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Abstract: The energy homeostasis-associated (Enho) gene, the transcript for the Adropin peptide, is
usually linked to energy homeostasis, adiposity, glycemia, and insulin resistance. Studies on Enho
expression in stressful conditions are lacking. This work aimed to investigate Enho mRNA expression
and energy homeostasis in acute stress (AS) versus chronic unpredictable mild stress (CUMS) rat
models. A total of thirty male Wistar rats (180–220 g) were fed a balanced diet with free access to
water. Rats were divided into three equal groups (n = 10): (a) the normal control (NC) group; (b)
the AS group, where one episode of stress for 2 h was applied; and (c) the CUMS group, in which
rats were exposed to a variable program of mild stressors for 4 weeks. Energy homeostasis was
analyzed by the PhenoMaster system for the automatic measuring of food intake (FI), respiratory
O2 volume (VO2), CO2 volume (VCO2), respiratory quotient (RQ), and total energy expenditure
(TEE). Finally, liver, whole brain, and adipose (WAT) tissue samples were collected, total RNA was
prepared, and RT-PCR analysis of the Enho gene was performed. The CUMS group showed higher
VO2 consumption and VCO2 production, and a higher RQ than the AS group. Furthermore, the
TEE and FI were higher in the CUMS group compared to the AS group. Enho gene expression
in the liver, brain, and WAT was significantly higher in the CUMS group than in the AS and NC
groups. We can conclude that in the chew-fed AS rats, hypophagia was evident, with a shift in
the RQ toward fat utilization, with no changes in body weight despite the increase in Enho mRNA
expression in all studied tissues. In the CUMS group, the marked rise in Enho mRNA expression
may have contributed to weight loss despite increased FI and TEE.

Keywords: Enho gene; chronic unpredictable stress (CUMS); acute stress; energy homeostasis

1. Introduction

Stress is defined as a state of threatened homeostasis [1] that is associated with differ-
ent physiological, neurological, and behavioral effects; this state is always accompanied
by sympathetic system stimulation with increased catecholamines and glucocorticoid se-
cretion induced by activation of the hypothalamic–pituitary–adrenal (HPA) axis, which is
considered a crucial contributor in the stress response mechanism [2].

The body’s response to a particular stressor is determined by the severity and nature
of the stressor, duration of exposure to the stressor, and familiarity or perception of the
individual to this stressor [3]. Modern life stressors are typically chronic, including financial
issues, workloads, family responsibilities, or health problems [4]. All these stressors can
inversely affect our body’s homeostasis mechanisms, and their subsequent impacts can be
so harmful that they predispose us to obesity and cardiac and metabolic diseases [5]. The
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chronic unpredictable mild stress (CUMS) rat model involves exposing rats to unpredictable
episodes of mild-intensity social and physical stressors, which produce various behavioral,
endocrine, and neural changes similar to major depressive disorder in humans [6].

Homeostatic mechanisms in stress usually affect the metabolism. Much attention was
given to the adipose tissue peptides such as adipokines that act through both paracrine
and endocrine functions. However, liver-secreted factors such as adropin were recently
investigated as an energy and metabolism regulator [7]. Adropin is encoded by the energy
homeostasis-associated (Enho) gene and its action is mediated by interaction with the G
protein-coupled receptors (GPR19). The Enho gene is composed of one intron and two
exons and is located in chromosome 9 [8]. Moreover, it is expressed in different tissues,
such as the brain, heart, liver, pancreas, and coronary artery, and its high expression is
observed mainly in the brain [9]

Regarding the biological regulators of adropin, many studies revealed that it is reg-
ulated by the energy status and dietary content. Many studies also found that adropin
enhanced glucose oxidation and improved obesity-induced insulin resistance; in addition,
adropin was found to improve endothelial cell function by increasing the expression of
nitric oxide synthase, which promotes neovascularization and cardiovascular function [10].
Furthermore, another study [7] showed that transgenic overexpression or systemic adropin
treatment could improve obesity, insulin resistance, and glucose tolerance. In addition,
adropin attenuated components of metabolic distress associated with obesity. Adropin
was reported as a hormone regulating glucose and lipid metabolism, and many different
roles were investigated in hypertension, polycystic ovary syndrome, liver diseases, and
cancer biology.

The advanced metabolic monitoring systems enable us to objectively measure food
intake and energy expenditure in the form of total energy expenditure (TEE) based on
accurate measurements of inspired oxygen volume (VO2) and expired carbon dioxide
volume (VCO2). The respiratory quotient (RQ), which equals VCO2/VO2, adds more data
about the utilized substrate during the test duration [11]. RQ was investigated in acute and
chronic stress-subjected animal models and it was stated that substrate utilization showed
distinctive forms in mice exposed to acute stress, repeated stress, and CUMS [12].

The Enho gene and its product, adropin, can be considered as a potential mediator of
the metabolic system. However, its expression in conditions associated with acute or chronic
stress is underinvestigated. Thus, our study aims to determine the effect of acute versus
chronic stress on the expression of the Enho gene in different tissues and energy homeostasis
in rat models of acute and chronic unpredictable mild stress, highlighting the role of adropin
as the main contributor of energy homeostasis during these stressful conditions.

