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Objectives. We aimed to evaluate the effects of a single (acute) and repeated (chronic) exposure
to forced-swimming stressor on glucose tolerance, insulin sensitivity, lipid profile and glycogen
content in male rats.

Methods. Thirty adult male Sprague-Dawley rats (12 weeks old) were divided randomly into
five groups: control group, single exposure (SE) to forced-swim stressor, repeated exposure to
forced-swim stressor for 7 days (RE7), 14 days (RE14) and 28 days (RE28). Glucose tolerance test
and Homeostatic Model Assessment-Insulin Resistance (HOMA-IR) were undertaken on fasting
rats to obtain glucose and insulin profiles. ELISA was performed to assess plasma insulin and cor-
ticosterone levels. Total cholesterol, triglyceride, high- and low-density lipoproteins, hepatic and
skeletal glycogen content were also determined.

Results. Repeated exposure to stressor induced glucose intolerance and insulin resistance in the
experimental rats. Results showed that all RE groups exhibited a significantly higher area under
the curve compared with others (p=0.0001); similarly, HOMA-IR increased (p=0.0001) in all RE
groups compared with control. Prolonged exposure to stressor significantly increased the plasma
insulin and corticosterone levels but decreased the glycogen content in the liver and skeletal mus-
cle when compared with the control group. Additionally, chronic stressor significantly increased
the total cholesterol and triglyceride levels, however, acute stressor produced significantly elevated
high-density lipoproteins level.

Conclusions. In conclusion, repeated exposure to forced-swimming stressor induced glucose
intolerance and insulin resistance in rats by disrupting the insulin sensitivity as well as height-
ening the glycogenolysis in the liver and skeletal muscle. Acute stressor was unable to cause
glucose intolerance and insulin resistance but it appears that may have a positive effect on the
lipid metabolism.
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Stress is a general adaptive reaction incited by jolts
that upset homeostasis (Cannon 1935, Selye 1952). It
mobilizes energy stores in the body required to con-
quer this homeostatic unsettling influence (Rabasa
and Dickson 2016). Several metabolic alterations oc-
cur in response to stressors, which may impair the

physiological and psychological balance, depending
on the interpretation of the quantity of stimulation
or the quality of the threat elicited by the stressor
(Chrousos 1998). Adaptive responses to stressor,
which enables the body cope with the associated
changes in its environment, however, depends on the
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type, duration, intensity, and history of the stressor
(Sabban and Kvetnansky 2001; Carrasco and Van de
Kar 2003; Rai et al. 2003).

Stress has been reported to cause metabolic altera-
tions as well as predispose individuals to obesity and
cardio-metabolic disorders (Strommer et al., 1998;
Soop et al. 2001; von Kanel 2012; Lay et al. 2014). Evi-
dences from human and animal studies have shown
that stress disrupts glucose metabolism leading to
hyperglycemia and has a part in the promotion of
insulin sensitivity in various tissues (Chalkley et al.
2002; Rosmond 2005). Raised glucocorticoid and
catecholamine levels counteract with the impacts of
insulin and elevate blood glucose outside of their im-
pacts on the insulin (Bjorntorp 1997). The metabolic
responses to stressors are very diverse and overlap-
ping, while the effects of acute vs. chronic stressor
on metabolic system in influencing the vulnerability
to/or resiliency against metabolic perturbations are
poorly understood.

For instance, while acute (water immersion) stress-
or clearly increased plasma noradrenaline, adrena-
line, corticosterone, and glucose levels, chronic water
immersion caused only a smaller increase of plasma
noradrenaline, adrenaline, corticosterone, and glu-
cose levels as compared to acute stressor exposure in
the rats (de Boer et al. 1990). In addition, while acute
(immobilization) stressor has been shown to increase
plasma glucose and corticosterone levels (van de Kar
and Blair 1999), the chronic immobilization stressor
had no effect on plasma glucose concentrations but
increased the plasma corticosterone (Makino et al.
1999). A recent study has demonstrated that whereas
both acute and chronic psychological stressors did
not significantly alter the basal plasma corticosterone
levels compared with control values, acute stressor
remarkably increased the insulin level while chronic
exposure had no effect on insulin level. Furthermore,
while acute stressor had no effect on the glucose level,
chronic exposure produced inconsistent results (Ros-
tamkhani et al. 2012). There is indeed a lack of con-
sistent data in this field, hence it was thought prudent
to experimentally evaluate the glucometabolic effects
of single (acute) and repeated (chronic) exposure to
stressors. Here, we employed a forced-swim stressor
model and compared some metabolic and endocrine
parameters.

