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Abstract: Many diseases and degenerative processes affecting the nervous system and peripheral
organs trigger the activation of inflammatory cascades. Inflammation can be triggered by different
environmental conditions or risk factors, including drug and food addiction, stress, and aging,
among others. Several pieces of evidence show that the modern lifestyle and, more recently, the
confinement associated with the COVID-19 pandemic have contributed to increasing the incidence of
addictive and neuropsychiatric disorders, plus cardiometabolic diseases. Here, we gather evidence
on how some of these risk factors are implicated in activating central and peripheral inflammation
contributing to some neuropathologies and behaviors associated with poor health. We discuss
the current understanding of the cellular and molecular mechanisms involved in the generation
of inflammation and how these processes occur in different cells and tissues to promote ill health
and diseases. Concomitantly, we discuss how some pathology-associated and addictive behaviors
contribute to worsening these inflammation mechanisms, leading to a vicious cycle that promotes
disease progression. Finally, we list some drugs targeting inflammation-related pathways that
may have beneficial effects on the pathological processes associated with addictive, mental, and
cardiometabolic illnesses.

Keywords: neuroinflammation; neurodegenerative diseases; addictive behavior; epilepsy; anxiety;
inflammaging

1. Introduction: Cellular and Molecular Mechanisms of Brain and
Peripheral Inflammation

Inflammation is a process characterized by the activation of immune and non-immune
cells that protects the host from pathogens or damage induced by different injuries. This
process eliminates the injury and promotes tissue repair and recovery [1]. In this term,
metabolic and neuroendocrine responses are triggered to maintain metabolic energy and
the activated immune system [1]. The inflammatory environment induces the activation of
T cells, CD8+ cytotoxic T lymphocytes (CTLs), and CD4+ helper T cells (Th), triggering their
proliferation and differentiation into effector T cells [2]. The production of cytokines such
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as interferon-gamma (IFN-y) and interleukin (IL)-17 by the Th cells contributes to the proin-
flammatory state, activating macrophages and B cells, leading to systemic inflammation [3].
In addition, the autonomic nervous system innervates primary and secondary lymphoid
tissues, sites where lymphocytes are produced and functioning, respectively [3]. The sym-
pathetic nervous system, which releases noradrenaline, exerts local and systemic control of
immune cells through (32 adrenergic receptor activation, which inhibits pro-inflammatory
cytokine synthesis, regulating the response of T and B cells [4].

The inflammatory process is resolved when the tissue is repaired or cicatrized, named
acute inflammation. However, in some diseases, the inflammatory process could be mild
but persistent in time, causing chronic low-grade inflammation, which involves the par-
ticipation of immune cells but also parenchymal cells in the periphery and the brain [1].
The environment and the nutritional status are the cornerstones of the development of
chronic low-grade inflammation in which an imbalance occurs in favor of proinflamma-
tory cytokines over anti-inflammatory ones [5]. Sedentarism, high-calorie diets, obesity,
gut microbiota disturbances, and chronic stress have been proposed as causes promoting
this imbalance [5]. Intriguingly, this chronic low-grade inflammation is a substrate for
cardiometabolic and neurologic or neuropsychiatric disorders as well [5-7].

