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Abstract

Background: Responses to stress could range from homeostatic variations to life-
threatening effects. Gender is accompanied by variations in oxidative stress that are
implicated in the development of metabolic diseases. Females were found to be less
susceptible to oxidative stress. Aim: to clarify the differences in metabolic responses to
chronic immobilization stress in both rat sexes, and to elucidate the possible underlying
mechanism(s). Methods: 40 adult albino rats of both sexes were divided into 2 main
groups: control and stressed groups, each was subdivided into male and female groups.
Stressed groups were exposed to immobilization for 4 weeks. All rats were subjected to
estimation of body mass index percentage change (BMI%), visceral fat weight (VFW),
glycemic parameters, lipid profile, plasma insulin, leptin, sex hormones,
malondialdehyde (MDA), total antioxidant capacity (TAC) and nitrite. HOMA-B and
HOMA-IR were calculated, Caspase-3 was assessed in  pancreas by
immunohistochemistry. Results: Stressed male rats showed lower BMI%, VFW,
dyslipidemia, hyperglycemia, higher glucose output by kidneys, lower glucose uptake by
diaphragm, HOMA-B, plasma insulin, testosterone and TAC, with higher plasma
estrogen and MDA levels compared to control male group. Compared to control females,
stressed females exhibited lower VFW, hyperglycemia, hypoinsulinemia, dyslipidemia,
lower plasma TAC and HOMA-B, with higher nitrite and sex hormones. Compared to
stressed males, stressed females showed higher BMI%, plasma TAC and estrogen, but
lower glucose output by kidneys, dyslipidemia and testosterone. Conclusion: Chronic
immobilization stress imposes greater metabolic derangement in males than in females.
The altered sex hormones and lowered antioxidants could be contributory mechanisms.
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INTRODUCTION

Priyadarshin and Aich® defined stress as a
process which allows an organism to
accommodate for the demands of its environment
to be adapted to its conditions safely. Stress was
reported to cause distorted homeostatic functions
in the organism as a result of a stressor, which
could be a physiological or psychological
challenge®. In frequent stress exposure, lack of
coping, inadequate stress responses and stimulated
compensatory mechanisms could occur®. Sandifer
et al.® stated that the allostatic load could explain
how stress responses might be pathological and
destructive to the human body. Also, the allostatic
load might become overwhelming and the adaptive
processes could be maladaptive and harmful to the
body®.

Further, Pitocco et al.®) reported that the
imbalance in reactive oxygen species (ROS) and
reactive nitrogen species (RNS) production could
disturb homeostasis. ROS had been reported to be
the causative factor of many critical conditions
such as aging and cancer®, atherosclerosis®”,
obesity and diabetes®, and neurodegenerative
diseases®. Pitocco et al.® added that ROS could
cause irreversible changes of cellular constituents
such as proteins, lipids, or DNA.

Furthermore, Verma et al.!? stated that stress
response could be varied in males and females,
because men and women could react in different
ways to stress in both psychological and biological
aspects. Ahmed® reported that testosterone
protected the pancreas from tissue damage and
conserved B-cell dysfunction, also, enhanced
insulin secretion and abolished oxidative stress

induced by stress.

Therefore, this study was conducted to clarify
the sex differences in the metabolic responses to
chronic immobilization stress in rats, and to
elucidate the possibility of involvement of sex
hormones and oxidative stress as underlying
explanatory mechanisms.

Materials and Methods:

This study was performed on 40 adult
albino Wister rats of both sexes aged 12
months; initially weighing 200-300 g. Rats
were purchased from a rat farm in Giza, and
maintained in Medical Ain Shams Research
Institute (MASRI) under standard conditions of
boarding. Rats were fed regular diet composed
of bread, milk and vegetables, with free access
to water. Animals were not exposed to
unnecessary pain or stress and animal
manipulation was performed with maximal
care and hygiene. At the end of experiment,
animals were killed by overdose of anesthesia.
Animal remains were disposed by incineration.
The study was approved by the Research
Ethics Committee 0000175785, Faculty of
Medicine Ain Shams University (2015). Rats
were randomly allocated into the following
groups:

Group I: Control group, which was further
subdivided into:

1-Control male group (n=10).

2-Control female group (n=10).

Rats in these 2 subgroups were maintained
under the standard conditions of boarding until
sacrificed.