Materials and Methods
Animals. Adult male Sprague-Dawley rats (n=30;

12 weeks old) were obtained from the Institutional
Animal Facility and housed at 6 per cage under con-

trolled environment (2142 °C, relative humidity 60%,
12-h light/dark cycle). The animals were kept in the
same animal facility for a week for acclimatization
before the experiment commenced. Rats were given
access to food and water ad libitum. All experiment
procedures were performed in accordance to the NTH
Guide for the Care and Use of Laboratory Animals
and approved by the Ethics Committee of the College
of Medicine, University of Lagos.

Stress protocol. The rats were handled daily dur-
ing 1-week acclimatization period to adapt the rats
to human interactions. Rats were randomly divided
into 5 groups, namely the control group, single ex-
posure (SE) stressor group in which the rats were
exposed once to the stressor and repeated exposure
(RE) stressor group in which the rats were exposed
to stressor for increasing number of days twice daily
for 7 days (RE7), 14 days (RE14) and 28 days (RE28)
(n=6/group). The first exposure was in the morning
between 9.00-12.00 am, while the second daily expo-
sure was between 2.00-5.00 pm (Toleikis and Godin
1995). Stress was induced using an amended method
of Sachdeva et al. (2010). The stress protocol was per-
formed in a PVC cylinder (25x14 cm; height x di-
ameter) containing 20 cm of warm water (30-32°C).
Stressed group undertook a forced-swim session of
10 min twice daily, six times per week except the SES.
Animals with non-mobile behavior such as motion-
less float were excluded. Control rats were weighed
weekly and remained in their home cages through-
out the experiment except when blood samples were
taken. After each stressor session, the animals were
dried with a towel and returned to their home cages
within 15 min.

Glucose and insulin tolerance test. Oral glucose
tolerance test (OGTT) was performed in rats twenty-
four hours after the last exposure to the stressor. Rats
were fasted overnight and then challenged with 40%
aqueous glucose solution load (2 g/kg body weight),
followed by serial assessment of blood glucose from
tail blood samples measured at 0, 30, 60, 120, and
180 min using a blood glucose level monitor (Accu
Chek glucometer, Roche Diagnostics, Germany).
Plasma insulin levels were measured at 0 min (fast-
ing). The area under curve (AUC) was also calculated.
Homeostatic Model Assessment-Insulin Resistance
(HOMA-IR), a measure of insulin sensitivity was cal-
culated as [fasting plasma insulin (in mU/L) x fasting
plasma glucose (in mmol/L)]/22.5.

Corticosterone, insulin, cholesterol, triglyceride,
low-density lipoprotein and high-density lipopro-
tein levels. Blood was obtained 1 h after the last ses-
sion (9.00 am - 12.00 noon) of the exposure period in
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each group (i.e. day 1, 7, 14 and 28 of the experiment)
into a heparinized sample tubes and centrifuged at
3000 rpm for 10 min at 4°C to obtain plasma. Plas-
ma samples so obtained were stored at -70°C until
further analyses. Plasma insulin and corticosterone
levels were measured using ELISA assay kits (Elab-
science Biotechnology Co., China). Plasma triglycer-
ide (TRIQG), total cholesterol (CHOL), low-density li-
poprotein (LDL) and high-density lipoprotein (HDL)
cholesterol levels were measured by an automated
blood chemical analyzer (BT 2000 Plus, Germany).

