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Abstract: The hypothalamic—pituitary—adrenal axis is a tightly regulated system that represents
one of the body’s mechanisms for responding to acute and chronic stress. Prolonged stress and/or
inadequate regulation of the stress system can lead to a condition of chronic hypercortisolism or,
in some cases, a blunted cortisol response to stress, contributing to insulin resistance, increased
adiposity and type 2 diabetes mellitus. Moreover, acute and chronic stress can exacerbate or worsen
metabolic conditions by supporting an inflammatory state and a tight relationship between stress,
inflammation and adipose tissue has been reported and has been a growing subject of interest in
recent years. We reviewed and summarized the evidence supporting hypothalamic—pituitary-adrenal
axis dysregulation as an important biological link between stress, obesity, inflammation and type 2
diabetes mellitus. Furthermore, we emphasized the possible role of infectious-related stress such as
SarsCov2 infection in adrenal axis dysregulation, insulin resistance and diabetes in a bidirectional link.
Understanding and better defining the links between stress and obesity or diabetes could contribute
to further definition of the pathogenesis and the management of stress-related complications, in
which the HPA axis dysregulation has a primary role.
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1. Introduction

The hypothalamic-pituitary-adrenal (HPA) axis is one of the main systems which, in
concert with the sympathetic nervous system (SNS), is activated in acute stress situations
and is thus defined as the stress axis [1].

When chronically activated or dysregulated at central or peripheral level, it can affect
the individual’s health. In fact, through its action on the neuroendocrine, metabolic and
immune systems, chronic stress can contribute, especially in vulnerable individuals, to the
development of several diseases, including obesity (OB) and diabetes (DM) [1,2].

Chronic exposure to stressors and the subsequent prolonged secretion of glucocorti-
coids (GCs) can result in changes in certain gene expressions involved in cellular pathways
which are crucial to the body’s intermediate metabolism. These alterations are associated
with the development of adiposity, insulin resistance, depletion of lean mass and coagula-
tion disorders resulting in hypercoagulability, dyslipidaemia, hypertension and increased
release of inflammatory cytokines [1,2]. The Cushingoid phenotype, which summarizes
these alterations well, commonly characterizes subjects with abdominal OB, metabolic
syndrome (MS) or type 2 DM (T2DM)), as well as subjects suffering from depression and
alcoholism, i.e., the so-called “pseudo-Cushing’s” conditions [2—4]. It should be noted that
the chronic stress-induced Cushingoid phenotype may be influenced not only by chronic
hypercortisolism, but also by changes in corticosteroid-binding globulin levels, GC receptor
sensitivity in peripheral tissues and by the activity of 113-hydroxysteroid dehydrogenase
type 1 (113-HSD1), a key enzyme in the peripheral GC metabolism [2—-4]. These alterations
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are also associated with a kind of ‘genetic programming’ of the HPA axis that occurs in
the fetal and perinatal period [5], influencing the activity of this axis in adulthood and
promoting the onset of OB and MS [6,7].

The traditional factors that link OB to DM are also related to a hypercaloric diet,
a sedentary lifestyle and socioeconomic status (SES). Individuals of lower SES have re-
stricted autonomy and more limited opportunities, which could lead to more stress and
consequently bring about an increase in stress hormones, in addition to cortisol and cat-
echolamines, such as glucagon and growth hormone. This condition might ultimately
change fat deposition, increasing visceral fat and raising the risk of developing DM [8,9].
A decreased quantity or quality of sleep, such as in shift work or in conditions such as
sleep apnea, can also be related to weight gain and OB. This may lead to a desire for highly
caloric food, owing to an imbalance of appetite hormones. Other effects include increased
HPA axis reactivity and growth hormone axis impairment, which again may enhance
visceral fat mass and lead to insulin resistance [10]

In this article we highlighted and reviewed the most recent data on the relationship
between HPA axis activity during chronic stress and its role in the development of MS,
OB and T2DM. We also emphasized the possible role of infectious-related stress, such as
from SarsCov?2 infection, in HPA axis dysregulation, insulin resistance and T2DM, in a dual
inverse link.

