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ABSTRACT

Type 2 diabetes mellitus (T2DM) is characterized by
persistent hyperglycemia which is further associated

with hyperactivity of the hypothalamic-pituitary-adrenal
(HPA) axis. Several studies have shown that HPA axis
hyperactivity is heightened in the chronic hyperglycemic
state with severe hyperglycemic events more likely

to result in a depressive disorder. The HPA axis is also
regulated by the immune system. Upon stress, under
homeostatic conditions, the immune system is activated
via the sympatho-adrenal-medullary axis resulting in

an immune response which secretes proinflammatory
cytokines. These cytokines aid in the activation of the

HPA axis during stress. However, in T2DM, where there

is persistent hyperglycemia, the immune system is
dysregulated resulting in the elevated concentrations of
these cytokines. The HPA axis, already activated by the
hyperglycemia, is further activated by the cytokines which
all contribute to a diagnosis of depression in patients with
T2DM. However, the onset of T2DM is often preceded by
pre-diabetes, a reversible state of moderate hyperglycemia
and insulin resistance. Complications often seen in T2DM
have been reported to begin in the pre-diabetic state.
While the current management strategies have been
shown to ameliorate the moderate hyperglycemic state
and decrease the risk of developing T2DM, research is
necessary for clinical studies to profile these direct effects
of moderate hyperglycemia in pre-diabetes on the HPA axis
and the indirect effects moderate hyperglycemia may have
on the HPA axis by investigating the components of the
immune system that play a role in regulating this pathway.

INTRODUCTION

The nervous, endocrine and immune systems
work together to maintain physiological
homeostasis during stress challenges and
inflammation.! The hypothalamic-pituitary-
adrenal (HPA) axis is one of the physiolog-
ical systems involved in several homeostatic
functions such as glucose homeostasis, stress
response and immune response regulation.’
One of the ways the HPA axis regulates these
processes is through its bidirectional commu-
nication with the immune system, where

the HPA axis plays a role in regulating the
immune response.3 However, the dysregula-
tion of the HPA axis has been at the center
of the much-debated bidirectional occur-
rence of type 2 diabetes mellitus (T2DM)
and dos:pression.4_6 Disruption of glucose
homeostasis resulting in hyperglycemia is the
common connection between both disorders,
as seen in various literature as the cause of
the other coinciding.” Nevertheless, T2DM
is mainly associated with chronic hypergly-
cemia and has been shown to result more in
the diagnosis of depression than it has been
seen in depression causing T2DM.”'* !

Diabetes is currently a global health burden
affecting over 537 million diagnosed and
undiagnosed people worldwide."? ' Various
complications, such as cardiovascular and
chronic kidney diseases, are widely reported
and studied in T2DM, while fewer studies
have reported that these complications begin
in the pre-diabetic state '*'* . The term pre-
diabetes is defined as impaired fasting glucose
(IFG) concentration or impaired glucose
tolerance (IGT) with an increased risk of
developing T2DM."? It has been projected
that pre-diabetes affects nearly three times
the number of individuals than T2DM."
There is a great need for more research on
pre-diabetes and its interaction with various
physiological functions that are affected in
T2DM, such as the HPA axis. Furthermore,
there is a need to look at other systems which
regulate the HPA axis, such as the immune
system, which has also been shown to be
directly affected by T2DM and also indirectly
contribute to the occurrence of depression in
patients with diabetes.*

In this review, we will discuss the direct
consequence of hyperglycemia on the HPA
axis, as seen in T2DM, and how it results in
depression. In addition, the review will also
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discuss the indirect effects hyperglycemia has on the
immune system and the downstream consequences in
the functioning of the HPA axis. Furthermore, this review
will help demonstrate the need for further research on
the effects of moderate hyperglycemia in pre-diabetes on
the HPA axis and the immune system in this state within
its role in regulating the HPA axis.

