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Abstract Obesity, exposure to stress and inadequate sleep
are prevalent phenomena in modern society. In this review
we focus on their relationships and critically evaluate cau-
sality. In obese individuals, one of the main stress systems,
the hypothalamic-pituitary-adrenal axis, is altered, and con-
centrations of cortisol are elevated in adipose tissue due to
elevated local activity of 11{3-hydroxysteroid dehydroge-
nase (HSD) type 1. Short sleep and decreased sleep quality
are also associated with obesity. In addition, experimental
sleep curtailment induces HPA-axis alterations which, in
turn, may negatively affect sleep. These findings implicate
that obesity, stress and sleep loss are all related in a vicious
circle. Finally, we discuss new strategies to combat obesity
through modulating cortisol levels in adipose tissue by 11(3-
HSD, inhibitors or by improving sleep duration.
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Introduction

The National Health and Nutrition Examination Survey
reported that in 2009-2010, 33 % of adult Americans were
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overweight ((body mass index (BMI) of 25.0-29.9 kg/m?))
and 36 % were obese (BMI >30.0 kg/m?) — a vast increase
from 1960 to 1962— when a similar percentage of Americans
were overweight (31 %), but only 13 % were obese [1].
Obesity leads to significant health problems impacting nearly
every organ system, including the cardiovascular system and
the endocrine pancreas, causing type 2 diabetes. In parallel to
the obesity epidemic, society has become increasingly fast-
paced, presenting us with numerous stressors including lack of
restorative sleep. In addition, self-reported sleep duration has
declined by 1.5 to 2 h during the last 50 years in America [2].
Epidemiological and experimental research accumulates that
both the stress system [3] and sleep quality and duration [4]
are affected in obese individuals.

According to a recent meta-analysis including a total of
23,372 individuals, psychological stress is positively correlat-
ed with measures of adiposity one to 38 years later [5]. The
overall effect size was relatively small (#=0.014; 0.002—
0.025) and effect sizes were larger in men than women
(0.024 vs. 0.017), after longer follow up, and in studies of
higher quality. The relationship between habitual short sleep
(generally less than 5 h per night) and obesity was further
demonstrated in a meta-analysis of 45 cross-sectional studies,
including 604,509 adults (OR: 1.55; 1.43-1.68) [6]. In addi-
tion, sleep curtailment and chronic stress are independently
associated. In a sample of 1,300 subjects, perceived chronic
stress was negatively associated with self-reported sleep du-
ration [7]. It should be noted however that these observational
studies cannot distinguish cause and consequence.

In this review, we will examine respectively the relation-
ship between obesity and the HPA axis, obesity and sleep,
and the HPA axis and sleep. For each of the reported
associations, we will critically evaluate experimental studies
in an attempt to determine causality and its direction. Finally
we will assess the potential of strategies that aim to improve
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disturbances of the HPA-axis and to increase sleep duration
for combating obesity.

The HPA-Axis and Obesity
Physiology and Assessment of the HPA-Axis

Exposure to stress elicits a highly orchestrated series of phys-
ical reactions, mainly operated by the HPA-axis, the sympa-
thetic nervous system, and the sympathoadrenal system (Fig. 1)
[8]. The body adapts to repeated and chronic stress via homeo-
static mechanisms, adjusting physiological responses and be-
havior in order to maintain stability [9]. The chronic wear and