2. Methods

We reviewed articles from the last three decades up to July 2021 published in
PubMed/Medline. These included original articles, review articles, systematic review
articles, meta-analysis and book chapters. We reported the most interesting and recent
findings. This literature search was performed using the following search string syntax:
(“stress” OR “stress axis” OR “cortisol” OR “glucocorticoid receptors”) AND (“diabetes”
OR “metabolic syndrome” OR “metabolism” OR “obesity” OR “adiposity”) AND (“COVID-
19” OR “SarsCov2 infection”) AND (“inflammation” OR “cytokines”).

2.1. Stress and Adiposity: The Role of Cortisol in Increasing Visceral Fat Accumulation

The adaptive response to stress in humans is significantly determined by the action of
cortisol. This hormone strongly influences the whole organism through a wide spectrum
of effects, most of which are catabolic and directed at assuring the maximum energy
available for the adaptive response to the stressful events [1,2]. GCs stimulate hepatic
gluconeogenesis by increasing plasma glucose concentrations. They also induce lipolysis
in some areas of the body while promoting adipose tissue accumulation in others (namely
in the abdominal, perivisceral and dorso-cervical areas). Furthermore, they lead to protein
catabolism in muscle, bone and skin by promoting the use of amino acids as substrates for
oxidative pathways. In addition to their known catabolic functions, GCs also antagonize the
anabolic effects of growth hormone, insulin, thyroid and sex hormones during stress [1,2].

In general, the consequences of excessive exposure to cortisol or excessive sensitivity to
the action of GCs can be summarized as an activation of lipoprotein-lipase with an accumu-
lation of triglycerides and lipids in adipocytes and an inhibition of fatty acid mobilization,
in concert with insulin [11]. For this reason, the prolonged action of cortisol is associated
with an increase in abdominal adiposity, which is further determined by the concomitant
endocrine alterations associated with chronic hypercortisolism, in particular the inhibition
of the gonadal and somatotropic axis. In addition, the latter facilitates the appearance of
metabolic alterations and increases cardiovascular risk of MS and T2DM [2-4,11,12].

2.2. Hpa Axis in Obesity and Diabetes

OB has long been considered a condition connected with functional hypercortisolim
or pseudo-Cushing’s condition, although no definitive and confirming data on HPA axis
hyperactivity are available and contrasting data are present [11,12]. Besides OB, other
endocrine diseases including poorly controlled DM and polycystic ovary syndrome, as
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well as other conditions such as chronic alcoholism and psychiatric disorders, may show
functional hypercortisolism with some clinical and metabolic related signs, giving rise
to what is called pseudo-Cushing’s syndrome [13]. Subjects with visceral OB may show
increased 24 h urinary cortisol levels and an increased urinary cortisone to cortisol ratio [8].
Accordingly, some studies show a positive association between postprandial salivar cortisol
and body max index (BMI), waist to hip ratio (WHR), blood glucose, serum insulin and
lipids in obese adult male patients with visceral adiposity [3,11,12,14]. Cortisol metabolic
clearance has been reported as being negatively correlated with insulin sensitivity. Fur-
thermore, an increased response of the HPA axis to different stimuli, including food, low
dose ACTH and CRH, have been reported in obese subjects [3]. Thus, a general pattern of
findings emerged where greater abdominal fat is associated with higher cortisol levels and
greater responsivity of the HPA axis, as reflected in morning awakening and acute stress
reactivity, though some studies did conversely show under-responsiveness [3].

In particular, the cortisol awakening response (CAR) has been shown to be related
to life stress and has been studied in OB. CAR represents a spike in salivary cortisol
concentrations just after waking [15]. Irregularities in CAR occur in the form of either a
blunted or an exaggerated response that can be related to HPA axis dysregulation [15].
These alterations have been described in various mental and physical illnesses, such as
depression [11,16]. In OB, CAR has been reported as being negatively related to abdominal
fat mass [17]. Conversely, other studies have found evidence of the opposite, i.e., an
exaggerated response correlated with BMI and WHR. Other studies found OB and CAR
to be unrelated [17]. However, all these results come from studies with methodological
limits. One of the most serious studies in terms of methodology [18], which conducted
multi-point diurnal saliva sampling over three days in a large sample of men and women,
actually showed a negative relationship between OB and CAR. As a result, a blunted CAR
seems to be more likely in OB [17].

