; 10: 97-137.

Shi L, Chen SJ, Ma MY, Bao YP, Han Y, Wang
YM, Shi J, Vitiello MV and Lu L. Sleep distur-
bances increase the risk of dementia: a sys-
tematic review and meta-analysis. Sleep Med
Rev 2018; 40: 4-16.

McSorley VE, Bin YS and Lauderdale DS. Asso-
ciations of sleep characteristics with cognitive
function and decline among older adults. Am J
Epidemiol 2019; 188: 1066-1075.

Kim YJ, Kim SM, Jeong DH, Lee SK, Ahn ME
and Ryu OH. Associations between metabolic
syndrome and type of dementia: analysis
based on the National Health Insurance Ser-
vice database of Gangwon province in South
Korea. Diabetol Metab Syndr 2021; 13: 4.
Iftikhar IH, Donley MA, Mindel J, Pleister A, So-
riano S and Magalang UJ. Sleep duration and
metabolic syndrome. An updated dose-risk
meta-analysis. Ann Am Thorac Soc 2015; 12:
1364-72.

Geng J, Wang L, Zhang L, Qin C, Song Y, Ma Y,
ChenY, Chen S, Wang Y, Zhang Z and Yang GY.
Blood-brain barrier disruption induced cogni-
tive impairment is associated with increase of
inflammatory cytokine. Front Aging Neurosci
2018; 10: 129.

Shin W and Kim HJ. Intestinal barrier dysfunc-
tion orchestrates the onset of inflammatory
host-microbiome cross-talk in a human gut in-

(2]

(3]

(4]

(5]

(6]

(7]

(8]

72

)

(11]

[12]

[13]

(15]

(16]

(17]

(18]

flammation-on-a-chip. Proc Natl Acad Sci U S A
2018; 115: E10539-E10547.

Qazi T and Farraye FA. Sleep and inflammatory
bowel disease: an important bi-directional re-
lationship. Inflamm Bowel Dis 2019; 25: 843-
852.

Manchanda S, Singh H, Kaur T and Kaur G.
Low-grade neuroinflammation due to chronic
sleep deprivation results in anxiety and learn-
ing and memory impairments. Mol Cell Bio-
chem 2018; 449: 63-72.

Suwannakot K, Sritawan N, Prajit R, Aranaro-
chana A, Sirichoat A, Pannangrong W, Wigmore
P and Welbat JU. Melatonin protects against
the side-effects of 5-fluorouracil on hippocam-
pal neurogenesis and ameliorates antioxidant
activity in an adult rat hippocampus and pre-
frontal cortex. Antioxidants (Basel) 2021; 10:
615.

Shneider A, Kudriavtsev A and Vakhrusheva A.
Can melatonin reduce the severity of COVID-19
pandemic? Int Rev Immunol 2020; 39: 153-
162.

Santos RMD, Marani F, Chiba FY, Mattera
MSLC, Tsosura TVS, Tessarin GWL, Pereira RF,
Belardi BE, Pinheiro BCES and Sumida DH.
Melatonin promotes reduction in TNF levels
and improves the lipid profile and insulin sensi-
tivity in pinealectomized rats with periodontal
disease. Life Sci 2018; 213, 32-39.

Karolczak K and Watala C. The mystery behind
the pineal gland: melatonin affects the metab-
olism of cholesterol. Oxid Med Cell Longev
2019; 2019: 4531865.

Sato K, Meng F, Francis H, Wu N, Chen L, Ken-
nedy L, Zhou T, Franchitto A, Onori P, Gaudio E,
Glaser S and Alpini G. Melatonin and circadian
rhythms in liver diseases: functional roles and
potential therapies. J Pineal Res 2020; 68:
e12639.

Baiocchi L, Zhou T, Liangpunsakul S, llaria L,
Milana M, Meng F, Kennedy L, Kusumanchi P,
Yang Z, Ceci L, Glaser S, Francis H and Alpini G.
Possible application of melatonin treatment in
human diseases of the biliary tract. Am J Physi-
ol Gastrointest Liver Physiol 2019; 317: G651-
G660.

Park YS, Kim SH, Park JW, Kho Y, Seok PR,
Shin JH, Choi YJ, Jun JH, Jung HC and Kim EK.
Melatonin in the colon modulates intestinal
microbiota in response to stress and sleep de-
privation. Intest Res 2020; 18: 325-336.
Mahmoud GS and El-Deek HE. Melatonin mod-
ulates inflammatory mediators and improves
olanzapine-induced hepatic steatosis in rat
model of schizophrenia. Int J Physiol Patho-
physiol Pharmacol 2019; 11: 64-75.

Ma C, Wu G, Wang Z, Wang P, Wu L, Zhu G and
Zhao H. Effects of chronic sleep deprivation on

Int J Physiol Pathophysiol Pharmacol 2023;15(3):56-74


mailto:ghadaszam@gmail.com
mailto:ghadaszam@aun.edu.eg

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

73

Ameliorative effect of melatonin on PSD-induced neurodegeneration

the extracellular signal-regulated kinase path-
way in the temporomandibular joint of rats.
PLoS One 2014, 9: e107544.