Emerging evidence shows that the central nervous system (CNS) and the immune
system establish strong bidirectional crosstalk [8,9], which is essential to regulate both
synaptic transmission and synaptic integrity [10,11]. This crosstalk is exerted through the
blood-brain barrier, which is a physical and metabolic barrier present in the microvas-
culature of the CNS that can maintain the CNS homeostasis controlling the transport of
nutrients and metabolites and immune cell trafficking. The integrity of this barrier and
the recruitment of immune cells into the brain parenchyma are modulated by different
chemokines, pro-inflammatory cytokines, and reactive oxygen species (ROS) produced
by glial cells that are an active part of the immune response in the CNS [12-15]. It has
been observed that peripherally activated T cells can enter the CNS in the absence of
neuroinflammation, being the only peripheric cells that can reach the CNS in healthy condi-
tions. This entrance allows them to reach perivascular or subarachnoid spaces, where they
can interact with tissue-resident antigen-presenting cells [16]. In many diseases, such as
multiple sclerosis, Alzheimer’s disease and Parkinson’s disease, the integrity of the blood-
brain barrier is altered, allowing the infiltration of plasma proteins such as fibrinogen and
IgG as well as immune cells such as B-cells, neutrophils, monocytes, dendritic cells, and
T-cells into the CNS parenchyma, leading to deleterious effects on CNS function and thus
clinical signs of disease [14,15,17]. In the mammalian brain, microglia and astrocytes are
the main glial cells. Microglia are CNS-resident mononuclear phagocytes that monitor the
functional state of the surrounding environment through cell ramifications that contact
neurons, astrocytes, and blood vessels [18]. Depending on the insult grade, microglia
extend their ramifications to surround and phagocytize the damaged area or change their
morphology and release proinflammatory mediators [18]. Astrocytes are heterogenous
glial cells involved in maintaining CNS homeostasis; some of the astrocyte-mediated func-
tions are delivery of energy to neurons by the astrocyte-neuron lactate shuttle, uptake of
glutamate, controlling its extracellular levels, and modulation of calcium variations that
affect neuronal activity [19]. Moreover, astrocytes also mediate the immune response in the
CNS, which in part depends on the crosstalk with microglia [12]. In addition, glial cells are
intimately involved in the active control of neuronal activity, synapse development, synap-
tic neurotransmission, and plasticity [20,21]. Astrocytes and microglia release cytokines,
chemokines, or thrombospondins and directly regulate the morphology and integrity of
central synapses. Recent evidence highlights the main role of cytokines in synaptic trans-
mission and plasticity. IL-1(3, IL-2, IL-6, IL-8, IL-18, IFN-«, IFN-y, and tumor necrosis
factor (TNF)-« regulate the long-term plasticity and induce changes in the hippocampal
learning and memory tasks [22,23]. Moreover, the microglia participate in synaptic prun-
ing, which occurs through the interaction between the dendritic spines and glia. Indeed,
synaptic pruning depends on P2Y receptor activation by purinergic molecules released by
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microglia [24]. Moreover, in the developing hippocampus, the postsynaptic density protein
(PSD)-95 was found inside microglial cells, suggesting that microglia directly participate
in the synaptic pruning process [25]. Functionally, the glia-released TNF-« is critical to
synaptic scaling, a homeostatic synaptic process necessary for the proper function of central
synapses. TNF-«, via an increase in the expression of 33 integrins, induces the accumula-
tion of AMPA receptors at the synapses [26]. Together, the data show that microglia and
inflammatory molecules have an important role in the structural, functional, and synaptic
plasticity of neurons.

Besides the physiological role of glial cells and cytokines in neuronal synaptic func-
tion and development, they also participate in neuroinflammation leading to synaptic
dysfunction and neurological and psychiatric diseases [27,28]. Neuroinflammation is a
complex and well-orchestrated response of neural tissue to trauma, infection, or diseases
and is mediated by glial cells that release inflammatory mediators and produce reactive
oxygen and nitrogen species [29]. These inflammatory mediators impact astrocyte function,
since astrocytes express receptors for cytokines and chemokines, such as transforming
growth factor (TGF)-f3 receptor, glycoprotein (gp)130, IFN-y receptor, and IL-17 receptor,
among others, responding to signals coming from the microglia and macrophages [30].
Additionally, astrocytes, through the regulation of the blood-brain barrier, regulate the
trafficking of peripheral immune cells to the brain [31,32]. During ischemia, oxidative
stress, or trauma, astrocytes become phagocytic and antigen-presenting cells due to a local
increase in inflammatory cytokines such as IFN-y [33,34]. Further, astrocytes respond to
chronic injuries by altering the expression of many genes, along with morphological and
functional changes, a process called reactive astrogliosis [35]. During this process, the glial
fibrillary acid protein (GFAP), the main constituent of intermediate filaments in astrocytes,
is upregulated and used as a biomarker of reactive astrogliosis [35]. In the rodent brain, the
activation of the gp130/activator of transcription 3 (STAT3) signaling pathway through cy-
tokines, such as TGF-q, ciliary neurotrophic factor (CNTF), IL-6, leukemia inhibitory factor
(LIF), and oncostatin M, directly triggers reactive astrogliosis. Alternatively, this process
can be triggered indirectly through the effects of these cytokines on microglia, neurons, or
endothelial cells [35,36]. Together, the data show that in the brain, microglia and astrocytes,
as well as the release of proinflammatory cytokines, might induce chronic inflammation.