Another important marker of HPA axis activity is the diurnal slope that measures the
daily pattern of cortisol concentrations. In normal conditions the pattern of daily cortisol
concentrations follows a negative slope [19], i.e., cortisol concentrations increase sharply
immediately upon waking (CAR) and then show an attenuated decline throughout the
day [20]. Flat slopes—as observed in those lacking a robust CAR or those failing to reach
sufficiently low levels by evening—are indicative of HPA dysregulation and are associated
with negative outcomes in cases of abdominal OB, namely a higher risk of cardiovascular
disease, T2DM and stroke [21].

As concerns daily cortisol production evaluated through 24 h urinary free cortisol
(UFC) or by multiple days of diurnal blood or salivary cortisol sampling, inconsistent
findings are obtained in OB, some findings showing hypercortisolism and others hypocor-
tisolism [17].

With reference to the dexamethasone suppression test that explores GC feedback
sensitivity, studies in patients with OB have again yielded mixed results regarding both
general and abdominal OB when using dexamethasone at different dosages (1 mg standard
dose p.o. or doses per kilogram of body weight). A lower inhibition after dexamethasone
was shown in female but not in male obese subjects [22].

Perhaps the perturbation in cortisol suppression occurs only at certain dosages of
dexamethasone and dysregulation may be detectable only at certain thresholds. In general,
null results tend to emerge when examining the relationship between feedback sensitivity
and generalized OB, while abdominal OB seems to be associated with poorer feedback
sensitivity [17].

2.3. Tendency of GC Receptors and Their Polymorphisms to Modulate GC Sensitivity, Increasing
Susceptibility to Likelihood of Adiposity and Insulin Resistance

Polymorphisms in the GC receptor (GR) gene have been associated with altered GC
sensitivity and changes in body composition and in metabolic variables, through either
up- or downregulation of the effect of GCs on target tissues. An example of a potentially
up-regulating GR polymorphism (thus favouring metabolic complications) is the Bcll



Endocrines 2021, 2

337

(rs41423247) polymorphism [23-25]. Although several studies have analyzed the effects
of the Bcll polymorphism on body composition and metabolic variables (namely a worse
metabolic profile and increased cardiovascular risk), somewhat inconsistent results have
been reported [24,25]. In 2013 a Dutch cohort study showed that homozygous carriers of
the Bcll polymorphism of the GR gene have significantly greater total body fat, contributing
to higher HOMA2-IR, compared to heterozygous carriers and noncarriers [26]. Conversely,
other polymorphisms such as A3669G and ER22/23EK have been reported to be associated
with reduced GR sensitivity and a better metabolic profile [23-25].

2.4. Role of 11B-Hsd1 Enzyme Dysregulation in the Pathogenesis of Obesity and
Insulin Resistance

11p3-hydroxysteroid dehydrogenases enzymes (113-HSD) catalyze the interconversion
of hormonally active cortisol and inactive cortisone at pre-receptor levels. Two isoforms of
113-HSD have been identified. 113-HSD1 is a low-affinity NADP(H)-dependent dehydro-
genase/oxoreductase that interconverts inactive cortisone and active cortisol with a bidirec-
tional function predominantly expressed in hepatic, gonadal, and central-nervous-system
tissues [27]. It has a mainly reductase function in vivo, generating active glucocorticoid at a
prereceptor level. Conversely 113-HSD2 is a high-affinity NAD-dependent dehydrogenase
which inactivates cortisol, protecting the non-selective mineralocorticoid receptor in the
kidney and colon from cortisol excess [27]. Since 1997, Stewart et al. have hypothesized that
visceral adipose stromal cells (from omental fat), but not subcutaneous fat, can generate
active cortisol from inactive cortisone through the expression of 113-HSD1, suggesting that
central OB may reflect “Cushing’s disease of the omentum” [28].