Group II: Stressed group, which was further
subdivided into:

1-Stressed male group (n=10).

2-Stressed female group (n=10).
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Rats in these 2 groups were subjected to
immobilization stress by being encaged 2 hours
daily, with cage dimensions of 6cm x 8cm x 14cm,

5 days/week, for 4 weeks, as described by Diab®?),

Experimental Procedures:

At the end of the experimental period (4
weeks), overnight fasted rats were weighed and
anaesthetized by intraperitoneal injection of
thiopental sodium (Sigma tec Pharmaceutical
industries), in a dose of 40 mg/Kg B.W. The naso-
anal length and the waist circumference were
measured, and a blood sample was collected
thereafter from abdominal aorta in a tube
containing heparin and centrifuged at 3000 rpm for
15 min. An aliquot of the separated plasma was
immediately used for determination of plasma
glucose, and the remaining plasma was divided
into small aliquots that were stored frozen at -80°C
for the biochemical studies.

Immediately after blood sample collection, the
abdominal incision was extended upward to open
the thoracic cage, and the diaphragm was quickly
and carefully excised, and placed in iced Krebs
solution for 10 minutes to be used for the in vitro
determination of glucose uptake by the diaphragm.
Then, both kidneys were dissected out,
immediately placed in iced Krebs-Ringer solution
to be used in determination of glucose output by
the kidneys. Visceral fat as well as the liver and
pancreas were taken out and weighed. All the
following parameters were assessed in all the

studied groups:

Anthropometric Measures: The initial and final
body weight (g.) and naso-anal length (cm) were

used to determine initial and final body mass index

(BMI) according to Nascimento et al.®® as
follows:
BMI= body weight (g) /length? (cm?).
Then, BMI percentage change (BMI1%) was
calculated as follows:
BMI1% = (Final BMI-Initial BMI)/Initial BMI X
100
Relative weight (RW) of liver and pancreas were
calculated as follows:
RW= AW (absolute organ weight) /BW (body
weight) X 100

Biochemical Studies: Plasma glucose was
determined according to Trinder®® using Kits
supplied by Stanbio (USA). Lipid profile, plasma
levels of malondialdehyde (MDA), total
antioxidant capacity (TAC) and nitrite were
determined by colorimetric methods using Kits
supplied by Biodiagnostics (Egypt). Plasma insulin
and leptin were measured by ELISA techniques
using Kits supplied by DRG instruments (USA). In
addition, plasma testosterone and estradiol levels
were measured by competitive immunoenzymatic
colorimetric method wusing Kkits supplied by

Novatec Immunodiagnostica GmbH (Germany).

High density lipoprotein-cholesterol (HDL-C):
was calculated according to Friedewald et al.t*®
from the formula:

HDL-C (mg/dl) = TC - (LDL-C + Tg/5)

Atherogenic index (Al): was calculated according
to Malaspina et al.*® from the formula:
Al =TC/HDL-C
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Homeostatic Model Assessment: HOMA-IR
(Insulin Resistance) and HOMA-B (Beta cell
function): were calculated according to Matthews
et al.a", as follows:

HOMA-IR= Fasting insulin x Fasting glucose/

405
HOMA-B= 360 * [Fasting Insulin] / ([Fasting
Glucose] - 63) %

Biological Studies: Glucose uptake by diaphragm
was determined as described by Saleh and
Saleh®®. Glucose output by both kidneys was

determined as described by Randall®®),

Histopathological study: Pancreas was dissected
and preserved in 10% formaline for study of
Caspase-3  immunohistochemistry  that  was

performed as described by Suvarna et al.??.

Statistical analysis:

Data represented as Mean + SEM. Statistical
data and significance were performed by using
SPSS version 20. One way ANOVA was used to
compare between the different groups with least
significant difference test (LSD) to find inter-
groupal significance. P value < 0.05 was

considered statistically significant.

Results:

Compared to the control male group, stressed
male rats showed significantly decreased BMI%
and visceral fat weight (VFW) and significantly
increased relative liver weight (RLW) (table 1).
Stressed males, also, showed significantly
increased fasting plasma glucose and glucose
output by kidneys, while the glucose uptake by

diaphragm was significantly decreased, as in

(table2). Plasma Tg, TC, LDL-C and atherogenic
index were all significantly increased in stressed
male group, while HDL-C was significantly
decreased denoting dyslipidemic lipid profile
(table 3). Plasma MDA level was significantly
increased in stressed males while plasma TAC
showed significant decline denoting occurrence of
oxidative stress, as shown in (table 4). Plasma
insulin and testosterone were significantly
decreased, while plasma estrogen was significantly
increased in stressed males, as shown in (table 5).
HOMA-B showed significant reduction denoting
pancreatic B-cell affection in male rats exposed to
stress (table 6).