2. Materials and Methods
2.1. Animals and Procedures

In total, thirty-two male Wistar rats (185–230 g) were obtained from the animal house
of the College of Applied Medical Sciences, King Saud University. Rats were randomly
enrolled into two groups (n = 16 rats/group). The first group was (a) the acute normal
control group (A-NC, n = 8); rats were kept under a normal light/dark cycle (6:00 a.m.
to 6:00 p.m.) and 25 ◦C room temperature with free access to a standard rodent diet
(carbohydrate 55%, fat 30%, and protein 15%) and free access to water. The second group
was (b) the acute stress (AS, n = 8) group, where rats were exposed to one episode of stress in
the form of restraining for one hour [13]. The second group was divided into (c) the chronic
normal control group (C-NC, n = 8), where rats were kept in normal conditions without
any stresses for 4 weeks, and (d) the chronic unpredictable mild stress (CUMS, n = 8) group,
in which rats were exposed to a variable program of mild stressors for 4 weeks (Figure 1).
These variable mild stressors included social defeat, cage tilting, shaking, restraining,
exposure to hot air and continuous light, tail pinching, wet bedding, and food and water
deprivation. The schedule and durations of these stressors are shown in Table 1 [14,15].
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Table 1. Schedule and durations of variable mild stressors used in the study.

Day Week 1 Week 2 Week 3 Week 4

Sunday Cage tilting 24 h Social defeat 30 min Cage tilting 24 h Social defeat 30 min

Monday Shaking at 150 rpm for 1 h Restraint for 1 h Shaking at 150 rpm for 1 h Restraint for 1 h

Tuesday Restraint for 1 h Hot air for 10 min Restraint for 1 h Hot air for 10 min

Wednesday Hot air for 10 min Tail pinch 2 min Hot air for 10 min Tail pinch 2 min

Thursday Continuous light 12 h Wet bedding 24 h Continuous light 12 Wet bedding 24 h

Friday Food derivation 24 h Continuous light 12 Wet bedding 24 h Continuous light 12

Saturday Water derivation 24 h Food derivation 24 h Food derivation 24 h Water derivation 24 h

The study protocol was revised and approved by the Institutional Animal Care and Use
Committee at King Saud University under reference no. KSU-SE-22-24 and the date 24 March
2022, and by Zagazig University under the reference number ZU-IACUC/3/F/212/2021 and
the date 29 December 2021.

2.2. Anthropometric Measures

After acclimatization for one week, body weight was measured before and after the
stress episodes. Moreover, rat length was measured and body mass index (BMI) was
calculated by dividing body weight in g/nose-to-anus-length in square cm [16].

2.3. Indirect Calorimetry

At the end of the stress intervention period, rats were scheduled to be kept in Calo-
cages of the PhenoMaster system (TSE, Berlin, Germany) individually, at normal room
temperature and humidity. For acclimatization to the separate Calo-cages, the first 6 h
of measurement were not used for analysis [17]. The PhenoMaster system automatically
records measurements of oxygen volume (VO2), carbon dioxide volume (VCO2), respiratory
quotient (RQ = VCO2/VO2), and total energy expenditure (TEE). The TEE was represented
as the amount of energy expenditure in kcal/hour/kg of body weight, and kcal/hour/kg
of lean body mass (LBM), which was estimated to be 0.75% of the whole-body weight [18].
Automatic food intake (FI) measurement was performed and represented as g/day [11].
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2.4. Blood Sampling and Corticosterone Measurement

Blood samples from the tail vein were obtained at the end of the stress episodes and
before indirect calorimetry measurement. Blood samples were collected in heparinized
tubes (Greiner Bio-One, Germany) and then centrifuged at 500 rpm for 15 min; then, the
plasma was kept frozen (−80 ◦C) until the time of analysis. Plasma corticosterone levels
were measured using rat corticosterone ELISA kits (MyBiosource, San Diego, CA, USA;
catalog number MBS761865) for confirmation of the animal model of CUMS and AS.

2.5. Tissue Sample Preparation

Liver, adipose (WAT) tissue, and whole-brain samples were collected in blank tubes
and immediately transferred under strict freezing conditions to the central lab at Zagazig
University and the lab of the Medical and Molecular Genetics Research Chair at King
Saud University.

2.6. Gene Expression Analysis

Relative gene expression was quantified as previously reported [19]. Total RNA was
isolated from the liver, adipose tissue, and brain by using an RNeasy Mini Kit (Qiagen,
Hilden, Germany) and checked for purity on a NanoDrop. Approximately 1 µg of RNA
template was first heat-denatured and then converted to cDNA using the RevertAid First
Strand cDNA Synthesis Kit (ThermoFisher Scientific, Waltham, MA, USA). Specific primer
sets for the Enho gene used the following primer (5′ TGCTGCTCTGGGTCATCCTCTG 3′).
Fold change in gene expression was expressed, based on actb as a housekeeping gene, using
the 2−∆∆CT method.

2.7. Statistical Analysis

The results were presented as means ± standard deviation (SD). Normality was tested
by the Shapiro–Wilk test. The one-way ANOVA test was used to compare mean differences
among study groups, in addition to a post hoc test for intergroup comparisons. The
independent-sample t-test was used to compare each group with its control. SPSS, version
25 (SPSS Inc. Chicago, IL, USA), was used for analyses. Differences were considered
statistically significant when the p-value was ≤0.05.

3. Results
3.1. Body Weight Change

As compared to the control group, the final weight and BMI were significantly de-
creased in the CUMS group (Table 2). After 4 weeks, rats in the CUMS group lost weight
by 25.17 ± 24.46 g, while rats in the C-NC groups gained weight by approximately
7.33 ± 6.59 g. This was not the case in the AS group, considering the short duration
of intervention in the AS group. Plasma corticosterone levels were significantly higher in
the AS and CUMS groups versus equivalent controls, with a significant rise in the CUMS
group, exceeding that in the AS group (Figure 2).

