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Abstract

Purpose of review—To provide an overview of shared dysregulation of the hypothalamic-
pituitary-adrenal (HPA) and brain-gut-microbiome (BGM) axes associated with depression and
type 2 diabetes (T2D). Clinical implications and future research are also discussed.

Recent findings—Both depression and T2D are associated with dysregulation of the HPA and
BGM axes. These pathways regulate immune function, glucose metabolism, and sleep, and are
altered in both illnesses. Dysregulation of homeostatic brain-body pathways may be positively
influenced though different therapeutic actions, including psychotherapy, healthy eating, physical
activity, sleep promotion, and certain anti-inflammatory or antidepressant medications.

Summary—While the causal nature of the relationship between depression and T2D remains
unclear, these conditions share dysregulation of homeostatic brain-body pathways that are central
to mental and physical health. Better understanding of this dysregulation may provide
opportunities for interventions that could benefit both conditions. Future research should examine
the additive burden of depression and T2D on HPA and BGM dysregulation, and differentiate
depression from emotional distress.
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Introduction

Depression is among the most common mental disorders in the United States affecting
around 16 million (6.7%) US adults in 2015 (1). Likewise, type 2 diabetes (T2D) is one of
the most common chronic illnesses in the United States, with experts predicting that 1 in 3
Americans may have diabetes by 2050 if current trends continue (2). There is also abundant
evidence that depression and T2D are related. Meta-analyses suggest that depression is
60-100% more common among individuals diagnosed with T2D compared to those without
this diagnosis (3,4). However, the causal or temporal relationship between these two
conditions remains unclear. Depression is often considered to be a comorbid condition
resulting from diabetes burden with data from the prospective population-based
ZARADEMP study showing that having T2D increases the risk of prevalent and incident
depression by 41% and 26%, respectively (5). However, depression appears to be a stronger
predictor of T2D than it is a consequence, as evidenced by data from the same project
showing that depression increases the chance of developing T2D by 60% (6).

Several explanations have been proposed for this comorbidity and the bidirectional influence
between depression and T2D (5,6). One explanation is the excessive emational burden of
chronic diabetes, especially considering the demanding nature of the treatment regimen and
lifestyle changes that are required for illness self-management. In support of this, reported
symptoms of depression are more common among diabetes patients on a more burdensome
treatment regimen (i.e., those on insulin treatment compared to oral medications only) (7),
and are more common among those with diagnosed compared to undiagnosed diabetes (8).
A second explanation is that depression is associated with low self-esteem and neglect of
one’s needs, which may contribute to unhealthy lifestyle behaviors such as physical
inactivity, smoking and an unhealthy diet (9). Indeed, research supports a link of moderate
effect size between depression symptoms and problems with diabetes self-management (10).

Finally, a third interpretation is that depression and T2D co-occur due to shared biological
changes (9). Specific environmental and lifestyle factors could contribute to dysregulation of
homeostatic brain-body pathways in genetically vulnerable individuals that are associated
with an increased mental and physical morbidity, including depression and T2D. Recent
research has revealed the presence of inter-related homeostatic brain-body pathways that
play central roles in maintaining mental and physical health and may represent shared
pathways linking depression and diabetes. In this review, we will focus on the hypothalamic-
pituitary-adrenal (HPA) axis and the brain-gut-microbiome (BGM) axis. The microbiome
refers to the community of microorganisms that reside within our Gl tracts, which will be
described in further detail in the next section.

The HPA system has received a significant amount of research attention as it appears to be a
primary pathway through which emotional symptoms and physical health relate to one
another (11). The BGM system has received less research attention in humans, but holds
significant promise for future discoveries in relation to depression and T2D and their co-
occurrence. Here we will introduce each axis, describe its dysregulation, and discuss how
dysregulation impacts immune function, food and glucose metabolism, and sleep. We then
relate these immune and metabolic shifts to depression and T2D. Given the complexity of
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the bi-directional regulation between brain-body axes and physiological systems, it can be
difficult to establish causal relationships. Thus, our focus is on describing the most
prominent inter-relationships between these systems as they relate to depression and T2D.