Compared to control female group, stressed
female group exhibited significantly reduced VFW
(table 1), but significantly higher fasting plasma
glucose level, plasma levels of TC, LDL-C, and
atherogenic index (tables 2&3). They, also,
showed significantly reduced plasma TAC
accompanied by significantly elevated nitrite
levels (table 4). In addition, plasma levels of
estrogen and testosterone were significantly
elevated, while a significant decline in plasma
insulin level and HOMA-B were observed in
stressed female group compared to control female
group (tables 5&6).

Regarding sex difference, control female rats
exhibited significantly lower BMI1%, plasma levels
of TC, HDL-C and testosterone, accompanied by
significantly elevated plasma levels of MDA, TAC
and estrogen compared to the respective control
male rats. Compared to stressed male rats, stressed
female rats had significantly lower ALW, glucose
output by kidneys and plasma levels of Tg, TC,
atherogenic index and significantly reduced

plasma testosterone. Stressed females, also,
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showed significantly higher BMI1%, plasma levels
of TAC and estrogen, compared to stressed male
rats (tables 1-6).

Caspase-3 immuno-stained pancreas of control
male and female rats, showed negligible Caspase-3
immunoreactivity in the islets of Langerhans and
acinar cells of pancreas, with no apparent
difference between both groups, with Caspase-3
area % was insignificantly different. Stressed male

rats showed numerous Caspase-3 immuno-positive

islet cells and pancreatic acinar cells, with
Caspase-3 area % was significantly elevated
compared to control male group. Stressed female
rats, showed the presence of multiple Caspase-3
immuno-positive cells in the islets and acini, with
Caspase-3 area % was significantly higher in this
group compared to control female rats, as shown in

(figurel) and (table 7).

Table (1): Body mass index percentage change (BMI, %), waist circumference (WC, cm), visceral fat weight (VFW,
gm), absolute and relative liver weight (ALW, gm; RLW, %) and absolute and relative pancreas weight (APW, gm;
RPW, %) in the studied groups.

Experimental Male Female

groups |BMI%| WC |VFW | ALW |RLW | APW | RPW |BMI%| WC |VFW | ALW | RLW | APW | RPW
Control 14.69 | 14.60 | 2.87 | 6.81 | 2.34 | 0.642|0.221| 5.86 |14.15| 3.36 | 6.40 | 2.57 | 0.477 | 0.194
Group |+ 2.203|+ 0.310|+0.380(+0.470|+0.110|+0.060|+0.025| + 1.52 |+ 0.21 {+0.701|+ 0.40 |+0.140|+0.056|+0.025

p* <0.005| NS | NS | NS | NS | NS | NS
Stressed |-1.520| 14.50 | 1.12 | 7.66 | 3.03 | 0.565|0.222| 3.99 |13.95| 1.84 | 6.21 | 2.44 | 0.576 | 0.224
group + 1.374(% 0.380{+0.310|+0.630{+0.290|+0.072(+0.027] £ 1.29 |£0.160|+0.400|+0.200{+0.110|+0.078|+0.028

p* <0.01 | NS | NS |<0.05] NS | NS | NS

P1 <0.001| NS |[<0.001| NS |<0.05| NS | NS NS NS [<0.02| NS | NS | NS | NS

Values are expressed as mean = SEM. P*: Significance calculated by LSD at P<0.05 from respective male group.
P1: Significance calculated by LSD at P<0.05 from respective male or female control group. NS: Not significant.

Table (2): Fasting plasma glucose level (mg/dl), glucose uptake by diaphragm (mg/1200ml/g/90 min) and glucose output
by kidneys (mg/g/60 min) in the studied groups.