In the periphery, low-grade inflammation has been associated with several chronic condi-
tions such as metabolic syndrome, nonalcoholic fatty liver disease (NAFLD), type 2 diabetes,
cardiovascular disease, and aging-related pathologies [37]. As an example, in the liver, the
development of NAFLD is characterized by a pathological crosstalk between the adipose
tissue and the liver, where chronic inflammation is a common key [38]. The levels of proin-
flammatory proteins such as IL-6 in the adipose tissue of obese patients could be 100 times
higher than in healthy individuals; meanwhile, high mobility group box 1 (HMGB1) protein
can reach levels as high as twice those observed in control subjects. Both signals induce
secretion of inflammatory cytokines by macrophages, and HMGBI is considered an inflam-
mation alarmin [39]. Even HMGB1 may potentiate the secretion of IL-6 and other cytokines
through the binding to the receptor for advanced glycation end products (RAGE) [40]. M1
macrophages infiltrated in the adipose tissue appear to be the principal source of proinflam-
matory factors that end up being secreted into the blood [41]. These circulating inflammatory
factors may spread chronic inflammation to other tissues [38]. Indeed, visceral adipose tissue
transplantation from obese mice to high-cholesterol diet-fed mice produces an increase in
hepatic macrophage content, worsening liver damage [42]. In control diet-fed mice, adipose
tissue transplantation induced an elevation in circulating and hepatic neutrophils in animals
who received fat transplantation from obese mice compared to those receiving transplanta-
tion from lean mice [42]. A liver with NAFLD presents an important amount of resident
and infiltrated monocytes, macrophages, neutrophils, and innate lymphoid cells, which are
involved in the development of chronic inflammation, NAFLD onset, and progression [43].
Hepatocytes and liver sinusoidal endothelial cells also can participate in the inflammatory
pathophysiology of the disease [43].
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Importantly, the peripheral inflammation observed in NAFLD has been correlated with
CNS inflammation and damage. In a murine model of NAFLD induced by the injection of
the hepatotoxic substance CCly, severe neurodegeneration, pyknosis, vacuolations, and cav-
itations in the brain, plus alterations in activities of neurotransmitters catabolizing enzymes,
were observed [44]. In mice, NAFLD induced by a high-fat diet (HFD) caused neuroinflam-
mation with elevated numbers of activated microglial cells, increased the inflammatory
cytokine profile, and increased expression of toll-like receptors in the brain, as well as
neuronal apoptosis [45]. Accordingly, recent studies have found that NAFLD is associated
with poorer cognition in human patients [46]. Data suggest a strong correlation between
low-grade chronic inflammation in the periphery with neuroinflammatory processes.

In the next sections, we will discuss chronic inflammation observed in other peripheral
tissues key in the pathophysiology of cardiometabolic and/or aging-related diseases, such
as those in skeletal muscle and the heart.

2. Factors Triggering Inflammation: Lifestyle
2.1. Diet and Body Weight

Animal models with diet-induced obesity have high levels of pro-inflammatory cy-
tokines such as TNF-«, IL-1§3, and IL-6 [47,48] and activation of microglia and astrocytes in
the hypothalamus [49-51]. The hypothalamic inflammation associated with obesity has
been correlated with dysfunction in food-intake-regulating hormones such as leptin, insulin,
and ghrelin [52-54] and with the reduction in the activity of anorexigenic POMC/CART
neurons [55,56], with the consequent alterations in the regulation of food consumption and
whole-body energy balance. Remarkably, just 1 day of HFD feeding induced the expression
of proinflammatory biomarkers such as EGF-like module-containing mucin-like hormone
receptor-like (EMR)1, ionized calcium-binding adapter molecule (IBA)1, IL-6, and TNF-«
in the mouse hypothalamus [57]. Similar results were observed in rats, where expression
of proinflammatory genes was increased after 1 day of HFD and hypothalamic gliosis
was evident after 3 days, even before any sign of inflammation in the liver or adipose
tissue and also prior to evident weight or fat gain [56]. This suggests that hypothalamic
neuroinflammation associated with high-fat foods is one of the first steps of inflammation
associated with obesity and occurs independently of peripheral inflammation.

