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Abstract

The worldwide epidemic of metabolic syndromes and the recognized burden of mental health
disorders have driven increased research into the relationship between the two. A maladaptive
stress response is implicated in both mental health disorders and metabolic disorders, implicating
the hypothalamic-pituitary-adrenal (HPA) axis as a key mediator of this relationship. This review
explores how an altered energetic state, such as hyper- or hypoglycemia, as may be manifested in
obesity or diabetes, affects the stress response and the HPA axis in particular. We propose that
changes in energetic state or energetic demands can result in “energetic stress” that can, if
prolonged, lead to a dysfunctional stress response. In this review, we summarize the role of the
hypothalamus in modulating energy homeostasis and then briefly discuss the relationship between
metabolism and stress-induced activation of the HPA axis. Next, we examine seven mechanisms
whereby energetic stress interacts with neuroendocrine stress response systems, including by
glucocorticoid signaling both within and beyond the HPA axis; by nutrient-induced changes in
glucocorticoid signaling; by impacting the sympathetic nervous system; through changes in other
neuroendocrine factors; by inducing inflammatory changes; and by altering the gut-brain axis.
Recognizing these effects of energetic stress can drive novel therapies and prevention strategies for
mental health disorders, including dietary intervention, probiotics, and even fecal transplant.

Keywords
metabolic dysfunction; obesity; HPA axis; glucocorticoid; stress

1. Introduction

“If we break up a living organism by isolating its different parts it is only for the sake of ease

in analysis and by no means in order to consider them separately. Indeed when we wish to
ascribe to a physiological quality its value and true significance we must always refer it to
this whole and draw our final conclusions only in relation to the effects in the whole.” —
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Claude Bernard, “An Introduction to the Study of Experimental Medicine,” 1927 (translated
in Bernard (1980))

From “gut feelings” to “heart-broken” to “butterflies in your stomach,” the English language
acknowledges the profound relationship between our physical and mental reactions to the
external world. Though neuroscience has an historical tendency to separate its study of the
nervous system and neurological disorders from the rest of the body, there is a growing
awareness of the essential role that reciprocal interactions between systems may play in
moderating physiology both in homeostasis and under stress. In particular, the worldwide
epidemic of metabolic disorders (Swinburn et al., 2011, Ogden et al., 2014) and the
recognized burden of mental health disorders (Ustun et al., 2004) have led to an increased
interest in the potential relationship between the two. Multiple clinical studies have linked
disorders such as depression and post-traumatic stress disorder to obesity and diabetes
(Anderson et al., 2001, Weiss et al., 2011). Mechanistically, a maladaptive stress response is
associated with both mental health disorders and metabolic disorders, implicating the
hypothalamic-pituitary-adrenal (HPA) axis as a key mediator of this relationship. Recently,
the International Diabetes Federation even highlighted the need for research into the role of
the HPA axis in its review of Metabolic Syndrome (IDF, 2006).

As several other reviews (Bjorntorp and Rosmond, 2000, Rosmond, 2005, Reagan, 2012)
and meta-analyses (Blaine, 2008) have focused on the potential role of stress and mental
health disorders to induce alterations in metabolic function, this review will instead focus on
the role of metabolic dysfunction and other disruptions to energy availability to alter the
stress response and HPA axis function. Just as disruptions to the social and physical
environment can promote psychosocial or mechanical stress, changes in energetic state or
energetic demands can result in “energetic stress” as the body is faced with resource-based
trade-offs leading to widespread effects at the cellular and systems levels (Thompson et al.,
2010, Bland and Birnbaum, 2011, Miller and Hamilton, 2012). Thus, states of metabolic
dysfunction, including obesity (excess energy storage), diabetes mellitus (altered usage and
storage of energy), and irritable bowel syndrome (resulting in impaired uptake and usage of
energy), all classify as energetic stressors. We will begin with an overview of the role of the
hypothalamus in modulating energy homeostasis, and then briefly discuss the relationship
between metabolism and stress-induced activation of the HPA axis. Next, we will discuss
potential mechanisms whereby energetic alterations can moderate changes in the stress
response (Figure 1; Table 1). Finally, we will conclude with a discussion aimed to guide
future research and potential clinical therapy.

2. Overview of the hypothalamic role in regulating energy and the stress

response

2.1 The hypothalamus as regulator of energy availability

The responsibility for controlling energetic availability is shared by multiple peripheral
organs as well as several brain regions. However, most research and interest in this field has
centered on the hypothalamus. This region encompasses multiple nuclei that communicate
using over 50 neurochemicals (Williams et al., 2000, Williams et al., 2001), many of which
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are involved in the control of energy and feeding. Historical views of the control of food
intake based on lesion models have traditionally labeled the ventromedial nucleus of the
hypothalamus (VMH) as the “satiety center,” while labeling the lateral hypothalamus (LH)
the “hunger center” (Saper et al., 2002). However, research in the 1990s paved the way for a
more nuanced understanding of energy homeostasis and body weight regulation (Zhang et
al., 1994, Tartaglia et al., 1995, Fan et al., 1997, Schwartz et al., 2000, Saper et al., 2002).
These advances began with identification of the gene for the adipose-derived hormone leptin
and its receptor in 1994 and 1995 (Tartaglia et al., 1995) and continued as scientists gained
insight into the role of ghrelin and other gut hormones as well as extended knowledge of
hypothalamic peptides, such as Neuropeptide Y (NPY) and Agouti-Related Peptide (AgRP),
and their receptors.

Though current knowledge is far from complete, we now understand the multiple drives that
can result in feeding. These can include circadian drives, mediated through the
suprachiasmatic nucleus (SCN); sensory drives, mediated by olfactory, gustatory, and
mechanical stimuli; hedonic drives, mediated by the mesolimbic system and its connections
with hypothalamic nuclei; and homeostatic drives, mediated by inputs from the periphery,
including plasma leptin, insulin, and glucose levels, as well as other gut hormones and
peptides (Saper et al., 2002). These drives converge at the hypothalamus, where they are
synthesized to elicit various outputs, including endocrine outputs, primarily through the
paraventricular nucleus (PVN); motor outputs, through the LH; and autonomic outputs,
through the LH, PVN and arcuate nucleus (ARC) (Saper et al., 2002). In a simplified model
of energy homeostasis, adiposity and satiety signals, such as leptin and insulin, signal to the
arcuate nucleus to inhibit anabolic NPY/AgRP pathways while stimulating catabolic
proopiomelanocortin/cocaine-and-amphetamine-related-peptide (POMC/CART) pathways
relayed to the PVN and LH (Schwartz et al., 2000). These signals are simultaneously
integrated with signals from additional drives mentioned above. Output from the PVN and
LH converges at the nucleus of the solitary tract (NTS), where information is integrated with
additional ascending input from the gut. The net output results in a signal to eat or not
(Schwartz et al., 2000). However, this multi-level system of inputs and outputs lends itself
easily to modulation by external factors, such as stress.

2.2 Relationship between metabolism and stress-induced activation of the HPA axis

The HPA axis is a key effector of the stress response; however, it is worth considering the
numerous additional roles played by the primary output of the HPA axis, glucocorticoids.
Hans Selye named glucocorticoids for their effects on liver gluconeogenesis (Szabo et al.,
2012). Glucocorticoids play multiple important metabolic roles including regulation of
gluconeogenesis, insulin sensitivity, glucose uptake, preadipocyte differentiation, and
lipolysis (Carroll et al., 2011). Glucocorticoids, along with adrenocorticotropic hormone
(ACTH), regulate the HPA axis by negative feedback via the glucocorticoid receptor (GR),
transcription factors that exist on nearly every cell of the body (Panagiotakopoulos and
Neigh, 2014). This negative feedback helps attenuate adrenal output in response to stressors
(reviewed in Herman and Cullinan (1997), Bourke et al. (2012)).
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In response to a stressor, the PVN of the hypothalamus releases corticotropin-releasing
factor (CRF), which is transported through the hypophyseal portal system to the pars distalis
of the anterior pituitary to stimulate secretion of adrenocorticotropic hormone (ACTH), a
cleavage product of POMC. ACTH travels through the bloodstream to the adrenal cortex to
stimulate glucocorticoid production, and in turn, glucocorticoids travel in the bloodstream
bound to corticosteroid binding globulin (CBG). The availability of glucocorticoids in target
tissues depends on the activity of 11-p hydroxysteroid dehydrogenase (11pHSD), which
converts inactive forms of glucocorticoids to their active forms. Active glucocorticoids
mediate their effects via GR both within the HPA axis and in additional tissues, including
liver and adipose tissue (Schimmer and Funder, 2011). Exposure to chronic stress can alter
GR expression (Chiba et al., 2012) or expression of GR co-chaperones that modulate
feedback (Bourke et al., 2013) in key limbic brain regions to promote depressive- and
anxiety-like behavior. When GR activity is altered or impaired, it can have important
ramifications for metabolism as well, as will be discussed in the next sections.