tear of this accommodation over the lifetime of an organism is
referred to as the allostatic load [8]. The parvocellular cells in
the paraventricular nucleus of the hypothalamus secrete
corticotrophin-releasing hormone (CRH) in response to stres-
sors, including physiological stressors such as fatigue or hun-
ger, as well as stressors of psychological nature. CRH, in turn,
stimulates the anterior pituitary gland to secrete adrenocortico-
trophic hormone (ACTH), which induces the synthesis and
secretion of glucocorticoids, mineralocorticoids and androgen-
ic steroids by the adrenal cortex. Cortisol, the main glucocor-
ticoid in humans, suppresses the immune system and induces
glycogenolysis, as well as insulin resistance [10]. CRH and
ACTH synthesis and release are inhibited by peripheral nega-
tive feedbacks mediated by cortisol (Fig. 1). In addition, CRH
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Fig. 1 Schematic representation of HPA-axis and sleep alterations in
obesity. Plus and minus signs indicate positive and negative effects,
respectively. Upward/downward arrows and tildes (~) depict increased/
decreased and unaltered levels, respectively, of depicted phenomena in
obese individuals. Obese subjects often experience an increased stress
exposure, leading to increased activity of the sympathetic nervous system
(SNS) and release of corticotrophin-releasing hormone (CRH). CRH
triggers release of adrenocorticotropic hormone (ACTH), which levels
are elevated in obesity. ACTH stimulates cortisol release into the blood-
stream. Cortisol, in turn, inhibits CRH and ACTH release. The HPA-axis
and the SN stimulate each other in a reverberating circuit and are able to
affect sleep. Inadequate sleep is more common in obese subjects. Circu-
lating cortisol levels, both in free form or bound to corticosteroid binding

Cortisone

globulin (CBG), albumin or sex hormone binding globulin (SHBG), are
reported unaltered of decreased in obesity. In tissues, cortisol is converted
to inactive cortisone and vice versa by 113 hydroxysteroid dehydroge-
nase type 2 113-HSD, and 113-HSDy, respectively. 11[3-HSD; is mostly
present in the liver and adipose tissue. 11(3-HSD, is present in smaller
quantities in these tissues, as depicted by the thinner arrow, whereas it is
abundantly expressed in the kidney and colon. Hepatic cortisol levels are
decreased in obese subjects, due to decreased 11(3-HSD; levels. In
contrast, cortisol levels in adipose tissue are increased due to increased
levels of 113-HSD;. Cortisol and cortisone are metabolized by reductases
to the inactive tetrahydrometabolites (THM) of tetrahydrocortisol (THF)
and tetrahydrocortisone (THE), respectively. Urinary levels of THM and
THE are usually increased in obese subjects
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activates the sympathetic locus coeruleus-norepinephrine sys-
tem and cortisol enhances neuronal excitability to norepineph-
rine. In turn, norepinephrine activates hypothalamic CRH in
reverberating circuits [9].

Cortisol depicts circadian rhythmicity, with a peak in the
morning, followed by a gradual fall during the day, which is
briefly interrupted by meals, and a nadir around 3 am [4]. Only
5-10 % of cortisol circulates in active free form; cortisol
binding globulin (CBG) binds most cortisol (80-90 %) with
high affinity and 10-15 % is bound to albumin and sex-
hormone binding globulin with lower affinity (Fig. 1) [11,
12]. CBG is fully saturated at cortisol levels over 500 nmol/
1 and also depicts diurnal variability, with a peak in the early
afternoon [12, 13].

Cortisol levels can be determined in plasma, saliva and
urine [13]. In plasma, usually the total cortisol levels are
measured and the unbound, protein-free fraction is indirectly
estimated using the Coolens’ equation [12]. Measurements in
saliva assess the biologically active, protein-free cortisol;
hence the effects of within-subject changes or between-
subject differences in CBG are eliminated. Saliva specimens
are easier to collect than plasma and, because of the non-
invasive collection, they are stress-free. Although urinary free
cortisol refers to unconjugated cortisol, its level is proportional
to the free (nonprotein-bound) cortisol in blood. Obtaining
urine for free, unconjugated cortisol measurement also is
stress-free, but the test requires 24-h collection in the presence
of acidic preservative. Salivary cortisol levels increase within
5 min after plasma increases in cortisol and although levels are
30-50 % lower, under 500 nmol/l they are generally well
correlated with plasma levels [13].

