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Abstract: Depression and obesity are very common pathologies. Both cause significant problems
of both morbidity and mortality and have decisive impacts not only on the health and well-being
of patients, but also on socioeconomic and health expenditure aspects. Many epidemiological
studies, clinical studies and meta-analyses support the association between mood disorders and
obesity in relationships to different conditions such as the severity of depression, the severity of
obesity, gender, socioeconomic status, genetic susceptibility, environmental influences and adverse
experiences of childhood. Currently, both depression and obesity are considered pathologies with a
high-inflammatory impact; it is believed that several overlapping factors, such as the activation of
the cortico-adrenal axis, the exaggerated and prolonged response of the innate immune system and
proinflammatory cytokines to stress factors and pathogens—as well as alterations of the intestinal
microbiota which promote intestinal permeability—can favor the expression of an increasingly
proinflammatory phenotype that can be considered a key and common phenomenon between these
two widespread pathologies. The purpose of this literature review is to evaluate the common and
interacting mechanisms between depression and obesity.
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1. Introduction

Obesity and depressive disorder are two of the most common diseases worldwide and represent
considerable problems not only in terms of their strong impact on the health and well-being of
individuals, but also for socioeconomic aspects. Furthermore, the prevalence of these two pathologies
is growing all over the world. Epidemiological evidence has identified solid associations between
depression and obesity [1]. Although distinguishable in terms of etiopathogenetic processes, growing
evidence suggests complex two-way relationships between adiposity and depression, which may
explain their similar and parallel growth. Depression is associated with an increased risk of weight gain
and obesity, which in turn, are associated with a greater vulnerability for depressive disorders [2,3].
Already in the 1960s clinical and epidemiological data of a possible association between obesity and
major depression were reported [4].

The incidence of depression in obese individuals is close to 30% [5,6], a rate that is significantly
higher than that measured in the general population. Several studies have reported that being obese
was associated with a risk of developing depression between 1.18 and 5.25, depending on the studies
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and evaluation methods [7–9]. A recent study found that obese individuals are 55% more likely to
develop lifetime depression, while depressed individuals are 58% more likely to become obese than
the general population [2].

Various studies have provided evidence of a two-way link between depression and obesity and
the presence of one increases the risk of developing the other. Furthermore, there are strong reasons to
believe that these conditions are interconnected through a vicious circle which reinforces each other
through adverse physiological adaptations [7,10,11]. Overall, the size of the effect is higher if we
consider high obesity (class III: BMI ≥ 40) compared to the application of the BMI cutoff of 30 that
defines obesity and although positive they are less strong and not always significant for overweight
(BMI 25–30). Sex has been shown to moderate the depression–obesity association since it was stronger
in women than in men. Finally, several meta-analyses show that the depression–obesity association
extends to bipolar depression, already exists in childhood and adolescence and is consistent in western
and non-western countries [12–16]. Another study revealed that the onset of depression in early
adolescence was associated with an elevated risk of late-onset obesity and obesity, particularly in late
adolescence, was associated with an increased chance of developing depression in adulthood [17].
A recent study found a U-shaped relationship between body weight and depression, with a higher
prevalence of depression in underweight and obese subjects compared to normal weight controls [18].

Obesity and depressive disorder are closely related, but the relationship is probably multifactorial
and complex, focused not only on psychological and behavioral aspects, but also on shared biologic
mechanisms that can explain the depression–obesity association at different levels, from genetics to
mechanisms peripheral endocrines, from immuno-inflammatory and metabolic ones, to the involvement
of the intestinal microbiota [10].

2. Psychological and Behavioral Aspects

From a cognitive and psychosocial point of view, obesity can strongly influence the self-image
with a self-devaluation perception, social withdrawal, exclusion and social stigma, in particular when
obesity is uncommon in their social networks, promoting the onset of a depressive symptomatology,
particularly in a context of high social expectations and beauty standards. Conversely, depressive
symptoms can help promote overweight and obesity due to an unhealthy lifestyle, such as excessive
sedentary lifestyle, excessive alcohol consumption and unhealthy eating habits [19]. Psychological
factors also play a major role in maintaining this link. For example, emotional eating (the tendency to
eat in response to negative emotions) has been associated with both depression and obesity [20].

In addition, food preferences can change during times of stress or depression. A study conducted
among British university students showed a positive correlation between depressive symptoms and
consumption of highly palatable and high-calorie food, mainly high in carbohydrates, including
sweets, biscuits, snacks and fast food [21]. In fact, high carbohydrate meals can temporarily improve
mood, particularly because the consumption of highly palatable foods activates the brain opioid
system, producing hedonic responses and stimulates the serotonergic system since the consumption of
carbohydrates can increase the production of serotonin in the brain due to the increased availability of
tryptophan [22,23].

In addition, mood disorders are often associated with changes in the sleep cycle that can induce
changes in neuroendocrine functions with increased cortisol, dysfunction of glucose metabolism,
increased levels of ghrelin (orexigen hormone), decreased levels of leptin (anorexigenic hormone) and,
consequently, an increase in appetite [24].

3. Immuno-Inflammatory Aspects

Immunological and inflammatory aspects are also involved in the interactions between depression
and excess weight. During a normal immune response, in fact, inflammation and adaptive behavioral
changes occur only for a limited time. However, if these responses become exaggerated or prolonged
over time, they can compromise different regions of the brain involved in the regulation of complex
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behaviors, not only in the control of food intake and the perception of satiety, thus promoting an
energy imbalance, but may also have implications on cognition and on mood and strongly contribute
to inactivity, weight gain and profound metabolic alterations [25–27].

Therefore, during an infection, the transient activation of brain cytokines coordinates a large
number of behavioral changes (including weakness, listlessness, malaise, anorexia, fatigue and
transient alterations of cognition and mood). These conditions are functional for recovery from
infection, and usually resolve within days once the pathogens have been cleared and the innate
immune system is no longer activated. However, the inability to effectively regulate systemic immune
activation and/or cerebral microglial activation results in significant and prolonged hyperactivation
of peripheral and cerebral cytokines. Such hyperactivation of the immune response in turn could
culminate in medical conditions that adversely affect clinical outcomes, including neuropsychiatric
symptoms, particularly when they ultimately affect key areas of the brain, such as the hippocampus,
cortex or amygdala [27,28].

The inflammatory mediators network is represented by a remarkable array of molecules, the most
important of which are proinflammatory cytokines (for example the interleukins IL-1β, IL-6) and
the Tumor Necrosis Factor (TNF-α) produced within the innate immune cells in response to the
immunological stimulus. Other anti-inflammatory cytokines oppose this response by attenuating the
production of proinflammatory cytokines or by antagonizing their action at their receptor level (e.g.,
IL-1RA) In turn, the action of peripheral proinflammatory cytokines, such as on hepatocytes, leads to
the synthesis of other acute phase proteins, such as the C-reactive protein (CPR), responsible for the
systemic inflammatory response [29]. High systemic levels of these molecules, in the absence of infection
or tissue damage, are considered abnormal and tend to support the onset, for example, cardiovascular
diseases, diabetes, metabolic changes, neuropsychiatric diseases and ultimately mortality [30,31].

Both depression and obesity are disorders associated with the dysregulation of the stress system.
The mechanisms linking these two conditions have been studied extensively indicating the involvement
of alteration of the hypothalamic-pituitary-adrenal (HPA) axis, inflammation, oxidative stress and
endocrine dysfunction [32]. Several scientific evidences suggest that there is a chronic inflammatory state
in depression. The results that support this notion include evidence of an increase in proinflammatory
cytokines in the depressive phase and, instead, of their reduction following the resolution of depressive
symptoms due to the inhibitory effect on the production of cytokines by antidepressant treatments.
In treatment-resistant depression there is an upregulation of proinflammatory cytokines [33,34].

Even in obesity, various evidences from the literature report that low-grade chronic inflammation
is associated with it. This is characterized by an increase in circulating proinflammatory cytokines and
accumulation of immune cells in different tissues and organs, including the central nervous system
(CNS). During chronic stress there is evidence that these cytokines promote depression-like behavior by
disrupting the synthesis of neurotransmitters and signal transduction. Animal models of obesity and
depression revealed a two-way relationship whereby high-fat nutrition and chronic stress synergize
and aggravate metabolic dysregulation and behavioral abnormalities. Although not yet exhaustive,
several evidences from the literature suggest that inflammation in the central and peripheral nervous
system can link obesity to major depressive disorder [35].

Obesity must be defined as more than just a metabolic disorder; there is in fact an evident
state of alteration of systemic inflammation, so much so that today chronic low-grade inflammation
is considered a hallmark of obesity. Because of their ability to act remotely on different organs,
the inflammatory component can participate in the etiology of many of the metabolic complications
associated with obesity [36]. Chronic obesity is often associated with hypertension, coronary heart
disease, dyslipidemia, hyperleptinemia, reduced glucose tolerance linked to hyperinsulinemia and
insulin resistance [28] and a greater susceptibility to immune-mediated diseases [37], and infections [38].

White adipose tissue (WAT), especially that located in the abdominal area, is a true endocrine
organ that produces hormones, such as leptin and proinflammatory cytokines and therefore contributes
significantly to the immuno-metabolic responses involved in genesis and maintenance of pathogenic
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conditions, such as obesity and depression [39]. In fact, due to the nutritional overload, the white
adipose tissue becomes hypertrophic, with hyperplastic adipocytes which, due to this increase in
volume, activate gene loci which induce the production of proinflammatory cytokines and favor the
recall of macrophages by establishing an inflammation called the feed-forward process [29,40,41].
Substantially the inflammatory markers in obesity are more related to measures of abdominal adiposity,
such as waist circumference and waist-to-hip ratio, rather than to the general measure of body mass
index (BMI), which represents an approximation of fat total body and does not distinguish between
high muscle mass and fat mass [26]. There is evidence that the association between depression and
obesity is stronger for abdominal obesity. Abdominal obesity, characterized by the accumulation of
visceral fat, is more strongly linked to metabolic and inflammatory dysregulations.

An interesting meta-analysis [42] confirmed that the association between abdominal obesity and
depression was stronger than that between general obesity and depression. In contrast, weight loss,
induced by low calorie diets or bariatric surgery, significantly reduces peripheral inflammation in obese
individuals [43,44]. This peripheral immune activation, through both humoral and neural pathways,
especially vagal ones, can induce an inflammatory brain state, which is associated not only with
metabolic dysregulations, but also with emotional and behavioral alterations [45]. In obese individuals,
high values of a wide range of proinflammatory cytokines can be found in circulation, including the
Monocyte Chemoattractant Protein-1 (MCP1/CCL2), various interleukins such as IL-1β, IL-5, IL-6,
IL-8, IL-12, IL-18, Interferon gamma (IFNγ), TNF-α and C-reactive protein (CRP) and many of these
cytokines are implicated in metabolic inflammation and subsequent metabolic dysfunction [46].

An interesting meta-analysis [42] confirmed that the association between abdominal obesity and
depression was stronger than that between general obesity and depression. In contrast, weight loss,
induced by low calorie diets or bariatric surgery, significantly reduces peripheral inflammation in
obese individuals [43,44].

