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Abstract
Background: Altered function of the hypothalamic–pituitary–adrenal (HPA) axis in type 2 diabetic patients, a condition preceded by pre-diabetes, has been shown to increase the risk of depression as well as cause downstream effects
resulting in upregulation of gluconeogenesis and dyslipidemia. In addition, stress, either psychological from managing diabetes or lifestyle related, further activates the HPA axis causing an exaggerated stress response. This study
investigated the activity of the HPA axis in selected markers of glucose handling, and the stress response relative to
components of the HPA axis in a diet-induced pre-diabetic rat model.
Methods: Sprague Dawley Rats were randomly divided into non-pre-diabetic group (NPD) and pre-diabetic group
(PD) (n = 6, per group) over a 20-week induction period and a further 12-week experimental period to get 32 weeks.
At the end of the 20 and 32-week periods, glucose handling using the Homeostasis Model Assessment indices,
adrenocorticotropic (ACTH) and corticosterone (CORT) concentrations were measured. Stress was induced and the
forced swim test were performed in the 12-week experimental week. At the end of 32 weeks glucocorticoid and mineralocorticoid hippocampal receptors were also measured.
Results: Impaired glucose handling in the PD group as well as increase in corticosterone was observed at the end of
both 20 and 32-week periods by comparison to NPD groups. No changes were observed in ACTH concentration at
week 20 while, at week 32, a decrease in plasma ACTH concentration was observed in the PD group by comparison
to the NPD group. The stressed-induced animals were stressed using the forced swim test: the behaviour observed
showed an increase in immobility time in the PD stressed group by comparison to the NPD group. This was followed
by the observation of a decrease in ACTH and CORT concentration in the PD stressed group by comparison to the
NPD stressed group. Mineralocorticoid and glucocorticoid receptors gene expression were elevated in the stressed
PD group relative to the stressed NPD group.
Conclusion: These observations, together, suggest that diet-induced pre-diabetes is associated with impaired HPA
axis activity and deteriorating response to stress.
Keywords: Prediabetes, High-fat high-carbohydrate diet, Hypothalamic–pituitary–adrenal axis, Cortisol,
Corticosterone, Stress
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Background
Pre-diabetes is defined as an intermediary state of
hyperglycaemia that occurs between normoglycaemia and type 2 diabetes mellitus (T2DM) with blood
glucose concentrations above normal but below
the threshold for diagnosis of diabetes [1, 2]. It is
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further characterised by reduced insulin sensitivity in the peripheral tissues such as skeletal muscles
[1]. Increased consumption of high caloric diet and
physical inactivity coincided with the increased prevalence of diabetes and pre-diabetes [3, 4]. In 2012, the
Centre for Diabetes and Endocrinology South Africa
reported that three and a half million South Africans
suffered from diabetes and estimated that five million
people in South Africa have pre-diabetes [4]. Globally,
the International Diabetes Federation (IDF) estimated
that by 2045, 629 million are expected to have T2DM
[3]. While T2DM is often associated with macro-and
microvascular complications, studies indicate that poor
management of everyday stress in diabetic patients is
associated with increased risk of depression and anxiety [5–7]. This is said to be due to the constant activation of the hypothalamic–pituitary–adrenal (HPA) axis
observed in type 2 diabetic patients [8].
The hypothalamic–pituitary–adrenal (HPA) axis plays
a role in glucose homeostasis during acute stressful conditions [9–11]. Glucocorticoids, cortisol in humans or
corticosterone in rodents, the end product of the HPA
axis, is a catabolic hormone with the primary function of
increasing availability of energy during a stressed condition by having an effect on the metabolism of carbohydrate and lipids [12, 13]. However, dysregulation of the
HPA axis in T2DM has been shown to further worsen
the hyperglycaemic state causing hyperlipidemia and
dyslipidemia as well as increase the risk of depression in
diabetic patients [8, 13–16]. The prevalence of depression and anxiety is much higher in diabetic patients than
it is for non-diabetic individuals [17, 18]. Several studies
attribute this to stress associated with the diagnosis and
management of diabetes as well as treatment of the disease [19, 20]. The increased stress activates an already
heightened HPA axis causing an elevated stress response
resulting in the development of a behavioural response
that includes decreased physical exercise and increased
consumption of unhealthy diet. [5, 20–22]. The consumption of a more palatable food rich in refined carbohydrates and saturated fats as a coping mechanism may
dampen the stress response by triggering the release of
dopamine which activates the reward pathways found in
the brain triggering the release of serotonin [23, 24]. The
release of serotonin towards the hypothalamus overrides
satiety and hunger pathways resulting in either further
consumption or diminished intake of food [23]. The constant release of serotonin due to persistent consumption
of this diet exacerbates the diabetic conditions resulting
in further activation of the HPA axis [6, 24–26]. The persistent activation of the HPA axis may lead to dysregulation of the HPA axis resulting in depressive symptoms
such as psychomotor retardation as seen in some diabetic
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patients [22, 27]. However, it is unknown whether these
changes are present in a prediabetic state.
Previous studies in our laboratory developed a high
fat high carbohydrate (HFHC) diet-induced prediabetic
animal model which mimics the human condition of prediabetes [28, 29]. Several studied have revealed that various complications seen in T2DM begin in the prediabetic
state [28–30]. However, the effect of pre-diabetes on the
HPA axis and stress response in the prediabetic animal
model has not yet been investigated. Hence, the aim of
this study was to investigate HPA axis function and the
stress response in a diet-induced prediabetic rat model.

Methods
Animals and housing

Male Sprague–Dawley rats (150–180 g) used in this study
were bred and housed in the Biomedical Research Unit
(BRU) of the University of KwaZulu-Natal. All animal
procedures and housing conditions were approved by
the Animal Research Ethics Committee of the University of KwaZulu-Natal, which conforms to the principles and guidelines of Canadian Council on Animal Care
(ethics no: AREC/024/018D). The animals were maintained under standard laboratory conditions of constant
temperature (22 ± 2 °C), carbon dioxide (CO2) content
(< 5000 p.m.), relative humidity (55 ± 5%) and illumination (12 h light/dark cycle, lights on at 07h00). The noise
level was maintained at less than 65 decibels approved.
The animals were allowed access to food and fluids
ad libitum. The animals acclimatized to their new environment for 1 week while consuming standard rat chow
and tap water before the induction of pre-diabetes by
exposure to a well-established experimental diet (HFHC)
[29].
Induction of pre‑diabetes mellitus

Sprague–Dawley rats were randomly assigned to two diet
groups, group A and B (n = 18 per group): Experimental
pre-diabetes was induced in male Sprague–Dawley rats
using a protocol previously described by Luvuno et al.
[29]. In summation, the group B animals were exposed to
HFHC diet supplemented with 15% fructose for 20 weeks
and designated as the prediabetic group (PD) while group
A which was designated non-prediabetic group (NPD)
was exposed to standard rat chow with normal drinking
water for the equal number of weeks. After 20 weeks, the
American Diabetes Association criteria for the diagnosis
of pre-diabetes was used to diagnose all animals for prediabetes, i.e. animals that had prediabetic signs including
fasting blood glucose concentrations of 5.6–7.1 mmol/L,
oral glucose tolerance test (OGTT) 2-h glucose concentration of 7.1–11.1 mmol/L and plasma triglycerides
concentration of greater than 2 mmol/L were considered
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prediabetic and all above measurements below the prediabetic threshold were considered non-prediabetic. At the
end of 20 weeks, 6 rats from each group (n = 6 per group)
were sacrificed for biochemical analysis. This was considered phase 1 of the study. The rest of the rats continued with their respective diets for 12 weeks more which
would be regarded as phase 2 of the study where food
intake was monitored, and stress-induced to complete
32 weeks to allow further development of pre-diabetes.
The Homeostasis Model assessment