Besides the hypothalamus, inflammation associated with obesity has also been re-
ported in other brain areas such as the hippocampus, amygdala, cortex, and brainstem [58].
For example, elevated levels of IL-6, IL-13, and TNF-« mRNAs and reduced expression of
brain-derived neurotrophic factor (BDNF) were found in the hippocampus of mice lacking
leptin receptor (db/db mice), a genetic model of obesity. Microglia and astrocytes have
been proposed as the source of pro-inflammatory cytokines in the brain [59,60]. Nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«B) represents a family of in-
ducible transcription factors that can regulate genes involved in processes of the immune
and inflammatory responses [61]. NF-kB signaling is important in the activation of gliosis
associated with obesity; for example, acute (24 h) or chronic (6 weeks) feeding with a
HEFD + high sugar diet (HSD) was unable to induce hypothalamic inflammation in mice
where NF-«B signaling was inhibited in GFAP-positive cells (mainly astrocytes) [50,62].
Moreover, NF-kB inhibition in astrocytes caused hypophagia, reduced weight gain, and
improved glycemic homeostasis in mice chronically fed with HFD + HSD compared to
control animals fed with the HFD + HSD [50], showing that glial inflammatory signaling
is key for inducing whole body metabolic perturbations [59]. Like astrocytes, microglia
have a capital role in the regulation of energy homeostasis. Forced microglia activation,
through a cell-specific deletion of A20 (a NF-kB negative regulator), caused hypothalamic
microgliosis, bone-marrow-derived microglia infiltration to the hypothalamus, increased
food intake, and weight gain in mice fed with a chow diet [49]. On the contrary, depleting
resident microglia in the CNS reduced food intake and diminished total body fat and
weight gain in HFD-fed mice [49]. These molecular proinflammatory findings in genetic-
induced obesity models were accompanied by behavioral dysfunctions, such as anxiety-like
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behaviors and alterations in spatial recognition memory [63]. Similar observations were
reported in the hippocampus of diet-induced obesity models [64,65]. These data suggest
that brain inflammation is an early step in the deleterious process induced by an unhealthy
diet where the activation of NF-«B signaling in astrocytes and microglia is a key event.

Chronic low-grade Inflammation is also considered a key element in the pathophysio-
logical pathways responsible for insulin resistance in peripheral organs of obese patients
and animal models [66,67]. Indeed, target organs for insulin actions—such as adipose tissue
and the liver—have been reported to suffer immune cell infiltration and pro-inflammatory
cytokine production by resident and infiltrating leucocytes and parenchymal cells [66-68].
Similarly, as has been described for the CNS, cytokines such as IL-1, TNF-«, and IL-6,
among many others, have been associated with the inhibition of insulin signaling pathways
in adipocytes and hepatocytes [68-70]. Elevated free fatty acids (FFA) in the blood can
also act as proinflammatory factors in insulin target organs through the binding to pattern
recognition receptors, such as toll-like receptor (TLR)4 in the cell membrane [71].

Skeletal muscle is also a main target organ for insulin actions, being the principal reg-
ulator of post-prandial hyperglycemia management [72]. Inflammation and elevated pro-
inflammatory cytokine levels have been identified in skeletal muscle from obese individuals,
linked to muscle adipose depot expansion and immune cell infiltration [73,74]. Accordingly,
skeletal muscle myocytes secrete higher levels of cytokines in obese type 2 diabetes (T2D)
patients [75], suggesting an intrinsic role of skeletal muscle cells in the development of obesity-
related inflammation and insulin resistance. Recently, Jorquera’s group described that skeletal
muscle fibers obtained from HFD-fed mice release high levels of ATP to the extracellular
media, through pannexin-1 channels, activating an inflammatory response leading to insulin
resistance [76]. The role of extracellular ATP and pannexin-1 channels in brain inflammation
induced by diet or obesity remains unexplored.

Again, the relationship between peripheral and central inflammation has been re-
ported, where the transplantation of visceral white adipose tissue from a diet-induced
obese mouse or a db/db mouse to a lean recipient mouse caused increased hippocampal
IL-1p expression, microgliosis, and long-term potentiation (LTP) deficits [77,78]; mean-
while, transplant from obese mice deficient in inflammatory activation signals (NLRP3
KO) caused no effects in the brain of recipient animals [78], indicating that the pathologi-
cal crosstalk between peripheral organs and CNS structures could be mediated by these
inflammatory patterns [79].