Two NAPD(H)-dependent isoenzymes 11 3-hydroxysteroid
dehydrogenase (113-HSD; and 113-HSD,) intracellularly
convert the inactive cortisone to hormonally active cortisol
and vice versa (Fig. 1) [14]. 113-HSD; is expressed mainly
in the liver and adipose tissue, while 113-HSD, exerts its
function in the kidney and colon, making cortisol action
tissue-specific. Cortisol and cortisone are metabolized to inac-
tive tetrahydrometabolites (THM) by hepatic Sx- and 5f3-
reductase. Cortisol is converted to cortol and tetrahydrocortisol
(THF, 5a-THF and 53-THF), while cortisone is metabolized to
cortolone and tetrahydrocortisone (THE) - metabolites often
measured in urine. Alterations in 113-HSD; activity are
reflected by the urinary (THF+5x-THF +cortol) / (THE+cor-
tolone) ratio, e.g., decreased 113-HSD; activity would lead to
elevated THE levels and lower THF levels, thus to a decreased
(THF+«-THF) / THE ratio.

Association of the HPA-Axis and Obesity
Morning levels of cortisol in saliva and plasma either show

no correlation, or correlate negatively with various measures
of adiposity (Fig. 1) [15]. Single-time determinations of
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cortisol are usually inadequate to infer the functional status
of the HPA axis, given its dynamic nature: the cortisol
awakening response, that is, the rise in plasma cortisol
occuring 20-30 min after the habitual wake up time, is more
informative to that end but is highly variable among indi-
viduals. Furthermore, cortisol measurements can be con-
founded by daytime stressors. Twice hourly measured
plasma cortisol levels were continuously lower over the
course of 24 h in obese individuals (mean BMI 35.4 kg/
m?) in comparison with non-obese men (mean BMI 26.8 kg/
m?) [16]. In other studies, 24 h urine free cortisol levels did
not correlate with BMI or waist circumference, but cortisol’s
degradation products (THM) were positively correlated with
these anthropometric measurements [17-19]. Urinary 5f3-
THE were increased in obesity, indicating that increased 53
reduction of cortisone may be the mechanism in underlying
increased cortisol clearance rate in obesity [19]. Thus, in
obesity there seems to be increased turn-over (production
and catabolism of cortisol) without necessarily altering cir-
culating levels or cortisol (Fig. 1).

Variations in tissue-specific cortisol concentrations can
exist without any changes in plasma cortisol levels through
varying local 11(3-HSD activity. In obese subjects, 11{3-
HSD;, activity has been reported either as normal [18, 19]
or impaired [14], as indicated by the urinary cortisol /
cortisone ratio — a rather crude and non-specific reflection,
since this ratio can be altered by other cortisol metabolizing
enzymes. Hepatic 11(3-HSD; activity is impaired in obesity,
as indicated by decreased mRNA levels [17] and deuterated
cortisol tracer infusion [19] while the enzymatic activity is
selectively increased by two- to threefold in the abdominal
subcutaneous adipose tissue (Fig. 1) [18]. These human
findings are mirrored by observations in animal models
(reviewed in [20¢]): mice overexpressing 113-HSD; in
white adipose tissue have unaltered plasma, but elevated
corticosterone levels in the adipose tissue, and develop
truncal obesity, whereas mice with liver-specific upregula-
tion of 113-HSD; do not exhibit increases in adipose mass.
Correspondingly, mice with 113-HSD; gene deficiency are
less prone to develop obesity [20+]. CBG was lower in
single measurements in individuals with higher BMI [21]
and average daytime concentrations of CBG were decreased
in obese vs. lean subjects [12]. However, in a large survey of
477 healthy subjects there was no relationship between
plasma CBG levels and BMI or waist circumference [22¢].
Individuals with a heterozygous (GTTT), repeat in intron 1
of the CBG gene were more sensitive to 0.25 mg dexameth-
asone suppression [23]. Since CBG is expressed locally in
the adipose tissue, decreased local CBG levels could en-
hance free cortisol exposure without changes in circulating
cortisol concentrations [21].