At the end of both phases, the Homeostasis Model
assessment was used to measure HOMA-IR, HOMA-S
and HOMA-β indices to assess insulin resistance, insulin sensitivity and beta-cell function capacity were calculated using the HOMA2 Calculator v2.2.3 program
[31]. In homeostasis model assessment (HOMA) insulin
resistance is expressed as HOMA-IR value < 1.0 = insulin-sensitive, > 1.9 = early insulin resistance, > 2.9 = significant insulin resistance. Insulin sensitivity is expressed as
HOMA-S% where the higher the percentage the higher
the insulin sensitivity of the subject. Beta-cell secretory
capacity is expressed as HOMA-β% where the higher the
value the more the beta-cells secrete more insulin to handle existing blood glucose level [32].
Experimental procedures
Unpredictable chronic mild stress

At the beginning of week 32, the animals were further
randomly divided into four groups according to rats that
would be stressed. The NPD group was split into two
groups (n = 6 per group) which were designated nonprediabetic non-stressed (NPD-NS), and non-prediabetic
stressed (NPD-S) groups. The PD group was divided into
two groups (n = 6 per group) as well and were designated
as prediabetic non-stressed (PD-NS), and prediabetic
stressed (PD-S). The stressed rats experienced unpredictable chronic mild stress (UCMS) which according to
literature may last for 5 days or more compared to acute
stress which has been shown to be 1 to 3 days depending on the type of stressor and duration of the stressor
[33, 34]. However, for the purpose of this study, 5 days of
UCMS was conducted using the physical restraint stress
(3 days) and forced swim test (2 days).
Physical restraint stress

Non-prediabetic stressed (NPD-S), and prediabetic
stressed (PD-S) rats were placed in a clear cylindrical
tube with ventilation holes for 30 min in an isolated room
between 09h00 and 10h00 for 2 days prior to the forced
swim test and again for an additional day after forced
swim test.
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Forced swim test

During week 31 on day 5, 2 days after the physical
restraint, the forced swim test was performed. Clear
or transparent PVC 50-cm high, 22 cm diameter cylindrical tanks were filled with tap water (23 ± 2 °C) to a
water depth adjusted according to the rat’s size so that
the rat’s tail could not touch the bottom of the container. Water was replaced after each session. Forced
swim sessions were carried out and video recorded in
the BRU behavioural room. Each rat underwent two
sessions, the pre-test stage and 24 h later, the test stage.
During the pre-test session, the rats were individually
placed in the water for a 15-min forced swim session.
During the test session, 24 h later, the rats were placed
in the water again for 5 min. Immediately after each
session, rats were dried with a cloth towel for 10–20 s
and placed back in their home-cages. The following
behavioural measures were scored by the researcher
during the first 5-min period of each session: (1) Swimming: The rat shows smooth, coordinated movements
with forelimbs or hind limbs moving in a paddling fashion and the water surface is not broken by the limbs.
(2) Climbing/Struggling: The rat shows strong, vigorous movements with the forelimbs and hind limbs
moving forcefully to break the water surface vigorously. (3) Immobility: The rat floats or only makes basic
movements to keep the nose above the water surface.
To record only the full presentation of behaviours, a
behaviour began to be recorded after it lasted 2 s.

Blood collection and tissue harvesting
For blood collection, all animals were anaesthetised with
Isofor (100 mg/kg) (Safeline Pharmaceuticals (Pty) Ltd,
Roodeport, South Africa) via a gas anaesthetic chamber (Biomedical Resource Unit, UKZN, Durban, South
Africa) for 3 min. While rats were unconscious, blood
was collected by cardiac puncture and then injected into
individual pre-cooled heparinized containers. The blood
was then centrifuged (Eppendorf centrifuge 5403, Germany) at 4 °C, 503 g for 15 min. Plasma was collected and
stored at − 70 °C in a Bio Ultra freezer (Snijers Scientific,
Holland) until ready for biochemical analysis. Following blood collection, the hippocampus was removed and
placed in pre-cooled Eppendorf containers and snap-frozen in liquid nitrogen before storage in a Bio Ultra freezer
(Snijers Scientific, Tilburg, Netherlands) at − 80 °C.
Biochemical analysis
Plasma insulin, adrenocorticotropic hormone (ACTH)
and corticosterone (CORT) concentrations were measured using their respective rat competitive-ELISA kits
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(Elabscience Biotechnology Co., Ltd, Wuhan, China)
according to the manufacturer’s instructions.

Real‑time quantitative PCR (RT‑qPCR)
The harvested hippocampus tissue was subjected to
RNA extraction using a ReliaPrep miRNA Cell and Tissue Miniprep System (Promega, USA). The purity and
concentration of RNA were determined by Nanodrop
2000 (Thermo Scientific, Roche, South Africa). A purity
ratio (A260/A280) of 1.7–2.1 was considered acceptable
for conversion to cDNA. Total RNA (1 μg) was reversetranscribed into cDNA using a GoTaq® 2-Step RT-qPCR
System as a cDNA synthesis kit (Promega, USA) following the manufacturer’s instructions. The BIO-RAD iTaq
Universal SYBR Green I master mix was used to perform
the PCR amplification on ROCHE LightCycler96 (Roche,
South Africa). Primer sequences (Metabion, Germany)
used in this study can be found in Table 1 below. PCR
was performed using the following cycling conditions:
Pre-incubation for 10 min at 95 °C, followed by 45 cycles
of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s. The
RT-qPCR results were analysed using the 2−ΔΔCq comparative method relative to the control groups [35]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the house keeping gene.
Statistical analysis

All data were expressed as means ± S.E.M. Statistical
comparisons were performed with Graph Pad InStat
Software (version 5.00, Graph Pad Software, Inc., San

Table 1 List of primers used in the study
Sequence name

Sequence

Nr3c1 gene
(glucocorticoid receptor)

Forward: 5′-ACCTCGATGACCAAATGACC-3′
Reverse: 5′-AGCAAAGCAGAGCAGGTTTC-3′

Nr3c2 gene
(mineralocorticoid receptor)

Forward: 5′-AAAGGGTAGTGTGTGCAGGG-3′
Reverse: 5′-GTTC TCC TAGTTCCCGGAGG-3′

GAPDH

Forward: 5′-AGTGCCAGCC TCGTCTCATA-3′
Reverse: 5′-GATGGTGATGGGT TTCCCGT-3′

Diego, California, USA) using student t-test for phase 1
of the study. One-way ANOVA was used for phase 2 of
the study, followed by the Bonferroni post hoc test, which
was used for the analysis of differences between control
and the experimental groups. A value of p < 0.05 was considered statistically significant.