2.2. Stress: Effects of Glucocorticoids on Inflammation in the Context of Eustress and Distress

Stress is defined as a nonspecific biological response of an organism to any real or
perceived threat from the environment that affects its homeostasis [80]. The main biological
purpose of stress responses is to restore homeostasis and adapt to environmental threats or
stressors [81]. Stress is positive (eustress) when animals adapt to environmental stressors [82].
When eustress occurs, the organization of stress responses is mainly regulated by two primary
systems, the autonomic nervous system and the hypothalamus—pituitary—adrenal (HPA)
axis [83]. Autonomic responses to stress increase heart frequency, blood pressure, and glucose
availability, which in turn make energetic substrates available for stress adaptation [83].
Stressors increase the release of the corticotropin-releasing factor from the hypothalamus,
inducing the release of the adrenocorticotropic hormone from the anterior pituitary, which in
turn stimulates the secretion of glucocorticoids from the adrenal cortex that are going to bind
to their receptors, glucocorticoid and mineralocorticoid receptors, in the limbic system and
peripheral tissues [83]. The main glucocorticoid of stress responses is cortisol in humans and
corticosterone in rodents [83]. To understand the etiology of stress-related mental disorders,
such as major depressive disorder and anxiety disorders, the concept of stress was related to
the concept of “allostasis”, defined as the adaptive process of preserving stability in response to
stressful conditions [84]. When the energy cost of adaptation (allostatic load) is too high, stress
induces negative health consequences [82,85]. Thus, persistent, strong, and uncontrollable
stressors can lead to a maladaptive response called distress. At clinical levels, chronic distress-
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induced neuroinflammation is a key factor in the pathophysiology of mood disorders [86],
mainly major depressive disorder [87,88]. Peripheral and central pro-inflammatory cytokines,
including IL-1f3 and C reactive protein, are elevated in the plasma and cerebrospinal fluid
in depressed patients [89-91]. It is proposed that the increase in neuroinflammation triggers
morphological changes in limbic nuclei that regulate stress responses and emotional memories,
affecting the functional connectivity between them [92,93].

The pattern of glucocorticoid secretion is circadian: when locomotor activity increases,
so do glucocorticoid levels [94]. Glucocorticoids bind mineralocorticoid receptors with
ten-fold higher affinity compared with glucocorticoid receptors [95,96]. Under resting
levels of glucocorticoids, the mineralocorticoid receptors are mostly bound to the gluco-
corticoids, and the glucocorticoid receptors are not active [97,98]. Thus, when the body
faces a stressor, the onset of the stress response is mediated by the mineralocorticoid re-
ceptors, which activate the HPA axis and increase the glucocorticoids [94]. Microglia have
two states: one related to normal resting conditions associated with maintenance of the
neural cell microenvironment, and another associated with a reactive inflammatory state
(M1) [99-101], resulting in the release of several pro-inflammatory cytokines, such as IL-1f3,
IL-6, and TNF-o [101,102]. The mineralocorticoid receptors are also expressed in the CNS,
where the microglia could respond to the increased levels of glucocorticoid achieved during
the stress response. Mineralocorticoid receptor activation in the microglia promotes mor-
phological changes toward the pro-inflammatory phenotype M1 [98,103,104], resulting in
the release of several pro-inflammatory cytokines, such as IL-13, IL-6 and TNFe [101,102].
Later, the activation of glucocorticoid receptors counteracts this inflammatory state, avoid-
ing potential damage to the body that is the biological cost (allostatic load) associated with
adaptation to stress [105,106]. A healthy glucocorticoid secretion pattern during the stress
response allows glucocorticoid receptors to counteract the pro-inflammatory action of min-
eralocorticoid receptors, since when glucocorticoid receptors dimerize, they bind to motif
DNA sequences called glucocorticoid-response elements, inhibiting the synthesis of several
inflammatory cytokines, such as IL-1, IL-2, IL-6, IL-8, and IL-12, inducing the apoptosis of
lymphocytes [107-110] and suppressing T-helper 1 cell differentiation [111]. This strong
anti-inflammatory role of glucocorticoids is widely known at the clinical level, mainly in
the treatment of inflammatory diseases such as allergies and rheumatoid arthritis [112]
with synthetic glucocorticoids such as dexamethasone.