Mean 24 h plasma ACTH levels are positively related to
BMLI, possibly reflecting increased hypothalamic drive and/
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or reduced negative feedback of cortisol [16, 24]. Individuals
with high BMI are less sensitive to cortisol suppression by
4 mg dexamethasone [15], but not by lower doses of dexa-
methasone (0.0035 mg/kg and 1 mg) [14, 25]. Another study
found lower cortisol suppression in women, but not in men,
with 0.0035 mg/kg—0.015 mg/kg or a standard 1 mg dose of
dexamethasone, indicating the association between obesity
and HPA-suppression could be both dose- and gender-
dependent [26]. On the other hand, HPA-stimulation with
intravenous ovine CRH [16], ACTH [25] or mental stress
tests [25] increased cortisol levels more in obese vs. lean
individuals. Thus, the HPA-axis appears hyper-responsive to
stress in obese individuals, and yet, less responsive to negative
feedback, possibly to prevent free cortisol levels to fall below
the normal range.

In addition, the sympathetic nervous system seems to be
hyperactive in subjects with central obesity, as indicated by
higher nervous discharge from the muscle sympathetic ac-
tivity [27]. Increased adipokine secretion by abdominal fat
tissue, including leptin and free fatty acids, may elevate
sympathetic activity centrally, as adipokines are often able
to cross the blood-brain-barrier. In turn, chronically elevated
SNS activity could impair (3-adrenergic signaling and de-
regulate the HPA-axis, contributing to obesity [27].

HPA-Axis Alterations in Obese Subjects: Cause and Effect?

The dramatic effects of altered circulating cortisol levels on
body weight are exemplified by Cushing’s syndrome
(hypercortisolism due to intake of glucocorticoid drugs or
increased endogenous cortisol, ACTH or CRH levels), and
Addison’s disease (hypocortisolism due to chronic adrenal
insufficiency) presenting with central obesity and weight
loss, respectively. Furthermore, visceral fat deposition in-
creased in primates exposed to chronic physical and psy-
chological stress [28]. In the presence of insulin, cortisol
promotes triglyceride accumulation, especially in visceral
adipocytes thereby leading to an increase in central fat
[29]. Additionally, HPA-axis hyperactivation may lead to
adiposity through increases in food intake, as artificially-
induced stress, exogenous ovine CRH administration and
decreased response to dexamethasone suppression led to
increases in appetite, especially for more palatable foods
[30]. Functional MRI studies indicate that the sensitivity of
the central reward system is diminished by stress, possibly
upregulating the craving for “comfort foods” [31]. Interest-
ingly, chronic stress may also lead to weight loss in a subset
of individuals, possibly mediated by hyperactivation of 3-
adrenergic lipolytic pathways or differences in dietary re-
straint or coping mechanisms [3].

In order to determine the relationship between stress and
body weight regulation, the HPA-axis has been examined in
obese subjects before and after weight loss. Sixteen weeks

of very low caloric diet induced a 29 kg weight loss which
was associated with a significant decrease in 113-HSD,
mRNA expression in adipose tissue [32]. Similarly, a four-
fold decrease in 113-HSD; mRNA expression was reported
in obese women 2 years after gastric-bypass surgery after an
average weight loss of 40 kg [33]. In addition, these women
had decreased urinary THM and decreased estimated activ-
ity of Sx-reducase, indicating that the obesity-associated
upregulation of 5Sx-reductase is an adaptive response to
counteract hypercortisolism [33]. Subclinical inflammation
in obesity may contribute to alterations of the HPA-axis; for
example, obesity is associated with elevated levels of circu-
lating IL-6, which in turn upregulates 11(3-HSD, expression
[34]. These findings suggest that the HPA-axis alternations
are both cause and effect of obesity and that they are
potentially reversible to a point.