1. Overview of Homeostatic Brain-Body Pathways

a. Introduction

It is evolutionarily beneficial for complex organisms like humans to adapt to a range of
physical and psychosocial stressors in order to preserve overall homeostasis, defined as the
stability of a complex biological system. Such adaptations allow for flexibility in varying
environments and promote better use of changing environmental resources (12). However,
flexible adaptation to a variety of stressors also requires brain-body coordination. Indeed, a
substantial body of research supports a shared chemical language between brain and body
consisting of various signaling molecules including cytokines, hormones, neurotransmitters
and their receptors, and these signaling molecules appear to play a central role in
coordinating homeostasis, including complex integration and communication between the
HPA and BMG axes (12-15).

Increasing evidence suggests that the HPA and BGM axes are central to overall mental and
physical health, and their dysregulation appears to underlie the increased occurrence (and
co-occurrence) of various mental and physical illnesses (16,17). Contemporary culture in
industrialized environments encourages lifestyles with a considerable negative impact on
these homeostatic brain-body pathways by introducing several disruptors that contribute to
dysregulation when prolonged (Figure 1). These disruptors emerge from dramatic changes in
diet, increased use of medications such as antibiotics, a sedentary lifestyle, and sleep
changes, and importantly, our increasingly complex society has led to a growing number of
psychosocial stressors that have become more abstract, chronic, and separated from physical
stress (18-21). Our biological systems respond to these psychosocial stressors as being
indicative of potential physical harm, and the attempt to maintain homeostasis in the face of
continual challenge, also referred to as allostatic load (21), can contribute to dysregulation of
immune, metabolic and sleep systems. This dysregulation in turn contributes to the increased
occurrence of mental and physical illnesses associated with immune and metabolic
functions.

b. Hypothalamic Pituitary Adrenal (HPA) Axis

The HPA axis is a homeostatic brain-body system that is fundamentally involved in immune,
metabolic and reproductive regulation, as well as psychological well-being (22), illustrated
in Figure 2. Activation of the HPA axis is initiated by the paraventricular nucleus of the
hypothalamus in the brain, and this nucleus can be activated by perceptions of threat as well
as internal physiological processes (12). This leads to the release of corticotropin-releasing
factor/hormone (CRF/CRH), which stimulates the release of adrenocorticotrophic hormone
(ACTH) into the vascular system from the pituitary gland. This in turn activates the adrenal
glands situated atop the kidneys, which secrete the glucocorticoid hormone cortisol. Cortisol
secretion follows a diurnal pattern that regulates daily physiological processes such as
waking, glucose intake, and immune functioning. In times of stress, the system increases its
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cortisol output above typical levels to coordinate temporary fight-or-flight responses (e.g.,
release of adrenaline, increased heart rate, etc.) and compensate for potential overshooting of
immune responses (22). Several stressors have shown to activate the HPA axis in an acute
fashion, including social stress and separation (23), strong emotional responses (24), and
carbon dioxide inhalation (25).

Long-term HPA axis activation above normal daily levels can lead to eventual cortisol
dysregulation and negative physical consequences (22,26). When cortisol is chronically
elevated, it alters feedback controls, which changes the daily pattern of cortisol over time.
Specifically, cortisol becomes elevated and the diurnal curve begins to flatten, with relatively
lower cortisol levels observed in the morning and higher levels observed at night compared
to individuals with a normally-functioning HPA axis (22); and these changes to HPA axis
function have been linked to the presence of depression and T2D. For example, a meta-
analysis of 361 studies conducted over four decades of research suggests that clinical
depression is associated with HPA axis dysregulation, though the degree of dysregulation
varies significantly among patient groups (26). This is consistent with a second meta-
analysis showing particularly high HPA dysregulation among elderly individuals with
depression, which was related in part to the presence of comorbid illness (27); however,
aging is also associated with HPA dysregulation in physically healthy individuals (28). HPA
axis dysregulation has also been associated with obesity (29), cardiovascular disease (30)
and T2D (31), with longer diabetes duration associated with higher dysregulation (32) .
Under acute conditions, cortisol indirectly increases and maintains glucose levels in the
blood by acting on insulin, though dysregulation contributes to insulin resistance as well as
increased hunger and obesity (33).