For example, IL-1β, IL-6 and TNF-α have been shown to contribute directly to insulin resistance
by activating stress kinases, such as IκB kinase (IKK), c-Jun N-terminal kinases (JNKs) and the P38
mitogen-activated protein kinases (MAP38) in muscle and fat cells, which inhibit the function of the
insulin receptor (IRS1), thus blocking signal transduction [47,48]. IL-12 and IFNγ cytokines play key
roles in the activation of the immune system; IL-12 promotes the cytotoxic differentiation Th1 of
CD4 + T cells and the IFNγ promotes the activation of class M1 proinflammatory macrophages [49].
Furthermore, chemokines such as CCL2 and CXCL1 are able to induce chemotaxis, causing immune
cells to escape from the bone marrow and subsequently migrate to the tissues [46,50].

In metabolic syndrome or obesity, the total monocyte, neutrophil and lymphocyte count increases
and correlates positively with body mass index (BMI), body fat percentage and insulin resistance [51].

Another distinctive feature of metabolic inflammation linked to obesity, is the infiltration of
immune cells into the tissues that regulate glucose metabolism throughout the body. This phenomenon
was initially observed as an increase in total macrophages in the adipose tissue of obese patients [52],
but subsequent studies have found that T cells, B cells, eosinophils, mast cells, Natural Killer cells
and neutrophils can infiltrate adipose tissue and contribute to the regulation of insulin sensitivity [46].
Macrophages that accumulate in tissues during obesity are largely derived from monocytes in
the tissues dependent on the chemokines CCL2 and CCR2 [53]. Furthermore, saturated fatty acids,
a substantial component of obesogenic and atherogenic diets, but not unsaturated fatty acids, are able to
directly activate the proinflammatory pathways in macrophages. Exposure of adipocytes, hepatocytes
and myocytes to excess saturated fatty acids or inflammatory stimuli can directly induce insulin
resistance [46]. Moreover, obesity is associated with various metabolic disorders that can lead to an
increase in cortisol, leptin and insulin levels, with consequent dysregulation of the HPA axis and
insulin resistance which can further induce inflammation and worsen depression [32].

The link between depression and inflammation was initially suggested by clinical results showing
that depression is accompanied by an upregulated inflammatory response, such as increased production
of proinflammatory cytokines and acute CRP. The link between inflammation and depression is probably
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two-way [54]. Interferon (IFN-α) immunotherapy has been shown to precipitate depression, even in
people without any psychiatric history. Up to 45% of patients receiving IFN-α develop depressive
symptoms unless they receive prophylactic antidepressant treatment [3,55]. Similar to what is observed
in patients with obesity, individuals with depression show low-grade chronic inflammation, which can
be characterized through the profiles of circulating cytokines. Numerous studies conducted on patients
meeting the criteria of the Diagnostic and Statistical Manual of Mental Disorders (DSM) [56] for major
depression have found significant increases in plasma or serum levels of CCL2, IFNγ, IL-1α, IL-1β,
IL-2, IL-6, IL-8, IL-12 and TNF-α, together with CRP [46,57]. The “cytokine hypothesis of depression”
postulates that these cytokines play a causal role in the progression of depression [58].

A study found that, in treatment-resistant patients with major depression, administration of
the TNF-α antagonist, infliximab, alleviated depressive symptoms in subjects with elevated basal
inflammatory markers [59]. Several large meta-analyses report higher levels of inflammatory markers
in depressed people than controls [60–63]. Recently, genome-wide association studies (GWAS) have
identified significant associations between groups of genes involved in regulating cytokine synthesis
and in the immune response with depression [10,64].

Different mechanisms have been proposed by which, within the brain, the various cytokines and
immune cells could influence behavior and mood. The levels of cytokines such as IL-1β, IL-6 and
TNF-α rise in the brain during conditions of stress or chronic depression and derive either from local
production, in the central nervous system or from translocation through the blood–brain barrier (BBB)
from the periphery [65]. They can directly access the brain by crossing the blood–brain barrier through
a saturable active transport system or through indirect pathways including the activation of glial cells,
in particular of microglia, within the central nervous system (CNS), through leukocytes [66]. While the
activation of microglia normally exerts a protective action on the central nervous system, its unregulated
and chronic activation can, on the contrary, become harmful. Within the brain, proinflammatory
cytokines activate the neuroendocrine system, impair the metabolism and function of neurotransmitters
and alter neural plasticity and brain circuits [58,67].

Activated microglia synthesizes IL-6 and TNF-α, as antineurogenic signals, which can interact
directly with neural progenitor cells and determine a decrease in neurogenesis also on the brain
structures that regulate emotions in depression [29]. The pathophysiology of depression is characterized
by the alteration of the neurotransmitter modulation of some monoamines, such as serotonin (5-HT),
dopamine (DA) and norepinephrine (NE). It has been shown that inflammatory cytokines, including IL-6
and TNF-α, together with other inflammatory factors, are able to induce the synthesis of the enzymes
indoleamine 2,3-dioxygenase (IDO) and GTP-cyclohydrolase 1 (GTP-CH1) in monocytes/macrophages
and dendritic cells, with consequent significant alterations in the biosynthesis of key monoamines (e.g.,
serotonin and dopamine) which play an important role in mood regulation and cognitive function.
In addition, IDO is the first enzyme that limits the rate of catabolization of tryptophan along the
quinurenin pathway, a path that ultimately leads to the production of neuroactive metabolites,
3-hydroxyquinurenine and quinolinic acid, which are associated with anxious symptoms and
depressive [68].

Furthermore, the activation of the IDO also leads to an increase in the production of glutamatergic
metabolites, which are known to induce neuronal death [26]. Interestingly, the hippocampus plays
an important role in these phenomena; dysregulated activity of the hippocampal microglia has
been associated with sustained IDO activity and therefore with protracted depressive behavior [26].
Furthermore, in mouse models, the emotional alterations related to the activation of the hippocampal
IDO, induced by inflammation, have been associated with a reduced hippocampal expression of the
brain-derived neurotrophic factor (BDNF). BDNF plays an important role in synaptic plasticity and
neuronal survival in the hippocampus and other brain regions implicated in mood regulation and
learning [68]. Furthermore, decreases in expression and mutations in the BDNF coding gene have been
associated with obesity in human and animal models [69].
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Overall, these results indicate a fundamental role in the activation of the IDO, in particular in
the hippocampus, in mediating the mood and cognitive alterations induced by the various cytokines.
There is also a growing literature suggesting that cytokines are able to act directly on neurons through
cytokine receptors within the plasma membrane to modify excitability, connections and synaptic
remodeling [70,71]. Furthermore, cytokines such as IL-1β may contribute to a greater activation of
the HPA axis, thus aggravating the inflammatory response to stress [46]. Recent work has suggested
that microglia also exhibit increased phagocytic activity during chronic stress, which may be involved
in synaptic remodeling [45]. Taken together, these studies show the different multiple pathways by
which chronic stress, through the activation of the immune system, can promote depressive behavior.

In addition, it should be added that in the regulation of inflammatory activation, the inflammasome
has gained increasing interest in recent years. The inflammasome acts as a molecular platform in
which a group of enzymatic protein complexes, induced by stress, breaks up the inactive forms of the
proinflammatory cytokines IL-1β and IL-18, into biologically active forms, through the activation of a
protease with cysteine in the active site, called caspase-1 [72]. Activation of the inflammasome is a
crucial point for the defense of the organism from pathogens. Caspase-1 expression in inflammasome
was shown to be upregulated in the adipocytes of obese patients [73] and that, instead, inhibition of
caspase-1 can reduce weight gain in animal models, such as in mice with induced obesity [74]. Caspase-1
expression was increased in peripheral blood mononuclear cells from depressed patients [10,75].
In addition, the over regulation of caspases in the inflammasome can determine a protein cleavage in
the glucocorticoid receptor (GR), compromising its reactivity and therefore contributing to the chronic
activation of the HPA axis [10].

Given the bidirectional link reported between obesity and depressive symptoms, it is highly
probable that the depressive symptoms that occur in the context of inflammation linked to obesity may
in turn contribute to the maintenance of obesity, thus promoting the establishment of a circle vicious.

4. Alterations of Neuroendocrine Function

Alterations in neuroendocrine function represent another common feature in inflammatory
conditions, including obesity and depression. The immune system and the neuroendocrine system
are in constant communication and immune alterations are known to cause significant changes
in neuroendocrine activity and vice versa it is highly possible that obesity-related neuroendocrine
dysfunction contributes to neuropsychiatric comorbidity in obese individuals [26]. In general, it is
known that depression is associated with impaired function of both the hypothalamic-pituitary-adrenal
(HPA) axis, the immune system (inflammation) and the metabolic pathways. Furthermore, several
studies have suggested that the neuroendocrine signaling processes that regulate both mood and
energy metabolism are strongly interconnected [76]. In particular, obese subjects have been shown to
have a reduced feedback response to cortisol, similar to that observed in depression [76].

5. Hypothalamic-Pituitary-Adrenal Axis (HPA)

The cerebral effects of cytokines on mood regulation and cognitive function are probably modulated
by the close interactions existing between the inflammatory and neuroendocrine system, in particular
with the HPA axis, which is significantly activated in obesity. Immune alterations are in fact known to
cause significant changes in the activity of the HPA axis and vice versa [28,45]. As a rule, during stressful
events, activation of the hypothalamic-pituitary-adrenal axis causes the release of glucocorticoids,
such as cortisol from the adrenal glands, into the bloodstream [77]. Although glucocorticoids are
normally immunosuppressive, chronic stress is hypothesized to stimulate hyperactivity of HPA,
inducing resistance to glucocorticoids, which in turn causes proinflammatory activation of immune
cells [78]. Long-term exposure to cortisol leads to neuronal damage and loss in limbic regions
vulnerable to stress and associated with depression, such as the hippocampus and the amygdala [10,79].
Interestingly, glucocorticoids have recently been shown to sensitize microglia in an animal model of
obesity. Indeed, mice with diet-induced obesity (DIO) show an exacerbation of HPA axis activation
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in response to an immune threat, along with an increase in neuroinflammation and depressive-like
behavior [28,80].