Results
HOMA‑IR, HOMA‑S and HOMA‑β indices, plasma
adrenocorticotrophic hormone (ACTH) and corticosterone
(week 20)

At the end of 20 weeks, glucose handling by assessing
insulin sensitivity and beta-function cell through the
HOMA-IR, HOMA-S and HOMA-β indices were measured along with plasma ACTH and corticosterone concentration. The results in Table 2 showed that HOMA-IR
value for NPD was within the insulin-sensitive range
(< 1.0) while the PD group had a significantly higher
HOMA-IR value compared to the PD which was in the
range of significant insulin resistance. HOMA-S percentage of the PD was significantly lower than the NPD group
while the HOMA-β percentage of the PD group was significantly higher in comparison to the NPD group. The
results also showed that the PD group had similar ACTH
concentration compared to the NPD group. However, the
PD group had a significantly higher corticosterone concentration compared to the NPD.
HOMA‑IR, HOMA‑S and HOMA‑β indices, plasma ACTH
and corticosterone (week 32)

At the end of 32 weeks, glucose handling by assessing insulin sensitivity and beta-cell function through
the HOMA-IR, HOMA-S and HOMA-β indices were
measured along with plasma ACTH and corticosterone concentration. Table 3 shows the HOMA-IR index
assessment for glucose handling in PD and NPD with
measurements of plasma ACTH and corticosterone
(CORT) concentration measured in non-stressed nonprediabetic (NPD) and prediabetic (PD) rat at week 32.
HOMA-IR value for NPD was within the insulin-sensitive range (< 1.0) while the PD group had a significantly
higher HOMA-IR value compared to the PD which was

Table 2 HOMA-IR, HOMA-S and HOMA-β indices, ACTH and corticosterone plasma concentrations in non-pre-diabetic
(NPD) and pre-diabetic (PD) rats (n = 6, per group)
Groups (n = 6)

NPD
PD

Plasma
glucose
(mmol/L)
4.60 ± 0.45

6.08 ± 0.05*

Values are expressed as mean ± SEM

Plasma insulin (pmol/L)

30.42 ± 3.26

322.80 ± 17.56

*p < 0.05; ***p < 0.001 denotes comparison with NPD

HOMA-IR values

HOMA-S
values
(%)

HOMA-β
values
(%)

0.56

178.5

77,1

5.92 ***

16.9

226,6

Plasma ACTH (pg/ml)

731.00 ± 23.22

747.30 ± 9.60

Plasma
corticosterone
(ng/ml)
526.20 ± 3.89

574.40 ± 15.77 *
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in the range of significant insulin resistance. HOMAS percentage was significantly lower in the PD group in
comparison to the NPD group while the HOMA-β percentage of the PD group was significantly higher compared to the NPD group. The results further showed that
there was a decrease in plasma ACTH concentration in
PD group compared to the NPD. CORT in the PD group
was slightly increased compared to the NPD.
Stressed animals: forced swim test, plasma ACTH
and corticosterone

ACTH and corticosterone concentrations for the
stressed non-prediabetic and prediabetic groups. The
PD group experienced a significantly increased immobility time compared to the NPD while the PD group
showed a significantly decreased struggle time compared to NPD group. ACTH concentration of the
stressed PD group was significantly decreased compared to the stressed NPD. The stressed PD group had
a substantially lower concentration of corticosterone
than the stressed NPD group.

Figure 1 displays the mean immobility time and mean
struggle time forced swim test as well as the plasma

Table 3 HOMA-IR, HOMA-S and HOMA-β indices, ACTH and corticosterone plasma concentrations in non-pre-diabetic
(NPD) and pre-diabetic (PD) rats (n = 6, per group)
Groups (n = 6)

Plasma
glucose
(mmol/L)

NPD

5.18 ± 0.36

PD

5.80 ± 0.44

Values are expressed mean ± SEM

Plasma insulin (pmol/L)

22.43 ± 3.98

145.30 ± 4.73

HOMA-IR values

HOMA-S
values
(%)

HOMA-β
values (%)

0.43

234.2

49.4

2.75*

36.3

141.2

Plasma ACTH (pg/ml)

706.50 ± 11.35

Plasma
corticosterone
(ng/ml)
147.20 ± 1.37

635.80 ± 13.84 **

157.40 ± 1.70**

*p < 0.05; **p < 0.01, denotes comparison with NPD

a

b
Mean Struggling time (sec)

Mean Immobility time (sec)

300

200

100

0

200

100
50
0

Groups

d
1000

400

Corticosterone (ng/ml)

800

ACTH (pg/ml)

PD

150

Groups

c

NPD

600
400
200
0

Groups

NPD
PD

300
200
100
0

Groups

Fig. 1 Mean immobility time (a) and mean struggle time (b) in stressed non prediabetic (NPD) and prediabetic (PD) rats (n = 6, per group). ACTH (c)
and Corticosterone (d) plasma concentrations in stressed non prediabetic (NPD) and prediabetic (PD) rats (n = 6, per group). Values are expressed as
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 denotes comparison with NPD
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Glucocorticoid Receptors

Mineralocorticoid Receptors
10

mRNA Relative Expression

6

4

2

0

NPD
PD

8
6
4
2

S

S

NS

0

NS

mRNA Relative Expression

8

Fig. 2 Glucocorticoid and Mineralocorticoid receptors in non-stressed (NS) and stressed (S) non-prediabetic (NPD) and prediabetic (PD) rats (n = 6,
per group). Values are expressed as mean ± SEM. *p < 0.05; **p < 0.01 denotes comparison with NPD

Hippocampal glucocorticoid and mineralocorticoid
receptors

Figure 2 shows hippocampal glucocorticoid (GR) and
mineralocorticoid receptor (MR) gene expression measured in non-stressed (NS) and stressed (S) non-prediabetic and prediabetic group at the end of week 32. The
NS PD group experienced a half-fold decrease in both GR
and MR gene expression relative to the NS NPD group.
The S PD group experienced a four-fold increase in GR
gene expression while there was a seven-fold increase in
MR gene expression relative to the NPD group.

Discussion
A diet high in fats and carbohydrates has been identified as a factor in the increased prevalence of T2DM [26,
36]. However, studies indicate that complications often
associated with T2DM begin during pre-diabetes [7].
Previous studies done in our laboratory have found that
micro- and macrovascular changes leading to complications such as cardiovascular complications and non-alcoholic fatty liver disease seen in T2DM have been shown
to begin during a prediabetic state [37, 38]. Hence, this
current study was aimed at investigating the changes in
the functioning of the HPA axis in a HFHC diet-induced
prediabetic rat model.
Pre-diabetes has been reported to be associated with
elevated blood glucose concentration (2). The findings
of the present study coincided with a recent study conducted in our laboratory that reported that prolonged
exposure to a HFHC diet supplemented with 15% fructose in rats resulted in elevated blood glucose concentration and a disturbance in glucose tolerance [29]. The
current study confirms that ingesting the HFHC diet
results in the increase in blood glucose concentrations