The role of glucocorticoids in inflammation significantly changes when the body
does not adapt to stress and allostatic overload is triggered [94,113]. As a result of this
condition, a pathological pattern of glucocorticoid secretion promotes neuroinflammation
by both mineralocorticoid and glucocorticoid receptors [94]. Several cell types have been
well-recognized to mediate the neuroinflammatory process in the brain. However, as we
mentioned above, microglia and astrocytes play a key role in neuroinflammation [114,115].
When glucocorticoid levels increase compared to resting levels, mineralocorticoid receptors
in the microglia are activated, inducing the proinflammatory M1 phenotype [98,103,104].
In addition, high levels of glucocorticoids also promote the activation of glucocorticoid
receptors in the microglia, inducing a state of altered responsivity, which is expressed as
priming the microglia to a M1 state more responsive to inflammatory signals [116,117].

Some people who are exposed to distress do not get sick or develop a mood disor-
der; these people are called “resilient individuals” [118]. Interestingly, preclinical studies
support the idea that resilient and stress-vulnerable subjects respond differently to neuroin-
flammation. Social defeat stress (SDS), produced by repeatedly exposing a naive rodent to
an aggressive partner [119], triggers neuroinflammation in the prefrontal cortex, amygdala,
hippocampus, and nucleus accumbens (NAc) in mice vulnerable to stress [120,121]. In
contrast, stress-resilient mice do not show these alterations one day after exposure to social
defeat stress [114,122,123]. Remarkably, Dagnino’s group found that the resilience to stress
is lost 2 weeks after SDS exposure, as shown by depression-like behaviors in previously
resilient rats [124]. In addition, these rats showed neuroinflammation markers in the hip-
pocampus, such as activated microglia (IBA-1) and astrocytes (GFAP) [124]. This suggests
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that neuroinflammation is involved in the pathogeny of depressive behaviors induced by
stress. Therefore, suppression of neuroinflammation could be a therapeutic strategy to
prevent depression-like behaviors [125].

3. Consequences of Inflammation Inducing Central and Peripheral Diseases

The maintenance of a bad quality of life characterized by bad nutrition, overweight,
stress, chronic consumption of drugs of abuse, aging, and reduced microbiota diversity
might induce the molecular, cellular, and pathophysiological processes related to inflam-
mation, which in turn may lead to the development of several central diseases such as
eating disorders, Alzheimer disease, epilepsy and anxiety disorders, as well as chronic
peripherical illnesses such as sarcopenia, cardiopathy, and cardiovascular disorders. In
this section, we will address inflammation as a common factor for the development of
pathological conditions, affecting the quality of life and health.

3.1. Neuroinflammation as a Key Mediator in Addictive Behavior
3.1.1. Hypercaloric Diet Induces Neuroinflammation in Brain Areas Associated with
Addictive Behaviors

Chronic exposure to highly palatable diets led to an excess of weight and obesity [126].
In this context, diet-induced obesity produces alterations in the immune response that
lead to a chronic inflammatory process associated with metabolic diseases such as dia-
betes, hypertension, dyslipidemia, and heart diseases, among others [66]. However, the
inflammatory processes induced by hypercaloric diets are not restricted to the periphery
but also reach brain areas that ultimately affect behavior. Indeed, patients with eating
disorders present addictive behaviors that lead to urgently consuming obesogenic foods
and can produce symptoms such as withdrawal syndrome when the intake of these foods
is reduced [127], suggesting modifications at the level of the reward system. Indeed, a
human study using the MRI technique showed that children with obesity have more gliosis
and neuroinflammation in reward-associated brain areas [128]. Diet modification in animal
models has revealed some of the mechanisms leading to neuroinflammation in the reward
circuitry that might underlie the development of eating disorders. A recent study showed
that feeding male mice for 6 weeks with a cafeteria diet increased mRNA expression of
IL-1pB and IFN-y and induced microglial activation in the NAc [129]. Interestingly these
modifications were reversed by treating mice with minocycline, a tetracycline antibiotic
with anti-inflammatory activity due to inhibition of microglial activation. In addition, HFD
increased the expression of other proinflammatory genes, such as IKKf3, GFAP, IBA-1,
IL-1B3, IEN-y, and CD45 in the NAc [117]. Remarkably, the microinjection of an adenoviral
construct to inhibit IKK{ directly into the NAc reversed the upregulation of these pro-
inflammatory genes [130], indicating a direct effect of the HFD inducing neuroinflammation
in this reward circuitry nucleus and suggesting a mechanism by which consumption of
hypercaloric diets might alter behavior.