A natural pattern of prolonged mood exposure to cortisol is Cushing’s syndrome (CS), characterized
by endogenous hypercortisolism caused by pituitary or adrenal adenoma or bilateral hyperplasia of
the adrenal cortex, which reverses after surgical removal or other targeted treatments hypercortisolism.
Major depression occurs in 50–80% of patients with CS with active disease [81]. Importantly,
the onset of depressive symptoms in Cushing’s syndrome and their improvement after treatment
for hypercortisolism demonstrate a causal role of cortisol in depression. It should also be noted that
exposure to high levels of cortisol can also induce obesity through various mechanisms: (a) increased
appetite with a preference for energy-dense food; (b) promotion of adipogenesis and adipocyte
hypertrophy, especially in visceral fat; (c) suppression of thermogenesis in brown adipose tissue (BAT)
with relative reduction of energy expenditure [82]. It is conceivable that these obese patients with
hypercortisolemia may be more prone to metabolic sequelae of obesity and depression. Chronic
inflammation typical of obesity can severely limit the functioning of the glucocorticoid receptor (GR)
and this reduced binding activity with circulating cortisol reduces the triggering of negative feedback
and therefore does not sufficiently suppress HPA activity. In fact, proinflammatory cytokines activate
the elements of the cell transduction cascade which prevent the nuclear translocation of GR or interfere
in the interaction of GR with the elements of response to gene promoters [10]. Dysregulation of
isoenzymes 1 and 2 of 11-β-hydroxysteroid dehydrogenase (11-βHSD), which catalyze the conversion
of inert 11 keto-products (cortisone) to active cortisol and vice versa, thus regulating the access of
glucocorticoids to steroid receptors causes alteration of cortisol metabolism which is often present in
both obesity and depression [83]. Furthermore, a reduced activity of 5α-reductase, which induces
a reduction in the clearance of glucocorticoids, can enhance the accumulation of visceral adipose
tissue and influence the development of a depressive symptomatology [84]. Finally, the activity of
liver enzymes responsible for cortisol clearance and regeneration has been shown to be altered in
patients with nonalcoholic fatty liver disease (NAFLD), which is one of the typical metabolic sequelae
of abdominal obesity [10].

6. Leptin

This adipokine has been extensively studied in recent decades for its key role in controlling energy
homeostasis and eating behavior. The leptin-melanocortin pathway is a key neuroendocrine regulator
of energy homeostasis. Leptin is produced from white adipose tissue in proportion to body fat and
acts as a signal of abundance of adiposity at the central level as it binds to receptors expressed on
neurons of the hypothalamic nuclei that promote the release of proopiomelanocortin (POMC). POMC is
a prohormone, which with suitable cuts (carried out via proconvertase), originates various peptides
from melanocortin (i.e., α, β and γ MSH) [76] which interact with other hypothalamic nuclei of the
feeding area to integrate physiological processes and behavioral patterns that suppress food intake
and promote energy expenditure [85]. In addition to controlling food intake, leptin modulates sexual
maturation, reproductive functions, immune functions and the HPA axis through negative feedback on
the hypothalamus. Leptin is secreted in a pulsating manner and its secretion is inversely related to that
of ACTH and cortisol. Furthermore, due to the wide cerebral distribution of leptin receptors, which are
also found throughout the cortex and hippocampus, leptin has also been shown to modulate memory
processes and mood disorders [86,87]. The most common forms of obesity are associated with leptin
resistance (a process similar to insulin resistance in type 2 diabetes), which mitigates its anorexigenic
effect and consequently inhibits nutrition, despite the high circulating leptin. Central leptin resistance
is due to impaired transport of leptin through the blood–brain barrier, reduced function of leptin
receptors and defects in the transduction of its signal [88].

Inflammation linked to obesity plays an important role in altering, centrally, the action of leptin.
For example, CRP has been shown to directly inhibit the binding of leptin to its receptors. Furthermore,
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central inflammation can compromise the activity of the hypothalamic leptin receptor level by activating
inhibitory signals from multiple negative feedback circuits [88].

The effects of leptin on mood can be exercised through various mechanisms: direct action on
the receptors of neurons present in the hippocampus and amygdala, enhancement of neurogenesis
and neuroplasticity in the hippocampus and in the cortex and modulation of the HPA axis and the
system immune [10] by regulating the activation of peripheral immune cells and brain microglia [28,36].
These results suggest that both leptin and cytokines may contribute together to the development of
behavioral changes associated with obesity.

7. Insulin

Insulin, whose circulating levels and signaling pathways are often altered in obesity, is also
able to interact with inflammation processes and act not only on peripheral tissues, but also on
insulin receptors present in brain, in particular, in the hypothalamus, deputies for energy control,
glucose homeostasis and eating behavior [3,89]. Furthermore, at the molecular level, the presence of
inflammatory cytokines (in particular IL-1β and TNF-α) have shown that they can compromise the
effectiveness of the insulin receptor in signal transduction, not only at the peripheral level, but also at
the inside the brain [90,91]. The impaired insulin signaling pathway may, therefore, as with leptin,
contribute to the development of neuropsychiatric symptoms in the context of obesity. In addition, the
inflammation condition present in obese patients, with increased concentrations of proinflammatory
cytokines and high presence of macrophages in adipose tissue can have a significant impact on the
functioning capacity of insulin, not only by reducing the secretory function of the β cells pancreatic
up to apoptosis, but also by attenuating the insulin receptor’s ability to propagate downstream
transduction [10,92] and promote the condition of insulin resistance [93]. The alteration of brain
metabolism, due to insulin resistance, has been associated with impaired memory and executive
functions and neuronal damage, both in the hippocampus and in the medial prefrontal cortex [94].
Therefore, insulin dysregulation has been hypothesized to play a role in neuropsychiatric conditions
such as dementia and depression [94]. A small, but significant cross-association between depression
and insulin resistance was found in a large meta-analysis involving 21 studies [95]. Furthermore,
some meta-analyses underline the frequent association between depression and type 2 diabetes mellitus
(T2D) in a substantially bidirectional way [96,97]. Insulin dysregulation can probably represent a
mediating mechanism in the obesity–depression relationship, strongly influenced by environmental
factors [10].

8. Microbiota

By microbiota we mean the set of symbiotic microorganisms that coexist with the human organism
without damaging it while the term microbiome refers to the genetic heritage of the microbiota.
In humans there are several million different species of microorganisms, the most numerous of which
are bacteria, but also, albeit to a lesser extent, fungi and viruses [98]. Among the bacteria the majority
is anaerobic, more or less narrow or optional (many survive in the absence of oxygen and some tolerate
its presence). The total number of genes in the microbiota is estimated to be one hundred times the
number of genes in the human genome. A large part of human genes is acquired by the microbiome
present in the body [99].

It is now believed that the microbiota should be considered as a real organ, an immune-metabolic
organ that performs functions that we would otherwise not be able to perform. These functions include
the ability to assimilate otherwise indigestible components of our diet, disrupting substances that
our body is unable to dismantle, such as cartilages and vegetable polysaccharides or to synthesize
essential substances, such as vitamin K, which plays a role essential in blood clotting. Furthermore,
it has been observed that the microorganisms that colonize the gastrointestinal tract are active
protagonists of intense interactions between the gastrointestinal tract and the neuro-immuno-endocrine
system [100,101].
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It is therefore necessary to consider the substantial importance of the coexistence in our organism
of the microbiota and evaluate the plastic dynamism of the microbiome, capable of transforming its
gene expression in relation to environmental factors such as the type of diet and impact on the state of
health. It has been observed that individuals from the same family have a similar core of classes and
species of intestinal bacteria that can change based on interactions with the host and the environment.
Three main bacterial phyla are recognized in the normal weight individual: Firmicutes, Actinobacteria
and Bacteroidetes [102,103]. Certain factors such as diet, drugs, the presence of comorbid diseases
have been implicated in changes in the composition of the intestinal microbiota and, consequently,
in the possible development of metabolic and neuropsychiatric disorders [104].

A relationship between intestinal microbiota and obesity was also showed. Some studies, carried
out both in mice and humans, have shown a change in the composition of the intestinal microbiota in
obese subjects with an increase in Firmicutes and a reduction in Bacteroidetes. In essence, the differences
in the extraction of calories from substances ingested with food can be largely dependent on the
composition of the intestinal microbiota and, at the same time, weight loss is able to restore the normal
intestinal microbial composition, confirming the link between the microbiota and obesity [105–107].

Several studies show an impact of the intestinal microbiota on weight gain, comparing axenic
mice (without microbiota) to conventional mice: the latter are capable of better digesting dietary fiber
and extracting more energy than axenic mice. Microbiota are therefore an important “organ” that
allows to guarantee the normal functions of the intestine. Fecal microbiota transplantation (FMT)
from conventional mice to axenic mice led to an increase in their fat mass, which proves the impact
of the microbiota on weight gain. It has also been shown that the FMT of obese and lean mice to
receiving axenic mice caused greater weight gain in mice that had received the obese mice microbiota.
Another similar experience, but this time with human microbiota, showed that mice that received the
microbiota through FMT in obese patients gained more weight and increased their fat mass more than
the mice that received the microbiota from lean patients instead. The composition of the microbiota is
therefore important, but also its diversity. Having a “poor” bacterial intestinal flora may be associated
with obesity. The weak quantity of some bacteria or the absence of these could also be a risk factor that
affects obesity [108–110].

Therefore, the microbiota can affect the body’s nutritional and metabolic balance by modulating
the ability to extract energy from diet foods and interacting with the glyco-lipid metabolism [102].
The metabolites released by the fermentation of complex diet polysaccharides can increase the
absorption of glucose, stimulate lipogenesis, modify the fatty acid composition of the fatty tissue and
the liver, alter the permeability of the intestinal mucous barrier, alter the immune response, contribute
to a state of chronic systemic inflammation (metabolic endotoxemia) and a state of insulin resistance
related to obesity [104–107].

Interestingly, gut microbiota transplantation from mice with obesity induced to lean mice
has recently been reported to be sufficient to induce both microglial activation in the brain and
neurobehavioral changes in the absence of obesity [111]. This elegant study supports the idea that
intestinal microbiota alterations related to obesity can modulate the gut–brain communication pathways,
leading to the development of neuropsychiatric comorbidities associated with neuroinflammation.
Similar to this hypothesis, the use of compounds that improve the microbiota (for example prebiotics
or probiotics) appears to be a promising way to improve neuropsychiatric comorbidities in obese
patients [112,113]. More generally, nutritional interventions based on factors with immunomodulating
properties, in particular omega-3 polyunsaturated fatty acids and antioxidants, have proved to be
possible good strategies for the development of new therapies for neuropsychiatric disorders related to
obesity [114].

Numerous data have shown that depression is associated with an altered composition of the gut
microbiota, generally in the form of reduced wealth and diversity [115–119]. As in obese patients,
also in depressed patients, an increase in the translocation of intestinal bacteria is detected which,
by passing the intestinal mucosa, favors the activation of immune responses [120]. The excessive
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presence of lipopolysaccharide (LPS), a substance present in the outer membrane of bacteria, can cause
metabolic endotoxemia that activates systemic macrophages through the binding of LPS to its specific
receptor which triggers the immune system by inducing an inflammatory response [23,28]. On the
contrary, after weight loss in obese individuals, reduced serum levels of the LPS-binding protein,
a marker of endotoxemia, were found [28,121]. As already pointed out, changes in the intestinal
microbiota in general are relevant to the mood because the microbiota interacts with the brain through
neuro-immune, neuroendocrine and neural pathways [101]. Communication from the intestine to the
hypothalamus is also mediated through the HPA axis and it is assumed that communication, through
this axis, is bidirectional, with the intestine being able to send return signals to the brain [115,122].
To date, however, the greatest available evidence shows that the main route for this signaling is
through the nervous system, in particular through the vagus nerve. The vagus nerve is an important
signal transducer from the brain to the viscera, however, approximately 80% of the vagus nerve fibers
are afferent, transmitting sensory information from the viscera, including the digestive tract, to the
brain for integration and appropriate responses. to maintain homeostasis [115,123]. Intestine–brain
communication can also be indirect or mediated by different metabolites. For example, the intestinal
microbiota can influence brain states by modulating the production of neuroactive substances such
as serotonin, norepinephrine, dopamine, glutamate and gamma-aminobutyric acid (GABA) [124].
Obviously, the intestinal microbiota can alter the functioning of the brain indirectly through the change
of the inflammatory and immune states.