c. Brain-Gut-Microbiome (BGM) Axis

The BGM pathway coordinates hunger, gut motility, inflammatory responses, and signals
related to mood between the brain and enteric nervous system of the Gl tract (17,34),
illustrated in Figure 3. The enteric nervous system, recently referred to as the ‘second brain,’
is a neural network of approximately 100 million neurons embedded in the lining of the
gastrointestinal tract that have bidirectional connections to the CNS via motor and sensory
fibers, and particularly the vagus nerve (17). Moreover, there is an immense ecological
community of bacteria, fungi, viruses and archaea that reside within our Gl tracts,
collectively called the gut microbiome, that exerts control over the brain and physiological
processes of the host (17,35). While the gut microbiome differs between individuals, several
core strains are shared (36,37). We have developed a symbiotic (helpful) dependence on
these microorganisms, as our intestines provide nutrition and a competitive environment for
a variety of symbiotic, commensal (neutral), and pathogenic (harmful) microorganisms. At
the same time, these microorganisms contribute to nutrient processing and are essential to
many biological processes (36,37), and a stable and diverse microbiota is central to BGM
axis homeostasis and host health (17,20).

Dysbiosis results when there is an imbalance between symbiotic, commensal and pathogenic
microorganisms, involving decreased diversity and an increased presence of pathogenic
bacteria (20). Emerging evidence suggests that factors such as genetic predisposition, an
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unhealthy diet, the use of antibiotics, and psychological and physical stress can disrupt the
gut microbiome and contribute to dysbiosis (20). For example, exam stress was found to
increase the presence of harmful bacteria in the stool of college students (38), and stress
from confinement training promoted the growth of harmful fecal bacteria in astronauts (39).
In animal models, the stress-related chemical messenger, norepinephrine, has been shown to
bind directly to pathogenic bacteria and increase their virulence (34), while changes in
depression-related serotonin and CRF/CRH signaling can contribute to altered motility, fluid
secretion, and heightened intestinal permeability, indirectly influencing dysbiosis (34,40).

Gut microbiota have been associated with depressive behaviors in animals (41), and
depression in humans (42). While research involving humans is limited, it is important to
note that serotonin is a key signaling molecule at both ends of the BGM pathway, is
synthesized and regulated by microbiota (43), and is central to BGM homeostasis (15).
Additionally, there is growing support for a link between gut microbiota and various chronic
conditions, including obesity, metabolic syndrome, (44) and T2D (45). Preliminary work in
humans supports that those with T2D have a reduced abundance of Bacteroidetes and a
higher abundance of Firmicutes (45), and one experimental study showed that transfer of gut
microbiota from individuals who were lean to those with metabolic syndrome, improved gut
microbiome diversity and insulin sensitivity among the recipients (46). Further, a
comprehensive systematic review and meta-analysis recently documented that gastric bypass
surgery, which contributes to weight loss and a reduced risk of T2D, also leads to changes in
gut microbiota composition, particularly enrichment of Bacteroidetes (47).

3. Homeostatic Dysregulation: Inflammation, Metabolism and Sleep

The ability to fight infections and store energy is essential for survival, and immune and
metabolic processes deeply depend on one another. Immune cells rely on energy (i.e.,
glucose) from the metabolic system to fight infections, while food digestion requires help
from the immune system and helpful microbiota to differentiate between nutrients and
pathogens within the Gl tract (48). As previously mentioned, the HPA and BGM axes, and
fundamental physiological processes (immune and metabolic function, diurnal sleep rhythm)
use the same chemical language that involves various hormones, cytokines, and other
signaling proteins that allow for flexible communication and regulation (13) (See Figure 1).

a. Immune function

Chronic inflammation appears to be a central mechanism through which homeostatic
dysregulation negatively influences physical health. When the HPA axis is functioning
normally, acute surges of cortisol initially activate immune responses, and later contribute to
restraining neuroendocrine and inflammatory responses (22,49). However, when chronic
stressors alter diurnal cortisol patterns, targeted cells (e.g., immune cells) begin to show a
reduced response, termed glucocorticoid resistance (50). Thus, HPA axis dysregulation
ultimately prolongs activation of the inflammatory response (22,50). Several studies
highlight that glucocorticoid resistance is central to the effects of chronic stress and HPA
axis dysregulation on prolonged inflammation (50). Glucocorticoid resistance has also been
tied to depression (51) and physical illness (30,52). Emerging evidence further suggests that
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dysregulation of the BGM axis contributes to systemic inflammation (53). This is in large
part because dysbiosis contributes to epithelial permeability, or leakiness of the gut lining,
which allows pathogenic bacteria to enter the body that then produces an inflammatory
response (20,53).