which was seen during the fasting plasma glucose concentration resulting in impaired fasting glucose. This
suggests that glucose utilization in insulin-dependent
peripheral tissues such as skeletal muscles is decreased
[39]. Glucose is increased by the breakdown of dietary
carbohydrates, thus promoting insulin secretion and
increasing insulin in circulation for glucose uptake by the
tissues cells [40]. However, sufficient glucose is not taken
up by the peripheral tissues suggesting there is some
insulin resistance from the tissues as seen by the elevated
glucose levels in plasma [40]. The insulin resistance indicated by the HOMA-IR index in the results could be due
to the high intake of dietary fat, which increases the triglycerides due to decrease in expression of apo-B resulting in accumulation of LDLs [41]. As insulin is released
under normal regulated physiology, the peripheral tissues
are exposed to the free fatty acid (FFA) which induces
insulin resistance due to the sufficient amount of insulin not producing adequate insulin response resulting in
pancreatic β-cells producing more insulin as observed
in the elevated plasma insulin and HOMA-β index [42].
This is to compensate for the high blood glucose concentrations that are found among the insulin resistant
peripheral tissues [43].
Elevated plasma glucose and plasma insulin concentration though seen in a prediabetic state, have been found
to have similar results in type 2 diabetic patients with a
heightened HPA axis activity. Glucocorticoid (GC), cortisol in humans and corticosterone (CORT) in rodents, has
been suggested to be a possible link in insulin resistance
seen in elevated blood glucose concentration and imbalance of lipids as seen in previous studies [37]. We evaluated the HPA axis activity by measuring two components
of the HPA axis under basal non-stressful conditions and
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found plasma ACTH levels did not change significantly,
whereas CORT concentration increased in a prediabetic
state. Various studies which studied the HPA axis functioning in type 2 diabetic patients have given conflicting results. Several studies found that HPA axis activity
is increased [44, 45], whereas a different study found
that the HPA axis is not heightened in diabetic individuals without diabetic complications [44]. However,
individuals with severe diabetic complications showed
increased HPA axis activity [44]. These results coincided
with a study that showed that ACTH concentration did
not change in diabetic individuals, but the cortisol concentration was increased [44]. The same study associated this phenomenon to impaired feedback mechanism
of the HPA axis [44]. The current study’s results suggest that CORT concentration in a prediabetic state in
the rat model had increased to a new basal secretion
concentration to compensate for the increase in blood
glucose concentration [45]. It would also suggest that
the negative feedback mechanism was impaired as the
CORT concentration did not decrease in response to the
ACTH concentration [45]. Another possible contributor to the increased baseline secretion concentration of
CORT is fructose [46]. High fructose intake had shown
to heighten the HPA axis, increasing the baseline cortisol
secretion [46]. Though the increase in glucose and lipids
can also be attributed to the dietary intake, the increase
in CORT concentration which has been shown to induce
insulin resistance is a possible attributor of the increase
in glucose levels and the derangement of lipids.
Elevated glucocorticoid concentration not only leads to
insulin resistance, but it has been shown that increased
glucocorticoids (GCs) decrease insulin production,
secretion and sensitivity [47–49]. The increase in GCs,
particularly during stress, is designed to increase energy
availability by increasing glucose output from the liver
while simultaneously disturbing insulin action [11, 49,
50]. However, in an environment where elevated GC
exposure is prolonged even under non-stressful conditions, as shown in our results, this environment may
cause increased interference of insulin action [11,
50]. Glucocorticoids have been shown to inhibit the
pancreatic-β cells from secreting insulin directly, impair
insulin-mediated glucose uptake and interfere in the
insulin signalling cascade in peripheral tissues such as
skeletal muscles [47, 48, 51]. Studies have shown that a
compensatory mechanism is activated in healthy individuals during acute glucocorticoid-insulin resistance
where pancreatic-β cells increase their function or insulin release [49, 52]. However, in individuals or rodents
where insulin sensitivity is decreased, and insulin resistance is increased such as the prediabetic animal model
in this study, the compensatory mechanisms counteract
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the prolonged glucocorticoid-induced insulin resistance
resulting in hyperglycaemia [49, 52–54]. Hyperglycaemia
can also be attributed to glucocorticoids function in regulating glycogen reserves in the liver by promoting gluconeogenesis, thus increasing glucose levels for energy
production whereby elevated glucocorticoid upregulates
its function [12, 55]. The further increase of glucocorticoids in a stressful event could then trigger exacerbated
hyperglycaemia, increasing the risk of depression.
The distress of a new T2DM diagnosis, managing
T2DM as well as the addition of everyday increase of
unpredictable stressors have been shown to contribute
and exacerbate complications seen in T2DM patients [56,
57]. Furthermore, the increase in stress has been linked
to diabetic patients presenting with depressive symptoms and showing an increased risk of depression [58].
Depression is a complex heterogeneous neurological disorder where one of the main physiological manifestations
is the dysregulation of the HPA axis as a result of chronic
stress [59]. It has been shown that the combination of
chronic stress and T2DM can cause further dysregulation
of the HPA axis [9, 60]. This is further worsened by a sedentary lifestyle and excessive consumption of high caloric
diet which often refined carbohydrates and saturated fats
[61, 62]. The induction of pre-diabetes for 20 weeks was
associated with elevated corticosterone concentrations
at under non-stressful conditions [34]. So, we further
investigated the behavioural and physiological response
of diet-induced prediabetic rats with the addition of mild
chronic stress.
Behavioural changes are typically the first signs or
symptoms of individuals who are depressed [63]. In an
inescapable environment, with the individual having
experienced chronic stress prior, increased psychomotor
retardation has been shown to be a symptom of depression [64]. This study looked at the psychomotor response
of chronically stressed-induced prediabetic and nonprediabetic rats using the forced swim test, a behaviour
assay. This behaviour test is performed to assess the psychomotor responses by placing the individual rodents
in an inescapable stressful environment to see how they
respond [65]. The use of the forced swim test as an assay
for behavioural observation of depression has been a
source of scientific controversy over the years [66, 67].
The immobility of the rodents has been suggested to be
an adaptive behaviour rather than a representation of an
internal state of defeat leading to psychomotor retardation as seen in humans [66, 68]. While this is a possibility, there are various studies which have shown the use of
this test to be viable in showing the individual rat’s coping
response to stress [67, 69, 70]. Multiple studies that have
investigated antidepressants have shown that the induction of chronic stress in rodents has resulted in the state
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of defeat which has been likened to psychomotor retardation in humans with depression [67, 69, 70]. The use of
some of these antidepressants was shown to reduce the
immobility of the once immobile rats after treatment by
seeing an increase in struggling time [67, 69, 70]. Immobility of the rat, known as a state of defeat, includes very
minute movements to remain above water to breathe
without the vigorous struggle of trying to escape as
seen in the non-prediabetic group with increased struggle time [71]. The prediabetic group experienced an
increased overall immobility time. The associated psychomotor retardation to increased immobility may be
attributed to the chronic stress induction received a few
days prior, which may have resulted in increased corticosterone [72, 73]. Chronic stress has been shown to be
associated with depressive symptoms due to the constant
activation of the HPA axis, which increases GC concentration in circulation [74]. The continual increase in glucocorticoids travels to the brain where constant, elevated
GCs in the highly regulated brain may cause dysregulation of receptors in the hippocampus which may bring
about dysfunction of the HPA axis resulting in the behavioural changes seen [75]. The increase in psychomotor retardation can also be attributed to the high caloric
intake, which included a high intake of fat and fructose. It
has been shown that increased consumption in fructose
has been linked to increased risk of depressive-like symptoms where elevated fructose in circulation has been
shown to accumulate in the brain and result in dysregulation of the reward centres found in the limbic system in
the brain contributing to the symptoms seen in depressive individuals [76].
The HPA axis is a tightly regulated pathway which plays
a vital role in the stress response [77]. However, T2DM
has been shown to cause dysregulation of the HPA axis
resulting in the increased risk of depression [58]. One of
the physiological manifestations seen in individuals with
depression coupled with T2DM is the dysregulation of
the two major components of the HPA axis, ACTH as
well as GC which is cortisol in humans and corticosterone (CORT) in rodents [44, 58]. At the initial state of prediabetes at week 20, the results showed that ACTH basal
concentration in non-stressful conditions did not have
significant change, however, once the prediabetic state
was prolonged there was a decrease in ACTH concentration in the same non-stressful conditions. Corticosterone
concentrations remained consistently high even as the
prediabetic state was prolonged in the non-stressful condition. Ideally, a decrease in ACTH should correlate to
CORT concentration, and CORT concentration should
decrease as a form of negative feedback [77]. However,
the differences in concentrations of the two hormones
could be an indication that the prolonged prediabetic
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state may cause impaired negative feedback [44]. In addition, signalling between the ACTH and adrenal gland
may have also been impaired as an increase in corticosterone under basal non-stressful condition could be a result
of the high caloric diet [78]. A study showed that a diet
high in fat resulted in hyperplasia of the adrenal cortex
and increased expression of multiple genes involved in
steroidogenesis, including the production of CORT [78].
Several studies, however, have reported that fructose is
able to pass the blood–brain barrier (BBB) via the glucose
transporter 5 (GLUT 5) which has a high affinity to fructose and shown to be found on the BBB as well as areas
in the brain such as the hypothalamus and hippocampus
[79, 80]. Fructose found in excess in the peripheral circulation from increased fructose intake passes the BBB
and accumulates in the hypothalamus, which can result
in toxicity leading to activation of the HPA axis [46, 80].
Our study also looked at these two components after
chronic stress was induced and found that prediabetic
stressed animals had ACTH concentration that followed
the same trend as prediabetic non-stressed. The CORT
concentrations in the prediabetic stressed animals experienced a significantly decreased concentration which
may reiterate an indication of impaired signalling and
feedback [44]. This may have been due to insufficient
ACTH, which was not able to stimulate the adrenal cortex resulting in a decrease in CORT [81]. In addition, this
could also be a result of adrenal fatigue as it has been
reported that the adrenal gland may experience hypertrophy due to a high fat diet and chronic stress which
could increase secretion of the hormones [78, 82]. However, in an adverse situation such as chronic stress, this
could result in exhaustion of the adrenal gland in secreting these hormones, including the CORT [78, 82]. The
diet-induced prediabetic state especially one where the
diet is high in saturated fats and refined carbohydrates
may dampen the ACTH release causing decreased activation of the HPA axis during the stress [83, 84]. The CORT
concentrations of the prediabetic stressed animals correlates to the assumption that highly palatable food like
the HFHC diet given to the prediabetic animals may have
dampen the stress response [83, 84]. Moreover, when
we observe the previous behaviour results and receptors
involved in stress response management and correlate
the ACTH levels to CORT concentrations the supposition would be that CORT decreased after consumption
of the palatable HFHC diet following the stress. It has
been shown that palatable westernized food can dampen
the stress response by activating reward centres in the
limbic area of the brain resulting in the decrease in HPA
axis activation during stress [50, 76].
Glucocorticoids (GCs) are mediated by two receptors,
mineralocorticoid receptors (MR) and glucocorticoid
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receptors (GR) [85]. These receptors are found in various tissues in the body, including the brain where binding
of GCs to these receptors mediate various physiological responses, including the stress response [85]. MRs
expression is limited in the brain and can be found in the
limbic areas of the brain such as the hippocampus and
amygdala playing a role in the early response to stress,
whereas GRs are expressed through the brain [86]. In the
hippocampus, GR’s function is mediating a negative feedback response to the hypothalamus [87]. In a state of rest,
GCs binds more to MRs as MRs have a tenfold higher
affinity for GCs than GR in the hippocampus [75]. However, during a stress response, GCs are increased resulting
in the increased expression of GR’s while MR expression
becomes decreased which can be seen in the results of
the receptor gene expression and CORT concentrations of the control non-stressed groups [75]. Increased
expression of GRs in the hippocampus during stress
results in increased GR-CORT binding, which triggers
a negative feedback regulation where GR-CORT ligand
complex initiates signalling to the hypothalamus, causing a decrease in CRH secretion [88]. A decrease in CRH
results in a decrease of ACTH secretion in the anterior
pituitary gland leading to a decrease in glucocorticoids
secretion in the adrenal gland and eventually restoring
the body back to its non-stressed physiological condition [77, 89]. However, persistent activation of the HPA
axis due to chronic stress results in the HPA axis being
hyper-activated causing an abnormal increase of GCs
[75, 89]. The subsequent abnormal increase causes downregulation of GRs in the hippocampus and an upregulation of MRs, which has been associated with depressive
symptoms [90]. Increased MR expression during stress
as seen with the prediabetic stressed group has been
shown to decrease CRH inhibition, causing impaired
feedback which could explain the behaviour modifications seen in depressed rodents. A novel pathway was
described by Zhou et al., as a possible mechanism in the
downregulation of impairment of GRs and upregulation
of MRs as one of the aetiologies in depression. MR binding to corticosterone results in MR activation, causing an
upregulation in nNOS expression increasing nitric oxide
(NO). Increased NO interrupts and interacts with the
sGC-cGMP and hippocampal MAPK pathways respectively resulting in the downregulation of GR expression.
This causes decreased inhibition of the hypothalamus
resulting in further secretion of CRH leading to the
hyperactivation of the HPA axis and subsequent behaviour change seen in the prediabetic stressed group [91].
However, the increase in GR expression at gene level
could be attributed to fructose from the diet. It has been
reported that increase fructose in the hippocampus along
with other areas in the brain, specifically the limbic areas
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responsible for reward and pleasure, increase GR expression [50, 76]. The upregulation is a result of the activation of reward centres in the brain where palatable food
which includes fructose has been shown to dampen the
stress response by inhibiting the HPA axis activity during
a stress response [76, 83].
The study had a few limitations such as the need to
analyse lipid profile to further confirm the impact of GCs
and diet in causing hyperlipidemia and dyslipidemia.
Additional behavioural studies such as the use of the
elevated plus maze used in analysing anxiety symptoms
would have been beneficial in further understanding the
association between prediabetes and the consequence of
a stressed activated HPA axis. Further investigation of
other components of the stress response such as catecholamines and cytokines involved in fight, flight or freeze
response to stress would have been beneficial. However,
the collective results obtained in this study warrants the
need to look at this association in humans which can
further drive the need for more research in preventative
measures against T2DM in the prediabetic state and further improve the diagnostic methods of prediabetes in
order to prevent the progression of T2DM as this state
is reversible. The evidence in this study also warrants the
need to investigate mental health deterioration in association with prediabetes and how diet contributes to both
states.