Glycogen content of the liver and skeletal muscle.
At the end of the experiment (2 d after the last expo-
sure to the stressor), the rats were euthanized under
isoflurane anesthesia without fasting. The liver and
gastrocnemius muscles of experimental animals were
harvested and cleaned immediately before known
weights were homogenized in ice-cold trichloroacetic
acid (deproteinizing) solution and incubated for 15
min in water-bath. After discarding the precipitate,
the supernatant was mixed with sulphuric acid and
heated for 5 min and the absorbance read with ELI-
SA reader (Biobase Bioindustry Co. Ltd., Shandong,
China) at 520 nm wavelength. A standard glycogen
(Sigma; St. Louis, MO, USA) was also prepared and
employed for the standard curve.

Statistical analysis. The data were analyzed by
Graph Pad Prism (version 5.00 for Windows, Graph
Pad Software, San Diego California USA). Differ-
ences between trials in time-
dependent variables (glucose

sponse for all RE groups were significantly higher
than other groups at all-time points after glucose
load (Figure 1). Additionally, the AUC values for
all RE groups were significantly higher than con-
trol and SE groups and this goes to show that the
RE groups have poor glycemic responses compared
with others (Figure 2).

Fasting insulin levels were significantly (p<0.05)
higher between the groups compared with control
except for the SE group, which was not remarkably
different (Figure 3). Even though insulin resistance
starts with high insulin levels and may reflect the
state of the underlying insulin responsiveness, we ad-
ditionally computed the insulin sensitivity index, as
represented by the HOMA-IR as a marker of insulin
resistance. The data showed that repeated stressor
exposure had a tendency to cause insulin resistance
as all RE groups had significantly higher HOMA-IR
values in comparison with control and SE groups.
However, the value for SE group was not significantly
different from control.

Corticosterone level. The hypothalamo-adreno-
cortical (HPA) response to the stressor was examined
by ELISA measurement of corticosterone level, the
results of which are shown in Figure 4. The corticos-
terone levels in all stressor-exposed groups were sig-
nificantly (p<0.05) higher when compared with the
control group. Interestingly, the data showed that a
gradual (not statistically significant) reduction in the

concentration) was analyzed

by a two-way ANOVA with re- 1
peated measures. For non-time
dependent variables, one-way
analysis of variance (ANOVA)
was performed and followed
by Tukey’s multiple compari-
son test to determine the sig-
nificance between the groups.
Data are expressed as mean *
standard error of mean (SEM)
and the significant level was set
at p<0.05.
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Figure 1. Effect of single exposure (SE) and repeated exposure (RE) to forced-swim
stress on glucose tolerance in male Sprague-Dawley rats. Data expressed as mean +
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concentration of corticosterone as the duration of the
exposure to stressor increases.

Insulin concentration. The insulin concentration
in the various groups are shown in Figure 5. Com-
pared with the control and SE groups, insulin con-
centration was significantly (p<0.01) increased in all
RE groups. The level in SE group was slightly elevated
above the control value but not statistically signifi-
cant.

Serum lipids. To further probe into the effect of
the stressor on energy metabolism, lipid profile was
performed. The levels of CHOL and TRIG in all RE
groups were significantly (p<0.05) increased in com-
parison with all the other groups; meanwhile, there
was no difference between the SE group compared
with control. However, the CHOL and TRIG levels in

all RE groups were significantly (p<0.01) higher their
respective SE groups (Figure 6a-b). As for HDL, it was
significantly (p<0.05) higher in SE group than control
group and others (Figure 6¢). The plasma LDL levels
were significantly decreased in all RE groups com-
pared with the control group, while the value for SE
group remained within the control range (Figure 6d).
Glycogen content of the liver and muscle. The
results suggested decreased glycogen content (both
hepatic and skeletal tissues) in the RE groups com-
pared with others. The data showed duration-depen-
dent significant (p<0.001) reduction of the glycogen
content in the RE groups compared with the control
group (Figure 7). Even through the decreased glyco-
gen content of the SE group were not statistically sig-
nificant, the data depict a diminishing trend.

2000

15004

10004

AUC (units)

5004

>
&

&

w
&

€3

HOMA-IR
=
;

0.54

0.0-

i
& & &

6‘\0\ &
&

&

&

A
&

&

Figure 2. Effect of single exposure (SE) and repeated exposure
(RE) to forced-swim stress on AUC_,, in male Sprague-Daw-
ley rats. Data expressed as mean + SEM; *p<0.01 vs. control,
°p<0.001 vs. control, 'p<0.05 vs. SE, *p<0.001 vs. SE.