Male Female
Experimental| Fasting Glucose Glucose Fasting Glucose Glucose
groups plasma Uptake by output by plasma uptake by output by
glucose diaphragm kidneys glucose diaphragm kidneys
Control 99.62 105.2 20.85 98.66 88.74 15.88
Group 12.92 +13.50 +3.21 +4.89 +16.72 +8.40
p* NS NS NS
Stressed 195.32 34.11 119.36 144.69 52.31 24.48
Group +26.33 +8.00 +31.08 +13.43 16.28 +6.19
p* NS NS <0.02
P1 <0.001 <0.002 <0.001 <0.001 NS NS

Values are expressed as mean £ SEM. P*: Significance calculated by LSD at P<0.05 from respective male group.
P1: Significance calculated by LSD at P<0.05 from respective male or female control group. NS: Not significant.
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Table (3): Plasma triglycerides (Tg, mg/dl), total cholesterol (TC, mg/dl), low density lipoprotein (LDL-C,
mg/dl), high density lipoprotein (HDL-C, mg/dl) and atherogenic index (Al) in the studied groups.

Experimental Male Female
groups Tg | TC |LDL-C|HDL-C| Al Tg | TC |LDL-C|HDL-C| Al
Control |27.08 | 56.15| 20.22 | 30.52 | 1.88 | 23.98 | 48.80 | 19.71 | 24.30 | 2.05
group +1.72 | £1.78 | +0.566 | £1.87 |+0.069| +1.64 | £1.70 |+£0.448| +1.52 |+0.071

p* NS [<0.01| NS | <0.02 | NS
Stressed | 45.78 |101.69| 62.92 | 20.82 | 4.72 | 28.58 | 75.08 | 45.82 | 23.54 | 3.27
group +3.38 | +8.92 | £7.09 | +2.51 (+0.503] £2.25 | +4.92 | £5.02 | +1.10 |+0.281

p* <0.001| <0.02| NS NS |<0.02
P1 <0.001{<0.001| <0.001 | <0.005 |<0.001] NS |[<0.001|<0.001| NS [<0.002
Values are expressed as mean £ SEM. P*: Significance calculated by LSD at P<0.05 from respective male group.
P1: Significance calculated by LSD at P<0.05 from respective male or female control group. NS: Not significant.

Table (4): Plasma malondialdehyde (MDA, nmol/ml), total antioxidant capacity (TAC, mM/I) and nitrite
(umol/l) levels in the studied groups.

Experimental Male Female

groups MDA TAC Nitrite MDA TAC Nitrite
Control 2.12 7.14 33.61 2.73 7.46 30.15
Group +0.076 +0.1 +1.97 +0.172 +0.108 +0.78

p* <0.01 <0.05 NS
Stressed 4.14 5.67 37.24 3.22 6.82 33.78
group +0.433 +0.430 +2.61 +0.208 +0.206 +1.29

p* NS <0.05 NS
P1 <0.001 <0.002 NS NS <0.02 <0.05

Values are expressed as mean = SEM. P*: Significance calculated by LSD at P<0.05 from respective male group.
P1: Significance calculated by LSD at P<0.05 from respective male or female control group. NS: Not significant.

Table (5): Plasma insulin (ulU/ml), leptin (pg/ml), testosterone (pg/ml) and estrogen (pg/ml) levels in the
studied groups.

Experimental Male Female
groups |Insulin|Leptin|Testosterone|Estrogen]insulin|Leptin| Testosterone|Estrogen
Control 13.15 | 0.132 3.81 18.17 | 10.75 | 0.157 0.042 72.72

group +2.19 (+0.034| +0.457 +1.40 | £1.15 |+0.049| +0.006 +4.40

p* NS NS <0.001 <0.001
Stressed 7.91 | 0.106 0.865 7159 | 5.62 |0.058 0.191 387.58
group +1.52 |£0.024| +0.074 +4.3 | £1.26 |£0.019] +0.021 +95.79

p* NS NS <0.001 <0.002
P1 <0.05| NS <0.001 <0.001 |<0.005| NS <0.001 <0.001
Values are expressed as mean = SEM. P*: Significance calculated by LSD at P<0.05 from respective male group.
P1: Significance calculated by LSD at P<0.05 from respective male or female control group. NS: Not significant.
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Table (6): Homeostatic model assessment of beta cell function (HOMA-B) and homeostatic model assessment

of insulin resistance (HOMA- IR) in the studied groups.