Conclusion
In conclusion, HFHC diet-induced prediabetic state
is associated with dysregulation of the HPA axis was
evidenced by the elevated basal CORT concentration
along with the unchanged ACTH concentration in nonstressed conditions. In addition, the behavioural response
is affected by the prediabetic state in combination with
chronic stress which was evidenced by increased immobility time liken to psychomotor retardation as well as
the elevated receptors altering the stress response. Collectively, these observations not only suggest that high
caloric diet-induced pre-diabetes increases the risk of
progression of pre-diabetes to T2DM, but pre-diabetes
may predispose individuals to an additional diagnose of
depression if interventions to reverse pre-diabetes are
not taken.
Abbreviations
ACTH: Adrenocorticotropic hormone; ADA: American Diabetes Association;
ANS: Autonomic nervous system; BBB: Blood brain barrier; BRU: Biomedical
Research Unit; CORT: Corticosterone; CRH: Corticotropic releasing hormone;
ELISA: Enzyme linked immunosorbent assay.; FFA: Free fatty acid; FST: Forced
swim test; GC: Glucocorticoids; GLUT: Glucose transporter; GR: Glucocorticoid receptor; HFHC: High fat high carbohydrate; HPA: Hypothalamic–adrenal–pituitary; IDF: International Diabetes Federation; IFG: Impaired fasting
glucose; IGT: Impaired glucose tolerance; MR: Mineralocorticoid receptor;
nNOS: Neuronal nitric oxide synthase; NO: Nitric oxide; NPD: Non-prediabetes;

Mosili et al. Nutr Metab (Lond)

(2020) 17:104

Page 10 of 12

OGTT: Oral glucose tolerance test; ONOO: Peroxynitrite; PD: Prediabetes; PVN:
Paraventricular nucleus; T2DM: Type 2 diabetes mellitus; UCMS: Unpredictable
chronic mild stress; UKZN: University of KwaZulu-Natal; WHO: World Health
Organisation.