In animal models, the impact of the 113-HSD1 enzyme on the development of abdomi-
nal OB is well defined. In 113-HSD1 knockout mice a certain resistance to the development
of OB-induced hyperglycemia is observed. In particular 113-HSD1 knockout mice are
protected from increased adiposity at both the omental and subcutaneous levels, unlikely
to have elevated serum free fatty acids [29].

On the contrary, transgenic mice selectively overexpressing 113-HSD-1 in adipose
tissue (AT) developed visceral OB, pronounced insulin-resistant diabetes and hyperlipi-
demia [30]. Other studies in animals showed that N-(6-Substituted-1,3-benzothiazol-
2-yl)benzenesulfonamide derivatives-1-8 significantly reduce plasma glucose level in a
non-insulin-dependent DM rat model, by inhibiting 11beta-HSD1 [31]. Other selective in-
hibitors of 11beta-HSD1 such as 4-(phenyl-sulfonamido-methyl) benzamides also showed
improved glycemic control, decreased serum lipids, and enhanced insulin sensitivity in
diabetic OB/OB mice [32]. Lastly, N-(Pyridin-2-yl) as well as arylsulfonamides play an
11betaHSD1 inhibiting action [33].

4'-cyano-biphenyl-4-sulfonic acid (6-amino-pyridin-2-yl)-amide (PF-915275), the po-
tent 11betaHSD1 inhibitor that is selective for primate and human enzymes, reduced insulin
levels in a dose-related manner in cynomolgus monkeys, reinforcing the hypothesis that
11betaHSD1 inhibitors may be useful in the treatment of DM and other related metabolic
diseases [34].

In humans, a higher expression of the enzyme is described in omental fat rather
than in the subcutaneous one [35]. However, in simple OB, circulating levels of cortisol
are actually normal or low in some studies, with increased cortisol secretion rates, thus
suggesting an impairment of cortisol metabolism in peripheral tissues via 11b-HSDs [36].
It has been hypothesized that, in AT, there is an increase in 113-HSD1 synthesis in OB
in accordance with studies performed on subcutaneous abdominal biopsies from obese
men and women showing higher levels of enzyme activity [37,38]. However, other authors
were unable to correlate whole-tissue or adipocyte 113-HSD1 synthesis with OB [39]. A
recent study, which took into consideration single-nucleotide polymorphisms (SNPs) in
the 113-HSD1-coding gene (HSD11B1), shows that genetic variation in the 113-HSD1 gene
determines NAFLD and visceral OB [40].
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Peroxisome proliferator-activated receptor (PPAR) agonists could exert a suppres-
sive effect on 113-HSD1. Long-term treatment with PPARYy agonists could consequently
contribute to the decrease of 113-HSD1 adipose tissue in humans [41,42].

Novel compounds, amongst which are adamantyl-triazoles, are currently under in-
vestigation and preliminary findings from both experimental and human studies show
a favourable effect on glucose and lipid metabolism, weight reduction and adipokine
levels [43]. Some clinical trials have been conducted on humans with selective 113-HSD1
inhibitors. For instance, two selective 113-HSD1 inhibitors (RO5093151/RO-151 and
RO5027383 /RO-838) were investigated in a randomized, controlled study in metformin-
treated patients with T2DM. Slight metabolic improvements were seen in HbAlc, body
weight and insulin sensitivity parameters [44].

Therefore, on the whole, studies in animals and humans provide evidence of a patho-
genetic role of 113-HSD1 in the development of abdominal OB and related metabolic
alterations. For this reason, scientific-pharmaceutical research is focusing on 113-HSD1 as
a significant target for therapeutic strategy development in patients with OB and T2DM.

2.5. Stress, Inflammation and Metabolic Syndrome

The relationship between stress, inflammation and AT has been a growing subject
of interest in recent years. Considerable data indicate a potential role of inflammation
and increased levels of cytokines, produced by both immune cells and adipocytes, in
the pathogenesis of MS and T2DM [45-48]. Furthermore, acute and chronic stress can
exacerbate or worsen metabolic conditions by supporting an inflammatory state [45,46].