Experimental Male Female
groups HOMA-B HOMA-IR HOMA-B HOMA-IR
Control 138.99 3.23 219.93 2.54
group +28.18 +0.548 +109.69 +0.293
pP* NS NS
Stressed 33.63 3.09 29.48 2.02
group +10.04 +0.761 +7.11 +0.573
p* NS NS
P1 <0.01 NS <0.05 NS

Values are expressed as mean = SEM. P*: Significance calculated by LSD at P<0.05 from respective male group.
P1: Significance calculated by LSD at P<0.05 from respective male or female control group. NS: Not significant.
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Figure (1): Photomicrographs of rat pancreas showing caspase 3 immunoreactivity in the cells of
islets of Langerhans and in acinar cells of different groups (Avidine-Biotin immunoperoxidase
technique x 400). (A, B) control groups of male and female rats respectively showing minimal
caspase 3 immunoreactive cells (T). (C) Stressed male group showing numerous caspase 3
immunoreactive cells (T) (D) Stressed female group showing multiple caspase 3 immunoreactive

cells (1).
Table (7): Area % of Caspase-3 immunopositive cells in islets of Langerhans in studied groups.
Experimental Male Female
groups Caspase 3 area % Caspase 3 area %
Control 0.29 0.33
group +0.010 +0.013
P* NS
Stressed 2.23 2.20
group +0.063 +0.060
pP* NS
P1 <0.001 <0.001

Values are expressed as mean = SEM. P*: Significance calculated by LSD at P<0.05 from respective male group.
P1: Significance calculated by LSD at P<0.05 from respective male or female control group. NS: Not significant.
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Discussion

The present work was done to elucidate the
difference between both male and female rats
response to the effect of stress on glycemic and
lipidemic status in an attempt to clarify the
underlying mechanisms.

Both male and female stressed rats displayed
reduction in their plasma insulin. This could be
implicated in the low BMI% and VFW as well as
dyslipidemia observed in both sexes upon
exposure to stress. The reduced insulin level on
exposure to stress is in agreement with the study of
Macfarlane et al.?Y which reported that
endogenous  glucocorticoids  constitutes  a
fundamental component of stress response and
suppresses the insulin secretion relative to the level
of hyperglycaemia and reduces the basal pulsatility
of insulin secretion.

In addition, the low insulin plasma level in
stressed groups could be attributed to oxidative
stress which was found to cause gene expression
changes, leading to impaired insulin secretion and
increased apoptosis of pancreatic beta cell ??. The
significant decrease in HOMA-B observed in the
present study in stressed groups of both sexes
indicates pancreatic B-cell dysfunction, which
could provide explanation for the low insulin level.
This pancreatic dysfunction could be attributed to
pancreatic cell injury in the form of apoptosis as
denoted by significantly increased Caspase-3
area%.

The pancreatic cells injury is suggested to be
induced by oxidative stress as well as testosterone
deficiency especially in stressed male rat group.
This explanation is in accordance to the study by
Ahmed® in which pancreatic degenerative and

inflammatory changes and Caspase-3 were

significantly positively correlated with MDA and
significantly negatively correlated with
testosterone and upon testosterone administration
to stressed rats, the degenerative and inflammatory
changes of the pancreatic tissue as well as the high
MDA level were reversed.

Bardini et al.?® reported that increased free
fatty acids (FFA), causes elevation of
gluconeogenesis by the liver, shifting metabolism
in muscles from glucose to lipid and lipotoxicity of
beta-cell. He also suggested that cholesterol
homeostasis is important for appropriate insulin
secretion by beta-cells. Cholesterol accumulation
in beta-cells caused by reduced cholesterol efflux
secondary to defective HDL-C resulted in beta-cell
apoptosis, defective insulin  secretion and
hyperglycemia. Hence, there is a reciprocal
relationship between dyslipidemia and beta-cell
dysfunction.

The low BMI% and VFW as well as
dyslipidemia could, also, be explained by the
effect of stress hormones (catecholamines and
cortisol) according to the study of Rabasa and
Dickson®? which mentioned that stress hormones
cause mobilization of lipids into the circulation to
support the “fight or flight” response. During
stress, lipids are oxidized for energy production,
then the released glycerol is wused for
gluconeogenesis, this effect was induced by the
action of catecholamines that increase adipose
triglyceride lipase and hormone sensitive lipase
expression, activate hormone-sensitive lipase by
its phosphorylation, with phosphorylation of
perilipin proteins that conformationaly changed,
this permit lipases to contact directly with lipid
droplets, so increasing rate of lipolysis®.