BIDIRECTIONAL RELATIONSHIP BETWEEN DIABETES AND
DEPRESSION

Diabetes and depression have been shown to have a
complex bidirectional relationship.'"* Patients with
diabetes are twice as likely to experience depression
compared with the general population while diabetes
increases the risk of developing depression by twofold."*
This relationship has been attributed to various biolog-
ical and psychosocial factors.'" Some of the psychoso-
cial factors may be lifestyle related while others include
stressful life events, poor social support and inade-
quate diabetes self-care.”” In individuals with diabetes,
depression has been associated with higher mortality
rates, increased risk of diabetic complications and poor
glycemic control.'” Furthermore, chronic stress associated
with diabetes management may contribute to the devel-
opment of depression.'® On the other hand, engagement
in unhealthy behaviors such as smoking, physical inac-
tivity, and poor diet, which are all well-known risk factors
of diabetes, was found to be more prevalent among
depressed individuals.'® There are also overlapping phys-
iological changes associated with depression and those
that characterize the onset of T2DM specifically.'” Oxida-
tive stress was shown to be elevated in individuals with
both depression and T2DM.'® Oxidative stress, which
is an imbalance between the production of reactive
oxygen species and the body’s antioxidant defenses, may
contribute to the pathophysiology of both conditions.'® "
Impairment of glucose metabolism and insulin resistance
by depression may increase the risk of developing T2DM
while chronic inflammation of T2DM may contribute to
the development of depression by affecting neurotrans-
mitter function and neural plasticity.® * However, the
most common physiological change that contributes to
the pathophysiology of both conditions is an altered HPA
axis which will be discussed in more detail in this review.

HPA AXIS

The HPA axis is a stress response pathway involving
three main components: the hypothalamus, the ante-
rior pituitary gland and the adrenal gland.*' Though the
response to stress is the primary physiological function of
the pathway, it also plays a key role in circadian regula-
tion, glucose homeostasis, and affects immune response
and metabolism.??' Stress, a real or perceived threat to
the natural physiological homeostasis of the body, causes
an activation of the HPA axis.”* Upon stress stimuli,
input from the suprachiasmatic nucleus stimulates the
paraventricular nucleus (PVN) of the hypothalamus,

where the neurons found there project to the hypotha-
lamic median eminence or hypophysiotropic neurons,
which secretes corticotrophin-releasing hormone (CRH)
and consequentially, arginine vasopressin (AVP).*' **
Though AVP is predominantly known for its antidiuretic
effects when released in the posterior pituitary gland,
it is secreted in concert with CRH into the hypophyseal
portal blood vessels connecting the hypothalamus and
the pituitary gland.* ** On secretion, both hormones
stimulate the corticotrophs, endocrine cells of the ante-
rior pituitary gland, to produce and secrete adrenocorti-
cotropic hormone (ACTH).?! ACTH is released into the
systemic circulation targeting the zona fasciculata layer
of the adrenal cortex.”” Stimulation of the cell layer by
ACTH results in the synthesis and secretion of steroid
hormones, glucocorticoids (GC; cortisol in humans
and corticosterone (CORT) in animals).” GCs are the
vital hormones produced by the HPA axis activity, which
mainly mediate the stress response and facilitate various
homeostatic regulations, including anti-inflammatory
and immunosuppressive effects regulating metabolism.*®
GGCs bind to glucocorticoid receptors (GR) or miner-
alocorticoid receptors in peripheral tissues such as the
liver and skeletal muscles.® * The binding of GCs to
mainly GRs in the various tissues mediates and promotes
the catabolism of carbohydrates, lipids and proteins,
increasing energy substrates in circulation, which are
used by the different physiological processes and systems
to respond to stress.”” ** GCs also serve a critical func-
tion in the negative feedback of their secretion, as seen
in figure 1.* GCs are lipid-soluble hormones; thus, they
can cross the blood-brain barrier (BBB), having access
to various tissues in the brain.”’ GC concentration in
circulation is regulated via a feedback mechanism by the
hypothalamus, where the elevated concentration of GCs
in circulation increases GCs crossing the BBB.*’ * After
crossing the BBB, the GCs bind to the receptors of the
PVN CRH neurons of the hypothalamus, which results
in the negative feedback mechanism by inhibiting CRH
secretion.”’ * A decreased CRH concentration elicits a
minimal stimulus for ACTH secretion in the anterior pitu-
itary gland resulting in decreased ACTH concentration
in the systemic circulation.”” A decreased plasma ACTH
concentration ultimately results in less GC production
and secretion by the adrenal cortex.” T2DM, evidenced
by chronic hyperglycemia, has been linked to the dysreg-
ulation of the HPA axis and stress response.’