AT has traditionally been divided into two types, white AT (WAT) and brown AT
(BAT), based on tissue color, though cytological, biochemical and functional differences
also exist. A third type of adipocyte, beige or brite adipocyte, has similar characteristics to
BAT, although it differs in developmental origins and body distribution [49].

In humans and mammals, WAT accounts for the majority of AT and is responsible
for energy storage, endocrine signalling and insulin sensitivity [47]. Depending on its
distribution in the body, WAT itself can be broadly classified into two subtypes: visceral
WAT (vWAT) and subcutaneous WAT (scWAT). vWAT consists of perirenal, perigonadal,
mesenteric and retroperitoneal WAT and is more represented in men (android fat deposi-
tion). scWAT deposits are found in the cranial, nasal, gastrointestinal, gluteal and femoral
areas and are predominant in females (gynoid fat deposition) [50].

In contrast, BAT is widely distributed in mammals in the postnatal period and during
hibernation. However, imaging studies have revealed that metabolically active BAT is also
found in adults, between anterior neck muscles and in the supraclavicular and thoracic
regions [51,52]. As opposed to BAT which develops embryonically, beige fat develops
postnatally and arises from different progenitor cells [53]. Beige adipocytes are distributed
in the cervical-supraclavicular, shoulder-blades, axillary, mediastinal, paravertebral, perire-
nal, and peri-aortic regions [54].

In healthy humans, BAT and beige fat activity contributes to whole-body fat oxidation
and diet-induced thermogenesis [55]. In physiological conditions, while insulin-sensitive
WAT is the main site for energy storage and is involved in fatty acid (FA) biosynthesis by
storing triglyceride, BAT and beige fat play a critical role in energy homeostasis, glucose
uptake and FA breakdown, causing energy dissipation and heat production [56]. This
is due to the thermogenic-promoting properties in BAT and beige fat, including dense
mitochondria, thermogenic uncoupling protein 1 (UCP1) and lipid droplets that provide
chemical energy [57].

If AT becomes insulin resistant, the capacity of insulin to suppress adipocyte lipolysis
and reduce serum levels of FA and glycerol is impaired. This results in a sustained expo-
sure of liver and muscle to high levels of FA and a further ectopic uptake and storage of
lipids in these tissues. Ectopic lipids impair insulin signaling, and thus insulin resistance
in adipocytes through increased lipolysis may play a major role in whole-body insulin
resistance [58-60]. In WAT, M1-polarized macrophages are believed to contribute to insulin
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resistance while M2-polarised macrophages contrast with the action of M1 macrophages
and enhance insulin sensitivity [61-63]. It has also been observed that M1-polarized
macrophages can infiltrate WAT when mice are switched to an obesogenic high-fat diet.
Hence the idea emerged that AT and inflammation are closely interconnected and that
chronic inflammation in AT is responsible for insulin resistance in OB [48,59,60]. Cate-
cholamines also carry out a well known role in the regulation of lipolysis. Depending on
which 31/2-adrenergic (3-AR) or a2-adrenergic receptor they bind to, they can respectively
activate or inhibit lipolysis. This depends on both the receptor affinity and the number of
the two different receptors on the adipocyte plasmalemma. In patients with MS and insulin
resistance, the lipolytic effect of catecholamines occurs particularly in vAT [58]. Activation
of the SNS also leads to cortisol increase, thus reflecting a slight hypercortisolism, with
effects on AT which depend on the duration of hypercortisolemia as well as on circulating
insulin levels. High insulin levels correspond to a lipogenic effect of cortisol in WAT, but
chronic hypercortisolism induces lipolysis in adipocytes, with increased levels of circu-
lating FA. In addition, high cortisol levels induce expression of the 11beta-HSD1 enzyme
in AT, which converts cortisone to cortisol, thus leading to visceral OB, insulin resistance
and DM, as previously reported in transgenic mice overexpressing 11beta-HSD1 [29,30,35].
SNS also plays a role in BAT. It promotes thermogenesis in brown and beige adipocytes by
stimulating 33 adrenergic receptors, inducing the expression of UCP1 and mitochondrial
respiration via the cAMP/PKA pathway [64,65]. The 3-adrenergic sensitivity of brown
and beige adipocytes has been shown to decrease in OB [66], which may explain, at least
in part, the reduction in energy consumption that manifests itself in these conditions. In
contrast, activation of a2 adrenergic receptors, unlike 3 adrenergic receptors, suppresses
thermogenesis in BAT [67]. Furthermore, hyperactivation of the SNS pathway in AT, as
occurs during acute stress, also induces bleaching of beige adipocytes with subsequent
infiltration of M1-polarized macrophages, death of brown adipocytes and an increase in
senescent cells, local fibrosis and inflammation [68]. BAT and beige adipocytes also express
receptors for glucocorticoids, and cold stress can activate the HPA axis, increasing plasma
corticosterone levels [69]. Glucocorticoids increase the ability of isoprenaline to stimulate
thermogenesis in primary human brown adipocyte cultures, and acute treatment with
glucocorticoids stimulates BAT function in healthy humans [57,70,71]. Increased lipolysis
can modulate adipocyte secretion of molecules including adipokines or lipokines, as well
as cytokine production by macrophages [57-59,71]. Indeed, it has long been known that
the immune system and metabolism are closely linked and that OB is associated with the
accumulation of M1-polarized macrophages in AT, which have been found to be the main
source of cytokines, including TNF-a, interleukin 6, interleukin 1b, monocyte chemotactic,
protein 1 (MCP-1, CCL2), and the macrophage inhibitory factor (MIF) [57].