9.

Acknowledgements
The authors would like to acknowledge Mr Dennis Makhubela for his technical
expertise, the Biomedical Resource Units, University of KwaZulu-Natal for the
supply of animals as well as the National Research Foundation scholarship,
South Africa, for financial support.

11.

Authors’ contribution
PM and BCM contributed to the study design, conducted the experiments,
collected, analysed and interpreted data as well as being involved in writing
the manuscript. PN and NS were involved in the study design, interpretation
of data and editing of the manuscript. AK was involved in the conceptualization of the study, study design, analysis and interpretation of data, writing and
editing of the manuscript as well as provide funding. All authors have read the
manuscript and approved its submission.

13.

Funding
The study was funded by the UKZN College of Health Science.
Availability of data and materials
The datasets generated during the current study are available from the corresponding author on reasonable request.
Ethics approval and consent to participate
All animal procedures and housing conditions were approved by the Animal
Research Ethics Committee of the University of KwaZulu-Natal, which conforms to the principles and guidelines of Canadian Council on Animal Care
(Ethics No: AREC/024/018D).

10.

12.

14.
15.
16.
17.
18.

19.
20.

Consent for publication
Not applicable.

21.

Competing interests
The authors declare that they have no competing interests.

22.

Author details
1
Department of Human Physiology, School of Laboratory Medicine and Medical Sciences, College of Health Sciences, University of KwaZulu-Natal, Room
E2‑401, Westville 4000, South Africa. 2 Pharmacology Division, Faculty of Pharmacy, Rhodes University, Grahamstown 6140, South Africa.

23.
24.

Received: 30 July 2020 Accepted: 2 December 2020

26.

25.

27.
References
1. Bansal N. Prediabetes diagnosis and treatment: a review. World J Diabetes. 2015;6(2):296.
2. Tabák AG, Herder C, Rathmann W, Brunner EJ, Kivimäki M. Prediabetes: a high-risk state for diabetes development. Lancet.
2012;379(9833):2279–90.
3. Aguiree F, Brown A, Cho NH, Dahlquist G, Dodd S, Dunning T et al. Idf
diabetes atlas. 2019.
4. Wagenaar P, Hardy G. Cde watch: 2012 update from the centres for diabetes excellence: summaries. S Afr J Diabetes Vasc Dis. 2012;9(4):183–8.
5. Heraclides AM, Chandola T, Witte DR, Brunner EJJO. Work stress, obesity
and the risk of type 2 diabetes: gender-specific bidirectional effect in the
Whitehall II study. Obesity. 2012;20(2):428–33.
6. Hu FB, Van Dam R, Liu S. Diet and risk of type II diabetes: the role of types
of fat and carbohydrate. Diabetologia. 2001;44(7):805–17.
7. Tuso P. Prediabetes and lifestyle modification: time to prevent a preventable disease. Perm J. 2014;18(3):88.
8. Falco G, Pirro P, Castellano E, Anfossi M, Borretta G, Gianotti L, et al. The
relationship between stress and diabetes mellitus. J Neurol Psychol.
2015;3(1):1–7.

28.
29.
30.

31.
32.
33.

Bose M, Oliván B, Laferrère B. Stress and obesity: the role of the hypothalamic–pituitary–adrenal axis in metabolic disease. Curr Opin Endocrinol
Diabetes Obes. 2009;16(5):340.
Guilliams TG, Edwards L. Chronic stress and the Hpa axis. Standard.
2010;9(2):1–12.
Rosmond R. Stress induced disturbances of the Hpa axis: a pathway to
type 2 diabetes? Med Sci Monit. 2003;9(2):RA35–9.
Christiansen JJ, Djurhuus CB, Gravholt CH, Iversen P, Christiansen JS,
Schmitz O, et al. Effects of cortisol on carbohydrate, lipid, and protein
metabolism: studies of acute cortisol withdrawal in adrenocortical failure.
J Clin Endocrinol Metab. 2007;92(9):3553–9.
Di Dalmazi G, Pagotto U, Pasquali R, Vicennati V. Glucocorticoids and type
2 diabetes: from physiology to pathology. J Nutr Metab. 2012;2012:41–9.
Andrews RC, Herlihy O, Livingstone DE, Andrew R, Walker BR. Abnormal
cortisol metabolism and tissue sensitivity to cortisol in patients with
glucose intolerance. J Clin Endocrinol Metab. 2002;87(12):5587–93.
Lucassen EA, Cizza G. The hypothalamic-pituitary-adrenal axis, obesity,
and chronic stress exposure: sleep and the Hpa axis in obesity. Curr Obes
Rep. 2012;1(4):208–15.
Tsigos C, Chrousos GP. Hypothalamic–pituitary–adrenal axis, neuroendocrine factors and stress. J Psychosom Res. 2002;53(4):865–71.
Ali S, Stone M, Peters J, Davies M, Khunti K. The prevalence of co-morbid
depression in adults with type 2 diabetes: a systematic review and metaanalysis. Diabet Med. 2006;23(11):1165–73.
Meurs M, Roest AM, Wolffenbuttel BH, Stolk RP, De Jonge P, Rosmalen JG.
Association of depressive and anxiety disorders with diagnosed versus
undiagnosed diabetes: an epidemiological study of 90,686 participants.
Psychosom Med. 2016;78(2):233–41.
Yu R, Li Y-H, Hong L. Depression in newly diagnosed type 2 diabetes. Int J
Diabetes Dev Ctries. 2010;30(2):102.
Shah BM, Gupchup GV, Borrego ME, Raisch DW, Knapp KK. Depressive
symptoms in patients with type 2 diabetes mellitus: do stress and coping
matter? Stress Health. 2012;28(2):111–22.
Aschbacher K, Kornfeld S, Picard M, Puterman E, Havel PJ, Stanhope K,
et al. Chronic stress increases vulnerability to diet-related abdominal fat.
Oxidative Stress Metab Risk. 2014;46:14–22.
Bădescu S, Tătaru C, Kobylinska L, Georgescu E, Zahiu D, Zăgrean A, et al.
The association between diabetes mellitus and depression. J Med Life.
2016;9(2):120.
Singh M. Mood, food, and obesity. Front Psychol. 2014;5:925.
De Macedo IC, De Freitas JS, Da Silva Torres IL. The influence of palatable
diets in reward system activation: a mini review. Adv Pharmacol Sci.
2016;2016:7238679.
Torres SJ, Nowson CA. Relationship between stress, eating behavior, and
obesity. Nutrition. 2007;23(11–12):887–94.
Hu FB, Manson JE, Stampfer MJ, Colditz G, Liu S, Solomon CG, et al. Diet,
lifestyle, and the risk of type 2 diabetes mellitus in women. N Engl J Med.
2001;345(11):790–7.
Reynolds RM, Strachan MW, Labad J, Lee AJ, Frier BM, Fowkes FG,
et al. Morning cortisol levels and cognitive abilities in people with
type 2 diabetes: the edinburgh type 2 diabetes study. Diabetes Care.
2010;33(4):714–20.
Gamede M, Mabuza L, Ngubane P, Khathi A. The effects of plant-derived
oleanolic acid on selected parameters of glucose homeostasis in a dietinduced pre-diabetic rat model. Molecules. 2018;23(4):794.
Luvuno M, Khathi A, Mabandla MV. Voluntary ingestion of a high-fat highcarbohydrate diet: a model for prediabetes. Masters of medical science
dissertation University of KwaZulu-Natal; 2017.
Mzimela NC, Ngubane PS, Khathi A. The changes in immune cell concentration during the progression of pre-diabetes to type 2 diabetes in a
high-fat high-carbohydrate diet-induced pre-diabetic rat model. Autoimmunity. 2019;52:1–10.
Diabetes TOCF. Endocrinology and metabolism. Diabetes trial unit. Homa
calculator. http://www.dtu.ox.ac.uk/. Accessed 2016.
Al-Mahmood AK, Ismail AA, Rashid FA, Bebakar WM. Insulin sensitivity and
secretory status of a healthy malay population. Malays J Med Sci MJMS.
2006;13(2):37.
Remus JL, Stewart LT, Camp RM, Novak CM, Johnson JD. Interaction of
metabolic stress with chronic mild stress in altering brain cytokines and
sucrose preference. Behav Neurosci. 2015;129(3):321.