Sleep in Obesity

Inadequate sleep has been associated with increased BMI
(Fig. 1) [4, 6]. Obese adults (BMI: 41+1 kg/m?) without
sleep apnea slept 88 min less than lean subjects, as assessed
by polysomnography [35]. In prospective studies, there was
a distinct but modest weight gain in short sleepers (less than
5-6 h) who gained 0.4 kg in a 16-year study and 2 kg in a 6-
year study [4]. However, individuals with short habitual
sleep durations had a 31 % and 35 % greater chance of a
clinically significant weight gain (5 kg and 15 kg), suggest-
ing a large inter-individual variability in this association.
Increased appetite may be a mechanism by which short term
sleep loss can contribute to obesity. Increase in appetite is
usually paralleled by changes in ghrelin and leptin levels, a
satiety-inducing hormone secreted from adipocytes and an
appetite-stimulating peptide produced in the stomach, respec-
tively. Determining circulating levels of these neuropeptides
can therefore serve as an objective measurement to indirectly
assess appetite. Short habitual sleep duration, was correlated
with lower levels of morning leptin and higher levels of
ghrelin, which would presumably lead to increases in appetite
via activation of the arcuate nucleus of the hypothalamus and
subsequent increases in food intake [36]. In obese individuals
however, we found no association between habitual sleep
duration and morning leptin levels [37]. Obese subjects are
known to display leptin resistance, which may account for
these findings. As a word of caution, it should also be noted
that the regulation of appetite is complex and redundant in-
volving many neuropeptides influencing appetite, including
neuropeptide Y. Short-term sleep deprivation studies can also
result in insulin resistance and a pro-inflammatory state with
increased plasma levels of cytokines such as IL-6 [4]. Insulin
resistance and increased levels of IL-6 are both associated with
increased risk of cardiovascular disease and type 2 diabetes [4].
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The HPA-Axis and Sleep
HPA-Axis Dynamics and Sleep

A combination of altered HPA-axis function and obesity is
often observed in subjects suffering from insomnia, depres-
sion or obstructive sleep apnea [10, 16, 38]. A typical 8 h night
of sleep typically consists of three to five sleep cycles; every
cycle includes non-rapid eye movement (NREM) (stage 1 to
4) and REM sleep [4]. Slow-wave sleep (SWS) encompasses
stage 3 and 4 and is most prevalent in the beginning of the
night, at the start of the sleep period. Patients suffering from
depression often have increased cortisol and ACTH levels,
hyperactivation and decreased inhibition of the HPA-axis,
while their sleep is often disturbed [10]. Three years after
recovery from depression, cortisol levels normalized while
sleep alterations persisted [38]. In subjects with insomnia,
24 h plasma cortisol and ACTH and urinary free cortisol
levels were all increased [10]. Obstructive sleep apnea is
defined as repetitive partial or total cessations of breathing
during sleep, inducing frequent micro-awakenings, increases
in stage 1 and 2 sleep and reductions in SWS and REM sleep
[10]. In obese individuals, morning levels of ACTH and
cortisol were positively correlated with the amount of noc-
turnal apnea events [39¢]. Nighttime plasma levels of corti-
sol are elevated in patients with obstructive sleep apnea vs.
weight-matched controls, but the ACTH response to exoge-
nous CRH was increased, suggesting CRH hyposecretion
[16]. On the other hand, hypoxia can stimulate ACTH and
cortisol levels and treating the sleep apnea with continuous
positive airway pressure resulted in normalization of circu-
lating cortisol [16].