HPA AXIS DYSREGULATION IN T2DM AND THE CO-
OCCURRENCE OF DEPRESSION

T2DM is characterized by impaired insulin secretion,
impaired insulin resistance or a combination of both.”
T2DM has been reported far more common, with more
than 90% of diabetes cases being T2DM compared with
type 1 diabetes mellitus or gestational diabetes.”® The
metabolic phenotype of T2DM differs in individuals
with the disease.”* * Some individuals may have a more
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A diagram depicting how the hypothalamic-pituitary-adrenal (HPA) axis and immune response interact during stress:

stress activates the HPA resulting in the end product, glucocorticoids (GC). Simultaneously, the sympatho-adrenal-medullary
(SAM) axis is activated by stress resulting in the release of norepinephrine (NE). NE activates the innate immune cells, which
release cytokines interleukin-1f (IL-1p), interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-o). The cytokines activate all
three levels of the HPA, resulting in further secretion of GCs. The increase in plasma GCs causes negative feedback regulation
of the HPA axis and negative feedback of NE secretion and inhibits further activation of immune cells, decreasing cytokine
production and secretion. ACTH, adrenocorticotropic hormone; CRH, corticotrophin-releasing hormone.

pronounced defect in insulin secretion, while others
may have greater insulin resistance.”® However, the indi-
vidual’s metabolic profile may change over time.** The
chronic hyperglycemic state of T2DM causes macrovas-
cular and microvascular damages resulting in secondary
complications seen in the eyes, kidney, heart and
brain, subsequently increasing the risk of several other
diseases.” ** The secondary complications include phys-
iological changes in the functioning of the HPA axis.
T2DM is associated with hyperactivity of the HPA axis.
HPA axis activity is heightened, as reported in several
studies in individuals with glucose intolerance or chronic
hyperglycemia.”~*' The heightened HPA axis activity due
to elevated ACTH concentrations correlated with the
elevated plasma cortisol concentration, which indicated
an impaired negative feedback mechanism.”*™*' The
elevated plasma cortisol concentration is often followed
by downstream effects where gluconeogenesis is upregu-
lated, worsening the hyperglycemic state.*® Furthermore,
the presence of chronic complications, such as hyperinsu-
linemia, exaggerates the HPA axis hyperactivity resulting
in a dysregulated stress response system, which is further
associated with mental disorders, specifically depression,
as also seen in T2DM cases. ™

Depression is a neurological disorder with symptoms
manifested at the psychological, behavioral and phys-
iological levels.”” The pathophysiology of depression
is multifaceted, with the dysregulation of the HPA axis
being one of the causes of the disorder.** The dysreg-
ulation of the HPA axis is limited to depression and is
associated with other neurological disorders, such as
post-traumatic stress disorder and anxiety, which is some-
times coupled with depression.* ** The persistent activa-
tion of the HPA axis due to chronic stress, a traumatic
episode such as neglect, loss of a loved one or even abuse,
such as sexual, physical and emotional abuse, can cause
impairment of the negative feedback system of the HPA
axis."” Impaired negative feedback regulation of HPA
axis function is a hallmark of major depression which
is reflected by decreased responsiveness to GCs (or GC
resistance) as manifested by increased cortisol concen-
trations seen in various studies.*® * Chronic hypergly-
cemia seen in patients with T2DM has been shown to
increase the risk and result in the eventual occurrence
of a depressive disorder.” ®'" A study showed that indi-
viduals who had not experienced severe hyperglycemic
events and had not been diagnosed with depression were
reported to receive a diagnosis of a depressive disorder
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after a severe hyperglycemic event.® Hyperglycemia in
T2DM has also been shown to cause dysregulation of
the immune response, which is associated with HPA axis
dysregulation.”