3.2. Indirect Calorimetry Change

Compared to equivalent controls, indirect calorimetry parameters revealed insignif-
icant changes in the volumes of O2 consumption and CO2 production, RQ, and TEE.
However, the comparison of the CUMS with the AS showed significantly higher values
of VO2, VCO2, RQ, and TEE in the CUMS group (Table 3). Compared to the equivalent
control, the AS group showed significant hypophagia, while the CUMS group showed
significant hyperphagia. Furthermore, the FI was higher in the CUMS group compared to
the AS group.
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Table 2. Body weight changes among study groups.

Variables
A-NC Group
Mean ± SD
(n = 8)

AS Group
Mean ± SD
(n = 8)

p-Value
C-NC Group
Mean ± SD
(n = 8)

CUMS Group
Mean ± SD
(n = 8)

p-Value p-Value

Rat length (cm) 20.85 ± 0.25 20.91 ± 0.66 0.778 20.83 ± 0.26 20.92 ± 0.66 0.778 0.983

Baseline weight (g) 211.33 ± 14.79 209.17 ± 16.34 0.868 213.50 ± 15.63 215.00 ± 35.51 0.908 0.971

Final weight (g) * 201.00 ± 14.45 194.50 ± 18.52 0.569 220.83 ± 21.75 189.83 ± 22.08 0.012 0.057

Baseline BMI (g/cm2) 0.49 ± 0.03 0.48 ± 0.04 0.831 0.50 ± 0.04 0.49 ± 0.08 0.831 0.925

Final BMI (g/cm2) 0.46 ± 0.03 0.44 ± 0.04 0.501 0.51 ± 0.05 0.45 ± 0.07 0.042 0.110

Weight gain (g) −10.33 ± 21.03 −14.67 ± 20.01 0.871 7.33 ± 6.59 −25.17 ± 24.46 0.050 0.166

A-NC = normal control for the acute stress group, AS = acute stress group, C-CN = normal control for the
CUMS group, CUMS = chronic unpredictable mild stress group, and MBI = body mass index. * Final weight
was measured after 3 days from the baseline weight in the AS group and after 31 days from the baseline in the
CUMS group.
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Figure 2. Corticosterone plasma levels after the AS and CUMS versus control. The asterisk represents
statistical differences versus control (p < 0.05). † denotes the significant difference between CUMS
and AS groups (p < 0.01).

Table 3. Indirect calorimetry parameters of all studied groups.

Variables
A-NC Group
Mean ± SD
(n = 8)

AS Group
Mean ± SD
(n = 8)

p-Value
C-NC Group
Mean ± SD
(n = 8)

CUMS Group
Mean ± SD
(n = 8)

p-Value p-Value †

VO2 (mL/h/kg) 2365.84 ± 406.16 2032.67 ± 205.48 0.071 2369.13 ± 388.11 2369.95 ± 93.75 0.996 0.172

VO2 (mL/h/kg LBM) 1561.63 ± 272.83 1333.36 ± 141.96 0.069 1553.27 ± 264.28 1599.14 ± 67.71 * 0.703 0.137

VO2 (mL/h/rat) 450.60 ± 91.52 376.68 ± 47.58 0.090 451.44 ± 88.05 493.22 ± 47.99 * 0.326 0.071

VCO2 (mL/h/kg) 1810.26 ± 427.08 1489.90 ± 240.49 0.105 1802.95 ± 416.54 1886.21 ± 114.44 * 0.664 0.192

VCO2 (mL/h/kg LBM) 1195.56 ± 286.16 977.72 ± 161.83 0.101 1191.53 ± 279.58 1272.86 ± 80.81 * 0.528 0.146

VCO2 (mL/h/rat) 345.53 ± 91.33 276.54 ± 49.81 0.112 345.78 ± 89.24 392.71 ± 43.61 * 0.272 0.076

RQ 0.76 ± 0.07 0.73 ± 0.05 0.366 0.76 ± 0.05 0.79 ± 0.02 * 0.225 0.222

TEE (kcal/h/kg) 11.33 ± 2.07 9.66 ± 1.08 0.087 11.29 ± 2.01 11.43 ± 0.50 0.881 0.184

TEE (kcal/h/kg LBM) 7.48 ± 1.39 6.34 ± 0.74 0.077 7.49 ± 1.36 7.71 ± 0.36 * 0.718 0.138

TEE (kcal/h/rat) 2.16 ± 0.46 1.79 ± 0.24 0.092 2.13 ± 0.43 2.38 ± 0.24 * 0.252 0.071

Food intake (g/rat) 22.95 ± 4.37 16.60 ± 2.69 0.027 20.65 ± 5.47 28.69 ± 5.34 * 0.007 0.004

VO2 = volume of consumed oxygen, VCO2 = volume of produced carbon dioxide, LBM = lean body mass,
RQ = respiratory quotient (VCO2/VO2), and TEE = total energy expenditure. † The p-value of the ANOVA test,
* significant in comparison to the AS group by LSD post hoc test.
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3.3. Enho Gene Expression

Compared to equivalent controls, the fold change of Enho gene expression was signifi-
cantly increased in the AS and CUMS groups. Furthermore, the fold change of Enho gene
expression was significantly higher in the CUMS than in the AS group in all studied tissues
(Figure 3).
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4. Discussion

This study demonstrated the responses to various doses of stress, taking into consider-
ation the relationship of acute and chronic stresses with Enho gene expression in different
tissues and components of energy homeostasis. One of the main contributors to the stress
response process is the hypothalamus’s paraventricular nucleus (PVN), which sends stim-
ulatory signals to the sympathetic controlling areas in the brain stem and spinal cord to
enhance the release of catecholamines from both sympathetic nerve endings and adrenal
medulla. In addition, PVN activates the hypothalamic–pituitary–adrenal axis (HPA) by
sending stimulatory signals to the medial eminence to secrete corticotropin-releasing factor
(CRF) that stimulates adrenocorticotropic hormone (ACTH) secretion from the pituitary
gland, which subsequently enhances glucocorticoid release from the adrenal cortex; all
these mechanisms are activated to enhance metabolism and energy homeostasis during
stress [20,21].