Consequences of Inadequate Sleep on the HPA-Axis Function

Sleep onset causes an inhibitory effect on cortisol level,
inducing decreased cortisol levels for 1-2 h after sleep onset
[10]. This effect was observed when subjects were exposed
to a 3-hour sleep-wake cycle or slept during the day. Inhi-
bition of cortisol levels was also observed in “free running”
conditions, when individuals have no time cues and sleep is
usually initiated at a later phase of the internal circadian
cortisol rhythm [10]. In addition, nocturnal awakenings
transiently elevate cortisol levels, whereas morning awak-
ening elicits a substantial and more persistent rise in cortisol
levels. Slow-wave sleep is correlated with the lowest corti-
sol levels and lowest cortisol/ACTH response to CRH ad-
ministration [10].

Salivary and plasma cortisol were elevated in the after-
noon and evening following experimental partial and total
sleep deprivation, while morning levels were unchanged or
even decreased [4]. Mean 24 h plasma cortisol levels mea-
sured every 30 min were unchanged [4]. Some studies also
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report a decreased cortisol peak following sleep deprivation
and a slower decline of cortisol levels after its acrophase [4].
In addition, sleep may interfere with the dynamics of the HPA-
axis: subjects indicating poor sleep had an exaggerated re-
sponse to a combined dexamethasone/CRH challenge [40¢].

Acute sleep deprivation is a stressor known to activate
sympathetic activity, while decreasing the parasympathetic
tone, as indicated by increased epinephrine and norepineph-
rine plasma levels (Fig. 1) [4].

Consequences of HPA Alterations on Sleep

Patients with Cushing’s syndrome often have obstructive
sleep apnea, which in turn affects sleep quality [16, 41]. In
addition, even patients with ACTH-dependent Cushing’s syn-
drome without sleep apnea have an 18 % decrease in sleep
efficiency (ratio of time asleep and time spent in bed), patients
woke up twice as often (6 vs. 3 times) and a 12 % increase in
stage 1 sleep compared to normal controls [41]. This demon-
strates the direct deleterious effects on sleep of abnormally
elevated levels of circulating glucocorticoids. Sleep in patients
with Addison’s disease has been less studied but does not
present with major sleep disturbances [42, 43]. Upon replace-
ment therapy with hydrocortisone however, REM sleep dura-
tion increased in these patients [42].

Intravenous ovine CRH or ACTH administration reduced
REM and SWS [43]. Cortisol infusion also reduced REM
while increasing SWS, indicating that the HPA-axis effects
on REM may be cortisol-mediated, but the increase in SWS
in cortisol infusion may be due to negative feedback on
CRH [43]. Administration of the synthetic steroid prednis-
olone reduced REM, but had no effect on SWS [43].

Battling HPA-Axis Alterations and Sleep Loss: Novel
Therapies for Obesity?

As both the HPA-axis and sleep alterations appear to influence
body weight regulation and composition, targeting them to
combat the obesity epidemic appears to be a viable strategy. A
recent randomized control weight loss trial reported that over-
weight or obese African American women with self-reported
high levels of stress tended to lose more weight if stress
management therapy was added to a 12-week lifestyle pro-
gram (2.7 vs. 1.4 kg); consistently, morning salivary cortisol
tended to decrease to a greater extent in this group [44¢]. This
small study had limited statistical power with only 22 women
per group, but it hints that decreasing overall stress levels may
contribute to weight loss.

Novel pharmacological approaches to counteract obesity
through manipulations of the HPA-axis have focused on
113-HSD inhibitors, which in principle would allow tissue-
specific alterations of cortisol concentrations, without affecting
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circulating levels. Carbenoxolone is a non-selective inhibitor
of 113-HSD; and 113-HSD,. Some studies using this inhib-
itor report lower 113-HSD, expression in adipose tissue while
some do not [19, 20]. One study reported lower cholesterol
levels and reduced glucogenolysis in healthy patients, after
7 days administration of 300 mg carbenoxolone [45]. How-
ever, 113-HSD, inhibition can lead to cortisol-dependent
mineralocorticoid excess, as cortisol can activate the mineral-
ocorticoid receptor in the kidney inducing sodium retention,
hypokalaemia and fluid retention.