It is known that about a third of patients treated with interferon-alpha in several diseases
(e.g., cancer, hepatitis C) develop ‘sickness behavior’, which shares similarities with
depression such as depressed mood, reduced appetite, sleep changes, fatigue and
psychomotor slowing, and termination of the medication alleviates these symptoms (14,54).
Since this discovery, many studies have examined the relationship between inflammation
and depression with mixed findings (e.g., (55)). A recent meta-analysis of 24 studies
examining cytokines associated with depression showed consistent findings of elevated pro-
inflammatory markers Tumor Necrosis Factor-Alpha (TNF-a) and interleukin-6 (IL-6) and
interleukin-1 beta (IL-1p8) among individuals meeting the Diagnostic and Statistical Manual
of Mental Disorders (DSM) criteria for depression compared to a control group (56),
strengthening the notion that depression is associated with a chronic inflammatory state.

The increased presence of TNF-a, IL-6, and IL-1p in depression is noteworthy, as they are
primary messengers when it comes to immune regulation of the HPA axis (e.g., (57), and are
the same pro-inflammatory markers implicated in T2D (58). Cumulative research suggests
that inflammation is related to T2D pathogenesis, with chemical messengers IL-6, IL-1p and
TNF- a playing noteworthy roles in the development of obesity and insulin resistance, or
cellular insensitivity to insulin (58). Excessive nutrient intake activates the IL-system in the
pancreas, while the presence of excess adipose tissue increases circulating IL-6 and TNF- a
(58). Reducing TNF-a secretion from adipose tissue in animal models improved glycemic
control and insulin sensitivity (59).

b. Food and Glucose Metabolism

The HPA axis regulates metabolism while metabolic factors (e.g., insulin) also regulate HPA
axis function, which is believed to increase homeostatic flexibility in times of feast or
famine (60). Hypercortisolemia increases the release of glucose from the liver, while at the
same time interfering with insulin action, including inhibiting insulin release from
pancreatic beta cells (61), and weakening the insulin-dependent transport of glucose into
cells (62), which together contribute to hyperglycemia. Cortisol also influences fat storage
and distribution, and hypercortisolemia contributes to central adiposity (63).

Gut bacteria appear to play a key role in the digestive process, and have also been shown to
be related to glucose metabolism. In fact, humans would not be able to metabolize a large
portion of their food without the help of gut microbiota (17). Gut microbiota also control the
amount of energy that is taken from food and thus play an important role in weight gain,
showing increased energy harvest from food in obesity (63). Gut microbiota are associated
with weight gain, fat distribution, and adipose tissue inflammation(44,63), which contributes
to insulin resistance (63) and thus glycemic control.

Depression and the presence of emotional distress are both associated with changes in
glucose metabolism, and are particularly associated with insulin resistance (64,65). A recent

Curr Diab Rep. Author manuscript; available in PMC 2018 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoogendoorn et al. Page 7

systematic review and meta-analysis of 18 studies examining depression and insulin
resistance, showed a small but significant association (64). Another meta-analysis of 24
studies also showed a small to moderate association between depression and hyperglycemia
in diabetes patients (66). While these relationships have been documented, further
experimental and longitudinal studies are needed to better understand causal or temporal
associations between depression and insulin resistance (64) and/or glycemic control (67,68).

In summary, the HPA and BGM axes play significant roles in regulating various metabolic
functions related to T2D, an illness characterized by insulin resistance in the presence of
beta cell dysfunction that together contribute to a hyperglycemic state (69). While there is a
considerable genetic component to developing T2D (70) insulin resistance and beta cell
dysfunction are also strongly influenced by behavioral and environmental factors associated
with our industrialized society (69), including psychological and emational factors (62).

c. Diurnal Sleep Rhythm

The HPA axis is known to contribute to sleep regulation, while relationships are less clear
when it comes to sleep and the BGM axis. Peaks and troughs of the healthy diurnal cortisol
pattern align with times of activity and rest (71), and the development of the diurnal cortisol
secretion pattern is closely related to the initiation of the circadian sleep cycle in newborns
(72). The potential influence of the BGM on the diurnal sleep rhythm has been recently
assessed in mice, showing circadian fluctuations in microbiome composition and gene
expression that relate to host feeding schedules (73), and serotonin changes associated with
the brain-gut axis are associated with sleep regulation (15). Further, animal models of sleep
apnea also show that intermittent hypoxia contributes to a higher abundance of phylum
Firmicutes and a decrease in Bacteroidetes and Proteobacteria phyla compared to controls
(74).