It seems that stress can affect the energy balance in different ways: it can trigger
orexigenic or anorexigenic-like responses according to the type and duration of this stressor,
and it depends strongly on the response of the body to this stressor, which involves the
overlapping of different hormones and factors that may synergize or counteract each
other [22]. Chronic and acute stressors recruit some overlapping but also divergent systems
relevant to metabolic control.

The present study showed an activated HPA axis with elevated serum corticosterone
levels in the acute stress-exposed group, which may be an underlying mechanism for the
decreased food intake seen in acute stress; this is consistent with the Harris study [3],
which revealed that both CRF and urocortin can inhibit food intake and increase energy
expenditure when infused centrally. However, we noticed decreased TEE in the AS group,
which was measured 3 days after the restrain episode and indicated no further elevation
of glucocorticoids after the end of the acute stress; similarly, the De Souza study showed
that, in acute stress, the ACTH serum concentration reaches a peak within 5 min [23] and
glucocorticoids peak within 30 min and then start to decline [24].

On the other hand, activation of the CRF by stress also results in the release of serotonin,
adrenaline, and cytokines, which were shown to be good mediators in this hypophagia
in acute stress [25,26]. Dallman et al. [27] stated that the balance between corticosterone
and insulin is the main determinant factor of food intake and energy expenditure because
the two hormones have opposing effects, and high doses of corticosteroids were shown
to decrease food intake by inducing insulin release, which inhibits neuropeptide Y (NPY)
expression in the hypothalamus [28]. The current study showed low TEE with no changed
body weight, which can be explained by the capacity of the rats after stress to defend a new
lower set-point for energy homeostasis, and so energy expenditure must also be adjusted,
particularly with decreased caloric intake [22]. Another study by Dal-Zotto et al. [29]
revealed that severe stress due to 20 min immobilization inhibited food intake for up to
3 days, and Harris’s study showed that single 3 h restraint increased serum corticosteroids,
with high energy expenditure only during the restraint, which was corrected within an
hour of the end of the restraint [30]. Furthermore, Kuti et al. [12] measured TEE during
the exposure of mice to acute stress by the PhenoMaster system and reported that TEE
started to increase shortly after the start of an acute stress episode. However, the current
study examined TEE after the end of the acute stress episode for 3 days, providing a strong
basis for the different results. Moreover, they reported that the CUMS produced a rise in
TEE, which is consistent with our findings. In the current study, RQ was shifted toward
fat utilization in the AS group and toward mixed substrate utilization in the CUMS group.
However, the Kuti study [12] showed a shift toward fat utilization in mice exposed to acute
stress and toward carbohydrate utilization under chronic various stress.

Regarding exposure to long-term stress, the impact of chronic stress on energy and
metabolic homeostasis is more variable; for example, chronic stress may cause weight gain
in humans, and, on the contrary, it causes weight loss in rodents exposed to psychological
stress [3]. Our results showed a significant reduction in body weight in the CUMS group.
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This was consistent with Kuti et al. [12], who reported a reduction in body weight gain
and disturbance in the body composition of mice in the form of a loss of lean mass under
chronic repeated stress and loss of fat mass under chronic unpredictable stress.

Although activation of both the sympathetic nervous system and HPA system can
optimize the immediate response to acute environmental stress, chronic stress induces
many different mechanisms that may lead to a variety of metabolic, cardiovascular, and
mental disorders [12]. There is growing evidence that chronic or repetitive stress can
enhance physiological adaptation, which enables the body to restabilize in this threatening
environment; this adaptation is referred to as allostasis.

Many works in the literature showed that repeated exposure to severe stressors im-
paired the negative feedback effect of glucocorticoids in suppressing CRF expression in the
PVH, leading to the extended secretion of glucocorticoids [31], and Bhatnagar [32] stated
that this loss of sensitivity to negative feedback was rostral to the PVH and pituitary gland.
Moreover, Coffman et al. [33] identified the FK506 binding protein 5 (fkbp5) gene as one
of the genes activated by glucocorticoid receptors, and it encodes a type of protein that
inhibits the activation of these receptors by antagonizing the binding of glucocorticoids
thereto, so it is considered an intracellular negative feedback mechanism that promotes
adaptation by enhancing receptors’ resistance to the glucocorticoids’ action [34]. Another
regulator called kruppel-like factor (klf9) was recently shown as a feedforward repressor of
the glucocorticoids targeting klf2 in mouse macrophages [35]. Based on the aforementioned
studies, it is found that many feedback loops work intracellularly and systemically to
control and regulate HPA axis function in a chronic stress situation.

The present study showed the strong elevation of the corticosterone level in the chronic
stress-exposed group compared to either the normal or acute stress-exposed one, which
was not accompanied by such a significant increase in the TEE, and this can be referred
to as the adaptation response and HPA axis resistance. Adaptation to high Enho gene
expression during chronic stress exposure is another expected mechanism. Several reports
state that adropin has a role in regulating carbohydrate and lipid substrate oxidation
preferences [36]. The intraperitoneal injection of adropin reduced the high blood glucose
level in a model of diet-induced obesity in mice by inhibiting hepatic glucose output and
triglyceride accumulation via activation of the 5′-adenosine monophosphate-activated
protein kinase (AMPK) pathway [37].