More selective 11[3-HSD; inhibitors, in theory void of
these side effects, have recently been examined in randomized
controlled trails. In patients with type 2 diabetes with a BMI
between 25 and 45, daily administration of 200 mg
INCB13739 for 12 weeks resulted in improved insulin sensi-
tivity and induced a larger decrease in body weight (0.9 vs.
0.2 kg in the placebo group) [46¢]. Similarly, daily ingestion of
6 mg MK-0916 and 7 mg MK-0736 for 12 weeks resulted in
greater weight loss in patients with a BMI over 27 kg/m? (1.8
and 1.4 kg more vs. placebo, respectively) [47¢]. In addition,
MK-0736 improved lipid profile: low- and high-density
lipoprotein-cholesterol were reduced by 12 % and 6 %, re-
spectively. As MK-0916 is a CYP3A4 inducer, MK-0736
may be the preferred drug of use. In all three selective 11(3-
HSD; inhibitors treatment groups, concentrations of plasma
androgen precursors were higher vs. the placebo group, but
still within the normal range, suggesting mild HPA-axis hy-
peractivity. There was no difference in reported adverse
effects in treatment vs. placebo groups [46¢, 47¢]. In 2008—
2010, there were over 70 patent submissions for 11-3HSD;
inhibitors [48]. Virtually, most major and several minor phar-
maceutical companies are targeting these inhibitors [48]. In
addition, there is a magnitude of pre-clinical studies examin-
ing other selective 113-HSD; inhibitors [20¢].

Extending sleep duration in chronically sleep-deprived
subjects is a challenging task. A small observational study
reported that short sleepers (less than 6 h per night; mean
BMI 27 kg/m?) who reported having extended their sleep to
7-8 h 6 years later increased one point in BMI, whereas
individuals who reported still sleeping less than 6 h per
night increased their BMI by 2.1 points [49]. This study
was not randomized and assessed sleep duration only at two
time-points and with a questionnaire, a subjective measure-
ment. We are currently conducting a large randomized con-
trolled trail (ClinicalTrials.gov, identifier: NCT00261898) to
examine the effect of sleep extension in a cohort of short-
sleeping obese individuals [50¢].

Conclusions

Subjects with obesity display alterations in both the HPA-
axis and sleep. Although circulating cortisol levels are often

unaltered in obese individuals, the HPA-axis appears to be
hyperactive, as there are tissue-specific changes in cortisol
concentrations due to differential expression of 11(3-HSDs.
Short habitual sleep duration and experimental sleep restric-
tion result in bodily changes that may lead to obesity, possibly
through increased appetite and food intake, but insufficient
sleep also disrupts the HPA-axis. Nevertheless, studies exam-
ining the dynamics of the HPA-axis in this condition are
scarce, and there is no direct information of the specific
correlations of, e.g., 113-HSD activity, circulating CBG levels
and sleep, to the best of our knowledge. In turn, the activation
of the HPA-axis may negatively affect sleep. Although an
increased prevalence of sleep apnea or increased stress/HPA-
activation is reported direct evidence is lacking for the possi-
bility that obesity leads to worsened sleep.

As sleep loss and the HPA-axis appear to be involved in
the pathogenesis of obesity, approaches aimed at modulating
these systems seem viable. The generation of tissue-specific
113-HSD; inhibitors is especially promising, as this may
effectively target cortisol in selected tissues without affect-
ing circulating cortisol levels, therefore having limited un-
wanted side effects. The appeal of a new class of drugs
based on the mechanism summarized above is reflected by
the magnitude of ongoing research. Clinical studies focusing
at reducing overall stress levels or improving sleep hygiene
by increasing sleep duration are currently being conducted.

In conclusion, obesity, sleep, and the HPA-axis appear to
be related in a deleterious cycle with many complex interac-
tions, including the immune system and appetite-regulation.
Additional research in this field is needed to understand the
alterations in these systems and to eventually combat obesity.
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