HPA AXIS AND IMMUNE SYSTEM

The nervous and immune systems communicate exten-
sively to regulate the body’s homeostasis.””>' One of the
ways they communicate is through the HPA axis, with
the primary hormone, cortisol/CORT, being the link
between the two systems.”® The limbic system, mainly
the amygdala, forms part of the nervous system that
perceives stress and sends the message to the HPA axis,
causing its activation.*®* The perceived stress also causes
activation of the immune system in preparation for
attacking the stressor.”* The HPA axis activation increases
CORT concentration in circulation. Most cells in the
body express GR, including immune cells.”” Increased
CORT in circulation during a stress response increases
the expression of GRs of the different cells of the body,
including the immune cells resulting in increased GC-GR
binding, thus triggering various responses such as inhibi-
tion of the synthesis and secretion of inflammatory cyto-
kines, inhibition of inflammation, and suppression of
proinflammatory cytokine expression.” °* As previously
discussed, the HPA axis is self-regulatory, with its activity
curtailed via a negative feedback mechanism.* However,
the immune system also regulates HPA axis activity via
cytokines.”® The proinflammatory cytokines, such as
interleukin-1B (IL-1B), interleukin-6 (IL-6), and tumor
necrosis factor-alpha (TNF-ot), stimulate CORT release
by acting at all three levels of the HPA axis.”® " On the
other hand, the HPA axis also plays a role in regulating
the immune system via GCs by suppressing the further
synthesis and release of proinflammatory cytokines.”®*’

Immune response during stress

In response to stress, the immune system prepares and
protects itself from challenges such as wounds or infec-
tion from a stressor that may include injury or pathogen
invasion.”* The driving force in immune activation due to
stress involves the combined effects of the HPA axis, the
sympatho-adrenal-medullary (SAM) axis and the para-
sympathetic nervous system.*’ °* Stress activates the SAM
axis resulting in the release of catecholamines, specifi-
cally norepinephrine.” The release of catecholamines
causes the stimulation of B2-adrenoreceptor of the
immune cells, which results in the activation of the innate
immune response, the body’s first line of defense.* *® The
role of the innate immune cells is to detect the pathogen
and activate an inflammatory response. Activation of the
inflammatory response recruits more innate immune
cells, including neutrophils and macrophages, which
encounter a foreign antigen or pathogen-associated
molecular pathogen and respond by producing a variety
of cytokines, including IL-1B, IL-6, and IL-12 along
with TNF-0.”* The inflammatory response is further

strengthened with the dendritic cell maturation process,
followed by antigen presentation and supplementary
cytokine production.” Under pathogen invasion, the
activation of the inflammatory response elicits the
more specific and memory-forming adaptive immune
response.*? > Lymphocytes, the key effector cells of the
adaptive immune response, are activated.” However, in
acute stress, there is an underlying assumption that only
the innate immune response is required and capable of
effective immunoprotection on a short time scale and
that suppressing adaptive immune function would result
in more energy available to the innate immune system. "
Apart from eliciting an inflammatory response, the cyto-
kines, IL-1B, IL-6 and TNF-0, act on all three levels of the
HPA axis to increase the secretion of CORT.* ** When
plasma CORT increases, this results in negative feedback
regulation of the immune system by decreasing all three-
cytokine production and ultimately exerting an immu-
nosuppressive response to regulate the immune system
homeostasis.*’ **

Among all the different cytokines and proinflamma-
tory markers, IL-1B, IL-6 and TNF-a have the most modu-
lating effects on the HPA axis activation associated with
an immune response, as seen in figure 1 and summarized
in table 1.*