High food intake was one of the main findings in the chronic stress-exposed group,
which may be attributed in part to the complex adaptive response to chronic stresses or
the high expression of the Enho gene. Kuti et al. [12] reported that the suppression of
food intake in mice exposed to chronic variable stresses was limited to the first 4 h after
the stress episode, and then the feeding returned to the normal level during the dark
period. The second assumption related to Enho gene overexpression was in line with
early reports showing the relationship between adropin and high-fat-diet-fed mice [7].
Interestingly, this hyperphagia is associated with weight loss, which additionally may be
explained at least in part by increased Enho gene expression. Jasaszwili et al. [38] found
that adropin could suppress peroxisome proliferator-activated receptor-gamma (PPARγ),
CCAAT enhancer binding protein beta (C/ebpβ), and fatty acid binding protein 4 (Fabp4)
mRNA expression in primary preadipocytes in the rat, leading to a reduction in lipid
accumulation. However, it was observed that rats were losing weight instead of developing
obesity, and this interesting finding can be explained by Souza [39], who showed that
exposure to stressors in rats for 5 weeks impaired kidney function, with a significant loss of
weight as a result of reduced kidney volumes and water loss.

Adropin is considered one of the main peptides that has a great impact on metabolism
and energy homeostasis; it is highly expressed in the brain, particularly in areas controlling
complex behaviors such as circadian rhythms and the stress response [9]. The present
study showed that the highest expression of adropin mRNA was found in the chronic
stress group, and it was noticed that RQ was shifted to carbohydrate utilization in the
CUMS compared to the AS group, despite insulin and glucocorticoid resistance. This can
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be explained by Zhang [9], who revealed that adropin promotes glucose uptake by the
tissue through increasing the expression of glucose transporter (GLUT 1) receptors. In
addition, it enhances glucose oxidation by improving metabolic intolerance in obese and
insulin-resistant mice; this mechanism was reinforced by the suppression of fatty acid
oxidation as a result of the downregulation of carnitine palmitoyltransferase-1B (CPT-1B)
and cluster of differentiation 36 (CD36).

The contribution of adropin was investigated as well by Gao et al. [40], who reported
that exogenous adropin causes an increase in insulin receptor substrate 1 (IRS1, IRS2) and
AKT phosphorylation in obese mice, indicating improved hepatic insulin sensitivity [8,40].
Furthermore, Douglas et al. reported that stress granules during nutrient stress conditions
such as long-term starvation can regulate fatty acid oxidation and lipid metabolism, as they
stimulate the depletion of mitochondrial voltage-dependent anion channel (VDAC) porins,
resulting in a marked decrease in fatty acids moved into mitochondria for oxidation [41].

The present study reported that high adropin expression was observed in adipose
tissue, as well as during chronic stress, indicating that adropin contributes to the adipocytes’
function by suppressing the differentiation of 3T3-L1 cells into mature adipocytes [38], thus
interfering with lipogenesis.

Eventually, the body’s metabolism during chronic stress is different from that in acute
stress as it is regulated by many complex overlapping mechanisms, aiming to maintain
the energy balance and regulate systems’ functions, and the development of adaptation is
one of the main mechanisms to resist stress’ long-term consequences on bodily functions.
However, long-term stress can disturb these compensatory plans and result in failure
to maintain this balance due to the dominant underlying mechanisms that eventually
shape different individuals’ responses during stress. Moreover, the human reaction to
depression is different from the rat’s response to CUMS. It was reported that patients with
coronary heart disease and depression have low serum adropin levels, as well as a negative
correlation between adropin levels and the Patient Health Questionnaire-9 [42].

Despite many strengths, this study has some limitations, such as a lack of body
composition analysis to identify which body compartment was lost in the CUMS group.
Moreover, we did not measure plasma adropin levels and substrate levels such as glucose
and lipid panels. The apparent difference in the weight changes in the A-NC and C-NC
groups is due to the duration factor. Rats in the A-NC stayed for a short duration (4 days
only). This duration included 3 days of individual housing in the Calo-cages of the TSE
PhenoMaster system for the measurement of TEE. This social isolation produced some
stress that may have caused this weight loss. The rats in C-NC remained unstressed in the
usual housing conditions in groups of five rats for 4 weeks, so they displayed some weight
gain. However, this study provides a sufficient answer to the research questions and offers
a basis for future research.

5. Conclusions

In conclusion, different doses of stress in rat models produce distinctive impacts on
energy homeostasis. In the AS rats, hypophagia was evident, with a shift in the RQ toward
fat utilization and with no significant changes in body weight despite the increase in Enho
mRNA expression in all studied tissues. In the CUMS group, the marked rise in Enho
mRNA expression may have contributed to weight loss despite the increased FI and TEE.
This work may support the role of the Enho gene, which encodes adropin, in obesity
prevention under long-term stressful conditions in rats.

Author Contributions: Conceptualization, M.M.A.A.; methodology, M.M.A.A., S.R., F.R.A.-R. and
R.M.W. software, A.M.A. validation, M.M.A.A. and A.M.A.; formal analysis, A.M.A., S.R., R.M.W.
and M.M.A.A.; investigation, M.M.A.A.; resources, A.M.A.; writing—original draft preparation,
M.M.A.A. and R.M.W.; writing—review and editing, M.M.A.A., R.M.W. and A.M.A.; supervision,
M.M.A.A.; project administration, M.M.A.A.; funding acquisition, M.M.A.A. All authors have read
and agreed to the published version of the manuscript.