Mosili et al. Nutr Metab (Lond)

(2020) 17:104

34. Suvrathan A, Tomar A, Chattarji S. Effects of chronic and acute stress on
rat behaviour in the forced-swim test. Stress. 2010;13(6):533–40.
35. Schmittgen TD, Livak KJ. Analyzing real-time Pcr data by the comparative
CT method. Nat Protoc. 2008;3(6):1101.
36. Lin Y, Sun Z. Current views on Type 2 diabetes. J Endocrinol.
2010;204(1):1–11.
37. Gamede M, Mabuza L, Ngubane P, Khathi A. Plant-derived oleanolic acid
(Oa) ameliorates risk factors of cardiovascular diseases in a diet-induced
pre-diabetic rat model: effects on selected cardiovascular risk factors.
Molecules. 2019;24(2):340.
38. Mabuza LP, Gamede MW, Maikoo S, Booysen IN, Ngubane PS, Khathi A.
Cardioprotective effects of a ruthenium (Ii) schiff base complex in dietinduced prediabetic rats. Diabetes Metab Syndr Obes Targets Therapy.
2019;12:217.
39. Tai ES, Goh SY, Lee JJ, Wong M-S, Heng D, Hughes K, et al. Lowering the
criterion for impaired fasting glucose: impact on disease prevalence and
associated risk of diabetes and ischemic heart disease. Diabetes Care.
2004;27(7):1728–34.
40. Insulin WG, Resistance I. Insulin and insulin resistance. Clin Biochem Rev.
2005;26(2):19.
41. Reynoso R, Salgado LM, Calderón V. High levels of palmitic acid lead to
insulin resistance due to changes in the level of phosphorylation of the
insulin receptor and insulin receptor substrate-1. Vascular biochemistry.
Berlin: Springer; 2003. p. 155–62.
42. Siri-Tarino PW, Sun Q, Hu FB, Krauss RM. Saturated fat, carbohydrate, and
cardiovascular disease. Am J Clin Nutr. 2010;91(3):502–9.
43. Gill H, Mugo M, Whaley-Connell A, Stump C, Sowers JR. The key role
of insulin resistance in the cardiometabolic syndrome. Am J Med Sci.
2005;330(6):290–4.
44. Chiodini I, Adda G, Scillitani A, Coletti F, Morelli V, Di Lembo S, et al. Cortisol secretion in patients with type 2 diabetes: relationship with chronic
complications. Diabetes Care. 2007;30(1):83–8.
45. Liu H, Bravata DM, Cabaccan J, Raff H, Ryzen E. Elevated late-night salivary
cortisol levels in elderly male type 2 diabetic veterans. Clin Endocrinol.
2005;63(6):642–9.
46. Harrell CS, Burgado J, Kelly SD, Johnson ZP, Neigh GN. High-fructose diet
during periadolescent development increases depressive-like behavior
and remodels the hypothalamic transcriptome in male rats. Psychoneuroendocrinology. 2015;62:252–64.
47. Blondeau B, Sahly I, Massouridès E, Singh-Estivalet A, Valtat B, Dorchene
D, et al. Novel transgenic mice for inducible gene overexpression in
pancreatic cells define glucocorticoid receptor-mediated regulations of
beta cells. PLoS ONE. 2012;7(2):e30210.
48. Lambillotte C, Gilon P, Henquin J-C. Direct glucocorticoid inhibition of
insulin secretion. An in vitro study of dexamethasone effects in mouse
islets. J Clin Investig. 1997;99(3):414–23.
49. Adam TC, Hasson RE, Ventura EE, Toledo-Corral C, Le K-A, Mahurkar S, et al.
Cortisol is negatively associated with insulin sensitivity in overweight
latino youth. J Clin Endocrinol Metab. 2010;95(10):4729–35.
50. Adam TC, Epel ES. Stress, eating and the reward system. Physiol Behav.
2007;91(4):449–58.
51. Ruzzin J, Wagman A, Jensen J. Glucocorticoid-induced insulin resistance in skeletal muscles: defects in insulin signalling and the effects
of a selective glycogen synthase kinase-3 inhibitor. Diabetologia.
2005;48(10):2119–30.
52. Larsson H, Ahren B. Insulin resistant subjects lack islet adaptation to
short-term dexamethasone-induced reduction in insulin sensitivity.
Diabetologia. 1999;42(8):936–43.
53. Burén J, Lai Y-C, Lundgren M, Eriksson JW, Jensen J. Insulin action and
signalling in fat and muscle from dexamethasone-treated rats. Arch
Biochem Biophys. 2008;474(1):91–101.
54. Ferris HA, Kahn CR. New mechanisms of glucocorticoid-induced insulin
resistance: make no bones about it. J Clin Investig. 2012;122(11):3854–7.
55. Woods CP, Hazlehurst JM, Tomlinson JW. Glucocorticoids and non-alcoholic fatty liver disease. J Steroid Biochem Mol Biol. 2015;154:94–103.
56. Pandit AU, Bailey SC, Curtis LM, Seligman HK, Davis TC, Parker RM, et al.
Disease-Related Distress, Self-Care and Clinical Outcomes among
Low-Income Patients with diabetes. J Epidemiol Community Health.
2014;68(6):557–64.
57. Surwit RS, Schneider MS. Role of stress in the etiology and treatment of
diabetes mellitus. Psychosom Med. 1993;55(4):380–93.