Interleukin-1p

Cytokines are soluble mediators of the immune system
aiding in cell-to-cell communication during an immune
response.”’ ILs, specifically, are cytokines that interact
with leukocytes.®! IL-1B, a proinflammatory cytokine, is a
major mediator of innate immune response and its actions
are tightly balanced.” It is produced by various immune
cells, including mononuclear phagocytes, neutrophils,
endothelial cells, and microglia in the brain.”* On recog-
nition of bacterial endotoxins and pathogenic agents
by pathogen recognition receptors, IL-1B is synthe-
sized and secreted. The production of IL-1P has a vital
role in the induction and maintenance of the adaptive
immune response by promoting increased expression
of IL-2 receptors and IL-2 secretion, which impacts T
cell differentiation and B cell activation.”® During stress
stimulation, IL-1P interacts with neurotransmitters and
neuropeptide regulatory systems, making IL-1B a critical
mediator of the adaptive stress response.’* IL-1B has also
been shown to directly affect the adrenal gland, influ-
encing the release of GC.%

Interleukin-6

IL-6 is a multifunctional proinflammatory cytokine that
plays vital roles in immune regulation, hematopoiesis,
oncogenesis and regulation of the HPA axis.*® In response
to injury or infections, IL-6 is rapidly synthesized and
secreted by innate immune cells such as macrophages,
dendritic cells as well as mast cells, and activates the
immune response.ﬁl 57% Yts role in the immune response
stimulates B cell differentiation into immunoglobulin-
producing plasma cells during the innate immune
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Table 1 Summary of the immune cytokine function in the HPA and its contribution in T2DM and depression

Cytokine Target on the HPA axis

Contribution in T2DM and
Effect on the HPA axis depression

Interleukin-1B (IL-1p) Adrenal gland

Interleukin-6 (IL-6) IL-6 receptors in the
hypothalamus

IL-6 receptors of the adrenal
gland
Tumor necrosis factor-alpha Mainly the hypothalamus
(TNF-o)

Influence the release of GC. Destruction and loss-of-function
insulin-producing B cells of the
pancreas.

Critical mediator of the
adaptive stress response where
overproduction dysregulates,
causing maladaptive sickness
response.

Regulate CRH production Involved in brain signaling,

and stimulate corticotrophs  resulting in maladaptive sickness
and ACTH release in CRH response causes depressive
deficiency. symptoms.

Promote glucocorticoid Induce insulin resistance.

secretion.

Depending on CRH, it affects Induce insulin resistance.
ACTH secretion.

ACTH, adrenocorticotropic hormone; CRH, corticotrophin-releasing hormone; GC, glucocorticoid; HPA, hypothalamic-pituitary-adrenal;

T2DM, type 2 diabetes mellitus.

response.67 IL-6 also plays a role in the differentiation of
naive CD4+ T cells into effector cells during the adap-
tive immune response.” IL-6 has been reported to have
a role in immune-mediated HPA axis activation and thus
plays a role in stress response induction via direct inter-
action with IL-6 receptors in the PVN of the hypothal-
amus.” IL-6 has been shown to regulate CRH production
by binding to IL-6 receptors in the hypothalamus. A study
has demonstrated that in the presence of IL-6, the cyto-
kine can stimulate the HPA axis in the absence of CRH
by stimulating the corticotrophs and ACTH release,
compensating for CRH deficiency in an inflammatory
response.69 Furthermore, IL-6 was shown to also promote
GC secretion by binding to IL-6 receptors of the adreno-
cortical cells of the adrenal gland.®

Tumor necrosis factor-alpha

TNF-0. is a multifunctional cytokine that plays a central
role in mediating host defense against intracellular
pathogens and bacterial endotoxin.”* ™ Like I1-6 and
IL-1B, TNF-o. is produced by various cell types such
as activated macrophages, T lymphocytes and natural
killer cells.”” TNF-a. plays a critical role in the inflamma-
tory response by promoting inflammation via the stim-
ulated expression of IL-1B and IL-6 in association with
promoting lymphocyte proliferation.”* Several reports on
the effects of TNF-o. on ACTH secretion have shown that
the main actions of TNF-0, are on the hypothalamus and
depend on CRH.%