The growing interest in this area of research will undoubtedly lead to greater insights into the
mechanisms underlying microbiome–gut–brain communication and will provide a new understanding
of the potential of microbe-based therapeutic strategies that can help treat mood disorders [125].
The microbiome topic is so relevant that in the USA the National Health Service (NHS) is carrying out
the Human Microbiome Project, a project with a total budget of 115 million dollars, which aims to
identify and characterize microorganisms and their relationship with the state of health and disease of
man [106]

9. Genetic Aspects

Various authors, in very recent articles, have highlighted close links also of genetic susceptibility
between depression and obesity [126,127]. In a 2019 study, researchers examined genes associated with
obesity, but not associated with metabolic diseases, and found that, in obese and depressed patients,
several genes were as frequent as genes that determine both obesity and disease metabolic, such as
diabetes. They therefore highlighted that weight gain, even when not associated with other diseases,
is associated with an increased risk of developing depression. Research suggests that people with
genetic variants linked to a high body mass index (BMI) would be more likely to suffer from depressive
syndromes related to psychological factors. According to the authors, genetic variants linked to a
high body mass index (BMI) can lead to depression, with more evident effects on women than on
men. By focusing on the 73 genetic variants linked to a high body mass index and a higher risk of
metabolic diseases, and taking into account factors such as age and gender, the researchers found that
for each 4.7 point increase in BMI, the probability of being depressed increased by 18% overall and
23% among women. Overall, the team of researchers found that participants with a higher body mass
index were more likely to be depressed. The results remained the same even in the additional tests
that excluded people with a family history of depression, even when the analysis was repeated using
the data of another large international project called Psychiatric Genomics Consortium and therefore
it is suggested that the psychological component it is as strong as the physiological one, if the latter
is present. Although the study has some limitations (it mainly concerns white people of European
origin and some data are reported by the patients themselves), it concludes that of course, many other
factors can cause depression, but weight loss could still be useful for improving mental health in some
individuals, and staying thinner in general can help reduce the chances of developing depression [128].
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10. Conclusions

Depression and obesity are currently important public health concerns due to their growing
prevalence worldwide, their important impact on health and morbidity and the massive social
and economic cost. Many clinical evidences point out an intricate and complex relationship that
leads to the conclusion that depression and obesity can interact with each other in a bidirectional
longitudinal association. Furthermore, at the clinical level, the simultaneous presence of depression
and obesity determines a significant aggravation of the conditions in the individual patient and has
important clinical implications as this comorbidity can represent a serious obstacle in the treatment
of each condition taken separately. Indeed, in depressed patients, biologic dysregulations related to
obesity are often associated with a longer course, a worse prognosis [10] and a reduced response to
standard antidepressant treatments [129]. Similarly, the presence of depression in obese patients can
significantly reduce adherence to treatments for obesity and its complications through less adherence
to pharmacological and lifestyle prescriptions [130].

The results of several studies presented in this review support the hypothesis that the condition
of inflammation is the main and crucial mediator of the relationship between adiposity and depression
and which moreover involves other systems, such as the immune, the neuroendocrine one, in particular
the HPA axis, the gut microbiota and key areas of the brain, including the hypothalamus, hippocampus
and basal ganglia. The consequent alterations in the metabolism and function of the monoamines,
the altered activity of the neurotransmitters together with the occurrence of neurotoxic effects can favor
the reduction of neurogenesis and neuronal death which represent the main pathogenetic pathways of
neuropsychiatric morbidity in obese individuals [26].

Central and systemic inflammation, therefore, assumes the role of link between the psychological
and biologic determinants that interact between obesity and mood. In addition, alterations in the
intestine–brain axis represent a mechanism of neuropsychiatric comorbidity that can be induced by
inflammation and that can be relevant for both the condition of obesity and that of mood disorders.
As previously mentioned, obesity is associated with alterations of the intestinal microbiota in the
form of changes in its population, increased permeability of the intestinal mucosa and activation of
inflammatory processes. There is a rich and complex communication network between the intestine
and the brain that involves both the endocrine, immune and neural pathways, and there is now
multiple evidence that compromise or dysregulation of the intestine–brain axis affects mood and on
cognitive function. These data suggest that alterations of the intestinal microbiota found in obesity may
modulate the gut–brain communication pathways, thus leading to the development of neuropsychiatric
comorbidity [28]. In fact, the gastrointestinal tract is the largest immune-endocrine organ in mammals,
secreting dozens of different signaling molecules, including peptides. Peptides released by specialized
cells in the gut participate in gut–brain communication. There is a significant anatomic and functional
overlap of the peptides released in the intestine and brain, suggesting that these peptides exert
common downstream effects on the neural systems involved in mental health. Intestinal peptide
concentrations are not only modulated by the enteric signals of the microbiota, but also vary according
to the composition of the population of the intestinal microbiota. Intestinal peptides in the systemic
circulation can bind to receptors present on immune cells and on the terminals of the vagus nerve,
thus allowing indirect intestine–brain communication [115,131]. Clarifying these mechanisms that link
metabolic alterations, depression and inflammation could generate potential new therapeutic targets
or specific strategies to combat both obesity and depression (Figure 1) [35].
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and lifestyles.

The associations between obesity, inflammation and depression seem robust, however, there is
some evidence to suggest that this may be particularly true of “atypical” depression, which is a fairly
common disorder. According to DSM 5, it shares several characteristics with major depression, but it
differs in some more evident specific symptoms such as biologic and vegetative ones. The patient
mostly complains of physical pain, tiredness and physical weakness. These people also have other
atypical symptoms: the “leaden paralysis” or a feeling of heaviness and tiredness, like feeling the
arms and legs of lead, with intense tiredness that concentrates in the extremities, up to frequently
experiencing pain and evident difficulties mobility; hypersomnia or hyperphagia or sleeping and
eating excessively, respectively. Women with atypical–but not melancholic–depression were more
likely to have a higher fat mass than controls [132] and in the elderly with depression, those with
atypical forms had the greatest metabolic dysregulation [133]. More recently, the PsyColaus study has
also provided evidence for a longitudinal link between atypical depression and overweight/obesity
and metabolic syndrome [134,135].The association of immune-metabolic dysregulations, including
chronic low-grade inflammation with proinflammatory cytokines, oxidative stress, alterations of
neuroendocrine regulators (leptin and insulin resistance for example) or biomolecular (dyslipidemia),
related to metabolism energy and underlying genetic vulnerability, may be present not only in obesity,
but also as common—or even specific—conditions in the atypical depressive subtype [10].

To conclude, it can be highlighted that an increased appetite, reduced mobility and hypersomnia in
the context of a depressive episode can denote a greater association between depression and metabolic
alterations and the presence of markers of inflammation. Appetite regulation could be an important
factor in the beginning of an immune-metabolic form of depression. Among other things, many of the
comorbidities associated with obesity and depression such as metabolic syndrome, cardiovascular
diseases, diabetes and some tumors share a background of greater inflammatory activation. Individual
variability can be related to psychosocial variables that can amplify genetically determined biologic
vulnerability [136]. It is also important to recognize that various biologic mechanisms examined
can also be influenced by various individual behaviors, including smoking, alcohol consumption,
sedentary lifestyle, poor nutrition and socioeconomic status [137–139].

Author Contributions: Study concept and design: W.M. and A.C.; acquisition, analysis or interpretation of
data: W.M., P.A., F.C., V.D.B., W.D.M., M.G.F., A.C.; drafting of the manuscript: W.M., P.A., F.C., V.D.B., W.D.M.,
M.G.F., A.C.; critical revision of the manuscript for important intellectual content: W.M., P.A., F.C., V.D.B., W.D.M.,



Diseases 2020, 8, 23 13 of 19

M.G.F., A.C.; study supervision: W.M. and A.C. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors have no funding to report in relation to this study.

Acknowledgments: Special thanks are due to Ileana Grimaldi for the language revision.

Conflicts of Interest: The authors declare no conflicts of interest financial or otherwise.

References

1. Milaneschi, Y.; Lamers, F.; Peyrot, W.J.; Baune, B.T.; Breen, G.; Dehghan, A.; Forstner, A.J.; Grabe, H.J.;
Homuth, G.; Kan, C.; et al. Genetic Association of Major Depression With Atypical Features and
Obesity-Related Immunometabolic Dysregulations. JAMA Psychiatry 2017, 74, 1214–1225. [CrossRef]
[PubMed]

2. Luppino, F.S.; De Wit, L.M.; Bouvy, P.F.; Stijnen, T.; Cuijpers, P.; Penninx, B.W.; Zitman, F.G. Overweight,
Obesity, and Depression. Arch. Gen. Psychiatry 2010, 67, 220. [CrossRef]

3. Capuron, L.; Lasselin, J.; Castanon, N. Role of Adiposity-Driven Inflammation in Depressive Morbidity.
Neuropsychopharmacology 2016, 42, 115–128. [CrossRef] [PubMed]

4. Moore, M.E.; Stunkard, A.; Srole, L. Obesity, Social Class, and Mental Illness. JAMA 1962, 181, 962. [CrossRef]
5. Dawes, A.; Maggard-Gibbons, M.; Maher, A.R.; Booth, M.J.; Miake-Lye, I.; Beroes, J.M.; Shekelle, P.G.