Biomedicines 2023, 11, 440 10 of 11

Funding: This project was funded by the Deputyship for Research & Innovation, Ministry of Educa-
tion in Saudi Arabia (project no. IFKSURG-2-694).

Institutional Review Board Statement: The study protocol was revised and approved by the
IRB committee of the College of Sciences, Zagazig University, under the reference number ZU-
IACUC/3/F/212/2021 and the date 29 December 2021. In addition, it was approved by King Saud
University under reference no. KSU-SE-22-24 and date 24 March 2022.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation, to any qualified researcher.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research & Inno-
vation, Ministry of Education in Saudi Arabia, for funding this research work through project no.
IFKSURG-2-694.

Conflicts of Interest: All authors declare that they have no competing interest, either financial or
non-financial.

References
1. Stratakis, C.A.; Gold, P.W.; Chrousos, G.P. Neuroendocrinology of stress: Implications for growth and development.

Horm. Res. Paediatr. 1995, 43, 162–167. [CrossRef] [PubMed]
2. Raber, J. Detrimental effects of chronic hypothalamic-pituitary-adrenal axis activation. From obesity to memory deficits.

Mol. Neurobiol. 1998, 18, 1–22. [CrossRef] [PubMed]
3. Harris Ruth, B.S. Chronic and acute effects of stress on energy balance: Are their appropriate animal models? Am. J. Physiol.-Regul.

Integr. Comp. Physiol. 2015, 308, R250–R265. [CrossRef]
4. American Psychological Association. Stress in America, Paying with Our Health. 2014. Available online: http://www.apa.org/

news/press/releases/stress/2014/stress-report.pdf (accessed on 1 June 2022).
5. Von Kanel, R. Psychosocial stress, and cardiovascular risk: Current opinion. Swiss. Med. Wkly. 2012, 142, w13502.
6. Markov, D.D.; Novosadova, E.V. Chronic Unpredictable Mild Stress Model of Depression: Possible Sources of Poor Reproducibility

and Latent Variables. Biology 2022, 11, 1621. [CrossRef] [PubMed]
7. Kumar, K.G.; Trevaskis, J.L.; Lam, D.D.; Sutton, G.M.; Koza, R.A.; Chouljenko, V.N.; Kousoulas, K.G.; Rogers, P.M.; Kesterson,

R.A.; Thearle, M.; et al. Identification of adropin as a secreted factor linking dietary macronutrient intake with energy homeostasis
and lipid metabolism. Cell Metab. 2008, 8, 468–481. [CrossRef]

8. Jasaszwili, M.; Billert, M.; Strowski, M.Z.; Nowak, K.W.; Skrzypski, M. Adropin as a fat-burning hormone with multiple
functions—Review of a decade of research. Molecules 2020, 25, 549. [CrossRef]

9. Zhang, S.; Chen, Q.; Lin, X.; Chen, M.; Liu, Q. A review of adropin as the medium of dialogue between energy regulation and
immune regulation. Oxidative Med. Cell. Longev. 2020, 2020, 3947806. [CrossRef]

10. Lovren, F.; Pan, Y.; Quan, A.; Singh, K.K.; Shukla, P.C.; Gupta, M.; Al-Omran, M.; Teoh, H.; Verma, S. Adropin is a novel regulator
of endothelial function. Circulation 2010, 122, S185–S192. [CrossRef]

11. Abulmeaty, M.M.A.; Almajwal, A.M.; Alam, I.; Razak, S.; ElSadek, M.F.; Aljuraiban, G.S.; Hussein, K.S.; Malash, A.M. Relationship
of Vitamin D-deficient Diet and Irisin, and Their Impact on Energy Homeostasis in Rats. Front. Physiol. 2020, 11, 25. [CrossRef]

12. Kuti, D.; Winkler, Z.; Horváth, K.; Juhász, B.; Szilvásy-Szabó, A.; Fekete, C.; Ferenczi, S.; Kovács, K.J. The metabolic stress
response: Adaptation to acute-, repeated- and chronic challenges in mice. iScience 2022, 25, 104693. [CrossRef] [PubMed]

13. Vales, L.D.F.M.; Fukuda, M.T.H.; Almeida, S.S. Effects of acute stress on learning and memory processes of malnourished rats.
Psicol. Reflex. Crít. 2014, 27, 784–793. [CrossRef]

14. Willner, P.; Towell, A.; Sampson, D.; Sophokleous, S.; Muscat, R. Reduction of sucrose preference by chronic unpredictable mild
stress, and its restoration by a tricyclic antidepressant. Psychopharmacology 1987, 93, 358–364. [CrossRef] [PubMed]

15. Burstein, O.; Franko, M.; Gale, E.; Handelsman, A.; Barak, S.; Motsan, S.; Shamir, A.; Toledano, R.; Simhon, O.; Hirshler, Y.; et al.
Escitalopram and NHT normalized stress-induced anhedonia and molecular neuroadaptations in a mouse model of depression.
PLoS ONE 2017, 12, e0188043. [CrossRef] [PubMed]

16. Novelli, E.L.; Diniz, Y.S.; Galhardi, C.M.; Ebaid, G.M.; Rodrigues, H.G.; Mani, F.; Fernandes, A.A.; Cicogna, A.C.; Novelli Filho,
J.L. Anthropometrical parameters and markers of obesity in rats. Lab. Anim. 2007, 41, 111–119. [CrossRef]