3. Energetic stressors alter the HPA axis

Just as the hypothalamus and HPA axis are critical regulators of energy availability and the
stress response, metabolic dysfunction, a type of energetic stressor, is associated with HPA
axis impairment on multiple levels, including excessive forward drive; distorted sensitivity
to negative feedback; and altered sensitivity of peripheral tissues to glucocorticoid activity
(reviewed in Seimon et al. (2013)). These HPA axis disruptions can be modulated by
changes in energy intake as well as changes in weight and fat distribution. In addition,
numerous additional neuroendocrine mediators, including insulin, leptin, and several
neuropeptides (Saper et al., 2002), as well as inflammatory factors, can both be affected by
metabolic dysfunction and impact HPA axis activity. Collectively, this review will address
seven key areas of research that explore the effects of energetic stressors on the HPA axis.
These are: 1) effects of diet-based energetic stressors on the HPA axis; 2) energetic stress
effects on HPA axis signaling; 3) energetic stress effects on glucocorticoid signaling outside
the HPA axis; 4) energetic stress effects on sympathetic nervous system hyperactivity; 5)
energetic stress effects on additional neuroendocrine and neuropeptide factors; 6) energetic
stress effects on inflammation in the HPA axis; and 7) metabolic influences on the gut-brain
axis. We will now turn our attention to explore these mechanisms. Further, we highlight
some key aspects of these topics Figure 1 and in Table 1.

3.1 Dietary imbalance disrupts HPA axis signaling

Disruptions in energy balance may result in critical changes to an organism’s HPA axis
signaling, and vice versa. Indeed, the insulin-hypoglycemia test, which normally stimulates
CRF release, increases ACTH, and promotes cortisol secretion, has been proposed by some
as “the best indicator of the integrity of the response of the HPA axis to stress” (Erturk et al.,
1998). This HPA axis activation is part of the counterregulatory response to hypoglycemia,
which promotes release of glucagon via glucosensitive neurons in the VMH (Borg et al.,
1994).
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However, situations less extreme than hypoglycemia can also induce changes in HPA axis
output. In healthy subjects, food consumption alone is associated with an increase in plasma
cortisol (Rosmond et al., 2000) and CRF-induced cortisol is strongly associated with
increases with food intake (George et al., 2010). A study of abdominally-obese vs.
peripherally-obese or healthy control women demonstrated that abdominally obese women
have an attenuated cortisol response to protein & lipid-dense meals but an elevated cortisol
response to carbohydrate-dense meals (Vicennati et al., 2002). In contrast, peripherally
obese and control women had an elevated cortisol response to the protein and lipid-dense
meals but little change in response to the carbohydrate-dense meals, indicating that the HPA
axis response to macronutrients may depend in part on body fat distribution.

Diet can also alter the HPA axis mediated output in response to stress, though the literature
is mixed with respect to the effects of diet on HPA axis output as well as the effects of stress
on feeding. In rodent models, weight loss and reduced food intake are commonly used as
markers of stressor efficacy and activation of the HPA axis, but these same stressors and/or
HPA axis activation can increase intake of palatable food and visceral obesity in particular
(reviewed in Dallman et al. (2003), Dallman et al. (2005), Adam and Epel (2007)).
Corticosterone replacement in adrenalectomized rats promotes sucrose consumption, as does
prior exposure to sucrose compared to observations of sucrose consumption in sucrose-naive
intact rats (Bell et al., 2000). Male rats exposed to restraint stress after five to seven days of
access to lard, sucrose, or both have a reduced plasma ACTH and corticosterone response as
well as increased food consumption (Pecoraro et al., 2004, Foster et al., 2009), indicating the
potential for energy-dense foods to dampen HPA axis output in the short term. A similar
effect has been observed in humans, as two weeks of thrice daily consumption of sucrose-
sweetened beverages blunts the cortisol response to naltrexone in adult women (Tryon et al.,
2015). However, six weeks of high-fat consumption in adult male mice increases plasma
corticosterone in response to acute stress (Sharma et al., 2013), and eight weeks of a high-fat
diet in combination with 21 days of chronic social defeat stress increases both basal and
stress-induced plasma corticosterone (Balsevich et al., 2014). Female rhesus macaques given
the choice of an energy-dense high-fat high-sugar diet for a two-week time period also have
an increased cortisol response to an acute stressor (Michopoulos et al., 2012). “Low quality”
food intake (high consumption of meat, saturated fat, and refined sugar) is additionally
associated with high basal cortisol and impaired negative feedback in the dexamethasone
suppression test in humans with type 2 diabetes mellitus (T2DM) (Duong et al., 2012).
Consistent with this impaired negative feedback, eight weeks of high-fat diet exposure can
reduce mMRNA expression of GR and increase expression of the negative GR co-chaperone
FK binding protein 51 (FKBP51) in the VMH of male mice (Balsevich et al., 2014).
Upregulated FKBP51 and reduced GR in the hypothalamus may be one mechanism leading
to glucocorticoid resistance after consumption of an energy-dense diet.

The GR is not the only modulator of HPA axis output affected by (and affecting) food
intake. CRF appears to have dual roles with respect to food intake. Intracerebroventricular
infusion of CRF can result in upregulation of pituitary POMC and concomitant weight loss
or delayed weight gain in both normal weight (Hotta et al., 1991, Buwalda et al., 1997) and
obese rats (Arase et al., 1989). The effects of CRF infusion on weight also appear sex-
dependent, reducing food intake and promoting weight loss in male animals but not females
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(Rivest et al., 1989). In contrast to CRF infusion, however, transgenic overexpression of
CRF can promote increased food intake and weight gain (Stenzel-Poore et al., 1996,
Nakayama et al., 2011, Dedic et al., 2012), indicating receptor downregulation/
desensitization or mediation of ACTH release by factors other than CRF, such as arginine
vasopressin (Inui, 2000).

CRF can act on either of two receptors, CRF; or CRF,, which are differentially sensitive to
CRF and appear to play separate roles in feeding and stress regulation (Cullen et al., 2001,
Bale and Vale, 2004). In mice, CRF4 receptor agonists urocortin 1 (UCN1) and stressin-A
reduce food intake while increasing corticosterone, while urocortin 2 (UCN2) reduced food
intake without an effect on the stress phenotype by way of a CRF, receptor-dependent
mechanism (Fekete et al., 2011). The CRF, receptor system may be primarily responsible
for anorexigenic effects of CRF or UCNs (Stengel and Tache, 2014) whereas the CRF;
receptor may be responsible for the stress-induced increase in palatable food consumption or
binge-eating (Koob, 2010, Parylak et al., 2011). In support of this role for the CRF; receptor,
antagonism of CRF; receptors in socially subordinate female rhesus macaques blocks the
increase in palatable food consumption observed with access to a diverse dietary
environment (Moore et al., 2015). Manipulation of a biological factor such as CRF or
corticosterone can have diverse effects depending on the site of action and given different
environmental exposures, such as diet.