Norepinephrine-induced lipolysis was found to be
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mediated directly by stimulation of adipose tissue
beta receptors, and indirectly by reducing insulin
level, also, norepinephrine decreases lipase activity
in the liver, increasing the plasma levels of VLDL,
IDL, and LDL®9),

Moreover, the elevated cortisol level
accompanying stress, also, increases serum FFA,
glycerol, and lipolysis allover body®@”. The
increased supply of FFA by the adipose tissue
through lipolysis increases liver production of
VLDL during stress®. VLDL particles rich in
triglycerides are circulated then converted to
lipoproteins rich in cholesterol®. Brindley et
al.® reported that phosphatidate
phosphohydrolase is stimulated by cortisol,
catecholamines, and glucagon, causing elevated
synthesis of Tg by the liver. Also, HMG-CoA
reductase is stimulated by glucocorticoids and
FFA in the liver, increasing synthesis of
cholesterol @,

In stressed male, the significant reduction in
plasma testosterone can be an additional cause for
the dyslipidemia. This explanation is in
consistence with epidemiological data suggesting
that testosterone levels are negatively associated
with Tg, TC and LDL-C and positively with HDL-
C as reported by Haffner et al.”. Moreover,
testosterone treatment showed lipid profile
amelioration GV,

Meanwhile, stressed male rats revealed
significantly high plasma estrogen level. The low
testosterone level and the high estrogen level
suggest the reversal of the hormonal pattern
following stress in favor of feminine pattern which
could be accused of the abnormal lipid profile in

the male stressed group.

However, in stressed females the high plasma
testosterone level could contribute in the elevated
plasma levels of TC and LDL-C. In agreement, a
study observed by Wickramatilake et al.®?
observed that TC was associated positively with
testosterone level and HDL-C was negatively
associated with testosterone level. Echiburd et
al.®® reported that hyperandrogenism in females
may lead to abnormal lipoprotein profile by acting
directly at the liver. In a previous study, Fruzzetti
et al.® mentioned that hyperandrogenism in
females is a highly positive risk factor for
dyslipidemic changes. This could explain the
disturbed lipid profile in female inspite of the
significantly increased estrogen level.

Regarding glycemic parameters, hyperglycemia,
decreased uptake of glucose by the diaphragm and
increased output of glucose by the Kkidneys
observed in stressed male rats could be explained
by the existing hypoinsulinemia.

This effect could be explained according to the
study by McEwen®) by reduction in insulin
secretion and excess secretion of anti-insulin
hormones e.g. cortisol and thyroxin. Also, in a
previous study, Kioukia et al.®® reported that
chronic mild immobilization enhances secretion of
releasing hormones from the anterior pituitary that
influence the function of the thyroid gland and the
resulting hyperthyroidism was found to worsen
blood glucose control and increase insulin
requirements. Hyperglycemia could, also, be
attributed to gluconeogenesis, assumed to be
induced from glycerol supplied by the lipolytic
effect of stress®?,

The reduction of plasma testosterone in stressed
male rats could be implicated in hyperglycemia.

This view is based on the study of Ahmed®? which
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attributed stress induced hyperglycemia to
testosterone lack that promoted cell surface
receptor defective glucose transport mechanism, in
which phosphorylation of protein kinase B (Akt)
and expression of glucose transporter-4 were
included. In addition, castration led to impaired
glucose oxidation with associated reduction in
insulin receptor expression in liver, skeletal muscle
and adipose tissue®®),

In stressed females, the observed hyperglycemia
that developed upon exposure to immobilization
stress could be attributed to dysfunction of B-cell
of pancreas as shown by decreased HOMA-B and
decreased insulin secretion. Such decline in
pancreatic function could be explained by
pancreatic islets apoptosis as confirmed by the
high Caspase- 3. The oxidative stress state in
stressed female group could be supposed to
contribute in pancreatic cell injury via direct effect
of immobilization stress and indirect via excess
testosterone. Such view is in consistence with Liu
et al.® showed that excess testosterone in female
mice may induce oxidative stress through binding
of androgen to its receptor on mononuclear cells.
Moreover, women with hyperandrogenism were
found to induce generalized oxidative stress“® and
malfunction of B-cell “Y).