Fatigue and sleep disturbances are common among individuals with depression, as well as
individuals with T2D. In fact, insomnia and hypersomnia are symptoms that contribute to a
diagnosis of MDD (75). Depression is also genetically linked to clock gene polymorphisms,
suggesting a common biological predisposition with sleep dysregulation (76). However, the
specific relationship between depression and changes in circadian sleep rhythm are not
completely clear, with several hypotheses related to disturbance in circadian, social and
sleep rhythms alignment (e.g., the phase-shift, phase advance, and social rhythms
hypotheses) (77). Fatigue and sleep disturbances are also commonly reported by individuals
with diabetes, with a recent study showing that 50% of diabetes patients reported insomnia
compared to 27% of patients without diabetes (78). Large prospective studies show that
reduced self-reported sleep duration (<6 hrs) is related to an increased risk of T2D, and this
increased risk appears to be due to heightened inflammation, insulin resistance, appetite and
weight gain associated with sleep loss (79,80). Obstructive sleep apnea is also common,
affecting 58%-86% of individuals with T2D, and is associated with increased insulin
resistance and poor glycemic control (79,81). Few studies have examined the causal effect of
sleep deprivation on glycemic control in diabetes samples, and these studies suggest that
sleep deprivation reduces glycemic control, which is consistent with studies in healthy adults
(79).
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4. Clinical Implications

Given the preliminary nature of much of this research, it is premature to propose concrete
recommendations for health practitioners. Our review of initial evidence suggests
psychological, behavioral and pharmacological therapies that target dysregulated
homeostatic brain-body pathways may have positive effects on depression and T2D control.
In particular, perceived stress is directly related to activation of the HPA and BGM axes, and
adaptive coping strategies likely have powerful influences on health (21). For example,
interpersonal therapy, which is focused on finding solutions to current interpersonal
problems, has been shown to be more effective in reducing depressive symptoms among
individuals with depressive disorders than placebo or CBT (82). . However, it is important to
note that interventions alleviating depression and distress in T2D have generally failed to
improve glycemic control (83).

Health behaviors such as a healthy diet, physical activity and adequate sleep can also reduce
homeostatic dysregulation. For instance, a diet high in fiber and low in fat promotes the
growth of helpful bacteria and thus can reduce gut dysbiosis (63). In addition, initial meta-
analyses of RCTSs testing probiotics (which increase the presence of helpful bacteria) as a
potential treatment, are showing promising results for reducing depressive symptoms among
physically healthy individuals (84), and improving glycemic control and insulin resistance in
T2D patients (85). However, future studies would benefit from having larger sample sizes,
analyzing individual probiotic strains, and considering probiotic survivability in the Gl tract
(84). Furthermore, physical activity is known to regulate HPA axis function and contribute to
increased insulin sensitivity (86), and has been found to be as effective as selective serotonin
reuptake inhibitors (SSRIs) in alleviating depression (87). Treatment of sleep issues may
also improve depression and glycemic control; initial evidence suggests that successful CBT
for insomnia also improves depressive symptoms not related to sleep (e.g., hopefulness,
energy levels, suicidality), though these effects require further replication (91). Meta-
analyses assessing treatment of sleep apnea among individuals with T2D have shown
inconclusive results (79). It is possible that individuals with comorbid depression and T2D
require interventions that target multiple aspects of mental and physical health concurrently.
For example, an integrative treatment that paired physical activity with cognitive behavioral
therapy showed promise for improving depressive symptoms and glycemic control among
individuals with T2D and comorbid depression (88), though specific potential mechanisms
were not assessed in this study. Measurement of homeostatic dysregulation in future studies,
which we discuss in more detail in the next section, would allow researchers to test potential
explanatory mechanism for differences in health outcomes.

5. Research Implications and Future Directions

a. Clinical Depression and Emotional Distress

Since chronic psychological stress as well as depression is associated with dysregulation of
the HPA and BGM axes, it is unclear how a clinical diagnosis of depression is related to
homeostatic dysregulation specifically. Some researchers have proposed that chronic
emotional distress is a contributor to dysregulation, while depression may be a consequence
(e.g., (89), though this remains to be clarified. This is particularly relevant, given that
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previous literature supports that diabetes distress is more closely related to glycemic control
in T2D compared to clinical depression per se (68). Future research should continue to
differentiate between clinical depression and chronic emotional distress when considering
the co-occurrence of mental and physical diseases, and dysregulation of the HPA and BGM
axes.