3.2 Energetic stress alters glucocorticoid signaling at the level of the HPA axis

In addition to the specific effects of diet, changes in energy availability, notably in the form
of obesity and other metabolic dysfunction, can result in significantly altered signaling
within the HPA axis. Evaluation of plasma or salivary cortisol and ACTH after ACTH
stimulation and dexamethasone suppression tests is used to pinpoint the location of
dysfunctionality within the HPA axis (Woodworth et al., 2014), and such tests have been
used to determine changes in HPA axis functionality in the context of metabolic change.
Relative to women with more peripheral gluteofemoral fat distribution, viscerally obese
women have elevated salivary cortisol after an ACTH stimulation test as well as attenuated
salivary cortisol after a dexamethasone suppression test (Duclos et al., 2001). These data
indicate a pattern of HPA axis hypersensitivity, with hyperresponsiveness of the adrenal
gland to exogenous ACTH, as well as likely hyperresponsiveness at the level of the pituitary,
given that it is the preferential site of action for dexamethasone (Cole et al., 2000). A similar
pattern of HPA axis hypersensitivity has also been observed in men, as evening serum
cortisol levels in men correlate negatively with waist-to-hip ratio (WHR), and a WHR of
greater than one is associated with reduced serum cortisol in the dexamethasone suppression
test (Ljung et al., 1996). In adolescent girls, elevated BMI is associated with HPA axis
hypersensitivity and depression, though such a link was not observed in adolescent boys
(Dockray et al., 2009). However, the literature is not entirely consistent with respect to HPA
axis hypersensitivity. Premenopausal adult women with visceral obesity have been observed
to have increased morning ACTH pulsatility but reduced ACTH pulse amplitude without
total changes in plasma cortisol relative to healthy controls, indicating disruption at the level
of the pituitary (Pasquali et al., 1998). In addition, as previously mentioned, T2DM is linked
to high basal cortisol and dexamethasone non-suppression (Duong et al., 2012), and obese
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men have shown non-suppression of ACTH and cortisol after evening exposure to
hydrocortisone (Jessop et al., 2001), indicative, in both cases, of glucocorticoid resistance
and not hypersensitivity.

Given the lack of clarity achieved by examining the effects of metabolic factors on
glucocorticoid signaling at a single time point, other studies have sought to examine
temporal patterns of glucocorticoid signaling. As part of a series of studies led by Bjorntorp
and Rosmond, researchers evaluated the association between HPA axis activity and
anthropometric measures in a sample of middle-aged male subjects, reduced salivary cortisol
diurnality, characterized by low morning cortisol and a blunted cortisol surge in response to
a midday meal, was associated with a wide spectrum of cardiometabolic risk factors,
including elevated body mass index (BMI), increased WHR, elevated fasting glucose and
insulin, increased triglycerides and cholesterol, and elevated blood pressure (Bjorntorp and
Rosmond, 1999). Further stratification of diurnal salivary cortisol and stress reactivity in this
cohort of men indicated that three groups existed: group one which demonstrated high
diurnal variability of cortisol, a typical cortisol response to food intake, and low stress
reactivity; group two which also showed high diurnal variability of cortisol but in contrast to
group one had elevated cortisol after food intake and demonstrated high stress reactivity
(approximately a third of the cohort); and finally group three which was characterized by
low diurnal cortisol variability, reduced cortisol response to food intake, and low stress
reactivity (approximately a tenth of the cohort) (Bjorntorp and Rosmond, 2000). This last
group (group three) with low adaptability has been termed a “burnout” condition that may
follow prolonged stress. Indeed, this low adaptability is sometimes observed in individuals
who have experienced prolonged severe stress (McEwen, 1999), in some cases of depression
(Burke et al., 2005), and in some patients with post-traumatic stress disorder (PTSD)
(Meewisse et al., 2007). While psychosocial environmental factors may have contributed to
HPA axis variability in the studies performed by Bjorntorp and Rosmond, it is notable that
changes in energy availability additionally reflect the pattern of HPA axis activity. The
pattern of HPA axis variability associated with changes in energy availability may reflect the
chronicity of disruption and correlate with alterations in the stress response. Further research
will be necessary to disentangle the relative contributions of energetic and psychosocial
stress on the HPA axis. Moreover, additional factors, including changes in other
neuroendocrine signals or in the sympathetic nervous system, may also contribute to the
HPA axis variability associated with altered metabolic status, as will be discussed
subsequently.

3.3 Energetic stress alters glucocorticoid activity outside the HPA axis

In addition to its multiple effects on glucocorticoid activity within the HPA axis, disrupted
energy availability can profoundly alter glucocorticoid signaling in non-neural tissue such as
adipose tissue and liver. This change, in turn, may reflect back on the HPA axis by altering
other neuroendocrine targets, inflammatory mediators, and the gut-brain axis (discussed
subsequently). To understand the interplay between energetic stress and glucocorticoid
signaling outside the HPA axis, one must first examine the metabolic role of glucocorticoids.
As reviewed in Pasquali et al. (2006) and Carroll et al. (2011), glucocorticoids mobilize
sources of energy to different tissues, specifically increasing lipolysis in adipose tissue and
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gluconeogenesis in liver while inhibiting glucose uptake and insulin receptor function. This
has the end result of increasing post-absorptive and circulating glucose and free fatty acids.
Additional actions of glucocorticoids include reducing calcium reabsorption; regulating
gonadotrophic and growth hormone axes; immunosuppression; increasing contractility and
vascular reactivity; and increasing appetite. In humans, active cortisol is synthesized from
metabolism of cholesterol, and specifically through hydroxylation of 11-deoxycortisol by
11p-hydroxylase. Cortisol can then be inactivated by conversion to cortisone by 11p-
hydroxysteroid dehydrogenase-2 (11BHSD2) and cortisone can be reconverted to cortisol by
11B-hydroxysteroid dehydrogenase-1 (11pHSD1). 11BHSD1 can be considered an amplifier
of glucocorticoid action, and its action in liver, fat, and skeletal muscle, as well as neurons,
may play an important role in the feedback of the HPA axis (reviewed in Sandeep and
Walker (2001)).

Lipid accumulation and alterations in lipolytic pathways are associated with changes in
glucocorticoid signaling, with tissue-specific variation in glucocorticoid-mediated effects
(Xu et al., 1990, Joyner et al., 2000). Visceral adipose tissue has a four times greater density
of GR than subcutaneous adipose tissue, and typically has a greater activity of GR-mediated
lipoprotein lipase (LPL) (Pedersen et al., 1994). Given the role of LPL in adipocyte
differentiation, this is likely one mechanism whereby glucocorticoids preferentially promote
accumulation of visceral fat (reviewed in McCarty (2001)). Sex hormones interact with
glucocorticoids and LPL to differentially impact fat distribution as well; estrogen enhances
activity in subcutaneous adipocytes while testosterone enhances activity in visceral fat,
resulting in the sex differences observed in central obesity (Rebuffe-Scrive et al., 1987,
Bjorntorp, 1997, Ramirez et al., 1997). Tissue-specific changes in 11HSD1 expression and
activity also appear to play a role in obesity-induced actions on glucocorticoid signaling.
While obesity is associated with a reduction in liver 11BHSD1, it is linked with an increase
in adipose tissue 11BHSD1 in both humans (Rask et al., 2002) and animal models
(Masuzaki et al., 2001). Transgenic overexpression of 11BHSD1 results in visceral obesity
and insulin resistance (Wamil and Seckl, 2007). Conversely, 11BHSD1 knockout mice are
resistant to hyperglycemia induced by either high-fat diet or psychosocial stress (Kotelevtsev
etal., 1997). Moreover, 11BHSD1 may play a role in the resolution of inflammation;
cytokines upregulate 11BHSD1 in adipocytes (Tomlinson et al., 2001), potentially as a
counter-regulatory mechanism to induce the production of anti-inflammatory cortisol.
However, this could theoretically result in a feed forward loop leading to upregulation of
cortisol, which could enhance adipocyte differentiation, which may in turn result in
elevations in adipokine production, and further enhancement of 11gHSD1 conversion of
inactive cortisone to cortisol. Though the mechanisms remain to be elucidated, the current
literature points to a role of visceral obesity resulting in elevated glucocorticoid actions,
which have the potential to further disrupt HPA axis signaling.