EFFECTS OF IMMUNE SYSTEM DYSREGULATION DUE TO
HYPERGLYCEMIA ON THE HPA AXIS

The persistent state of hyperglycemia in T2DM affects
the immune system by disrupting the immune response,

which increases the susceptibility to infections of patients
with diabetes.”" The cytokines of interest are implicit in
the development and exacerbation of T2DM.” Impair-
ment of cytokine production is reported in studies with
diabetic individuals, and this has been evidenced by
varying levels of TNF-0,, IL-6 and IL-1B.”" ™ Irregular
production and long-term exposure to these cytokines
lead to persistent inflammation, which induces insulin
resistance.”* Insulin-producing [ cells of the pancreas
have been shown to be prone to destruction and loss of
function from macrophage-derived IL-1B.7® Overexcre-
tion of remaining B cells increases insulin production
resulting in hyperinsulinemia and eventual  cell exhaus-
tion resultin% in decreased insulin production as seen in
overt T2DM."

The disrupted immune response seen in T2DM, which
is evidenced by varying levels of TNF-o, IL-6 and IL-1§,
is shown to contribute to the etiology of depression.””
According to the cytokine hypothesis, depression may
result from a stress-related increased production of proin-
flammatory cytokines, which induce oxidative and nitro-
sative brain damage, resulting in the impairment of the
serotonin (5-HT) system and subsequently contributing
to GC resistance.”® " IL-1B, IL-6, and TNF-o. are of signif-
icant potential in the etiology of depression concerning
immune response.”” Proinflammatory cytokine IL-6,
along with prolonged activation of the IL-1B and TNF-o.
in circulation, has shown to be involved in brain
signaling, resulting in maladaptive sickness response,
which is an adaptive response to illness or injury that
leads to behavioral changes such as reduced appetite,
altered sleep pattern and decreased activity which are
seen as depressive symptoms.”” Additionally, the proin-
flammatory marker C reactive protein has been shown to
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Figure 2 A diagram depicting the direct and indirect effects of hyperglycemia in type 2 diabetes mellitus (T2DM) on the
hypothalamic-pituitary-adrenal (HPA) axis: hyperglycemia in T2DM dysregulates the HPA axis, which activates the sympatho-
adrenal-medullary (SAM) axis resulting in an immune response. Hyperglycemia also dysregulates the immune system, which
activates an immune response. Activation from the SAM axis and the dysregulated immune system cause an increase in
immune cells secreting cytokines, especially interleukin-1f (IL-1p), IL-6 and tumor necrosis factor-alpha (TNF-o). Increased
levels of these cytokines contribute to the dysregulation of the HPA axis, which results in increased glucocorticoids. The
elevated glucocorticoids and cytokines exacerbate the hyperglycemic state in T2DM by further causing insulin resistance,
hyperinsulinemia, and hyperglycemia. All these further contribute to depressive symptoms such as anhedonia, altered sleep

pattern and reduced appetite.

be associated with the development of depression, where
increased concentrations correlate to greater severity of
depressive symptoms, as seen in several population-based
studies among individuals without clinical depression.”
The HPA axis and immune response are connected
(figure 1), and given how each system is affected indi-
vidually in T2DM and depression, taken together,
the combination of both the HPA axis and immune
response dysregulation in T2DM from the chronic
hyperglycemic state can result in the further diagnosis
of depression in patients with diabetes which can be
seen in figure 2.* The activation of the HPA axis due
to hyperglycemia results in the activation of the SAM
axis.” Subsequently, the activation of the SAM axis
simultaneously activates the immune systems resulting
in an immune response releasing the three cytokines
discussed above.” Simultaneously, the activation of
the immune system in the presence of hyperglycemia
results in the release of these cytokines due to chronic
low-grade inflammation, activating the HPA axis.”’
This leads to increased production of GCs, triggering