Related to this, there is large diversity of symptoms within the construct of MDD, as well as
heterogeneity in the assessment of depression (symptom report/screening scales vs.
diagnostic interview). The gold standard for diagnosing depression is a diagnostic interview
that assesses whether a particular individual meets the criteria presented in the DSM (75),
though different minimally-overlapping symptom constellations can contribute to the same
diagnosis (67). In research, the presence or absence of depression among those with diabetes
is often assessed utilizing cutoff scores for self-report measures. However, the use of self-
report questionnaire cutoff scores leads to a substantial overdiagnosis of depression, and
depressive symptoms greatly overlap with general emotional distress, diabetes-specific
distress, and physical symptoms of T2D (67), making it difficult to tease apart whether
studies are assessing depression, emotional distress more generally, or symptoms of T2D.
This heterogeneity in MDD symptoms and assessment may mask relations to dysregulation
of homeostatic pathways, and it is possible that particular depression symptoms such as
fatigue (90) are more closely related to homeostatic dysregulation than other (i.e., cognitive)
symptoms of depression.

b. Measurement of Homeostatic Dysregulation

It is of primary importance that dysregulation of brain-body pathways are more clearly
characterized in patients with depression, T2D, and in those with both conditions. Routine
assessment of one or more of the following measures would help quantify and illuminate the
role of homeostatic pathways in depression and diabetes: diurnal cortisol patterns, the
dexamethasone-CRH (DEX/CRH) test assessing HPA axis dysregulation and glucocorticoid
resistance, homeostasis model assessment of insulin resistance (HOMA-R), the diversity and
prevalence of harmful (e.g., phylum Firmicutes) and helpful (e.g., phyla Proteobacteria and
Bacteroidetes) gut microbiota, degree of endothelial permeability in the gut, degree of
chronic systemic low grade inflammation (e.g., CRP), and sleep quality/duration over time.
C-Reactive protein is a sensitive non-specific measure of low-grade inflammation and thus a
good measure to assess homeostatic dysregulation, while measurements of IL-6, the IL-1
family, and TNF-a would allow for more specific characterization of inflammation specific
to the biological overlap between depression and T2D. Further, somatic symptoms such as
fatigue have been shown to be related to homeostatic dysregulation (90), and thus have the
potential to act as an indirect patient-reported measure to accompany biological measures.
The theoretical model that we have introduced provides researchers with specific biological
measures to assess, and may help strengthen future research design.

Future studies should examine whether depressed and non-depressed T2D patients differ in
measures of homeostatic dysregulation mentioned above; as this could help to establish
whether comorbidity is associated with greater disruption of homeostasis, or whether co-
occurrence is due to other factors. An initial study by Laake and colleagues (91) showed a
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relationship between increased inflammatory markers and depressive symptoms in 1,790
participants recently diagnosed with T2D, providing evidence of increased homeostatic
dysregulation among individuals with both disorders. However, these relationships require
replication and further exploration.

c. Medication Treatments

The theoretical model we have presented here may also strengthen our understanding of how
antidepressant medications relate to depression and T2D. It is well-known that CRF/CFH
release from the hypothalamus is under serotonergic control, and serotonin also appears to
have direct action on the pituitary and adrenal cortex, thus influencing ACTH and cortisol
release independent of CRF/CRH (89). Serotonin also plays a critical role in immune cell
signaling and inflammatory processes (92), and successful antidepressant treatment appears
to work in part by influencing glucocorticoid receptor function and restoring communication
between the HPA axis and TNF-a system (93). Treatment of T2D with antidepressant
medications with anti-inflammatory properties could theoretically address symptoms of
depression and disease simultaneously (94), though further research is needed.

One issue is that serotonin is one of the most abundant and heterogeneous chemical
signaling molecules in the body, and SSRIs, serotonin-norepineprine reuptake inhibitors
(SNRIs), and tricyclic (TCAs) and atypical antidepressants each have unique mechanisms of
action that are often not fully understood (95,96). Currently, literature shows mixed findings
related to the positive and negative effects of various antidepressant medications on health.
A meta-analysis showed that mirtazapine (an atypical), amitriptyline (a TCA), and
paroxetine (an SSRI) increased the risk for weight gain, while bupropion (an atypical) and
fluoxetine (an SSRI) contributed to weight loss (97). This is consistent with findings
showing that fluoxetine improves glucose control and nortripyline (a TCA) can worsen
glucose control (98).