3.4 Energetic stress induces hyperactivity of the sympathetic nervous system

The other arm of the stress axis, the sympathetic nervous system (SNS), is also modulated
by disruptions to energy availability. For example, the counterregulartory response to
hypoglycemia is partially mediated by release of epinephrine and norepinephrine via the
SNS, which promote hepatic and renal gluconeogenesis and glycogenolysis (Cryer and
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Davis, 2015). In addition, SNS hyperactivity underlies the relationship between weight and
essential hypertension (Landsberg, 1986, Esler et al., 2001). The majority of essential
hypertension risk can be explained by obesity in both men and women (Garrison et al.,
1987). Obesity results in high rates of spillover of norepinephrine from both the heart and
kidneys, which are likely attributable to increases in sympathetic nerve firing rates (Esler et
al., 2001). Animal models have had a key role in shaping our present understanding of
pathophysiology of essential hypertension. These include the diet-induced obesity models
(Dobrian et al., 2000), the obese Zucker rat (Kurtz et al., 1989), and the spontaneously
hypertensive rat (Jacob et al., 1991). Increased sympathetic neural activity (SNA) is a feature
common to these animal models of obesity (Rahmouni et al., 2005) and is associated with
increased levels of circulating leptin and insulin occurring in parallel with decreased levels
of ghrelin and adiponectin which may also contribute to SNA (Vaneckova et al., 2014).
Recent work demonstrates that leptin mediates essential hypertension through its actions on
hypothalamic POMC neurons leading to activation of melanocortin 4 receptors (MC4R) and
stimulation of SNA (da Silva et al., 2013). Leptin also mediates SNA in peripheral tissues,
including the adrenal glands, kidneys, and muscle (Dunbar et al., 1997). Selective leptin
resistance may develop in obesity such that increased leptin fails to incite satiety and weight
reduction, but continues to increase SNA (Mark, 2013). For example, evidence from obesity
in agouti yellow mice (Correia et al., 2002) and diet-induced obesity in C57BI/6 mice
(Rahmouni et al., 2005) indicates that both exogenously administered or endogenously
elevated leptin will continue to stimulate renal SNA to promote hypertension while failing to
reduce food intake or sympathetically stimulate adipose tissue.

This SNS hyperactivity in obesity may have significant crosstalk with the HPA axis.
Sympathetic innervation of the adrenal cortex via preganglionic cholinergic neurons in the
greater splanchnic nerve enhances sensitivity to ACTH, which promotes glucocorticoid
secretion (Edwards and Jones, 1987, 1993, Engeland and Arnhold, 2005). In addition, HPA
axis activity augments sympathetic effects in a feed-forward manner, such as promoting
vasoconstriction for maintenance of blood pressure (Ulrich-Lai and Herman, 2009). SNS
hyperactivity in obesity can result in an exacerbated response to acute stress or a CRF/AVP
challenge, and can occur in conjunction with HPA axis hyperactivity (Pasquali et al., 1996).
These changes in SNA can have important health outcomes, as autonomic imbalance,
measured as reduced heart rate variability due to increased SNA in the context of vagal
activity withdrawal, is associated with increased risk of myocardial infarction (MI) in obese
patients (Karason et al., 1999). Weight loss can reverse this imbalance in some cases and
may be able to decrease risk of adverse cardiac outcomes (Karason et al., 1999).
Intriguingly, similar changes in heart rate variability and increased risk of MI occur in the
context of depression (Carney et al., 1995) and depressive symptoms increase the risk of
mental-stress induced myocardial ischemia after a prior MI (Wei et al., 2014), though these
risks can occur even controlling for metabolic risk factors. Taken together, disruptions to
energy availability alter signaling of both axes of the stress response, and sympathetic
hyperactivity may modulate the patterns of HPA axis activity observed in obesity, resulting
in potentially fatal pathology.
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3.5 Energetic stress disrupts signaling of neuroendocrine and neuropeptide factors that
interact with the HPA axis

The previous several sections have made evident that metabolic effects on the HPA axis are
caused not only through direct interactions with components of the axis, but also through
indirect mediators. For example, we have discussed the manner in which adipocyte
production of leptin can promote excess sympathetic nerve activity (da Silva et al., 2013),
and hyperactive SNA can induce hyperactive HPA activity (Pasquali et al., 1996). Leptin is
additionally an adipokine, or cytokine produced by adipose tissue and therefore has
inflammatory impacts as well. The effects of inflammatory factors on the HPA axis will be
further discussed in the next section. However, several other neuroendocrine and
neuropeptide factors play important modulatory roles impacting the HPA axis in the context
of disrupted energy homeostasis.

One category of such factors includes the melanocortins and their receptors. The
melanocortins are the group of ligands derived from the precursor POMC (ACTH, a, B, and
v-melanocyte-stimulating hormone (MSH)) that bind G-protein coupled receptors that
activate adenylyl cyclase (Huszar et al., 1997). MC2R is the receptor for ACTH and is
primarily expressed in adrenal cortex (Mountjoy et al., 1992), while MC3R and MC4R are
neural melanocortin receptors activated by agouti-related protein (AgRP) and melanocyte-
stimulating hormones. Both MC4R knockout mice and POMC knockout mice display
hyperphagia and weight gain (Zemel and Shi, 2000), and this pathway is believed to be the
mechanism whereby the agouti gene induces obesity (Huszar et al., 1997). MC4R is also
implicated in human obesity, as several mutations in the gene are associated with inherited
forms of obesity (Faroogi et al., 2000). Given this relationship, there has been growing
interest in the potential of MC4R agonists as potential weight loss aids; however, clinical
trials have so far proven inefficacious due to lack of weight loss and non-serious adverse
events (Krishna et al., 2009, Royalty et al., 2014). Interestingly, rats heterozygous for a loss-
of-function mutation in MC4R have a blunted response to stress in terms of plasma ACTH
and corticosterone release as well as reduced activation of the paraventricular nucleus of the
hypothalamus and the medial amygdala (Ryan et al., 2014). Moreover, exposure to the
intranasal MC4R antagonist HS014 prevents the development of anxiety- and depressive-
like behaviors in rats (Serova et al., 2013). Thus, the melanocortins and MC4R in particular
appear to play a key role in regulating the bidirectional relationship between obesity and
mood disorders that remains to be further explored.

Neuropeptide Y (NPY), a 36 amino acid residue peptide of the pancreatic polypeptide
family, is another modulator of the relationship between metabolic dysfunction and mood.
CNS administration of NPY results in a multi-fold increase in food intake in rats (Morley et
al., 1987). NPY acts on hypocretin/orexin neurons in the arcuate nucleus to promote feeding.
However, the precise mechanism remains somewhat unclear because NPY appears to inhibit
the activity of orexigenic hypocretin neurons while still inducing food consumption (Fu et
al., 2004). Diet-induced obesity reduces hypothalamic NPY (Levin, 1999, Lin et al., 2000),
seemingly part of a negative feedback loop. NPY promotes HPA axis activity, as
microinjections of NPY into the PVN can stimulate ACTH and corticosterone release
(Wahlestedt et al., 1987). Conversely, corticosterone is necessary for NPY elicited food
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intake (Stanley et al., 1989). In spite of this HPA axis activation, NPY produces anxiolytic
effects in rodent models, though its behavioral effects may be due to effects on the
basolateral amygdala (Heilig et al., 1993, Sajdyk et al., 2008). With respect to
neuropsychiatric conditions, depression and PTSD are associated with reduced cerebrospinal
NPY (Heilig et al., 2004). Conversely, administration of antidepressants (Heilig et al., 1988)
increases hippocampal NPY;, though hypothalamic expression of NPY in depression is less
well understood. Collectively, these data suggest the possibility that obesity-induced
alterations in NPY signaling contribute to the depressive- and anxiety-like behavioral
changes often seen in obesity.

Obesity is not the only type of metabolic dysfunction that impacts these neuroendocrine
factors; hypoglycemia can also have a significant impact of neuroendocrine peptide
signaling and crosstalk with the HPA axis. For example, during a rodent model of 24-hour
fasting, corticosterone levels rose significantly and correlated inversely with both plasma
leptin and leptin mMRNA in fat, while neuropeptide Y (NPY) mRNA in the arcuate nucleus
increased across the 24-hour period (Dallman et al., 1999). These starvation-induced
reductions in leptin and insulin signaling not only drive the increase in NPY, but potentially
also feedback to reduce the catabolic CRF (reviewed in (Schwartz and Seeley, 1997).
Likewise, glucocorticoid-driven negative-feedback similarly reduces the catabolic signals
from CRF while promoting its own anabolic drive (Schwartz and Seeley, 1997), which is
critical in the counterregulation to fasting.