Figure 3. Effect of single exposure (SE) and repeated exposure
(RE) to forced-swim stress on HOMA-IR in male Sprague-
Dawley rats. Data expressed as mean + SEM; ©p<0.001 vs. con-
trol, *p<0.001 vs. SE.
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Figure 4. Effect of single exposure (SE) and repeated exposure
(RE) to forced-swim stress on serum corticosterone levels in
male Sprague-Dawley rats. Data expressed as mean + SEM;
*p<0.05 vs. control, °p<0.01 vs. control.

Figure 5. Effect of single exposure (SE) and repeated exposure
(RE) to forced-swim stress on serum insulin levels in male
Sprague-Dawley rats. Data expressed as mean + SEM; “p<0.001
vs. control, 'p<0.05 vs. SE.
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Figure 6. Effect of single exposure (SE) and repeated exposure (RE) to forced-swim stress on plasma CHOL, TRIG, HDL and LDL
levels in male Sprague-Dawley rats. Data expressed as mean + SEM; *p<0.05 vs. control, ®p<0.01 vs. control, “p<0.001 vs. control,
'p<0.05 vs. SE, ?p<0.01 vs. SE, *p<0.001 vs. SE.
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Figure 7. Effect of single exposure (SE) and repeated exposure (RE) to forced-swim stress on hepatic and skeletal muscle contents in
male Sprague-Dawley rats. Data expressed as mean + SEM; °p<0.001 vs. control, p<0.01 vs. SE, *p<0.001 vs. SE..
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Discussion

Acute and chronic stressors have been reported
to have differing physiological responses in rodents
(Mustafa et al. 2015; Ozbaki et al. 2016). However, a
direct comparison of metabolic responses to varied
timed-exposures to a known stressor has been barely
performed. The goal of this study was to compare four
increasing periods of exposure to forced-swimming
stressor using Sprague-Dawley rats. The findings
demonstrated that: 1) an inverse relationship exist
between the levels of corticosterone and insulin such
that while insulin level was increasing with increas-
ing duration of exposure to stressor, corticosterone
was decreasing; 2) repeated/chronic stressor signifi-
cantly attenuated insulin-stimulated glucose uptake
and promotes the development of insulin resistance;
and 3) stress remarkably stimulate the rapid glyco-
gen breakdown in the liver and skeletal muscle in an
exposure-duration dependent manner.

The OGTT gives an indication of how a biological
system will respond in the presence of glucose and in-
dicates how well the post-glucose insulin surge han-
dles the glycemic load received in the blood stream
(Cederholm and Wibell 1990). The fasting state prior
to glucose loading allowed us to acquire fasting blood
samples from which, besides fasting blood glucose
levels, also fasting plasma insulin levels could be de-
cided. From these parameters, the HOMA-IR index
was calculated, which is an index of insulin resis-
tance and a useful non-invasive way of determining
insulin sensitivity in rodents (Andrikopoulos et al.
2008). The present study shows that repeated stressor
not only induced glucose intolerance, it also signifi-
cantly increased plasma insulin concentrations. In-
sulin works as a key signal of blood glucose levels and
mean plasma insulin levels can therefore be used to
indicate the relative degree of insulin sensitivity with
ahigher plasma insulin concentration reflecting more
insulin resistance (Ferrannini and Mari 1998). Thus,
the higher levels of insulin as observed in the present
study, together with the rising levels of glucose in the
blood suggest the development of resistance to the ac-
tion of insulin. In addition, the HOMA-IR index was
significantly higher in the repeated (chronic) forced-
swim stressor rats indicating reduced insulin sensi-
tivity. Nonetheless, single (acute) forced-swim stress-
or in the present study was demonstrated to provide
immediate metabolic adjustment (acute adaptation)
suggestive of a possible improvement in muscle con-
traction-mediated insulin sensitivity and improved
capacity of insulin-sensitive tissues to glucose uptake.