T lymphocytes and macrophages are closely interconnected in AT, and T-cell infiltra-
tion is involved at this level by regulating macrophage number and activity. In one study,
it was observed that the macrophage content in visceral fat of obese subjects was 12% com-
pared to 4% in lean subjects [40]. In obese subjects, CD8+ cytotoxic T lymphocytes (known
as cytotoxic T cells) and CD4+ helper 1 (Thl) T lymphocytes stimulate adipose macrophage
activation and produce pro-inflammatory cytokines, inducing insulin resistance. It has
also been shown that in OB, the number of anti-inflammatory and insulin-sensitizing
lymphocytes, such as CD4+ T helper 2 (Th2) lymphocytes and Foxp3+ regulatory T cells
(Tregs) in vAT, is reduced [57]. The synthesis of inflammatory cytokines by macrophages in
AT is mediated by the activation of two major intracellular inflammatory pathways, c-Jun
N-terminal kinase (JNK)-activating protein 1 (AP1) and IKappa B kinase beta (IKK)-nuclear
factor kappa-activated B-cell light chain-enhancer (NF-kB). The latter is in turn triggered
by the same molecules implicated in the development of insulin resistance, including reac-
tive oxygen species (ROS), saturated FA, and inflammatory cytokines, emphasizing their
relevance in the onset of the disease [72]. Among the inflammatory cytokines, IL-6, IL-1b,
and TNF-« are those most involved in modulating metabolic activities. IL-6 is considered
the critical regulatory cytokine that mediates the stimulatory relationship between the
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immune system and the HPA axis [73]. IL-6 stimulates the HPA axis both acutely and
chronically. As a result, a marked increase in circulating ACTH has been observed even
after just a single subcutaneous administration of IL-6. In contrast, anti-IL-6 antibodies
almost completely block the stimulatory effect on the axis induced by lipopolysaccharide
bacteria [74].

A relationship between IL-6 and insulin resistance has been described in OB and
MS, although data are not consistent. Circulating concentrations of IL-6 and PCR are
increased in subjects with OB and are predictive of T2DM in predisposed subjects. IL-6
production from liver and tissue correlates with and promotes insulin resistance, while
IL-6 produced by skeletal muscle has a protective effect [73]. Hyperglycaemia is known
to trigger an inflammatory process in pancreatic insulae and to facilitate 3-cell apoptosis.
This pro-apoptotic mechanism is up-regulated by the glucose-induced increase in IL-1f3
through its stimulating effect on the 113-HSD1 enzyme [74,75].

Repeated stress induces increased levels of IL-1b and other inflammatory cytokines
in subcutaneous WAT. This impaires its regular lipogenesis and adipogenesis functions,
thus resulting in impaired insulin signalling and a shift of circulating lipids toward visceral
adipose tissue with subsequent development of visceral obesity [74,76].