Though a complete examination of neuropeptide and neuroendocrine factors that are altered
in metabolic dysfunction is beyond the scope of this review, it should additionally be noted
that factors such as thyroid hormone and growth hormone have impaired signaling in obese
states (Douyon and Schteingart, 2002), and these same factors are also inhibited with
hypothalamic arousal (Chrousos and Gold, 1992). Furthermore, altered signaling of both
thyroid (Musselman and Nemeroff, 1996, Joffe and Marriott, 2000, Fountoulakis et al.,
2004) and growth hormone (Linkowski et al., 1994) can be depressogenic. The changes in
melanocortins, NPY, and additional neuropeptide and neuroendocrine factors may represent
a broader state of hypothalamic remodeling that occurs in response to disruptions of
energetic homeostasis to alter HPA axis activity and behavior.

3.6 Energetic stress alters the HPA axis response to inflammatory stimuli

Inflammatory stimuli, whether bacterial or viral challenges or even psychosocial stressors,
are known to activate the HPA axis to potentiate hypothalamic secretion of CRF and AVP as
well as adrenal glucocorticoid secretion via the actions of cytokines and chemokines
(Charmandari et al., 2005, Pace and Miller, 2009). This HPA axis stimulation is
evolutionarily adaptive, as the GR functions as an immune modulator not only through its
activity as a transcription factor but also through direct protein-protein interactions with
other transcription factors such as NfkB and AP-1 (Pariante and Lightman, 2008). However,
chronic inflammation can result in long-term disruption of the HPA axis including impaired
glucocorticoid negative feedback.

Like inflammatory stimuli, changes in energy availability, such as hyper- and hypoglycemia,
can also trigger alterations in the immune response. While hyperglycemia is more typically
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associated with proinflammatory outcomes and increases plasma cytokines (Esposito et al.,
2002), hypoglycemia can also impact the stress response through its effects on inflammatory
mediators. Hypoglycemia not only elevates circulating cytokines such as IL-6 (Dotson et al.,
2008), but it also increases expression of pro-inflammatory vascular factors including
vascular cell adhesion molecule (VCAM) and intracellular adhesion molecule (ICAM)
(Briscoe et al., 2010, Gogitidze Joy et al., 2010).

Similarly, states such as obesity and diabetes (Schmidt et al., 1999, Arkan et al., 2005,
Hotamisligil, 2005, Herder et al., 2007), as well as in malnutrition or anorexia (Nakai et al.,
1999, Kalantar-Zadeh et al., 2004), are associated with chronic inflammation. Giving
recognition to the pivotal role of inflammation, the International Diabetes Federation
introduced the new worldwide definition for metabolic syndrome, it highlighted the pro-
inflammatory state as a key area of research to determine the predictive power of such
factors as C-reactive protein (CRP), tumor necrosis factor-a (TNF), and interleukin-6 (I1L6)
for cardiovascular disease or diabetes (Alberti et al., 2006, IDF, 2006). These
recommendations come from clinical research findings that demonstrate consistent
elevations in circulating CRP, TNF, and IL6 in obesity and/or diabetes (Schmidt et al., 1999,
Brunner et al., 2002, Lamers et al., 2013). At least 16 different adipokines, or chemokines or
cytokines secreted by adipose tissue, are over-secreted in human obesity, including IL1, IL6,
IL8, monocyte-chemotactic protein-1 (MCP-1), and leptin (Maury et al., 2007). Basic
research supports the association between metabolic dysfunction and inflammation and has
been able to directly link increased adipose tissue expression of TNF in particular to
development of insulin resistance via TNF-mediated serine phosphorylation of insulin
related substrate-1 (IRS1) (Hotamisligil et al., 1993).

This research linking metabolic dysfunction to inflammation has arisen from a growing
literature demonstrating that adipose tissue is not only metabolically active, but moreover a
major secretor of bioactive peptides and proteins that play a central role in energy balance
and immunity (Maury and Brichard, 2010). Adiponectin, leptin, and resistin are adipokines
primarily produced in adipose tissue and changes in these factors are associated with
metabolic dysfunction. Adiponectin, commonly reduced in obesity, interacts with its
receptors to suppress the nuclear factor xB-dependent synthesis of TNF and interferon-y
(IFN-y) while promoting production of anti-inflammatory mediators including IL-10 and
IL-1Ra (Tilg and Moschen, 2006). In addition to the previously discussed effects of leptin on
the sympathetic nervous system, leptin also promotes production of the pro-inflammatory
cytokines TNF, IL-6, and IL-12 as well as reactive oxygen species through some of the same
molecular pathways involved in SNA, included MAPK, ERK, and STAT3 signaling (Tilg
and Moschen, 2006). In contrast to adiponectin and leptin, the effects of resistin on immune
function and metabolism are less clear. Diet-induced models of obesity increase circulating
levels of resistin in parallel with increased expression of adhesion molecules, and antibody-
mediated neutralization of resistin enhances blood sugar regulation, potentially linking
diabetes and obesity mechanistically (Steppan et al., 2001).

In terms of understanding the relevance of metabolically-mediated immune alterations to
mental health, Lamers et al. (2013) suggest that one might be able to use biological
correlates in metabolic, inflammatory, and endocrine systems to differentiate between
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depressive subtypes. In their study of 122 atypical depressed patients, 111 melancholic
depressed patients, and 543 controls, the authors found that atypical depressed patients had
increased plasma levels of the inflammatory markers CRP, TNF, and IL-6 along with a
negative cardiometabolic profile characterized by high BMI, large waist circumference,
elevated triglycerides, elevated fasting glucose, and a concomitant reduction in the diurnal
cortisol slope (Lamers et al., 2013), perhaps indicative of the HPA axis burnout described
earlier (McEwen, 1998, Bjorntorp and Rosmond, 2000, Meewisse et al., 2007). Conversely,
the melancholic depressed patients showed reduced BMI and increased area under the curve
for diurnal cortisol and an increased diurnal cortisol slope, indicating HPA axis
hyperactivity, but did not differ from controls in any of the inflammatory markers measured
(CRP, IL-6, TNF; (Lamers et al., 2013)). As a consequence of the cross-sectional design of
the study, one cannot draw conclusions about the causal or directional nature of these
findings; nonetheless, these findings do point to important relationships among metabolic,
inflammatory, and endocrine factors that can impact behavioral phenotype. Taken together,
however, it is clear that changes in energy availability are linked to chronic low-grade
inflammation, and such inflammation adversely affects HPA axis function and mental
health.

3.7 Energetic stress modulates the gut-brain axis to dysregulate the HPA axis

Though a recent resurgence of attention has brought it to the forefront of stress physiology,
the reciprocal interaction between the brain and the gastrointestinal tract has been described
since the mid-nineteenth and early twentieth century through the work of classical
physiologists including Claude Bernard, Ivan Pavlov, William James, Carl Lange, and
Walter Cannon (Cryan and Dinan, 2012). In “The Emotions” (Lange and James, 1922),
James and Lange developed the “James-Lange theory of emotion” arguing that emotions
followed the visceral reaction to a stimulus. To explain differences in susceptibility to
emotional expression, James wrote, “the visceral and organic part of the expression can be
suppressed in some men, but not in others, and on this it is probably that the chief part of the
felt emotion depends” (p. 116) (Lange and James, 1922). Cannon alternatively refuted this
primacy of the viscera, arguing that the brain principally regulated such reactions due to
factors such as the slow timing of the visceral response and the similarity of visceral
reactions across a wide spectrum of emotions (Cannon, 1927).