Page 11 of 12

58. Nouwen A, Winkley K, Twisk J, Lloyd CE, Peyrot M, Ismail K, et al. Type 2
diabetes mellitus as a risk factor for the onset of depression: a systematic
review and meta-analysis. Berlin: Springer; 2010.
59. Krishnan V, Nestler EJ. The molecular neurobiology of depression. Nature.
2008;455(7215):894.
60. Darwish L, Beroncal E, Sison MV, Swardfager W. Depression in people
with type 2 diabetes: current perspectives. Diabetes Metab Syndr Obesity
Targets Therapy. 2018;11:333.
61. Joseph JJ, Golden SH. Cortisol dysregulation: the bidirectional link
between stress, depression, and type 2 diabetes mellitus. Ann N Y Acad
Sci. 2017;1391(1):20.
62. Rutters F, La Fleur S, Lemmens S, Born J, Martens M, Adam T. The
hypothalamic-pituitary-adrenal axis, obesity, and chronic stress exposure:
foods and Hpa axis. Curr Obes Rep. 2012;1(4):199–207.
63. Kanter JW, Busch AM, Weeks CE, Landes SJ. The nature of clinical
depression: symptoms, syndromes, and behavior analysis. Behav Anal.
2008;31(1):1–21.
64. Buyukdura JS, Mcclintock SM, Croarkin PE. Psychomotor retardation in
depression: biological underpinnings, measurement, and treatment. Prog
Neuropsychopharmacol Biol Psychiatry. 2011;35(2):395–409.
65. Yankelevitch-Yahav R, Franko M, Huly A, Doron R. The forced swim test as
a model of depressive-like behavior. J Vis Exp. 2015;97:e52587.
66. Molendijk ML, De Kloet ER. Coping with the forced swim stressor: current
state-of-the-art. Behav Brain Res. 2019;364:1–10.
67. Trunnell ER. Letter to the editor: use of the forced swim test to assess
“despair”. Brain stimulation: basic, translational, and clinical research in
neuromodulation. 2019.
68. Molendijk ML, De Kloet ER. Immobility in the forced swim test is adaptive and does not reflect depression. Psychoneuroendocrinology.
2015;62:389–91.
69. Fitzgerald PJ, Yen JY, Watson BO. Stress-sensitive antidepressantlike effects of ketamine in the mouse forced swim test. PLoS ONE.
2019;14(4):e0215554.
70. Koek W, Sandoval TL, Daws LC. Effects of the antidepressants desipramine
and fluvoxamine on latency to immobility and duration of immobility
in the forced swim test in adult male C57bl/6j mice. Behav Pharmacol.
2018;29(5):453–6.
71. Slattery DA, Cryan JF. Using the rat forced swim test to assess antidepressant-like activity in rodents. Nat Protoc. 2012;7(6):1009.
72. Bondi CO, Rodriguez G, Gould GG, Frazer A, Morilak DA. Chronic unpredictable stress induces a cognitive deficit and anxiety-like behavior in rats
that is prevented by chronic antidepressant drug treatment. Neuropsychopharmacology. 2008;33(2):320.
73. Petit-Demouliere B, Chenu F, Bourin M. Forced swimming test in
mice: a review of antidepressant activity. Psychopharmacology.
2005;177(3):245–55.
74. Menke A. Is the Hpa axis as target for depression outdated, or is there a
new hope? Front Psychiatry. 2019;10:101.
75. Rogalska J. Mineralocorticoid and glucocorticoid receptors in hippocampus: their impact on neurons survival and behavioral impairment after
neonatal brain injury. Vitam Horm. 2010;82:391–419.
76. Gancheva S, Galunska B, Zhelyazkova-Savova M. Diets rich in saturated fat
and fructose induce anxiety and depression-like behaviours in the rat: is
there a role for lipid peroxidation? Int J Exp Pathol. 2017;98(5):296–306.
77. Herman JP, Mcklveen JM, Ghosal S, Kopp B, Wulsin A, Makinson R, et al.
Regulation of the hypothalamic–pituitary–adrenocortical stress response.
Compr Physiol. 2016;6(2):603.
78. Swierczynska MM, Mateska I, Peitzsch M, Bornstein S, Chavakis T, Eisenhofer G, et al. Changes in morphology and function of adrenal cortex in
mice fed a high-fat diet. Int J Obes. 2015;39(2):321.
79. Mantych GJ, James DE, Devaskar S. Jejunal/kidney glucose transporter
isoform (glut-5) is expressed in the human blood-brain barrier. Endocrinology. 1993;132(1):35–40.
80. Shu H-J, Isenberg K, Cormier R, Benz A, Zorumski C. Expression of fructose
sensitive glucose transporter in the brains of fructose-fed rats. Neuroscience. 2006;140(3):889–95.
81. Raff H, Sharma ST, Nieman LK. Physiological basis for the etiology,
diagnosis, and treatment of adrenal disorders: Cushing’s syndrome,
adrenal insufficiency, and congenital adrenal hyperplasia. Compr Physiol.
2011;4(2):739–69.

Mosili et al. Nutr Metab (Lond)

(2020) 17:104

82. Serifoglu I, Oz II, Bilici M. The adrenal gland volume measurements
in manifestation of the metabolic status in type-2 diabetes mellitus
patients. Int J Endocrinol. 2016;2016:7195849.
83. Foster MT, Warne JP, Ginsberg AB, Horneman HF, Pecoraro NC, Akana
SF, et al. Palatable foods, stress, and energy stores sculpt corticotropinreleasing factor, adrenocorticotropin, and corticosterone concentrations
after restraint. Endocrinology. 2008;150(5):2325–33.
84. Pecoraro N, Reyes F, Gomez F, Bhargava A, Dallman MF. Chronic stress promotes palatable feeding, which reduces signs of stress: feedforward and
feedback effects of chronic stress. Endocrinology. 2004;145(8):3754–62.
85. De Kloet ER, Van Acker SA, Sibug RM, Oitzl MS, Meijer OC, Rahmouni K,
et al. Brain mineralocorticoid receptors and centrally regulated functions.
Kidney Int. 2000;57(4):1329–36.
86. Gomez-Sanchez EPJS. Brain mineralocorticoid receptors in cognition and
cardiovascular homeostasis. Steroids. 2014;91:20–31.
87. De Kloet ER, Vreugdenhil E, Oitzl MS, Joels MJER. Brain corticosteroid
receptor balance in health and disease. Endocr Rev. 1998;19(3):269–301.

Page 12 of 12

88. Zhu L-J, Liu M-Y, Li H, Liu X, Chen C, Han Z, et al. The different roles of
glucocorticoids in the hippocampus and hypothalamus in chronic stressinduced Hpa axis hyperactivity. PLoS ONE. 2014;9(5):e97689.
89. Taves MD, Gomez-Sanchez CE, Soma KK. Extra-adrenal glucocorticoids
and mineralocorticoids: evidence for local synthesis, regulation, and function. Am J Physiol Endocrinol Metab. 2011;301(1):E11–24.
90. Pariante CM, Lightman SL. The Hpa axis in major depression: classical
theories and new developments. Trends Neurosci. 2008;31(9):464–8.
91. Zhou Q-G, Zhu L-J, Chen C, Wu H-Y, Luo C-X, Chang L, et al. Hippocampal
neuronal nitric oxide synthase mediates the stress-related depressive
behaviors of glucocorticoids by downregulating glucocorticoid receptor.
J Neurosci. 2011;31(21):7579–90.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