Corticosterone is a systemic intercellular signal

whose level dynamically increases with exposure to
stressful conditions (Spencer and Deak 2017). Forced-
swim test used as a model of stress in this study, does
remarkably raised corticosterone level even after a
single exposure to the stressor. However, prolonged
exposure appears to diminish the response from the
hypothalamic-pituitary-adrenal (HPA) axis, possibly
due to habituation, as demonstrated by the falling
level of corticosterone. Indeed, recent evidence links
the stress-induced increases in glucocorticoids with
dysregulation of glucose control (Gregoire et al. 1991;
Ahn et al. 2016). Corticosterone mobilizes stored en-
ergy reserves in body tissues, leading to an elevated
blood glucose levels (Nade et al. 2009). Our lab has
also previously shown that the underlying mecha-
nism by which physical stress disrupt glucose control
may involve blunting of insulin signaling in skeletal
muscles (Morakinyo et al. 2016). It has been previ-
ously reported that corticosterone-induced insulin
resistance is associated with diminished insulin sen-
sitivity (Southorn et al. 1990).

Stress is an aversive stimulus, which perturbs the
physiological homeostasis, and its impact is reflected
on a variety of biological systems. Stressful situations
are hazards for lipid profiles (Djindjic et al. 2013,
Catalina-Romero et al. 2013). We found that chron-
ic stressor significantly increased CHOL and TRIG
levels; however, acute stressor produced significant
elevation of HDL levels. Hyperlipidemia is character-
ized by excessive amounts of fatty substances such
as cholesterol, triglycerides, and lipoproteins in the
blood and its development is related with oxidative
stress (Ibrahim et al. 1997; Huang et al. 2007). Some
studies have indicated that high triglyceride level is a
risk factor for hyperglycemia and hypertriglyceride-
mia is greatly associated with insulin resistance than
normal triglyceride level (Yang et al. 2010; Zhou et al.
2010). In addition, alterations of plasma cholesterol
levels may contribute to impaired insulin secretion
and insulin sensitivity (Maxfield and Tabas 2005;
Subramanian et al. 2011). Based on the trends ob-
served in the present study, it can therefore be argued
that chronic stressor engendered insulin resistance in
rats, partly through its ability to promote hyperlip-
idemia.

Glycogen, a complex glucose polymer found in a
variety of tissues, is typically considered as a store-
house for glucose. Certainly, the function of glycogen
in providing a constant blood glucose level under a
variety of conditions in the liver is well recognized. In
general, glycogen metabolism is profoundly affected
by stress or glucocorticoid, and glycogen content in
the peripheral tissues is reduced during stress because
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of increased glycogenolysis and decreased glycogen
synthesis (Van Cromphaut 2009). The present study
demonstrated that repeated exposure to stressor de-
creases the glycogen content, especially in the liver
and skeletal muscle, and induced hyperglycemia.
Glycogen metabolism is to a great extent controlled
by the activities of glycogen synthase and glycogen
phosphorylase compounds (Pilegaard et al. 2002). In-
sulin has been suggested to stimulate glycogen syn-
thase activity and inhibits glycogenolysis in the liver
(Chang et al. 2005; De Souza et al. 2017), however,
corticosterone as stress hormone inhibits the insu-
lin-stimulated glycogen synthesis (Kuo et al. 2015).
Therefore, chronic-stress-corticosterone blunted in-
sulin sensitivity may stimulate glycogenolysis and/or
impairs the hepatic capacity to synthesize glycogen.

In addition, sympatho-adrenal activity arising from
physical stress may enhance mobilization of glycogen
from muscular depots possibly by depressing insulin
sensitivity.

In conclusion, repeated exposure to forced-swim-
ming stressor induced glucose intolerance and insu-
lin resistance in rats by disrupting insulin sensitivity
as well as heightening glycogenolysis in the liver and
skeletal muscle. Additionally, repeated stressor was
found to promote hyperlipidemia. Acute stressor,
however, failed to promote glucose intolerance, in-
sulin resistance and seems to have positive effect on
lipid metabolism. Taken together, chronic stress ap-
pears to contribute to the development of glucometa-
bolic disorders while acute stress potentially exhibits
a mild beneficial effect.
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