For these reasons, potential effects of antidepressants in relation to depression, T2D, and
homeostatic regulation should be examined by class, and sometimes even by specific
antidepressant, as there can be variations in serotonin signaling and receptor binding
between and within classes (95,96). For example, recent epidemiological studies linking
antidepressant use to future T2D diabetes risk combined antidepressant classes when testing
a potential causal biological relationship (e.g. (99,100), though Kivimaki and colleagues
(100) did look at SSRIs and TCAs individually in follow-up analyses and Rubin and
colleagues (99) removed antidepressants associated with weight loss (e.g., bupropion).
Bench work elucidating the full range of serotonin signaling in the body, alongside scientific
clarification of specific mechanisms of action for various antidepressants, would contribute
to stronger clinical and epidemiological study designs when it comes to biological pathways
linking depression, antidepressants, and risk for T2D.

6. Conclusion

While the complexity of the described inter-related physiological systems increases
flexibility and adaptability for survival, the complexity also allows for multiple opportunities
of dysregulation. This becomes more problematic in contemporary society, which introduces
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several sources of continual disruption including psychological stress, antibiotic use, poor
diet, physical inactivity, and shifts in diurnal patterns. It is important for future research to
differentiate chronic emotional distress from depression, as emotional distress appears to be
a powerful driver of homeostatic dysregulation. This is consistent with epidemiological and
population-based data supporting that depression may be a stronger predictor for T2D than
vice versa (5,6). The evidence that depression and T2D involve shared dysregulation of
homeostatic brain-body pathways, suggests that this dysregulation may be an important
treatment target for depression, T2D, and their comorbidity. However, research examining
the BGM axis is in its infancy, and researchers as well as clinicians should be cautiously
optimistic about the future connections with mental and physical health that may be made.
Future studies should attempt to establish the various causal relationships underlying HPA
and BGM axis dysregulation in relation to depression, emotional distress, and the
development of T2D.
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Figurel.
Homeostatic Dysregulation of Brain-Body Pathways. Figure shows inter-regulation between

physiological systems, which allows for maximum flexibility in maintaining homeostasis.
The introduction of chronic disruptors to this homeostatic system at every level can
contribute to dysregulation. Dysregulation of core homeostatic brain-body pathways, namely
the hypothalamic-pituitary-adrenal (HPA) and brain-gut-microbiome (BGM) axes, are
associated with mental and physical illness, including depression and type 2 diabetes.

Curr Diab Rep. Author manuscript; available in PMC 2018 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hoogendoorn et al.

Page 18

HPA Axis

Stress >

Hypothalamus
®

Anterior
pituitary

©
Adrenal gland
Kidney
<>

Metabolic
effects

Figure2.
Overview of the HPA axis. Activation of the HPA axis is initiated by the paraventricular

nucleus of the hypothalamus in the brain, and this nucleus can be activated by perceptions of
threat as well as internal physiological processes. This leads to the release of corticotropin-
releasing factor/hormone (CRF/CRH), which stimulates the release of adrenocorticotrophic
hormone (ACTH) into the vascular system from the pituitary gland. This in turn activates the
adrenal glands situated atop the kidneys, which secrete the glucocorticoid hormone cortisol.
(Figure reproduced from: Hiller-Sturmhofel and Bartke. Alcohol Research and Health
1998;22(3):153) [101].
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Figure 3.
Brain—gut—-microbe communication in health and disease. A stable gut microbiota is

essential for normal gut physiology and contributes to appropriate signaling along the brain—
gut axis and to the healthy status of the individual as shown on the left hand side of the
diagram. Conversely, as shown on the right hand side of the diagram, intestinal dysbiosis can
adversely influence gut physiology leading to inappropriate brain—gut axis signaling and
associated consequences for CNS functions and disease states. Stress at the level of the CNS
can also impact on gut function and lead to perturbations of the microbiota. (Legend and
figure reproduced from: Grenham S, et al. Frontiers in Physiology 2011;2:94) [17].
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