The observed sex difference in glucose and lipid
parameters upon exposure to stress, with females
displaying less abnormal glucose and lipid profile
than males is assumed to be attributed to the
beneficial role of estrogen. In the stressed females
of the present study, plasma estrogen level was
significantly increased to almost 5 times its value
in the unstressed females. It seems that
compensatory mechanisms lead to the elevation of

estrogen as a line of defense and an attempt by

which females could face, buffer and counteracts
the injurious effect of stress. However, this
elevated estrogen did not totally prevent the effect
of stress which imposed hyperlipidemic and
glycemic insults that were less than in the male
group.

In support to the proposed protective metabolic
role of estrogen the study by Carr®? reported that
estrogens share in metabolic regulation, and that
estrogen reduction has extra-reproductive effects
including metabolic rate reduction, central
adiposity, dyslipidemia, and aggravating metabolic
syndrome.

Lucas et al.“? reported that estrogen improves
lipid profile. Fouad and Dahhan® observed that
degradation of cholesterol and reduction of serum
Tg level is accelerated by estrogen by inducing the
use of lipid as fuel. Tessier et al.“® reported that
the effect of estrogen on the maintenance of fat
distribution by increasing usage of lipids as a
source of energy, reducing the abdominal fat
through stimulation of muscle fatty acid oxidation
and inhibition of hepatic lipogenesis via
peroxisome proliferator-activated receptor (PPAR)
and by enhancing lipoprotein lipase (LPL)
expression. Estrogen also elevates the oxidative
capacity of the muscle by regulation of acyl-CoA
oxidase and different uncoupling proteins (UCP2-
UCP3), that fasten fatty acid uptake preventing
accumulation of lipids“®. Therefore, estrogen
promotes fat oxidation via muscle AMPK
(Adenosine monophosphate kinase)
phosphorylation as reported by Beckett et al.4®
and inactivation of malonyl-CoA by elevating
carnitine palmitoyl transferase affinity as observed
by Alaynick®” and Cladera et al.®),
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In addition, estrogen was reported to promote
insulin action either directly through actions on
insulin-dependent  tissues or indirectly by
regulating oxidative stress, which participate in
insulin resistance. Estrogen receptor alpha (ERa)
in skeletal muscle is believed to orchestrate insulin
signaling and GLUT4 expression®?. Also, by
reducing inflammation®®. ERa knockout mice are
more susceptible to oxidative stress that induces
apoptosis of beta cells of pancreas®Y. Furthermore,
estrogen treatment retrive the insulin sensitivity
and glucose tolerance in mice fed high fat diet, an
effect that was abscent in ERa-deficient mice®?),

In male stressed rats, the disturbed oxidant
antioxidant state which is in favor of increased
oxidative marker MDA and decreased antioxidant
defense denoted by low TAC could lead to
testicular structure damage and dysfunction, thus
providing explanation for the low testosterone
level observed in our study. This view is supported
by the studies of Manna et al.®, Kirk et al.®¥ and
Lutgendorff et al.®.

In consistence, nitric oxide free radicals were
found to lead induction of downregulation of
testicular steroidogenesis®®. In addition, Ghosh et
al.®) mentioned that the membranes of testis
contains excess amount of polyunsaturated fatty
acids leading to its susceptiblity to oxidative stress
and MDA, affecting the activity of enzymes
involved in testicular steroidogenesis. Moreover,
Manna et al.®® observed that oxidative stress
induced by swimming exercise lead to reduction of
testicular 3p-hydroxysteroid dehydrogenase and
17p-hydroxysteroid dehydrogenase activities that
contribute in testosterone synthesis.

Also, increased secretion of glucocorticoids

during stress, could be another mechanism for

testosterone reduction on stress exposure. This
occurs by a glucocorticoid receptor-mediated
pathway, where glucocorticoids suppress Leydig
cell function®®. It has been observed that
glucocorticoids inhibit enzymes involved in
testicular steroidogenesis, such as NADPH-P450
reductase, P450c 17 (17a-hydroxylase and 17, 20-
lyase) and 3p-hydroxysteroid dehydrogenase®®).
Also, induce Leydig cells apoptosis on exposure to
excess glucocorticoids 9,

Furthermore,  stress  induced-endogenous
opioids release is assumed to affect testosterone
secretion.  Stress  stimulates  secretion  of
corticotropin releasing factor (CRF) and pg-
endorphins that mediate suppression of the
hypothalamic-pituitary-gonad ~ (HPG)  axis®,
Moreover, Marquez et al.®Y observed that this
stress induced suppressive effect was declined
with the opioid antagonist “Naltrexone”.