17. Even, P.C.; Nadkarni, N.A. Indirect calorimetry in laboratory mice and rats: Principles, practical considerations, interpretation,
and perspectives. American Journal of Physiology. Regul. Integer. Comp. Physiol. 2012, 303, 459–476. [CrossRef] [PubMed]

18. Van de Heijning, B.J.M.; Oosting, A.; Kegler, D.; Van der Beek, E.M. An Increased Dietary Supply of Medium-Chain Fatty Acids
during Early Weaning in Rodents Prevents Excessive Fat Accumulation in Adulthood. Nutrients 2017, 9, 631. [CrossRef]

19. Ghneim, H.K. The effect of Echis coloratus venom on biochemical and molecular markers of the antioxidant capacity in human
fibroblasts. Libyan J. Med. 2017, 12, 13034515. [CrossRef]

http://doi.org/10.1159/000184269
http://www.ncbi.nlm.nih.gov/pubmed/7750922
http://doi.org/10.1007/BF02741457
http://www.ncbi.nlm.nih.gov/pubmed/9824846
http://doi.org/10.1152/ajpregu.00361.2014
http://www.apa.org/news/press/releases/stress/2014/stress-report.pdf
http://www.apa.org/news/press/releases/stress/2014/stress-report.pdf
http://doi.org/10.3390/biology11111621
http://www.ncbi.nlm.nih.gov/pubmed/36358321
http://doi.org/10.1016/j.cmet.2008.10.011
http://doi.org/10.3390/molecules25030549
http://doi.org/10.1155/2020/3947806
http://doi.org/10.1161/CIRCULATIONAHA.109.931782
http://doi.org/10.3389/fphys.2020.00025
http://doi.org/10.1016/j.isci.2022.104693
http://www.ncbi.nlm.nih.gov/pubmed/35880047
http://doi.org/10.1590/1678-7153.201427419
http://doi.org/10.1007/BF00187257
http://www.ncbi.nlm.nih.gov/pubmed/3124165
http://doi.org/10.1371/journal.pone.0188043
http://www.ncbi.nlm.nih.gov/pubmed/29141007
http://doi.org/10.1258/002367707779399518
http://doi.org/10.1152/ajpregu.00137.2012
http://www.ncbi.nlm.nih.gov/pubmed/22718809
http://doi.org/10.3390/nu9060631
http://doi.org/10.1080/19932820.2017.1304515


Biomedicines 2023, 11, 440 11 of 11

20. Kvetnansky, R.; Sabban, E.L.; Palkovits, M. Catecholaminergic systems in stress: Structural and molecular genetic approaches.
Physiol. Rev. 2009, 89, 535–606. [CrossRef] [PubMed]

21. Armario, A, The hypothalamic–pituitary–adrenal axis: What can it tell us about stressors? CNS Neurol. Disord. Drug Targets
2006, 5, 485–501. [CrossRef]

22. Rabasa, C.; Dickson, S.L. Impact of stress on metabolism and energy balance. Curr. Opin. Behav. Sci. 2016, 9, 71–77. [CrossRef]
23. De Souza, E.B.; Van Loon, G.R. Differential plasma beta-endorphin, beta-lipotropin, and adrenocorticotropin responses to stress

in rats. Endocrinology 1985, 116, 1577–1586. [CrossRef] [PubMed]
24. Harris, R.B.; Zhou, J.; Youngblood, B.D.; Rybkin, I.I.; Smagin, G.N.; Ryan, D.H. Effect of repeated stress on body weight and body

composition of rats fed low- and high-fat diets. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1998, 275, R1928–R1938. [CrossRef]
[PubMed]

25. Zhou, D.; Kusnecov, A.W.; Shurin, M.R.; DePaoli, M.; Rabin, B.S. Exposure to physical and psychological stressors elevates
plasma interleukin 6: Relationship to the activation of hypothalamic-pituitary-adrenal axis. Endocrinology 1993, 133, 2523–2530.
[CrossRef]

26. Rueter, L.E.; Jacobs, B.L. A microdialysis examination of serotonin release in the rat forebrain induced by behav-
ioral/environmental manipulations. Brain Res. 1996, 739, 57–69. [CrossRef]

27. Dallman, M.F.; Akana, S.F.; Strack, A.M.; Hanson, E.S.; Sebastian, R.J. The neural network that regulates energy balance
is responsive to glucocorticoids and insulin and also regulates HPA axis responsivity at a site proximal to CRF neurons.
Ann. N. Y. Acad. Sci. 1995, 771, 730–742. [CrossRef] [PubMed]

28. Loh, K.; Herzog, H.; Shi, Y.C. Regulation of energy homeostasis by the NPY system. Trends Endocrinol. Metab. 2015, 26, 125–135.
[CrossRef]

29. Dal-Zotto, S.; Marti, O.; Delgado, R.; Armario, A. Potentiation of glucocorticoid release does not modify the long-term effects of a
single exposure to immobilization stress. Psychopharmacology 2004, 177, 230–237. [CrossRef]

30. Harris, R.B.; Palmondon, J.; Leshin, S.; Flatt, W.P.; Richard, D. Chronic disruption of body weight but not of stress peptides or
receptors in rats exposed to repeated restraint stress. Horm. Behav. 2006, 49, 615–625. [CrossRef]

31. Tanimura, S.M.; Watts, A.G. Corticosterone modulation of ACTH secretogogue gene expression in the paraventricular nucleus.
Peptides 2001, 22, 775–783. [CrossRef]