TNFa is a proinflammatory cytokine released by macrophages in response to physio-
logical and pathological processes such as infections, apoptosis, tumor-induced cachexia,
autoimmune and chronic inflammatory diseases [77]. TNFa is also involved in hepatic
and peripheral insulin resistance. In particular TNFa has been shown to impair insulin
signalling in murine adipocytes, hepatoma and muscle cells by serine phosphorylation of
the insulin receptor substrate 1(IRS-1) and of protein phosphatase 1 (PP-1), and through the
activation of protein tyrosine phosphates (SH-PTPase) [78-80]. In humans, several authors
have described increased TNF- mRNA concentrations in the AT of obese or insulin-resistant
patients [80,81]. Treatment with TNF-a neutralizing antibodies has been shown to improve
insulin sensitivity in obese rats [82], highlighting that inflammation may be involved in
OB-induced glucose intolerance (Figure 1).
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Figure 1. Relationship between the stress axis, inflammation, obesity and diabetes.

In conclusion, AT represents an extremely active metabolic and endocrine organ ca-
pable of synthesizing hormones, cytokines and adipokines that interact in an integrated
network with the nervous system through the HPA axis and the immune system, influenc-
ing metabolic homeostasis. Several studies support the idea that systemic and metabolic
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inflammation are among the major causes of OB-induced insulin resistance and beta-cell
dysfunction. Accordingly, specific anti-inflammatory treatment strategies with different
molecular targets in obese patients with T2DM may improve insulin sensitivity as well as
beta-cell function [82-86].

Acute and chronic stress through the HPA axis and SNS can exacerbate or worsen
metabolic conditions by supporting an inflammatory state. AT and inflammation are closely
interconnected and chronic inflammation in AT is responsible for insulin resistance in OB,
where excessive expansion of vVWAT induces a cascade of biological processes including
mitochondrial dysfunction, hypoxia and adipocyte death, all of which are thought to
contribute to inflammation.

2.6. COVID-19, Stress and Diabetes: A Bidirectional Relationship

Since the beginning of the SARSCoV-2 pandemic, DM emerged as one of the most
common comorbidities and a potential cause of poor outcomes. A dangerous relationship
between COVID-19 and DM has definitely been defined [87-91].

The infection per se may lead to a full cascade of the stress responses, including
the activation of the neuroendocrine HPA stress axis and other systems that maintain
homeostasis [92] with the previously described metabolic consequences. In this context,
the SARS-CoV-2 viral infection features peculiar metabolic and vascular consequences in
obese and diabetic subjects.

In actual fact, the prevalence of DM was higher among patients hospitalized for
COVID-19 who were admitted to the intensive care unit (ICU) or died [88,89] while, on the
whole, DM conferred a two-threefold increased rate of poor disease outcome [90,91].

Individuals with DM who became infected with COVID-19 were reported to have a
higher non-survival prevalence (ranging between 22% and 31%) compared to non-diabetic
subjects [93]. In particular, mortality rates from COVID-19 were highest in elderly people
with DM [94]. Besides DM and elderly age, other risk factors for COVID-19 adverse
outcomes were OB, hypertension and cardiovascular disease, all very common conditions
in T2DM [95]. Age is the strongest risk factor for developing T2DM and the effect of
ageing on immune function might be equally important for COVID-19 susceptibility and
severity [96].

OB and increased visceral fat are independent risk factors for COVID-19 complications
in young patients because abdominal adiposity may promote and amplify the inflamma-
tory response [97]. During the first phase of infection, the marked IL-6 release, which
regulates the hepatic production of acute-phase reactants, provides a link between vAT
and inflammation [98]. Furthermore, ACE2 receptor expression is upregulated on alveolar
epithelial cells and in visceral fat, particularly in obese subjects. OB has also been linked to
a condition of increased risk of thrombosis and coagulopathy. Individuals with diabetes
and infected with COVID-19 had higher D-dimer levels than those without diabetes. Other
critical findings observed in obese subjects with Covid19 include myocardial inflammation,
lymphocyte infiltration in the liver, macrophage clustering in the brain, axonal injuries,
microthrombi in glomeruli and focal pancreatitis [99]. Therefore, the presence of both DM
and OB represented a poor prognostic outcome in the presence of SARS-CoV-2 infection,
with potential progression of thrombotic events [100].