Erben U, Loddenkemper C, Doerfel K, Spieck-
ermann S, Haller D, Heimesaat MM, Zeitz M,
Siegmund B and Kihl AA. A guide to histomor-
phological evaluation of intestinal inflamma-
tion in mouse models. Int J Clin Exp Pathol
2014; 7: 4557-76.

Alzoubi KH, Mayyas FA, Khabour OF, Bani Sala-
ma FM, Alhashimi FH and Mhaidat NM. Chron-
ic melatonin treatment prevents memory im-
pairment induced by chronic sleep deprivation.
Mol Neurobiol 2016; 53: 3439-3447.

Kwon KJ, Lee EJ, Kim MK, Jeon SJ, Choi YY,
Shin CY and Han SH. The potential role of mel-
atonin on sleep deprivation-induced cognitive
impairments: implication of FMRP on cognitive
function. Neuroscience 2015; 301: 403-14.
Legault G, Delay S and Madore A. Identification
of a rapid eye movement sleep window for
learning of the win-shift radial arm maze task
for male Sprague-Dawley rats. J Sleep Res
2010; 19: 508-15.

LiS, TianY, DingY, Jin X, Yan C and Shen X. The
effects of rapid eye movement sleep depriva-
tion and recovery on spatial reference memory
of young rats. Learn Behav 2009; 37: 246-53.
Alhaider IA, Aleisa AM, Tran TT, Alzoubi KH and
Alkadhi KA. Chronic caffeine treatment pre-
vents sleep deprivation-induced impairment of
cognitive function and synaptic plasticity.
Sleep 2010; 33: 437-44.

Zheng PP, Zhang LN, Zhang J, Chang XM, Ding
S, Xiao F and Guo LX. Evaluating the effects of
different sleep supplement modes in attenuat-
ing metabolic consequences of night shift
work using rat model. Nat Sci Sleep 2020; 12:
1053-1065.

Menezes L, de Moraes DA, Ribeiro-Silva N, Sil-
va SMA, Suchecki D and Luz J. Chronic REM
sleep restriction in young rats increases ener-
gy expenditure with no change in food intake.
Exp Physiol 2020; 105: 1339-1348.

Coborn JE, Lessie RE, Sinton CM, Rance NE,
Perez-Leighton CE and Teske JA. Noise-induced
sleep disruption increases weight gain and de-
creases energy metabolism in female rats. Int
J Obes (Lond) 2019; 43: 1759-1768.

Cooper CB, Neufeld EV, Dolezal BA and Martin
JL. Sleep deprivation and obesity in adults: a
brief narrative review. BMJ Open Sport Exerc
Med 2018; 4: e000392.

Chung SH, Park YS, Kim OS, Kim JH, Baik HW,
Hong YO, Kim SS, Shin JH, Jun JH, Jo Y, Ahn SB,
Jo YK, Son BK and Kim SH. Melatonin attenu-
ates dextran sodium sulfate induced colitis
with sleep deprivation: possible mechanism by
microarray analysis. Dig Dis Sci 2014; 59:
1134-41.

(31]

(32]

(33]

(34]

(35]

(36]

[37]

(38]

[39]

[40]

[41]

Tung YT, Chiang PC, Chen YL and Chien YW.
Effects of melatonin on lipid metabolism and
circulating irisin in sprague-dawley rats with
diet-induced obesity. Molecules 2020; 25:
3329.

Uluisik D, Keskin E and Hatipoglu D. A study on
effect of melatonin in dyslipidemia caused by
experimentally diabetes. Turk J Sport Exe
2019; 21: 117-121.

Xu X, Wang L, Zhang Y, Su T, Chen L, Zhang Y,
Ma W, Xie Y, Wang T, Yang F, He L, Wang W, Fu
X, Hao H and Ma Y. Effects of chronic sleep de-
privation on glucose homeostasis in rats.
Sleep Biol Rhythms 2016; 14: 321-328.

Xing C, Huang X, Zhang Y, Zhang C, Wang W,
Wu L, Ding M, Zhang M and Song L. Sleep dis-
turbance induces increased cholesterol level
by nrlidl mediated CYP7AZL inhibition. Front
Genet 2020; 11: 610496.

She M, Hu X, Su Z, Zhang C, Yang S, Ding L,
Laudon M and Yin W. Piromelatine, a novel
melatonin receptor agonist, stabilizes meta-
bolic profiles and ameliorates insulin resis-
tance in chronic sleep restricted rats. Eur J
Pharmacol 2014; 727: 60-5.

Wang X, Wang Z, Cao J, Dong Y and Chen Y.
Melatonin ameliorates anxiety-like behaviors
induced by sleep deprivation in mice: role of
oxidative stress, neuroinflammation, autopha-
gy and apoptosis. Brain Res Bull 2021; 174:
161-172.