32. Bhatnagar, S.; Dallman, M. Neuroanatomical basis for facilitation of hypothalamic-pituitary-adrenal responses to a novel stressor
after chronic stress. Neuroscience 1998, 84, 1025–1039. [CrossRef] [PubMed]

33. Coffman, J.A. Chronic stress, physiological adaptation and developmental programming of the neuroendocrine stress system.
Future Neurol. 2020, 15, FNL39. [CrossRef]

34. Westberry, J.M.; Sadosky, P.W.; Hubler, T.R.; Gross, K.L.; Scammell, J.G. Glucocorticoid resistance in squirrel monkeys results
from a combination of a transcriptionally incompetent glucocorticoid receptor and overexpression of the glucocorticoid receptor
co-chaperon FKBP51. J. Steroid Biochem. Mol. Biol. 2006, 100, 34–41. [CrossRef] [PubMed]

35. Chinenov, Y.; Coppo, M.; Gupte, R.; Sacta, M.A.; Rogatsky, I. Glucocorticoid receptor coordinates transcription factor-dominated
regulatory network in macrophages. BMC Genom. 2014, 15, 656. [CrossRef] [PubMed]

36. Ali, I.I.; D’Souza, C.; Singh, J.; Adeghate, E. Adropin’s Role in Energy Homeostasis and Metabolic Disorders. Int. J. Mol. Sci.
2022, 23, 8318. [CrossRef]

37. Zhang, C.; Zhang, Q.; Huang, Z.; Jiang, Q. Adropin inhibited tilapia hepatic glucose output and triglyceride accumulation via
AMPK activation. J. Endocrinol. 2020, 246, 109–122. [CrossRef]

38. Jasaszwili, M.; Wojciechowicz, T.; Billert, M.; Strowski, M.Z.; Nowak, K.W.; Skrzypski, M. Effects of adropin on proliferation and
differentiation of 3T3-L1 cells and rat primary preadipocytes. Mol. Cell. Endocrinol. 2019, 496, 110532. [CrossRef]

39. De Souza, D.B.; Silva, D.; Slva, C.M.C.; Sampaio, F.J.B.; Costa, W.S.C.; Cortez, C.M. Effects of immobilization stress on kidneys of
Wistar male rats: A morphometrical and stereological analysis. Kidney Blood Press. Res. 2011, 34, 424–429. [CrossRef]

40. Gao, S.; Ghoshal, S.; Zhang, L.; Stevens, J.R.; McCommis, K.S.; Finck, B.N.; Lopaschuk, G.D.; Butler, A.A. The peptide hormone
adropin regulates signal transduction pathways controlling hepatic glucose metabolism in a mouse model of diet-induced obesity.
J. Biol. Chem. 2019, 294, 13366–13377. [CrossRef]

41. Amen, T.; Kaganovich, D. Stress granules inhibit fatty acid oxidation by modulating mitochondrial permeability. Cell Rep.
2021, 35, 109237. [CrossRef]

42. Han, W.; Zhang, C.; Wang, H.; Yang, H.; Guo, Y.; Li, G.; Zhang, H.; Wang, C.; Chen, D.; Geng, C.; et al. Alterations of irisin,
adropin, preptin and BDNF concentrations in coronary heart disease patients comorbid with depression. Ann. Transl. Med.
2019, 7, 298. Available online: https://atm.amegroups.com/article/view/26214 (accessed on 1 January 2023). [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1152/physrev.00042.2006
http://www.ncbi.nlm.nih.gov/pubmed/19342614
http://doi.org/10.2174/187152706778559336
http://doi.org/10.1016/j.cobeha.2016.01.011
http://doi.org/10.1210/endo-116-4-1577
http://www.ncbi.nlm.nih.gov/pubmed/2982591
http://doi.org/10.1152/ajpregu.1998.275.6.R1928
http://www.ncbi.nlm.nih.gov/pubmed/9843882
http://doi.org/10.1210/endo.133.6.8243274
http://doi.org/10.1016/S0006-8993(96)00809-8
http://doi.org/10.1111/j.1749-6632.1995.tb44724.x
http://www.ncbi.nlm.nih.gov/pubmed/8597446
http://doi.org/10.1016/j.tem.2015.01.003
http://doi.org/10.1007/s00213-004-1939-y
http://doi.org/10.1016/j.yhbeh.2005.12.001
http://doi.org/10.1016/S0196-9781(01)00391-6
http://doi.org/10.1016/S0306-4522(97)00577-0
http://www.ncbi.nlm.nih.gov/pubmed/9578393
http://doi.org/10.2217/fnl-2019-0014
http://doi.org/10.1016/j.jsbmb.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16723223
http://doi.org/10.1186/1471-2164-15-656
http://www.ncbi.nlm.nih.gov/pubmed/25099603
http://doi.org/10.3390/ijms23158318
http://doi.org/10.1530/JOE-20-0077
http://doi.org/10.1016/j.mce.2019.110532
http://doi.org/10.1159/000328331
http://doi.org/10.1074/jbc.RA119.008967
http://doi.org/10.1016/j.celrep.2021.109237
https://atm.amegroups.com/article/view/26214
http://doi.org/10.21037/atm.2019.05.77
http://www.ncbi.nlm.nih.gov/pubmed/31475168

	Introduction 
	Materials and Methods 
	Animals and Procedures 
	Anthropometric Measures 
	Indirect Calorimetry 
	Blood Sampling and Corticosterone Measurement 
	Tissue Sample Preparation 
	Gene Expression Analysis 
	Statistical Analysis 

	Results 
	Body Weight Change 
	Indirect Calorimetry Change 
	Enho Gene Expression 

	Discussion 
	Conclusions 
	References