We now recognize the bidirectional nature of this interaction and thus term it the “gut-brain
axis” (Cryan and Dinan, 2012). During homeostasis, the brain signals to the gut through
both branches of the autonomic nervous system; the HPA axis; the sympatho-adrenal axis;
and descending monoaminergic projections (Mayer, 2011). The gut, in turn, signals the brain
through primary afferent neurons; immune cells, and enteroendocrine cells (Mayer, 2011).
Enteroendocrine cells may communicate with the hypothalamus via either endocrine or
paracrine (often vagal) signaling. Primary vagal and spinal afferent signals are integrated via
the NTS and lamina I and subsequently through the thalamus and insula, and can
communicate nutritional and inflammatory state information to cortical regions (Mayer,
2011).
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Changes in energetic state can perturb this homeostatic relationship. A well-characterized
example of this perturbation involves the CRF system in irritable bowel syndrome (IBS).
Patients with I1BS exhibit exacerbated intestinal motility, enhanced mast cell response, and
increased gut permeability in response to systemic CRF administration (Tache and Million,
2015). In addition, IBS patients have lower basal circulating CRF relative to healthy controls
but an enhanced circulating CRF and ACTH response to mental stress (Posserud et al.,
2004). A rodent study identifying the differential effects of CRFR1 and CRFR2 in the gut
demonstrated that peripherally-administered CRF and urocortin act via both CRFR1 and
CRFR2 to inhibit gastric emptying and stimulate colonic transit and defecation, whereas
urocortin 2 and 3 act through CRFR2 only to inhibit gastric emptying (Martinez et al.,
2002). While in this study experimental compounds of CRF and the urocortins were
administered for study, it is notable that CRF (Yuan et al., 2010) as well as the urocortins
and the CRF receptors (Muramatsu et al., 2000) are produced in colonic tissue. In animal
models of acute stress, both peripheral and central CRFR1 stimulate gastric emptying (Tache
and Perdue, 2004), and early life stress increases both gut permeability and this CRF-
mediated response to acute stress (Soderholm et al., 2002). Anxiety and depression are
highly comorbid with IBS, and the enhanced neuroendocrine responses to stress may play a
key role in this comorbidity (Mayer et al., 2001).

More recent literature has implicated the gut microbiome in both metabolic dysfunction and
mood disorders. The human gastrointestinal tract comprises between 1013 and 1014
microorganisms that collectively give rise to more than 100 times the number of genes in the
human genome (Gill et al., 2006). The mammalian microbiome is composed primarily of the
gram-positive Bacteroidetes and Proteobacteria as well as the gram-negative Firmicutesand
Actinobacteria phyla with lower abundance of Fusobacteria, and Verrucomicrobia (Eckburg
et al., 2005, Gill et al., 2006, Tilg and Kaser, 2011). As humans are born with a relatively
sterile gut, the microbiome is developed throughout childhood and into adulthood (Koenig et
al., 2011). This development can be influenced by such factors as diet, illness, antibiotic
treatment, and other environmental exposures. Notably, a high-fat diet can shift the mouse
microbiome towards a greater predominance of Firmicutes, and this shift is both reversible
(Turnbaugh et al., 2008) and can occur in the absence of obesity (Hildebrandt et al., 2009).
In the absence of a high-fat diet, obesity in ob/ob mice is also associated with an increase in
Firmicutes with a relative decrease in Bacteroidetes compared with lean mice (Ley et al.,
2005). The microbiome in obese mice enables greater energy harvest than in lean mice, and
transfer of caecal microbiota from ob/ob mice to germ-free mice is sufficient to produce an
obese phenotype (Turnbaugh et al., 2008). In humans, obesity is associated with a decrease
in phylogenetic diversity of the microbiome, with approximately 75% of obesity-associated
genes derived from Actinobacteria (vs. 0% of lean-associated genes) and 25% from
Firmicutes (Turnbaugh et al., 2009). In contrast, 42% of lean-associated genes in humans
derive from Bacteroidetes, compared with 0% of obesity-associated genes (Turnbaugh et al.,
2009). Though research is in the nascent stage and evidence is most convincing for its
efficacy to treat inflammatory bowel disease (Anderson et al., 2012), fecal microbiota
transplantation has shown some promise in increasing insulin sensitivity in obese men
(Vrieze et al., 2012). While much work remains to be done with respect to the regulatory
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role of diet, genetic background, and other environmental factors, it is clear that the gut
microbiome has a strong influence on metabolic phenotype.

In addition to its impact on energy availability, the microbiome has a bidirectional
relationship with the development of the stress response and behavioral outcomes. Stress can
alter the microbiome, like high-fat diet, to decrease the relative abundance of Bacteroidetes
and increase circulating levels of the inflammatory cytokines IL-6 and MCP-1 (Bailey et al.,
2011). These effects are blocked by administration of antibiotics, indicating the necessity of
microbiota in moderating the response to social disruption stress (Bailey et al., 2011).
However, just as stress can alter the species composition of the microbiome, the composition
of the microbiome may also influence behavior and the stress response (Bailey et al., 2011).
Germ-free (GF) mice exhibit reduced anxiety-like behaviors relative to specific-pathogen
free (SPF) mice with normal gut microbiota, and colonization of adult germ-free mice fails
to reverse their behavior (Diaz Heijtz et al., 2011). However, offspring of GF mice exposed
to gut microbiota exhibit anxiety-like behavior in the elevated plus maze similar to SPF mice
(Diaz Heijtz et al., 2011), indicating the presence of a critical period for the microbiome to
influence behavior. This critical period of microbiotic influence has also been demonstrated
with respect to HPA axis development. Intriguingly in light of their behavior, GF mice
exhibit greater ACTH and corticosterone responses to restraint stress than SPF mice (Sudo et
al., 2004). Colonization of GF mice with Bifidobacterium infantis reduces this stress
response while Escherichia coli enhances it. Colonization with gut microbiota from SPF
mice can also reduce this enhancement in the HPA axis response, and colonization earlier in
development is more effective (Sudo et al., 2004).

Thus, it appears that the gut microbiome may be a crucial link in the bidirectional gut-brain
axis, both by determining levels of low-grade inflammation (Bailey 2011) and in altering
HPA axis reactivity (Sudo 2004). While the precise mechanisms remain unclear, it is
possible that stress increases in intestinal permeability, allowing gut bacteria direct access to
the enteric nervous system and immune cells (reviewed in (Foster and McVey Neufeld,
2013)); Alternatively, certain bacteria may alter the signaling of the vagus nerve through the
nucleus of the tractus solitarus to key limbic regions that modulate stress reactivity. This
hypothesis is supported by data indicating that ingestion of L. rhamnosus alters GABA-ergic
signaling in the hippocampus, amygdala, and prefrontal cortex, which correlates with
changes to stress-induced corticosterone levels (Bravo et al., 2011). Continued efforts to
manipulate the gut microbiome to combat obesity and alter the HPA axis and stress
response, such as by using probiotics and fecal transplants will shed more light on the
relative importance of these proposed mechanisms (Dinan et al., 2013). In combination with
progressively expanding knowledge of the gut microbiome’s role in regulating energy
balance, such research may result in novel treatments to target disorders associated with both
metabolic and mental health outcomes.

4. Discussion

Throughout this review, we have discussed the potential for perturbations in energy
availability (primarily in obesity and diabetes) to alter the stress response. Though we have
analyzed this relationship between energy availability and the stress response and
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mechanisms for disruption in separate sections, we must heed Claude Bernard’s advice in
drawing our final conclusions with respect to the effects on the whole organism. Clearly,
energy balance is maintained through multiple organ systems, not only through actions of
the hypothalamus. These systems include the digestive system, the immune system, the
musculoskeletal system (including adipose tissue), the endocrine system, and several arms of
the nervous system. Two arms, in turn, regulate the stress response: the swift-acting
sympathetic nervous system, and the longer acting HPA axis. Given the wealth of literature
examining the role of the HPA axis in energy homeostasis (Dallman et al., 2005, Rosmond,
2005), the bulk of this review has focused on interactions of metabolic dysfunction with this
axis.