Mental Health Conditions Among Patients Seeking and Undergoing Bariatric Surgery. JAMA 2016, 315, 150.
[CrossRef] [PubMed]

6. Lasselin, J.; Capuron, L. Chronic Low-Grade Inflammation in Metabolic Disorders: Relevance for Behavioral
Symptoms. Neuroimmunomodulation 2014, 21, 95–101. [CrossRef]

7. De Wit, L.; Luppino, F.; Van Straten, A.; Penninx, B.; Zitman, F.; Cuijpers, P. Depression and obesity:
A meta-analysis of community-based studies. Psychiatry Res. Neuroimaging 2010, 178, 230–235. [CrossRef]

8. Ma, J.; Xiao, L. Obesity and Depression in US Women: Results From the 2005–2006 National Health and
Nutritional Examination Survey. Obesity 2009, 18, 347–353. [CrossRef]

9. Simon, G.E.; Ludman, E.J.; A Linde, J.; Operskalski, B.H.; Ichikawa, L.; Rohde, P.; Finch, E.A.; Jeffery, R.W.
Association between obesity and depression in middle-aged women. Gen. Hosp. Psychiatry 2008, 30, 32–39.
[CrossRef]

10. Milaneschi, Y.; Simmons, W.; Van Rossum, E.F.C.; Penninx, B.W. Depression and obesity: Evidence of shared
biological mechanisms. Mol. Psychiatry 2018, 24, 18–33. [CrossRef]

11. Baldofski, S.; Mauche, N.; Dogan-Sander, E.; Bot, M.; Brouwer, I.A.; Paans, N.P.G.; Cabout, M.; Gili, M.;
Van Grootheest, G.; Hegerl, U.; et al. Depressive Symptom Clusters in Relation to Body Weight Status:
Results From Two Large European Multicenter Studies. Front. Psychol. 2019, 10, 858. [CrossRef] [PubMed]

12. Jung, S.J.; Woo, H.-T.; Cho, S.; Park, K.; Jeong, S.; Lee, Y.J.; Kang, D.; Shin, A. Association between body
size, weight change and depression: Systematic review and meta-analysis. Br. J. Psychiatry 2017, 211, 14–21.
[CrossRef] [PubMed]

13. Quek, Y.; Tam, W.W.; Melvyn, Z.; Ho, R.C.M. Exploring the association between childhood and adolescent
obesity and depression: A meta-analysis. Obes. Rev. 2017, 18, 742–754. [CrossRef]

14. Abbas, L.A.; Salameh, P.; Nasser, W.; Nasser, Z.; Godin, I. Obesity and symptoms of depression among adults
in selected countries of the Middle East: A systematic review and meta-analysis. Clin. Obes. 2014, 5, 2–11.
[CrossRef] [PubMed]

15. Mannan, M.; Al Mamun, A.; Doi, S.; Clavarino, A.M. Prospective Associations between Depression and
Obesity for Adolescent Males and Females- A Systematic Review and Meta-Analysis of Longitudinal Studies.
PLoS ONE 2016, 11, e0157240. [CrossRef] [PubMed]

16. Locke, A.E.; The LifeLines Cohort Study; Kahali, B.; Berndt, S.I.; Justice, A.E.; Pers, T.H.; Day, F.R.; Powell, C.;
Vedantam, S.; Buchkovich, M.L.; et al. Genetic studies of body mass index yield new insights for obesity
biology. Nature 2015, 518, 197–206. [CrossRef] [PubMed]

17. Marmorstein, N.; Iacono, W.G.; Legrand, L. Obesity and depression in adolescence and beyond: Reciprocal
risks. Int. J. Obes. 2014, 38, 906–911. [CrossRef]

18. Carey, M.; Small, H.; Yoong, S.L.; Boyes, A.; Bisquera, A.; Sanson-Fisher, R. Prevalence of comorbid depression
and obesity in general practice: A cross-sectional survey. Br. J. Gen. Pr. 2014, 64, e122–e127. [CrossRef]

http://dx.doi.org/10.1001/jamapsychiatry.2017.3016
http://www.ncbi.nlm.nih.gov/pubmed/29049554
http://dx.doi.org/10.1001/archgenpsychiatry.2010.2
http://dx.doi.org/10.1038/npp.2016.123
http://www.ncbi.nlm.nih.gov/pubmed/27402495
http://dx.doi.org/10.1001/jama.1962.03050370030007
http://dx.doi.org/10.1001/jama.2015.18118
http://www.ncbi.nlm.nih.gov/pubmed/26757464
http://dx.doi.org/10.1159/000356535
http://dx.doi.org/10.1016/j.psychres.2009.04.015
http://dx.doi.org/10.1038/oby.2009.213
http://dx.doi.org/10.1016/j.genhosppsych.2007.09.001
http://dx.doi.org/10.1038/s41380-018-0017-5
http://dx.doi.org/10.3389/fpsyt.2019.00858
http://www.ncbi.nlm.nih.gov/pubmed/31824355
http://dx.doi.org/10.1192/bjp.bp.116.186726
http://www.ncbi.nlm.nih.gov/pubmed/28428339
http://dx.doi.org/10.1111/obr.12535
http://dx.doi.org/10.1111/cob.12082
http://www.ncbi.nlm.nih.gov/pubmed/25504829
http://dx.doi.org/10.1371/journal.pone.0157240
http://www.ncbi.nlm.nih.gov/pubmed/27285386
http://dx.doi.org/10.1038/nature14177
http://www.ncbi.nlm.nih.gov/pubmed/25673413
http://dx.doi.org/10.1038/ijo.2014.19
http://dx.doi.org/10.3399/bjgp14X677482


Diseases 2020, 8, 23 14 of 19

19. De Macedo, T.T.S.; Portela, P.P.; Palamira, C.S.; Mussi, F.C. Obese people’s perception of their own bodies.
Esc. Anna Nery 2015, 19. [CrossRef]

20. Lazarevich, I.; Zepeda, M.Z.; Irigoyen-Camacho, M.E.; Velázquez-Alva, M.D.C. Relationship among obesity,
depression, and emotional eating in young adults. Appetite 2016, 107, 639–644. [CrossRef]

21. El Ansari, W.; Adetunji, H.; Oskrochi, R. Food and Mental Health: Relationship between Food and Perceived
Stress and Depressive Symptoms among University Students in the United Kingdom. Central Eur. J. Public
Heal. 2014, 22, 90–97. [CrossRef] [PubMed]

22. Ventura, T.; Santander, J.; Torres, R.; Contreras, A.M. Neurobiologic basis of craving for carbohydrates.
Nutrition 2014, 30, 252–256. [CrossRef] [PubMed]

23. Martins, L.B.; Monteze, N.M.; Calarge, C.; Ferreira, A.V.M.; Teixeira, A.L. Pathways linking obesity to
neuropsychiatric disorders. Nutrition 2019, 66, 16–21. [CrossRef] [PubMed]

24. Beccuti, G.; Pannain, S. Sleep and obesity. Curr. Opin. Clin. Nutr. Metab. Care 2011, 14, 402–412. [CrossRef]
[PubMed]

25. Ambrósio, G.; Kaufmann, F.N.; Manosso, L.; Platt, N.; Ghisleni, G.; Rodrigues, A.L.S.; Rieger, D.K.; Kaster, M.P.
Depression and peripheral inflammatory profile of patients with obesity. Psychoneuroendocrinology 2018, 91,
132–141. [CrossRef] [PubMed]

26. Castanon, N.; Lasselin, J.; Capuron, L. Neuropsychiatric Comorbidity in Obesity: Role of Inflammatory
Processes. Front. Endocrinol. 2014, 5, 1. [CrossRef]

27. Dantzer, R.; O’Connor, J.C.; Freund, G.G.; Johnson, R.; Kelley, K.W. From inflammation to sickness and
depression: When the immune system subjugates the brain. Nat. Rev. Neurosci. 2008, 9, 46–56. [CrossRef]

28. Castanon, N.; Luheshi, G.; Layé, S. Role of neuroinflammation in the emotional and cognitive alterations
displayed by animal models of obesity. Front. Mol. Neurosci. 2015, 9. [CrossRef]

29. Penninx, B.W.; Milaneschi, Y.; Lamers, F.; Vogelzangs, N. Understanding the somatic consequences of
depression: Biological mechanisms and the role of depression symptom profile. BMC Med. 2013, 11, 129.
[CrossRef]

30. Emerging Risk Factors Collaboration; Kaptoge, S.; Di Angelantonio, E.; Lowe, G.; Pepys, M.B.; Thompson, S.G.;
Collins, R.; Danesh, J. C-reactive protein concentration and risk of coronary heart disease, stroke, and mortality:
An individual participant meta-analysis. Lancet 2010, 375, 132–140. [CrossRef]

31. Cesari, M. Inflammatory Markers and Onset of Cardiovascular Events: Results From the Health ABC Study.
Circulation 2003, 108, 2317–2322. [CrossRef] [PubMed]

32. Jantaratnotai, N.; Mosikanon, K.; Lee, Y.; McIntyre, R.S. The interface of depression and obesity. Obes. Res.
Clin. Pr. 2017, 11, 1–10. [CrossRef] [PubMed]

33. Miller, A.H.; Maletic, V.; Raison, C.L. Inflammation and Its Discontents: The Role of Cytokines in the
Pathophysiology of Major Depression. Biol. Psychiatry 2009, 65, 732–741. [CrossRef] [PubMed]

34. Berk, M.; Williams, L.J.; Jacka, F.N.; O’Neil, A.; Pasco, J.; Moylan, S.; Allen, N.B.; Stuart, A.L.; Hayley, A.C.;
Byrne, M.L.; et al. So depression is an inflammatory disease, but where does the inflammation come from?
BMC Med. 2013, 11, 200. [CrossRef]

35. Chan, K.L.; Cathomas, F.; Russo, S.J. Central and Peripheral Inflammation Link Metabolic Syndrome and
Major Depressive Disorder. Physiology 2019, 34, 123–133. [CrossRef]

36. Aguilar-Valles, A.; Inoue, W.; Rummel, C.; Luheshi, G.N. Obesity, adipokines and neuroinflammation.
Neuropharmacology 2015, 96, 124–134. [CrossRef]

37. Dixit, V.D. Impact of immune-metabolic interactions on age-related thymic demise and T cell senescence.
Semin. Immunol. 2012, 24, 321–330. [CrossRef]

38. Huttunen, R.; Syrjänen, J.; Syrj, J. Obesity and the risk and outcome of infection. Int. J. Obes. 2012, 37,
333–340. [CrossRef]

39. Menon, V.; Rajan, T. Psychiatric disorders and obesity: A review of association studies. J. Postgrad. Med.
2017, 63, 182–190. [CrossRef]

40. Osborn, O.; Olefsky, J.M. The cellular and signaling networks linking the immune system and metabolism in
disease. Nat. Med. 2012, 18, 363–374. [CrossRef]

41. Gregor, M.F.; Hotamisligil, G.S. Inflammatory Mechanisms in Obesity. Annu. Rev. Immunol. 2011, 29, 415–445.
[CrossRef] [PubMed]

http://dx.doi.org/10.5935/1414-8145.20150067
http://dx.doi.org/10.1016/j.appet.2016.09.011
http://dx.doi.org/10.21101/cejph.a3941
http://www.ncbi.nlm.nih.gov/pubmed/25230537
http://dx.doi.org/10.1016/j.nut.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/24139726
http://dx.doi.org/10.1016/j.nut.2019.03.017
http://www.ncbi.nlm.nih.gov/pubmed/31200298
http://dx.doi.org/10.1097/MCO.0b013e3283479109
http://www.ncbi.nlm.nih.gov/pubmed/21659802
http://dx.doi.org/10.1016/j.psyneuen.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29550676
http://dx.doi.org/10.3389/fendo.2014.00074
http://dx.doi.org/10.1038/nrn2297
http://dx.doi.org/10.3389/fnins.2015.00229
http://dx.doi.org/10.1186/1741-7015-11-129
http://dx.doi.org/10.1016/S0140-6736(09)61717-7
http://dx.doi.org/10.1161/01.CIR.0000097109.90783.FC
http://www.ncbi.nlm.nih.gov/pubmed/14568895
http://dx.doi.org/10.1016/j.orcp.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/27498907
http://dx.doi.org/10.1016/j.biopsych.2008.11.029
http://www.ncbi.nlm.nih.gov/pubmed/19150053
http://dx.doi.org/10.1186/1741-7015-11-200
http://dx.doi.org/10.1152/physiol.00047.2018
http://dx.doi.org/10.1016/j.neuropharm.2014.12.023
http://dx.doi.org/10.1016/j.smim.2012.04.002
http://dx.doi.org/10.1038/ijo.2012.62
http://dx.doi.org/10.4103/jpgm.JPGM_712_16
http://dx.doi.org/10.1038/nm.2627
http://dx.doi.org/10.1146/annurev-immunol-031210-101322
http://www.ncbi.nlm.nih.gov/pubmed/21219177