In addition, reduction in testosterone in
stressed male rats could be explained by
deteriorated testicular blood flow. Stimulation of
the sympathetic nerves or injection of
catecholamines was found to lead to
vasoconstriction, reducing testicular blood flow
(62)_

However, the significant increase in plasma
estrogen level in stressed male rats could be
attributed to increased activity of aromatase
enzyme, that converts androgens to estrogens(®?.
Borras et al.®¥ reported that the activity of this
enzyme increases in men on exposure to stress.

In stressed female rats the significant increase of
plasma estrogen and testosterone could be
attributed to hypothalamic-pituitary-adrenal (HPA)
axis activation by stress leading to the release of

glucocorticoid hormones as reported by the study
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of McEwen®) which mentioned that, ACTH also
acts on the zona reticularis, releasing androgens
that could be  transformed into estron or
testosterone, that can be then changed partially to
estradiol.

On the contrary to the present findings,
Whirledge and Cidlowski® found that chronic
stress decreases sex hormones. Kirby et al.®®
showed that immobilization stress either acute or
chronic could up-regulate the expression of
Rfamide- related peptide (RFRP in the
dorsomedial hypothalamus (DMH), a mammalian
ortholog to gonadotrophin inhibitory hormone, of
adult male rats and that this increase in RFRP is
associated with inhibition of downstream HPG
activity and adrenalectomy blocked the stress-
induced increase in RFRP expression. The authors
observed that glucocorticoids (GCs) receptors
were expressed on 53% of RFRP cells, indicating
the possibility of involvement of adrenal GCs in
mediating the stress effect by its direct action on
RFRP cells.

For control and stressed female rats plasma
testosterone is significantly lower while plasma
estrogen is significantly higher than the
corresponding male groups which is a normal
physiological finding.

In rats of both sexes, exposure to stress
promoted significant decrease in the TAC as
compared with their respective  controls.
Meanwhile, significant elevation of plasma MDA
was detected only in stressed males compared to
control male group and significant elevation of
plasma nitrites was observed only in stressed
females compared with control female group.
These findings denote increased production of free

radicals and occurrence of oxidative stress which

is in accordance with the study of Yu®” which
reported that stress causes the production of many
free radicals, which react with proteins, lipids,
carbohydrates, and nucleic acids, lead to the
development of various pathologies as reported by
Stojiljkovi¢ et al.®®. Zafir and Banu®®
investigated that oxidative stress induced by the
administration of corticosterone for a long time is
comparable to that induced by a psychological
stressor, proving the involvement of stress
hormones in the restraint stress induced oxidative
damage. Earlier, Mcintosh et al."® reported that
glucocorticoids decrease the activity of SOD and
glutathione peroxidase (GPx).

In stressed female rats, although there was a
significant decrease in plasma TAC when
compared with control females, it was significantly
increased compared to stressed male rats. This
finding indicates the less affection of female rats
than male rats exposed to stress that may be related
to the protective role of estrogen in females. The
apparent significantly elevated estrogen displayed
by stressed female rats that seems to be a trial to
oppose oxidative stress effect, confirm this
explanation.

Previously, Tupikowska™ reported that apart
from its main hormonal effect, estradiol has two
mechanisms of antioxidant action. One of them is
because of the hydroxyphenolic structure of their
molecule. Estradiol donates hydrogen from its
phenolic hydroxyl group to lipid peroxides what
results in the termination of the chain reactions of
membrane phospholipids, which are the key
reactions in cell destruction. Estradiol, also,
suppresses oxidative modulation of LDL that lead
to atherogenesis. The other mechanism of

antioxidative action of estradiol is probably
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associated with its stimulatory effect on natural
cellular antioxidant enzymes. Borras et al.®¥
reported that estrogens increased expression of the
antioxidant enzymes via intracellular signaling
pathways and prevent the production of reactive
oxygen species.

It could, thus, be concluded that chronic
immobilization stress imposes hyperglycaemia and
dyslipidemia in both males and females, however,
its impact was greater in males. The altered sex
hormonal pattern together with the lowered
antioxidant defenses could be contributory

mechanisms in such sex difference.
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