Other factors have been shown to contribute to poor prognosis in patients with
COVID-19 and DM. These include impairment of innate immunity, pro-inflammatory
cytokine milieu, reduced expression of ACE2 and use of renin—angiotensin—aldosterone
system antagonists [87,88,90,91]. In a population of patients with COVID 19, serum levels of
interleukin-6 (IL-6), C-reactive protein and ferritin were significantly higher in patients with
DM than in those without [100]. Moreover, direct SarsCov2-beta cell damage detectable
through immunohistochemistry and in-situ hybridization, from the pancreas of patients
who had died of SARS, was shown [99]. This last factor, together with others such as
cytokine-induced insulin resistance, hypokalemia and the very drugs used in the treatment
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of COVID-19 (e.g., corticosteroids, lopinavir/ritonavir) have been hypothesized to worsen
glucose control in people with DM [87-91].

Another important aspect in the relationship between DM and COVID-19 is COVID-
induced hyperglycemia, which includes stress- and drug-induced-hyperglycaemia. The
presence of hyperglycaemia and DM were found to be independent predictors of morbidity
and mortality in patients with SARS-CoV-2 infection [101]. It has also been reported that
high blood glucose levels directly increased the concentration of glucose within airway
secretions, thus further impairing respiratory drive [101-103].

The presence of typical complications of DM (cardiovascular disease, heart failure
and chronic kidney disease) further increases COVID-19 mortality, because the individ-
uals affected may be subject to worse COVID-19 complications including vasculopathy;,
coagulopathy, and increased psychological stress [104-106].

It is worthy of mention that the COVID-19 related lockdown induced a further wors-
ening of the pathology in patients with OB and DM. This stressful period decreased quality
of life, with alterations in behavioral and eating patterns, changes in daily life, reduced
physical exercise, as well as increased feelings of stress and anxiety, all influencing diabetes
self-management, body weight and glycemic control [87-91,105,106].

On the whole, these findings suggest a bidirectional relationship between COVID-19
and metabolic disease: on the one hand, pre-existing metabolic diseases potentiate the sever-
ity of COVID-19, and, on the other, owing to different mechanisms, including lockdown-
induced behavioral patterns, this viral infection exacerbates preexisting metabolic frailty.

3. Conclusions

Prolonged stress and/or inadequate regulation of stress can lead to a condition of
chronic hypercortisolism or, in some cases, to an inadequate cortisol response to stress,
contributing to insulin resistance, increased adiposity and T2DM. In fact, through its action
on the neuroendocrine, metabolic and immune systems, chronic stress can contribute,
especially in vulnerable individuals, to an altered biological and behavioral condition,
characterized by epigenetic changes in cellular pathways crucial to the body’s glucose
and lipid metabolism and a release of inflammatory cytokines. Other factors including
changes in GC receptor sensitivity and 113-HSD1 activity may lead to the onset of OB and
metabolic alterations in vulnerable subjects.

The emerging role for inflammation and cytokines, produced by both immune cells
and adipocytes, has been defined as one of the major causes of OB-induced insulin resis-
tance and beta-cell dysfunction. Therefore, new antidiabetic therapy has addressed specific
anti-inflammatory treatment strategies with the aim of reducing blood glucose levels as
well as improving insulin sensitivity and beta-cell function.

Finally, the role of infections in inflammation, hypercortisolism and DM has been
defined. Since the beginning of the SARSCoV-2 pandemic, OB and DM have emerged as
the most common comorbidities and potential drivers of poor outcomes in COVID-19, thus
underlying the existence of a dangerous interrelationship between COVID-19 and OB or
DM.

Understanding and better defining the links between stress and OB or DM could
contribute to further defining the pathogenesis and the management of stress-related
complications, in which HPA axis dysregulation plays a primary role.
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