Gao T, Wang Z, Dong Y, Cao J, Lin R, Wang X, Yu
Z and Chen Y. Role of melatonin in sleep depri-
vation-induced intestinal barrier dysfunction in
mice. J Pineal Res 2019; 67: e12574.

Yujra VQ, Moreira Antunes HK, Mdnico-Neto M,
Quintana HT, de Oliveira F, Galvani MG, Lee
KS, Oshima CTF and Ribeiro DA. Paradoxical
sleep deprivation induces differential biologi-
cal response in rat masticatory muscles: in-
flammation, autophagy and myogenesis. J Oral
Rehabil 2020; 47: 289-300.

Zielinski MR, Kim 'Y, Karpova SA, McCarley RW,
Strecker RE and Gerashchenko D. Chronic
sleep restriction elevates brain interleukin-1
beta and tumor necrosis factor-alpha and at-
tenuates brain-derived neurotrophic factor ex-
pression. Neurosci Lett 2014; 580: 27-31.
Fernandes ER, Barbosa ML, Amaral MP, de
Souza Apostolico J, Sulczewski FB, Tufik S, An-
dersen ML, Boscardin SB, Keller AC and Rosa
DS. Sleep disturbance during infection com-
promises Tfh differentiation and impacts host
immunity. iScience 2020; 23: 101599.
Cooper LN, Mishra | and Ashley NT. Short-term
sleep loss alters cytokine gene expression in
brain and peripheral tissues and increases
plasma corticosterone of Zebra Finch (Taenio-
pygia guttata). Physiol Biochem Zool 2019; 92:
80-91.

Int J Physiol Pathophysiol Pharmacol 2023;15(3):56-74



[42]

[43]

[44]

[45]

[46]

[47]

74

Ameliorative effect of melatonin on PSD-induced neurodegeneration

Periasamy S, Hsu DZ, Fu YH and Liu MY. Sleep
deprivation-induced multi-organ injury: role of
oxidative stress and inflammation. EXCLI J
2015; 14: 672-83.

Li Y, Zhang Y, Ji G, Shen Y, Zhao N, Liang Y,
Wang Z, Liu M and Lin L. Autophagy triggered
by oxidative stress appears to be mediated by
the AKT/mTOR signaling pathway in the liver of
sleep-deprived rats. Oxid Med Cell Longev
2020; 2020: 6181630.

Liu L, Zhang L, Li L, Chen M, Wang Z, Shen Y,
Huang J and Tang L. Sleep deprivation agg-
ravated lipopolysaccharide/D-galactosamine-
induced acute liver injury by suppressing mela-
tonin production. Inflamm Res 2020; 69:
1133-1142.

Park YS, Chung SH, Lee SK, Kim JH, Kim JB,
Kim TK, Kim DS and Baik HW. Melatonin im-
proves experimental colitis with sleep depriva-
tion. Int J Mol Med 2015; 35: 979-86.
Ahmadian N, Hejazi S, Mahmoudi J and Talebi
M. Tau pathology of Alzheimer disease: possi-
ble role of sleep deprivation. Basic Clin Neuro-
sci 2018; 9: 307-316.

Chittora R, Jain A, Prasad J and Bhatnagar M.
An ameliorative effect of recovery sleep on to-
tal sleep deprivation-induced neurodegenera-
tion. Biological Rhythm Research 2016; 47:
425-436.

(48]

[49]

(50]

(51]

Konakanchi S, Raavi V, Ml HK and Shankar Ms
V. Effect of chronic sleep deprivation and sleep
recovery on hippocampal CA3 neurons, spatial
memory and anxiety-like behavior in rats. Neu-
robiol Learn Mem 2022; 187: 107559.
Hinojosa-Godinez A, Jave-Suarez LF, Flores-
Soto M, Galvez-Contreras AY, Luquin S, Oregon-
Romero E, Gonzalez-Pérez O and Gonzalez-
Castaneda RE. Melatonin modifies SOX2+ cell
proliferation in dentate gyrus and modulates
SIRT1 and MECP2 in long-term sleep depriva-
tion. Neural Regen Res 2019; 14: 1787-1795.
Lopez-Armas G, Flores-Soto ME, Chaparro-
Huerta V, Jave-Suarez LF, Soto-Rodriguez S,
Rusanova |, Acuna-Castroviejo D, Gonzalez-
Perez O and Gonzalez-Castaneda RE. Prophy-
lactic role of oral melatonin administration on
neurogenesis in adult Balb/C mice during REM
sleep deprivation. Oxid Med Cell Longev 2016;
2016: 2136902.

Hamoud E. Ameliorative role of melatonin on
CA1 of hippocampus and frontal cortex in in-
duced social isolation in adult male albino rat.
Med J Cairo Univ 2019; 87: 5163-5172.

Int J Physiol Pathophysiol Pharmacol 2023;15(3):56-74