Diseases 2020, 8, 23 15 of 19

42. Xu, Q.; Anderson, D.; Lurie-Beck, J. The relationship between abdominal obesity and depression in the
general population: A systematic review and meta-analysis. Obes. Res. Clin. Pr. 2011, 5, e267–e278.
[CrossRef] [PubMed]

43. Belza, A.; Toubro, S.; Stender, S.; Astrup, A. Effect of diet-induced energy deficit and body fat reduction
on high-sensitive CRP and other inflammatory markers in obese subjects. Int. J. Obes. 2009, 33, 456–464.
[CrossRef] [PubMed]

44. Rao, S.R. Inflammatory markers and bariatric surgery: A meta-analysis. Inflamm. Res. 2012, 61, 789–807.
[CrossRef]

45. Capuron, L.; Miller, A.H. Immune system to brain signaling: Neuropsychopharmacological implications.
Pharmacol. Ther. 2011, 130, 226–238. [CrossRef]

46. Chan, K.L.; Pillon, N.J.; Sivaloganathan, D.M.; Costford, S.R.; Liu, Z.; Theret, M.; Chazaud, B.; Klip, A.
Palmitoleate Reverses High Fat-induced Proinflammatory Macrophage Polarization via AMP-activated
Protein Kinase (AMPK)*. J. Biol. Chem. 2015, 290, 16979–16988. [CrossRef]

47. Rui, L.; Aguirre, V.; Kim, J.K.; Shulman, G.I.; Lee, A.; Corbould, A.; Dunaif, A.; White, M.F. Insulin/IGF-1 and
TNF-α stimulate phosphorylation of IRS-1 at inhibitory Ser307 via distinct pathways. J. Clin. Investig. 2001,
107, 181–189. [CrossRef]

48. Kim, H.-J.; Higashimori, T.; Park, S.-Y.; Choi, H.; Dong, J.; Kim, Y.-J.; Noh, H.-L.; Cho, Y.-R.; Cline, G.;
Kim, Y.-B.; et al. Differential effects of interleukin-6 and -10 on skeletal muscle and liver insulin action in vivo.
Diabetes 2004, 53, 1060–1067. [CrossRef]

49. Martinez, F.O.; Gordon, S. The M1 and M2 paradigm of macrophage activation: Time for reassessment.
F1000Prime Rep. 2014, 6, 13. [CrossRef]

50. Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol. 2011, 11,
762–774. [CrossRef]

51. Ryder, E.; Diez-Ewald, M.; Mosquera, J.; Fernández, E.; Pedreanez, A.; Vargas, R.; Peña, C.; Fernandez, N.
Association of obesity with leukocyte count in obese individuals without metabolic syndrome. Diabetes
Metab. Syndr. Clin. Res. Rev. 2014, 8, 197–204. [CrossRef] [PubMed]

52. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.;
et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance.
J. Clin. Investig. 2003, 112, 1821–1830. [CrossRef] [PubMed]

53. Weisberg, S.; Hunter, D.; Huber, R.; Lemieux, J.; Slaymaker, S.; Vaddi, K.; Charo, I.; Leibel, R.L.; Ferrante, A.W.
CCR2 modulates inflammatory and metabolic effects of high-fat feeding. J. Clin. Investig. 2005, 116, 115–124.
[CrossRef] [PubMed]

54. Miller, A.H. Beyond depression: The expanding role of inflammation in psychiatric disorders. World
Psychiatry 2020, 19, 108–109. [CrossRef] [PubMed]

55. Capuron, L.; Gumnick, J.F.; Musselman, D.L.; Lawson, D.H.; Reemsnyder, A.; Nemeroff, C.B.; Miller, A.H.
Neurobehavioral Effects of Interferon-? in Cancer Patients Phenomenology and Paroxetine Responsiveness
of Symptom Dimensions. Neuropsychopharmacology 2002, 26, 643–652. [CrossRef]

56. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders; American Psychiatric
Association: Washington, DC, USA, 2013.

57. Dowlati, Y.; Herrmann, N.; Swardfager, W.; Liu, H.; Sham, L.; Reim, E.K.; Lanctôt, K.L. A Meta-Analysis of
Cytokines in Major Depression. Biol. Psychiatry 2010, 67, 446–457. [CrossRef]

58. Schiepers, O.J.; Wichers, M.; Maes, M. Cytokines and major depression. Prog. Neuro-Psychopharmacology Biol.
Psychiatry 2005, 29, 201–217. [CrossRef]

59. Raison, C.L.; Rutherford, R.E.; Woolwine, B.; Shuo, C.; Schettler, P.; Drake, D.F.; Haroon, E.; Miller, A.H.
A randomized controlled trial of the tumor necrosis factor antagonist infliximab for treatment-resistant
depression: The role of baseline inflammatory biomarkers. JAMA Psychiatry 2013, 70, 31–41. [CrossRef]

60. Hiles, S.A.; Baker, A.L.; De Malmanche, T.; Attia, J. Interleukin-6, C-reactive protein and interleukin-10 after
antidepressant treatment in people with depression: A meta-analysis. Psychol. Med. 2012, 42, 2015–2026.
[CrossRef]

61. Liu, Y.; Ho, R.C.M.; Mak, A. Interleukin (IL)-6, tumour necrosis factor alpha (TNF-α) and soluble
interleukin-2 receptors (sIL-2R) are elevated in patients with major depressive disorder: A meta-analysis and
meta-regression. J. Affect. Disord. 2012, 139, 230–239. [CrossRef]

http://dx.doi.org/10.1016/j.orcp.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24331129
http://dx.doi.org/10.1038/ijo.2009.27
http://www.ncbi.nlm.nih.gov/pubmed/19238154
http://dx.doi.org/10.1007/s00011-012-0473-3
http://dx.doi.org/10.1016/j.pharmthera.2011.01.014
http://dx.doi.org/10.1074/jbc.M115.646992
http://dx.doi.org/10.1172/JCI10934
http://dx.doi.org/10.2337/diabetes.53.4.1060
http://dx.doi.org/10.12703/P6-13
http://dx.doi.org/10.1038/nri3070
http://dx.doi.org/10.1016/j.dsx.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25301008
http://dx.doi.org/10.1172/JCI200319451
http://www.ncbi.nlm.nih.gov/pubmed/14679177
http://dx.doi.org/10.1172/JCI24335
http://www.ncbi.nlm.nih.gov/pubmed/16341265
http://dx.doi.org/10.1002/wps.20723
http://www.ncbi.nlm.nih.gov/pubmed/31922681
http://dx.doi.org/10.1016/S0893-133X(01)00407-9
http://dx.doi.org/10.1016/j.biopsych.2009.09.033
http://dx.doi.org/10.1016/j.pnpbp.2004.11.003
http://dx.doi.org/10.1001/2013.jamapsychiatry.4
http://dx.doi.org/10.1017/S0033291712000128
http://dx.doi.org/10.1016/j.jad.2011.08.003


Diseases 2020, 8, 23 16 of 19

62. Pan, A.; Keum, N.; Okereke, O.I.; Sun, Q.; Kivimaki, M.; Rubin, R.R.; Hu, F.B. Bidirectional Association
Between Depression and Metabolic Syndrome. Diabetes Care 2012, 35, 1171–1180. [CrossRef] [PubMed]

63. Köhler, C.A.; Freitas, T.H.; Maes, M.; De Andrade, N.Q.; Liu, C.S.; Fernandes, B.S.; Stubbs, B.; Solmi, M.;
Veronese, N.; Herrmann, N.; et al. Peripheral cytokine and chemokine alterations in depression:
A meta-analysis of 82 studies. Acta Psychiatr. Scand. 2017, 135, 373–387. [CrossRef] [PubMed]

64. The Network and Pathway Analysis Subgroup of the Psychiatric Genomics Consortium; Network and
Pathway Analysis Subgroup of Psychiatric Genomics Consortium; O’Dushlaine, C.; Rossin, L.; Lee, P.H.;
Duncan, L.; Parikshak, N.N.; Newhouse, S.; Ripke, S.; Neale, B.M.; et al. Psychiatric genome-wide association
study analyses implicate neuronal, immune and histone pathways. Nat. Neurosci. 2015, 18, 199–209.
[CrossRef] [PubMed]

65. Menard, C.; Pfau, M.L.; Hodes, G.; Kana, V.; Wang, V.X.; Bouchard, S.; Takahashi, A.; Flanigan, M.E.;
Aleyasin, H.; LeClair, K.B.; et al. Social stress induces neurovascular pathology promoting depression. Nat.
Neurosci. 2017, 20, 1752–1760. [CrossRef] [PubMed]

66. Shelton, R.; Miller, A.H. Eating ourselves to death (and despair): The contribution of adiposity and
inflammation to depression. Prog. Neurobiol. 2010, 91, 275–299. [CrossRef] [PubMed]

67. Eisenberger, N.I.; Moieni, M. Inflammation affects social experience: Implications for mental health. World
Psychiatry 2020, 19, 109–110. [CrossRef] [PubMed]

68. Gibney, S.M.; McGuinness, B.; Prendergast, C.; Harkin, A.; Connor, T.J. Poly I:C-induced activation of the
immune response is accompanied by depression and anxiety-like behaviours, kynurenine pathway activation
and reduced BDNF expression. Brain Behav. Immun. 2013, 28, 170–181. [CrossRef] [PubMed]

69. Sandrini, L.; Di Minno, G.; Amadio, P.; Ieraci, A.; Tremoli, E.; Barbieri, S.S. Association between Obesity
and Circulating Brain-Derived Neurotrophic Factor (BDNF) Levels: Systematic Review of Literature and
Meta-Analysis. Int. J. Mol. Sci. 2018, 19, 2281. [CrossRef]

70. Lewitus, G.M.; Konefal, S.C.; Greenhalgh, A.D.; Pribiag, H.; Augereau, K.; Stellwagen, D. Microglial TNF-α
Suppresses Cocaine-Induced Plasticity and Behavioral Sensitization. Neuron 2016, 90, 483–491. [CrossRef]