GC resistance and hyperactivity of the HPA axis.”” The
elevation of GCs and cytokines exacerbates the hyper-
glycemic state by either causing insulin resistance,
hyperinsulinemia, or hyperglycemia.3 42 82 purther-
more, maladaptive sicknesses such as decreased activity,
altered sleep patterns, and reduced appetite may be
seen, which are symptoms of depression.*’

However, the onset of T2DM is often preceded by
pre-diabetes, a reversible state of moderate hypergly-
cemia and insulin resistance.*® Complications often
seen in T2DM have been reported to begin in the pre-
diabetic state, while the current management strategies
have been shown to ameliorate the moderate hyper-
glycemic state and decrease the risk of developing
T2DM."* However, further research is necessary to
investigate whether moderate hyperglycemia, as seen in
pre-diabetes, can cause similar changes in seen chronic
hyperglycemia in T2DM by directly and indirectly
dysregulating the HPA axis and increasing the risk of
depression.
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PRE-DIABETES: CAN MODERATE HYPERGLYCEMIA HAVE THE
SAME EFFECT IN HPA AXIS DYSREGULATION?

Pre-diabetes is characterized by reduced insulin sensi-
tivity, impaired glucose and increased glycated hemo-
globin.*® Furthermore, it is defined as an intermediary
state of moderate hyperglycemia with blood glucose
concentration above normal but below the diabetes
threshold.¥ The WHO defines pre-diabetes with the
following two parameters: IFG which is defined as fasting
plasma glucose of 6.1-6.9mmol/L, and IGT which is
defined as postprandial or 2-hour plasma glucose of
7.8-11.0mmol/L after ingestion of 75 g of oral glucose
load or a combination of both based on a 2-hour oral
glucose tolerance test.** The American Diabetes Associ-
ation has an additional hemoglobin Alc (HbAlc)-based
criteria of a level of 5.7-6.4% in defining pre-diabetes
and lower cut-off levels for IFG with the parameter being
5.6-6.9mmol /L.**

Our laboratory has established a pre-diabetic rat
model that mimics the human condition. Using this
model, we investigated changes in the activity of the
cardiovascular system, the functioning of organs such
as the kidney and liver, and physiological systems such
as renin-angiotensin-aldosterone system in the pre-
diabetic state.* ™ The HPA axis and immune systems
have also been observed in the pre-diabetic state.® "
In a study by Mosili and colleagues, hyperactivity of
the HPA axis was observed in the pre-diabetic state.”
This study further showed impairment of the negative
feedback mechanism as evidenced by elevated GC
concentration with no directly proportional increase
in ACTH.” Additionally, the stress response was also
measured and reported to have been dysregulated on
stress induction which was evidenced by behavioral
and biochemical changes.”’ The changes in immune
cell concentration were also studied along with some
of the cytokines that are secreted, specifically TNF-o
and IL-6.* The study showed an increase in immune
cells that secreted these cytokines due to moderate
hyperglycemia.* The immune cells would secrete
these cytokines and target inflamed areas in the body
due to moderate hyperglycemia.®

CONCLUSION

The studies provide evidence that the pre-diabetic
state in the animal model setting correlates to the
changes in the HPA axis and immune system. Further-
more, the studies show the risk of what potentially
happens in a clinical setting when moderate hyper-
glycemia occurs. However, research is still necessary
for clinical studies to profile these direct effects of
moderate hyperglycemia in pre-diabetes on the
HPA axis and the indirect effects moderate hyper-
glycemia may have on the HPA axis by investigating
the components of the immune system that play a
role in regulating this pathway. A view and thorough
study into this will increase more knowledge of the

dangers of the pre-diabetic state and the importance
of a normoglycemic state, eventually decreasing the
risk of T2DM and subsequently decreasing the risk of
hyperglycemic-related depression.
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