We began by exploring three potential mechanisms relating directly to the HPA axis that
mediate the relationship between changes in energy availability and the stress response.
First, diet has a reciprocal relationship with the HPA axis, as palatable diet can both dampen
and enhance reactivity while HPA axis activity can alternatively promote or inhibit
consumption of palatable or non-palatable food (Section 3.1). However, this relationship is
altered depending on the energetic status of the individual, and metabolic dysfunction can
impair this balance. Next, such energetic stress may not only alter HPA axis activity at a
single time point, but may also shift whole signaling patterns as well (Section 3.2). Changes
in diurnal cortisol variability are linked to changes in the cortisol response to food as well as
stress reactivity, and different patterns may represent different stages of allostatic load to
“burnout” (McEwen, 1998, Rosmond et al., 2000). Glucocorticoid signaling outside the
HPA axis is also altered by disrupted energy homeostasis, resulting in the potential for
glucocorticoid-mediated shifts toward fuel storage in visceral adipose tissue, which can in
turn feedback to affect HPA axis activity (Section 3.3).

We subsequently examined several other systems that mediate the relationship between
energy availability and the stress response. Energetic stress results in SNS hyperactivity,
changing the crosstalk between the SNS and the HPA axis (Section 3.4). Further, multiple
neuroendocrine and neuropeptide factors in addition to glucocorticoids and the SNS respond
to energetic stressors, particularly POMC/melanocortins and NPY. In turn, this altered
neuropeptide and neuroendocrine signaling can promote excessive ACTH and
glucocorticoid stimulation (Section 3.5). Energetic stress also stimulates low-grade
inflammation through some of these neuroendocrine factors, such as leptin, as well as other
through other adipokines and cytokines. This inflammation can subsequently have adverse
effects on HPA axis function and mental health (Section 3.6). Finally, energetic stress alters
the gut-brain axis by altering activity of peripheral CRF receptors as well as changing the
gut microbiome, which feeds back to affect brain function (Section 3.7).

Collectively, these multiple mechanisms represent areas of future research and target areas
for potential therapeutics. The need for better treatments is high; with respect to depression,
50-60% of patients fail to achieve an adequate response to antidepressant treatment (Fava,
2003). Indeed, treatment of mental health disorders may be complicated by comorbid
disorders such as obesity or diabetes (Fava, 2003), and some classes of medications, such as
atypical antipsychotics, can have unfavorable effects on metabolism (Nasrallah, 2003). If
direct links can be established between failures in energy homeostasis and mental health
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outcomes, then targeting the disruption in these links is a potential avenue to improved
therapy. For example, dietary shifts such as adopting a “Mediterranean” diet, have been
proposed to assist in mental health therapy (Psaltopoulou et al., 2013). The “Mediterranean”
diet may be effective in the context of depression because of its high content of omega-3
fatty acids, which have been shown to alleviate depressive symptoms in some patients
(Freeman and Rapaport, 2011). Interestingly, omega-3 fatty acid therapy may be most
effective in patients with a higher inflammatory profile, linking the role of diet to systemic
inflammation and mental health (Rapaport et al., 2015). L-methylfolate (Papakostas et al.,
2012) is a compound administered adjunctively with conventional antidepressant therapy to
remediate deficits in micronutrient status that may otherwise contribute to treatment
resistance in depressed patients.

Of course, the best cure is prevention. Understanding the role of modifiable risk factors in
energy availability and stress reactivity could ultimately lead to better policies and
prevention strategies that might reduce the burden of metabolic dysfunction and mental
health disorders from the start. Diet may not only play a role as an adjuvant to therapy, but it
may be essential to preventing the exacerbation of mood disorders as well as metabolic
disorders. The most recent nutritional guidelines from the United States Department of
Agriculture and the Department of Human Health and Services called for significant
limitations to dietary added sugars. While multiple dietary patterns, from low-carbohydrate
to low-protein, can be effective at inducing weight loss in the short term with mixed results
beyond one year (USDA), particular macronutrients may have specific effects on other
aspects of metabolism or stress reactivity. For example, carbohydrates and proteins or fats
elicit opposing effects on HPA axis reactivity in women with different body morphologies
(Vicennati et al., 2002). Simple sugars, and fructose in particular, are known to induce a
spike in plasma corticosterone in rodent models (Brindley et al., 1981, Brindley et al., 1985).
However, there is a dearth of research into the specific effects of macro- and micronutrient
status on brain function. Bridging the gap between nutritional research and the
neuroscientific understanding of the relationship between energy availability and the stress
response may lead to novel strategies for prevention to guide policy-makers and clinicians.

Recently, growing interest in caloric restriction (CR), brought about by the possible
beneficial role of CR in aging (reviewed in (Heilbronn and Ravussin, 2003)), have shown
that CR may help reduce expression of circulating (Wang et al., 2013) and hypothalamic
cytokines (Diane et al., 2015). The mechanism of CR-mediated reductions in inflammation
remains unclear, though sirtuins, NAD-dependent deacetylases, may play a role (reviewed in
(Haigis and Guarente, 2006, Kitada and Koya, 2013)). Intriguingly, recent research has also
demonstrated that sirtuins Sirt1, Sirt2, and Sirt6 were reduced in peripheral white blood cells
of patients with major and bipolar depression (Abe et al., 2011), but the mechanistic link
between sirtuins and mood disorders remains unclear. Sirtl can alter GR signaling in muscle
cells by inhibiting GR-induced transcription of uncoupling protein-3, which occurs in the
context of LPS-stimulation (Amat et al., 2007). However, the relationship among CR,
sirtuins, and inflammation in the context of HPA axis dysregulation and mood disorders
remains unstudied. Further research into the specific actions of sirtuins and SIRT1 in
particular may bring novel therapeutic targets into view.

Physiol Behav. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harrell et al.

Page 18

In moving forward, researchers should pay special attention to the potential sex differences
that can affect both energy availability and stress reactivity. Body morphology differs
significantly between males and females, with females typically carrying greater
gluteofemoral and subcutaneous fat (Westerbacka et al., 2004, Lovejoy et al., 2009). While
there is generally a slightly lower population prevalence of obesity in men, obese men are at
a higher risk of obesity-related chronic disease, due, in part, to the visceral accumulation of
fat (Lovejoy et al., 2009). Women generally have a better cholesterol profile and greater
insulin sensitivity than men (Cnop et al., 2003), though age-related changes in hormonal
status (such as menopause) may moderate this effect (Lovejoy et al., 2009). At the same
time, women are at a roughly two-fold risk of lifetime depression (Kessler et al., 2003).
Men, however, are not protected from psychiatric disorders and are two to three times more
likely than women to abuse drugs (Becker and Hu, 2008). In this review, significant sex
differences were noted in the effects of CRF on weight (Rivest et al., 1989) as well as in the
actions of LPL and glucocorticoids on adipose tissue (Rebuffe-Scrive et al., 1989). In
addition, several disorders that alter metabolism, such as IBS (Saito et al., 2002) and
autoimmune disorders like Hashimoto’s and Graves’ Disease (Whitacre, 2001), affect
women at substantially higher rates than men. Greater research is needed to understand the
specifics of how these sex differences in metabolic and mental health outcomes manifest,
and to determine if these potential relationships offer new avenues for therapies.

The role that development plays in regulating the relationship between energy availability
and the stress response is also understudied. Developmental growth must, by definition, alter
energy homeostasis, as the organism is in a state of flux. The current obesity epidemic is not
limited to adults, as today over 20% of American adolescents are obese (Ogden et al., 2010,
Ogden et al., 2014) and rates of type 2 diabetes mellitus are increasing among youth
(Nadeau and Dabelea, 2008). Adolescence appears to be a “critical period” for determining
energy homeostasis; evidence shows that high BMI during adolescence predicts overweight
and obesity in adulthood; for example, the probability that al5-year-old with a BMI at the
95t percentile will be overweight at age 35 is 0.93 and, if male, the probability that he will
be obese is 0.50 or, if female, 0.60 (Guo et al., 2002). The concept of “critical periods” of
development with respect to stress reactivity has also been examined across developmental
periods, including both prenatal (Pankevich et al., 2009, Tamashiro et al., 2009) and
adolescent (Bourke and Neigh, 2011, McCormick et al., 2013) periods. Adolescence may
represent a critical period for crosstalk between energetic regulatory systems, the HPA axis,
and the hypothalamic-pituitary-gonadal axis, as each of these systems undergo extensive
change during adolescence. Expanding research to include these key developmental stages
when examining energy availability and stress reactivity will be essential toward
understanding the emergence of a disrupted relationship and developing targeted therapies.