71. Vezzani, A.; Maroso, M.; Balosso, S.; Sanchez, M.-A.; Bartfai, T. IL-1 receptor/Toll-like receptor signaling in
infection, inflammation, stress and neurodegeneration couples hyperexcitability and seizures. Brain Behav.
Immun. 2011, 25, 1281–1289. [CrossRef]

72. Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 Inflammasome: An Overview of Mechanisms of
Activation and Regulation. Int. J. Mol. Sci. 2019, 20, 3328. [CrossRef] [PubMed]

73. Yin, Z.; Deng, T.; Peterson, L.; Yu, R.; Lin, J.; Hamilton, D.J.; Reardon, P.R.; Sherman, V.; Winnier, G.E.;
Zhan, M.; et al. Transcriptome analysis of human adipocytes implicates the NOD-like receptor pathway in
obesity-induced adipose inflammation. Mol. Cell. Endocrinol. 2014, 394, 80–87. [CrossRef] [PubMed]

74. Stienstra, R.; Joosten, L.A.; Koenen, T.; Van Tits, B.; Van Diepen, J.A.; Berg, S.V.D.; Rensen, P.C.; Voshol, P.J.;
Fantuzzi, G.; Hijmans, A.; et al. The Inflammasome-Mediated Caspase-1 Activation Controls Adipocyte
Differentiation and Insulin Sensitivity. Cell Metab. 2010, 12, 593–605. [CrossRef] [PubMed]

75. Alcocer-Gómez, E.; De-Miguel, M.; Barquero, N.C.; Núñez-Vasco, J.; Sánchez-Alcázar, J.A.;
Fernández-Rodríguez, A.; Cordero, M.D. NLRP3 inflammasome is activated in mononuclear blood cells
from patients with major depressive disorder. Brain Behav. Immun. 2014, 36, 111–117. [CrossRef] [PubMed]

76. AlShehri, T.; Boone, S.; De Mutsert, R.; Penninx, B.; Rosendaal, F.; Le Cessie, S.; Milaneschi, Y.; Kanamori, D.M.
The association between overall and abdominal adiposity and depressive mood: A cross-sectional analysis
in 6459 participants. Psychoneuroendocrinology 2019, 110, 104429. [CrossRef] [PubMed]

77. Zunszain, P.; Anacker, C.; Cattaneo, A.; Carvalho, L.; Pariante, C.M. Glucocorticoids, cytokines and brain
abnormalities in depression. Prog. Neuro-Psychopharmacology Biol. Psychiatry 2010, 35, 722–729. [CrossRef]

78. Niraula, A.; Wang, Y.; Godbout, J.P.; Sheridan, J.F. Corticosterone Production during Repeated Social Defeat
Causes Monocyte Mobilization from the Bone Marrow, Glucocorticoid Resistance, and Neurovascular
Adhesion Molecule Expression. J. Neurosci. 2018, 38, 2328–2340. [CrossRef]

79. Pariante, C.M.; Lightman, S.L. The HPA axis in major depression: Classical theories and new developments.
Trends Neurosci. 2008, 31, 464–468. [CrossRef]

80. Dey, A.; Hao, S.; Erion, J.R.; Wosiski-Kuhn, M.; Stranahan, A.M. Glucocorticoid sensitization of microglia in a
genetic mouse model of obesity and diabetes. J. Neuroimmunol. 2014, 269, 20–27. [CrossRef]

81. Sonino, N.; Fava, G.A. Psychiatric Disorders Associated with Cushing??s Syndrome. CNS Drugs 2001, 15,
361–373. [CrossRef]

http://dx.doi.org/10.2337/dc11-2055
http://www.ncbi.nlm.nih.gov/pubmed/22517938
http://dx.doi.org/10.1111/acps.12698
http://www.ncbi.nlm.nih.gov/pubmed/28122130
http://dx.doi.org/10.1038/nn.3922
http://www.ncbi.nlm.nih.gov/pubmed/25599223
http://dx.doi.org/10.1038/s41593-017-0010-3
http://www.ncbi.nlm.nih.gov/pubmed/29184215
http://dx.doi.org/10.1016/j.pneurobio.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20417247
http://dx.doi.org/10.1002/wps.20724
http://www.ncbi.nlm.nih.gov/pubmed/31922673
http://dx.doi.org/10.1016/j.bbi.2012.11.010
http://www.ncbi.nlm.nih.gov/pubmed/23201589
http://dx.doi.org/10.3390/ijms19082281
http://dx.doi.org/10.1016/j.neuron.2016.03.030
http://dx.doi.org/10.1016/j.bbi.2011.03.018
http://dx.doi.org/10.3390/ijms20133328
http://www.ncbi.nlm.nih.gov/pubmed/31284572
http://dx.doi.org/10.1016/j.mce.2014.06.018
http://www.ncbi.nlm.nih.gov/pubmed/25011057
http://dx.doi.org/10.1016/j.cmet.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21109192
http://dx.doi.org/10.1016/j.bbi.2013.10.017
http://www.ncbi.nlm.nih.gov/pubmed/24513871
http://dx.doi.org/10.1016/j.psyneuen.2019.104429
http://www.ncbi.nlm.nih.gov/pubmed/31526909
http://dx.doi.org/10.1016/j.pnpbp.2010.04.011
http://dx.doi.org/10.1523/JNEUROSCI.2568-17.2018
http://dx.doi.org/10.1016/j.tins.2008.06.006
http://dx.doi.org/10.1016/j.jneuroim.2014.01.013
http://dx.doi.org/10.2165/00023210-200115050-00003


Diseases 2020, 8, 23 17 of 19

82. Fardet, L.; Fève, B. Systemic Glucocorticoid Therapy: A Review of its Metabolic and Cardiovascular Adverse
Events. Drugs 2014, 74, 1731–1745. [CrossRef] [PubMed]

83. Stimson, R.; Walker, B.R. The role and regulation of 11β-hydroxysteroid dehydrogenase type 1 in obesity
and the metabolic syndrome. Horm. Mol. Biol. Clin. Investig. 2013, 15, 37–48. [CrossRef] [PubMed]

84. Fouad-Mansour, M.; Pelletier, M.; Tchernof, A. Characterization of 5α-reductase activity and isoenzymes in
human abdominal adipose tissues. J. Steroid Biochem. Mol. Biol. 2016, 161, 45–53. [CrossRef] [PubMed]

85. Van Der Klaauw, A.; Farooqi, I.S. The Hunger Genes: Pathways to Obesity. Cell 2015, 161, 119–132. [CrossRef]
86. Guo, M.; Huang, T.-Y.; Garza, J.C.; Chua, S.C.; Lu, X.-Y. Selective deletion of leptin receptors in adult

hippocampus induces depression-related behaviours. Int. J. Neuropsychopharmacol. 2013, 16, 857–867.
[CrossRef]

87. Farr, O.M.; Tsoukas, M.; Mantzoros, C.S. Leptin and the brain: Influences on brain development, cognitive
functioning and psychiatric disorders. Metabolism 2015, 64, 114–130. [CrossRef]

88. Cui, H.; López, M.; Rahmouni, K. The cellular and molecular bases of leptin and ghrelin resistance in obesity.
Nat. Rev. Endocrinol. 2017, 13, 338–351. [CrossRef]

89. Hemmati, F.; Ghasemi, R.; Ibrahim, N.M.; Dargahi, L.; Mohamed, Z.; Raymond, A.A.; Ahmadiani, A.
Crosstalk Between Insulin and Toll-like Receptor Signaling Pathways in the Central Nervous system. Mol.
Neurobiol. 2014, 50, 797–810. [CrossRef]

90. De Souza, C.T.; Araujo, E.P.; Bordin, S.A.; Ashimine, R.; Zollner, R.D.L.; Boschero, A.C.; Saad, M.; A Velloso, L.
Consumption of a Fat-Rich Diet Activates a Proinflammatory Response and Induces Insulin Resistance in
the Hypothalamus. Endocrinology 2005, 146, 4192–4199. [CrossRef]

91. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [CrossRef]
92. Ueki, K.; Kondo, T.; Kahn, C.R. Suppressor of Cytokine Signaling 1 (SOCS-1) and SOCS-3 Cause Insulin

Resistance through Inhibition of Tyrosine Phosphorylation of Insulin Receptor Substrate Proteins by Discrete
Mechanisms. Mol. Cell. Biol. 2004, 24, 5434–5446. [CrossRef] [PubMed]

93. Donath, M.Y.; Shoelson, S.E. Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. 2011, 11, 98–107.
[CrossRef] [PubMed]

94. Rasgon, N.L.; Kenna, H.A.; Wroolie, T.E.; Williams, K.E.; DeMuth, B.N.; Silverman, D.H. Insulin resistance
and medial prefrontal gyrus metabolism in women receiving hormone therapy. Psychiatry Res. Neuroimaging
2014, 223, 28–36. [CrossRef] [PubMed]

95. Kan, C.; Silva, N.; Golden, S.H.; Rajala, U.; Timonen, M.; Stahl, D.; Ismail, K. A Systematic Review and
Meta-analysis of the Association Between Depression and Insulin Resistance. Diabetes Care 2013, 36, 480–489.
[CrossRef] [PubMed]

96. Knol, M.J.; Twisk, J.W.R.; Beekman, A.T.F.; Heine, R.J.; Snoek, F.J.; Pouwer, F. Depression as a risk factor for
the onset of type 2 diabetes mellitus. A meta-analysis. Diabetology 2006, 49, 837–845. [CrossRef] [PubMed]

97. Rotella, F.; Mannucci, E. Diabetes mellitus as a risk factor for depression. A meta-analysis of longitudinal
studies. Diabetes Res. Clin. Pr. 2013, 99, 98–104. [CrossRef]

98. Lozupone, C.A.; Stombaugh, J.I.; Gordon, J.I.; Jansson, J.K.; Knight, R. Diversity, stability and resilience of
the human gut microbiota. Nature 2012, 489, 220–230. [CrossRef]

99. Torres-Fuentes, C.; Schellekens, H.; Dinan, T.; Cryan, J.F. The microbiota–gut–brain axis in obesity. Lancet
Gastroenterol. Hepatol. 2017, 2, 747–756. [CrossRef]

100. Dinan, T.G.; Cryan, J.F. Gut microbiota: A missing link in psychiatry. World Psychiatry 2020, 19, 111–112.
[CrossRef]

101. Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.;
Cussotto, S.; Fulling, C.; Golubeva, A.V.; et al. The Microbiota–Gut-Brain Axis. Physiol. Rev. 2019, 99,
1877–2013. [CrossRef]

102. Fasano, A. Gut permeability, obesity, and metabolic disorders: Who is the chicken and who is the egg? Am. J.
Clin. Nutr. 2016, 105, 3–4. [CrossRef] [PubMed]

103. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut
microbiome with increased capacity for energy harvest. Nature 2006, 444, 1027–1031. [CrossRef] [PubMed]