The consumption of hypercaloric diets might not only affect the inflammatory state of
the individual who consumes it, but also produce transgenerational changes in behavior.
Indeed, maternal overnutrition during pregnancy and the postnatal period induces in
the offspring a compulsive food seeking behavior [131] and a higher preference for junk
food [132]. Moreover, maternal overnutrition also promotes in the offspring a higher
consumption of drugs of abuse such as alcohol, cocaine, and amphetamine [133,134],
altogether indicating modifications in the offspring’s reward circuitry due to maternal
overnutrition. Indeed, the administration of a cafeteria diet to pregnant rats induced in the
offspring a higher sensitivity to ghrelin, a hormone promoting feeding behavior, together
with microglia activation in the hypothalamus, which might explain the exacerbated feeding
behavior observed in the offspring [135]. Interestingly, the exposure to a hypercaloric and
highly palatable diet (Ensure) in female rats from postnatal day (PND) 23 to 65 increased
astrocyte activation measured as an increased expression of GFAP in the medial prefrontal
cortex (mPFC), NAc, and arcuate nucleus [136]. Conversely, male offspring (PND 50)
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showed decreased GFAP expression in the same brain areas, showing a transgenerational
adaptive phenotype [136] and suggesting sex-dependent factors.

Altogether, this evidence suggests that neuroinflammation produced by a hypercaloric
diet may induce neuroplastic changes in brain structures related to the processing of
rewards that ultimately might affect the relationship between the individual and food,
inducing eating disorders and drug addiction. Moreover, the evidence indicates that these
modifications can be permanent and inheritable by future generations.

3.1.2. Drugs of Abuse Induce Neuroinflammation in Brain Nuclei Associated with
Addictive Behavior

Another important factor in the generation of inflammation, especially neuroinflamma-
tion, is the consumption of drugs of abuse. The addictive potential of drugs of abuse lies in
their direct action in the reward circuitry where they act as a reward [137]. It is largely known
that stress is one of the major triggers for relapse in people with substance use disorder [138].
The long periods of confinement during the COVID-19 pandemic could, therefore, have in-
creased the consumption of drugs of abuse that have long-lasting deleterious effects on people.
During the last decade, several works have studied the inflammatory effects of drugs of abuse
in the brain, especially in areas involved in memory and learning, such as the prefrontal cortex
(PFC) and the hippocampus. However, the neuroinflammatory effects produced by drugs
of abuse in brain areas of the reward system have been little studied. In this section, we will
describe the pro-inflammatory effects of the most common and accessible drugs of abuse:
alcohol, psychostimulants, opioids, and tobacco, in the reward system, effects that could
underlie their addictive potential. Additionally, we will parallel these data with potential
pharmacological treatments that have shown benefits in reducing neuroinflammation induced
by drugs of abuse.

Alcohol-induced neuroinflammation: Ethanol is undoubtedly the most widely abused
drug in the world, associated with several systemic and brain effects. It has been shown that
intermittent ethanol treatment for 2 weeks increases protein levels of TNF-« and IL-17A in
the PFC of female adolescent mice [139]. The ethanol consumption and the up-regulation
of cytokines in PFC were reduced with the injection of nalmefene, an opioid antagonist.
Interestingly, the nalmefene effect was associated with an inhibition of ethanol-induced
TLR4 activation [139]. On the other hand, chronic ethanol intake (9 weeks) increased
protein expression of high mobility group box 1 (HMGB1) and TNF-«, and it reduced
protein levels of glutamate transporter-1 (GLT-1) and metabotropic glutamate receptor-5
(mGluR5) in the NAc shells of male drinking rats [140]. In this context, HMGBI is a danger-
associated molecular pattern protein that can bind RAGE to activate NF-«kB signaling,
promoting the expression of inflammatory genes such as TNF-«, IL-1f3, IL-6, IL-12p40
and cyclooxygenase [61]. Interestingly, ampicillin (a 3-lactam antibiotic) plus sulbactam
(a B-lactamase inhibitor) treatment up-regulated GLT-1 and mGluR5 in NAc shell, reducing
HMGBI, RAGE and TNF-« [140], suggesting a potential therapeutic role for this antibiotic
in the reversal of alcohol-induced inflammation in the reward circuitry.