With such diverse effects stemming from changes in energetic availability, it would be
overly simplistic to imply that the mechanistic relationships among each component are
fully understood. However, better understanding the multiple links among these factors will
enable better design of future experiments to target key areas that should be explored in
more depth. Figure 1 partially outlines a possible series of relationships among the various
components. A dysfunctional response to neuroendocrine signals to stimulate eating results
in an energetic stressor (for example, hyper- or hypoglycemia). This energetic stressor
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activates the HPA axis and the sympathetic nervous system (Erturk et al., 1998); and may
also stimulate stress responsive neurons in the enteric nervous system (Tache and Perdue,
2004), or perhaps affect the gut microbiome (Dinan and Cryan, 2012). Glucocorticoid
activity alters metabolism as well as the distribution of adipose tissue (Pasquali et al., 2006),
which then feeds back to alter both the HPA axis and stress reactivity as well as the original
neuroendocrine stimulus to feed. In addition, diet-induced changes in the gut microbiome
may interact with HPA axis dysfunction to promote low-grade inflammation, which is
implicated in both changes in stress reactivity and in metabolic outcomes (Bailey et al.,
2011, Lamers et al., 2013). As such, energetic stress has widespread effects across multiple
systems that interact to modulate both stress reactivity and metabolism.

In conclusion, changes to energy availability induce energetic stress, which alter the stress
response through a multifaceted approach. Energetic stress disrupts HPA axis activity and
glucocorticoid signaling outside the HPA axis; promotes hyperactivity of the sympathetic
nervous system; changes neuroendocrine and neuropeptide signaling; alters inflammatory
responses; and perturbs the gut-brain axis. Greater research is needed to clarify the roles that
sex and sex hormones, as well as developmental status, play in modulating these effects.
Addressing these areas of research will provide new avenues for potential therapy. Similar to
thoughts expressed by Thomas A. Edison nearly 100 years ago, “The doctor of the future
will give no medication, but will interest his patients in the care of the human frame, diet and
in the cause and prevention of disease,” we propose that by researching the effects of
modifiable risk factors, such as diet, we may be able to circumvent the need for therapy by
promoting prevention.
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Figure 1. Disruptions to Energy homeostasis Alter the Stress Response through Multiple
Mechanisms

States of disrupted energy availability, such as hypoglycemia or obesity, can result in an
impaired stress response in seven key areas. A dysfunctional response to the neuroendocrine
stimulus to feed (1) may result states of energetic stress such as obesity or hypoglycemia (2),
which further drives changes in the gut-brain axis (3), hypothalamic-pituitary-adrenal (HPA)
axis activity (4), and sympathetic nervous system (SNS) drive (5). HPA axis SNS activity
alters activity of glucocorticoids in adipose tissue (6), which feeds back to regulate feeding
drive. In addition, both the HPA axis and gut-brain axis influence the immune system (7),
which further alters stress reactivity and metabolic drive. Interactions among each of these
elements are bidirectional and further clarified in Table 1.
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Table 1
Mediators of Energetic Stress
Label in Fig 1 Energetic Stress Response System Section

2 Dietary Imbalance 3.1
4 Glucocorticoid Signaling within the HPA Axis 3.2
6 Glucocorticoid Signaling outside HPA Axis 3.3
5 Sympathetic Nervous System Activity 34
1 Additional Neuroendocrine and Neuropeptide Factors 35

Inflammation 3.6
3 Gut-Brain Axis 3.7
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Table 2

Effects of Energetic Stress on the HPA Axis and Stress Response

Feature of Energetic Stress

Effects with Respect to the HPA Axis and the Stress Response

Dietary Imbalance

Visceral obesity blunts the cortisol response post-ingestion of protein and lipids, but increases the
response post-ingestion of carbohydrates (Vicennati et al., 2002).

Excess fat or sugar consumption blunts the glucocorticoid response to stress (Pecoraro et al., 2004,
Foster et al., 2009, Tryon et al., 2015).

Excess fat or sugar consumption elevates the glucocorticoid response to stress (Duong et al., 2012,
Michopoulos et al., 2012, Sharma et al., 2013, Balsevich et al., 2014).

Central Glucocorticoid Signaling

Visceral obesity is linked with HPA axis hypersensitivity (Ljung et al., 1996, Duclos et al., 2001,
Dockray et al., 2009).

Visceral obesity is linked to glucocorticoid resistance (Jessop et al., 2001, Duong et al., 2012).
Negative cardiometabolic profile is associated with reduced cortisol variability, low morning cortisol,
and blunted cortisol response to midday meal (Bjorntorp and Rosmond, 1999).

Peripheral Glucocorticoid Signaling

Testosterone enhances lipoprotein lipase activity in visceral fat, resulting in sex differences in visceral
obesity (Rebuffe-Scrive et al., 1987, Bjorntorp, 1997, Ramirez et al., 1997).

Obesity increases adipose 11p-hydroxysteroid dehydrogenase-1 (11BHSD1) (Masuzaki et al., 2001,
Rask et al., 2002), which converts inactive cortisone to active glucocorticoids.

Increased 11BHSD1 may increase insulin resistance (Kotelevtsev et al., 1997, Wamil and Seckl, 2007)
and promote inflammation (Tomlinson et al., 2001).

Sympathetic Nervous System (SNS)

SNS hyperactivity links obesity to essential hypertension (Landsberg, 1986, Garrison et al., 1987,
Kurtz et al., 1989, Jacob et al., 1991, Dobrian et al., 2000, Esler et al., 2001, Rahmouni et al., 2005).
Obesity-associated SNS hyperactivity may be caused by increased circulating leptin and insulin
alongside reduced ghrelin and adiponectin (Vaneckova et al., 2014).

Leptin resistance fails to incite satiety but continues to promote SNS activity (Mark, 2013).

SNS hyperactivity stimulates the adrenal cortex and can exacerbate the response to stress (Pasquali et
al., 1996).

Additional Neuroendocrine and
Neuropeptide Factors

MCA4R knockout mice are hyperphagic (Zemel and Shi, 2000) and have a blunted response to stress
(Ryan et al., 2014).

Diet-induced obesity reduces NPY, which promotes feeding (Levin, 1999, Lin et al., 2000).

NPY is anxyiolytic in rodent models (Heilig et al., 1993, Sajdyk et al., 2008) though glucocorticoids
activate NPY to elicit food intake (Stanley et al., 1989).

Obesity alters thyroid and growth hormone signaling (Douyon and Schteingart, 2002), and which can
be depressogenic (Linkowski et al., 1994, Musselman and Nemeroff, 1996, Joffe and Marriott, 2000,
Fountoulakis et al., 2004).

Inflammation

Obesity or diabetes (Schmidt et al., 1999, Arkan et al., 2005, Hotamisligil, 2005, Herder et al., 2007)
as well as malnutrition or anorexia (Nakai et al., 1999, Kalantar-Zadeh et al., 2004) are
proinflammatory and elevate CRP, TNF, and IL6.

At least 16 different adipokines are oversecreted in obesity (Maury et al., 2007).

Increased adipose TNF is directly linked to insulin resistance (Hotamisligil et al., 1993).

Atypical depression is linked to a negative cardiometabolic profile, altered diurnal cortisol, and
increased CRP, TNF, and IL6 (Lamers et al., 2013).

Gut-Brain Axis

IBS patients have lower basal CRF but increased CRF response to stress (Posserud et al., 2004).
High-fat diet (Turnbaugh et al., 2008) and obesity (Hildebrandt et al., 2009) increase gut Firmicutes
and reduce gut Bacteroidetes in rodents.

In humans, obesity reduces phylogenetic diversity of the gut (Turnbaugh et al., 2009).

Stress also alters the mouse gut microbiome and reduces Bacteroidetes (Bailey et al., 2011) and
exposure of germ-free mice to gut microbiota induces anxiety-like behavior (Diaz Heijtz et al., 2011).
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