104. Baothman, O.A.; Zamzami, M.; Taher, I.; Abubaker, J.; Abu-Farha, M. The role of Gut Microbiota in the
development of obesity and Diabetes. Lipids Heal. Dis. 2016, 15, 108. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s40265-014-0282-9
http://www.ncbi.nlm.nih.gov/pubmed/25204470
http://dx.doi.org/10.1515/hmbci-2013-0015
http://www.ncbi.nlm.nih.gov/pubmed/25436731
http://dx.doi.org/10.1016/j.jsbmb.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26855069
http://dx.doi.org/10.1016/j.cell.2015.03.008
http://dx.doi.org/10.1017/S1461145712000703
http://dx.doi.org/10.1016/j.metabol.2014.07.004
http://dx.doi.org/10.1038/nrendo.2016.222
http://dx.doi.org/10.1007/s12035-013-8631-3
http://dx.doi.org/10.1210/en.2004-1520
http://dx.doi.org/10.1038/nature05485
http://dx.doi.org/10.1128/MCB.24.12.5434-5446.2004
http://www.ncbi.nlm.nih.gov/pubmed/15169905
http://dx.doi.org/10.1038/nri2925
http://www.ncbi.nlm.nih.gov/pubmed/21233852
http://dx.doi.org/10.1016/j.pscychresns.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24819305
http://dx.doi.org/10.2337/dc12-1442
http://www.ncbi.nlm.nih.gov/pubmed/23349152
http://dx.doi.org/10.1007/s00125-006-0159-x
http://www.ncbi.nlm.nih.gov/pubmed/16520921
http://dx.doi.org/10.1016/j.diabres.2012.11.022
http://dx.doi.org/10.1038/nature11550
http://dx.doi.org/10.1016/S2468-1253(17)30147-4
http://dx.doi.org/10.1002/wps.20726
http://dx.doi.org/10.1152/physrev.00018.2018
http://dx.doi.org/10.3945/ajcn.116.148338
http://www.ncbi.nlm.nih.gov/pubmed/28003208
http://dx.doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
http://dx.doi.org/10.1186/s12944-016-0278-4
http://www.ncbi.nlm.nih.gov/pubmed/27317359


Diseases 2020, 8, 23 18 of 19

105. Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.; Burcelin, R. Changes in Gut
Microbiota Control Metabolic Endotoxemia-Induced Inflammation in High-Fat Diet-Induced Obesity and
Diabetes in Mice. Diabetes 2008, 57, 1470–1481. [CrossRef]

106. National Institutes of Health Office of Strategic Coordination—The Common Fund. Available online:
https://commonfund.nih.gov/hmp/index (accessed on 15 July 2019).

107. Ley, R.E.; Turnbaugh, P.; Klein, S.; Gordon, J.I. Microbial ecology: Human gut microbes associated with
obesity. Nature 2006, 444, 1022–1023. [CrossRef]

108. Bäckhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Young Koh, G.; Nagy, A.; Semenkovich, C.F.; Gordon, J.
The gut microbiota as an environmental factor that regulates fat storage. Proc. Nat. Acad. Sci. USA 2004, 101,
15718–15723. [CrossRef]

109. Le Chatelier, E.; MetaHIT Consortium; Nielsen, T.; Qin, J.; Prifti, E.; Hildebrand, F.; Falony, G.; Almeida, M.;
Arumugam, M.; Batto, J.-M.; et al. Richness of human gut microbiome correlates with metabolic markers.
Nature 2013, 500, 541–546. [CrossRef]

110. Kang, Y.; Cai, Y. Gut microbiota and obesity: Implications for fecal microbiota transplantation therapy.
Hormones 2017, 13. [CrossRef]

111. Bruce-Keller, A.J.; Salbaum, J.M.; Luo, M.; Blanchard, E.; Taylor, C.M.; Welsh, D.A.; Berthoud, H.-R.
Obese-type gut microbiota induce neurobehavioral changes in the absence of obesity. Biol. Psychiatry 2014,
77, 607–615. [CrossRef]

112. Huang, R.; Wang, K.; Hu, J. Effect of Probiotics on Depression: A Systematic Review and Meta-Analysis of
Randomized Controlled Trials. Nutrition 2016, 8, 483. [CrossRef]

113. Pusceddu, M.M.; El Aidy, S.; Crispie, F.; O’Sullivan, O.; Cotter, P.; Stanton, C.; Kelly, P.; Cryan, J.F.; Dinan, T.
N-3 Polyunsaturated Fatty Acids (PUFAs) Reverse the Impact of Early-Life Stress on the Gut Microbiota.
PLoS ONE 2015, 10, e0139721. [CrossRef]

114. Bazinet, R.P.; Layé, S. Polyunsaturated fatty acids and their metabolites in brain function and disease. Nat.
Rev. Neurosci. 2014, 15, 771–785. [CrossRef] [PubMed]

115. Winter, G.; A Hart, R.; Charlesworth, R.P.; Sharpley, C.F. Gut microbiome and depression: What we know
and what we need to know. Rev. Neurosci. 2018, 29, 629–643. [CrossRef] [PubMed]

116. Lin, P.; Ding, B.; Feng, C.; Yin, S.; Zhang, T.; Qi, X.; Lv, H.; Guo, X.; Dong, K.; Zhu, Y.; et al. Prevotella and
Klebsiella proportions in fecal microbial communities are potential characteristic parameters for patients
with major depressive disorder. J. Affect. Disord. 2017, 207, 300–304. [CrossRef]

117. Kelly, J.R.; Borre, Y.; Brien, C.O.; Patterson, E.; El Aidy, S.; Deane, J.; Kennedy, P.J.; Beers, S.; Scott, K.A.;
Moloney, G.; et al. Transferring the blues: Depression-associated gut microbiota induces neurobehavioural
changes in the rat. J. Psychiatr. Res. 2016, 82, 109–118. [CrossRef]

118. Zheng, P.; Zeng, B.; Zhou, C.; Liu, M.; Fang, Z.; Xu, X.; Zeng, L.; Chen, J.-J.; Fan, S.-H.; Du, X.; et al.
Gut microbiome remodeling induces depressive-like behaviors through a pathway mediated by the host’s
metabolism. Mol. Psychiatry 2016, 21, 786–796. [CrossRef] [PubMed]

119. Rogers, G.B.; Keating, D.J.; Young, R.; Wong, M.-L.; Licinio, J.; Wesselingh, S. From gut dysbiosis to altered
brain function and mental illness: Mechanisms and pathways. Mol. Psychiatry 2016, 21, 738–748. [CrossRef]

120. Maes, M.; Kubera, M.; Leunis, J.-C. The gut–brain barrier in major depression: Intestinal mucosal dysfunction
with an increased translocation of LPS from gram negative enterobacteria (leaky gut) plays a role in the
inflammatory pathophysiology of depression. Neuro Endocrinol. Lett. 2008, 29, 117–124.

121. Yang, P.-J.; Lee, W.-J.; Tseng, P.; Lee, P.-H.; Lin, M.-T.; Yang, W.-S. Bariatric surgery decreased the serum level
of an endotoxin-associated marker: Lipopolysaccharide-binding protein. Surg. Obes. Relat. Dis. 2014, 10,
1182–1187. [CrossRef]

122. Cryan, J.F.; Dinan, T.G. Mind-altering microorganisms: The impact of the gut microbiota on brain and
behaviour. Nat. Rev. Neurosci. 2012, 13, 701–712. [CrossRef]

123. Berthoud, H.-R.; Neuhuber, W.L. Functional and chemical anatomy of the afferent vagal system. Auton.
Neurosci. 2000, 85, 1–17. [CrossRef]

124. Mittal, R.; Debs, L.H.; Patel, A.P.; Nguyen, D.; Patel, K.; O’Connor, G.; Grati, M.; Mittal, J.; Yan, D.;
Eshraghi, A.A.; et al. Neurotransmitters: The Critical Modulators Regulating Gut–Brain Axis. J. Cell. Physiol.
2017, 232, 2359–2372. [CrossRef] [PubMed]

125. Lach, G.; Schellekens, H.; Dinan, T.G.; Cryan, J.F. Anxiety, Depression, and the Microbiome: A Role for Gut
Peptides. Neurotherapy 2017, 15, 36–59. [CrossRef] [PubMed]

http://dx.doi.org/10.2337/db07-1403
https://commonfund.nih.gov/hmp/index
http://dx.doi.org/10.1038/4441022a
http://dx.doi.org/10.1073/pnas.0407076101
http://dx.doi.org/10.1038/nature12506
http://dx.doi.org/10.1007/BF03401517
http://dx.doi.org/10.1016/j.biopsych.2014.07.012
http://dx.doi.org/10.3390/nu8080483
http://dx.doi.org/10.1371/journal.pone.0139721
http://dx.doi.org/10.1038/nrn3820
http://www.ncbi.nlm.nih.gov/pubmed/25387473
http://dx.doi.org/10.1515/revneuro-2017-0072
http://www.ncbi.nlm.nih.gov/pubmed/29397391
http://dx.doi.org/10.1016/j.jad.2016.09.051
http://dx.doi.org/10.1016/j.jpsychires.2016.07.019
http://dx.doi.org/10.1038/mp.2016.44
http://www.ncbi.nlm.nih.gov/pubmed/27067014
http://dx.doi.org/10.1038/mp.2016.50
http://dx.doi.org/10.1016/j.soard.2014.02.022
http://dx.doi.org/10.1038/nrn3346
http://dx.doi.org/10.1016/S1566-0702(00)00215-0
http://dx.doi.org/10.1002/jcp.25518
http://www.ncbi.nlm.nih.gov/pubmed/27512962
http://dx.doi.org/10.1007/s13311-017-0585-0
http://www.ncbi.nlm.nih.gov/pubmed/29134359


Diseases 2020, 8, 23 19 of 19

126. Mulugeta, A.; Zhou, A.; Vimaleswaran, K.S.; Dickson, C.; Hyppönen, E. Depression increases the genetic
susceptibility to high body mass index: Evidence from UK Biobank. Depression Anxiety 2019, 36, 1154–1162.
[CrossRef] [PubMed]

127. Speed, M.S.; Jefsen, O.; Børglum, A.D.; Speed, U.; Østergaard, S.D. Investigating the association between
body fat and depression via Mendelian randomization. Transl. Psychiatry 2019, 9, 184–189. [CrossRef]
[PubMed]

128. Tyrrell, J.N.; Mulugeta, A.; Wood, A.R.; Zhou, A.; Beaumont, R.N.; A Tuke, M.; Jones, S.E.; Ruth, K.S.;
Yaghootkar, H.; Sharp, S.; et al. Using genetics to understand the causal influence of higher BMI on depression.
Int. J. Epidemiol. 2019, 48, 834–848. [CrossRef]

129. Strawbridge, R.; Arnone, D.; Danese, A.; Papadopoulos, A.; Herane-Vives, A.; Cleare, A.; Herane, A.
Inflammation and clinical response to treatment in depression: A meta-analysis. Eur. Neuropsychopharmacol.
2015, 25, 1532–1543. [CrossRef]

130. DiMatteo, M.R.; Lepper, H.S.; Croghan, T.W. Depression Is a Risk Factor for Noncompliance With Medical
Treatment. Arch. Intern. Med. 2000, 160, 2101. [CrossRef] [PubMed]
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