Finally, alcohol consumption during pregnancy might affect the inflammatory re-
sponse of the reward circuitry in the offspring. Indeed, rats exposed prenatally to ethanol
(between gestational days 8 to 20) had a structural modification of the ventral tegmental
area (VTA) microglia where a reduction in microglial branch and junction numbers [141]
was observed. In addition, prenatal ethanol exposure induced a reduction in the protein
expression of Fkbp5 (an immunophilin protein) and Cxcl16 (a mediator of innate immunity)
in the NAc [142]. In this context, the expression of Cxcl16 is induced by inflammatory
cytokines such as IFN-y and TNF-« [143], suggesting a compensatory effect in the offspring
to deal with inflammation.

Psychostimulant-induced neuroinflammation: Methamphetamine (N-methylamphetamine
or METH) is a psychostimulant drug used to treat attention-deficit/hyperactivity disorder
(ADHD) and obesity, but it is often used recreationally with a high potential to produce ad-
diction. Regarding neuroinflammation, METH (3 mg/kg) administration in mice produced
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conditioned place preference (CPP) and up-regulation of CC-chemokine ligand 2 (CCL2) protein
levels in PFC and NAc [144]. CCL2 is produced by microglia, neurons, activated astrocytes,
and mononuclear phagocytes [145]. CCL2 binds CC-chemokine receptor 2 (CCR2) to produce
inflammatory markers. In this context, the co-administration of METH with RS504393 (an
antagonist of CCR2) attenuated METH-induced CPP [144], indicating that blockage of the
induction of this proinflammatory mechanism reduces the rewarding properties of METH. On
the other hand, METH increased TLR4-dependent NF-«B activity in microglial BV-2 cells [146],
and a challenge with lipopolysaccharide (LPS) 24 h after METH administration (5 mg/kg, four
times at two-hour intervals) increased NAc protein levels of IBA-1, TNF-« and IL-6 in mice [147],
showing that chronic treatment with METH makes these brain nuclei more susceptible to other
proinflammatory molecules. Interestingly, the administration of minocycline or SCH-23390 (an
antagonist of D1 receptors) reduced NAc protein levels of IBA-1, TNF-«, and IL-6 induced by
METH [147]. Remarkably, METH-triggered proinflammatory effects were observed after its
acute administration. Thus, a single injection of METH (1 mg/kg) increased the mRNA expres-
sion of CD11b, TNF-«, and IL-6 in VTA, but not in PFC or NAc [146]. Moreover, acute METH
administration (10 mg/kg) in rats increased protein levels of IL-13 in VTA, NAc, and PFC, which
were reversed with the intra-cisterna magna administration of box A, an antagonist of HMGBI1,
showing that this signaling mediates part of the METH-induced neuroinflammation [148].

Other common psychostimulants, such as ecstasy (3,4-methylenedioxymethamphetamine
or MDMA) and cocaine, also produce neuroinflammation. MDMA administration in adult or
middle-aged mice increased GFAP-positive cells in substantia nigra pars compacta (SNpc) and
striatum [149]. On the other hand, cocaine self-administration increased mRINA expression
of IL-13 and GFAP in rat VTA [150]. In addition, intra-VTA cocaine (15 mg/kg) or LPS (an
activator of TLR4) administration restored cocaine self-administration behavior in rats that
underwent extinction training. In this context, intra-VTA administration of LPS-RS (an antag-
onist of TLR4) reduces cocaine-primed reinstatement [150], revealing that VTA inflammation
is crucial to induce compulsive cocaine-seeking behavior.

Opioid-induced neuroinflammation: Opioids include natural molecules from opium
such as morphine and codeine, semisynthetic molecules such as heroin and oxycodone,
and synthetics such as pethidine and methadone. These drugs are powerful pain relievers,
but with a high potential for dependence. Morphine administration (10 mg/kg/day
for 6.5 days) increased VTA GFAP immunolabeling [151]. The opioid proinflammatory
effect seems to last days after drug withdrawal. Indeed, morphine (12 mg/kg/day for
6 days) increased the protein levels of GFAP and p38 (a mitogen-activated protein kinase
that regulates the release and production of inflammatory cytokines) in the NAc, 3 and
7 days after the last dose of morphine [152]. In this context, the administration of the anti-
inflammatory ginger extract (100 mg/kg) before morphine injection r