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Abstract

After intense or prolonged use, drugs of abuse such as opiates, psychostimulants, and alcohol
induce a neuroinflammatory response, which potentiates their reinforcing effects, contributing to
the transition from controlled consumption to a compulsive pattern.

Exposure to stress, particularly social stress, acts as a critical variable in the initiation, maintenance,
or relapse of drug use. There is currently abundant scientific evidence of the close relationship
between stress, drug use, and the development of neuroinflammation. Studies with animal mo-
dels have shown that social stress acts as a potent modulator of the immune system, promoting
the activation of microglia and the release of proinflammatory cytokines such as IL-18, IL-6, and
TNF-a. This inflammatory response alters neuronal homeostasis, affecting key regions involved in
the brain’s reward system and executive control, such as the nucleus accumbens, the amygdala, and
the prefrontal cortex. Social stress is a critical variable in the development of SUD. It can activate
the immune system, causing neuroinflammation and establishing a pathological circuit between
the reward system and the prefrontal cortex.

Pharmacological interventions that modulate the brain’s immune response offer new strategies
to prevent or treat addiction, especially in individuals with high vulnerability to stress. Natural or
synthetic substances with antioxidant and anti-inflammatory properties offer promising results.
These preclinical findings highlight the importance of neuroinflammation and stress in understan-
ding addictive behavior.
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Resumen

Las drogas de abuso como los opidceos, los psicoestimulantes o el alcohol inducen tras un
consumo intenso o prolongado una respuesta neuroinflamatoria, que va a potenciar sus efectos
reforzantes contribuyendo a la transicién de un consumo controlado a un patrén compulsivo.

La exposicién al estrés, particularmente al estrés de caracter social, actia como una variable
critica tanto para el inicio como el mantenimiento o la recaida en el consumo de drogas. Ac-
tualmente existen numerosas evidencias cientificas de la estrecha relacién entre el estrés, el
consumo de drogas y el desarrollo de neuroinflamacién. Estudios con modelos animales han
demostrado que el estrés social actiia como un potente modulador del sistema inmunoldgico,
promoviendo la activacion de la microglia y la liberacién de citocinas proinflamatorias como
IL-1B, IL-6 y TNF-a.. Esta respuesta inflamatoria altera la homeostasis neuronal, afectando re-
giones clave implicadas en el sistema cerebral de recompensa y el control ejecutivo, como el
nlcleo accumbens, la amigdala y la corteza prefrontal. El estrés social es una variable critica en el
desarrollo del TUS. Es capaz de activar del sistema inmunolégico provocando neuroinflamacién
y estableciendo un circuito patoldgico entre el sistema de recompensa y el cértex prefrontal.

Intervenciones farmacoldgicas que modulen la respuesta inmunitaria cerebral ofrecen nuevas
estrategias para prevenir o tratar la adiccion, especialmente en individuos con alta vulnerabilidad
al estrés. Sustancias naturales o sintéticas con poder antioxidante y antinflamatorio ofrecen pro-
metedores resultados. Estos hallazgos preclinicos resaltan la importancia de la neuroinflamacion
y el estrés en la comprension de la conducta adictiva.

Palabras clave

Neuroinflamacién, drogas, estrés.

I.INTRODUCTION

the affected area, resulting in redness, heat,
swelling, and pain. Its primary function is to
eliminate the initial cause of cellular damage,
remove damaged cells and tissues, and initi-
ate a repair process (Fioranelli et al., 2021).
The immune system is divided into two main
branches: the innate immune system, which
provides a nonspecific first-line defense, and
the adaptive immune system, which generates
specific antigenic responses and immunologi-

Alterations in the immune system have been
directly linked to the development of mul-
tiple diseases (Soria et al., 2018). In recent
decades, numerous studies have emerged
suggesting a connection between immune
dysregulation and various psychiatric disor-
ders (Chistyakov et al., 2018; Dantzer, 2017).
Inflammatory processes have been identified
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as a key biological mechanism in relation to
drug addiction, as well as in the interaction
between stress and stress-related disorders
(Rohleder, 2014).

At the systemic level, inflammation involves
the activation of immune cells, the release of
cytokines, and an increase in blood flow to
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cal memory. The innate system includes physi-
cal and chemical barriers as well as immune
cells such as macrophages and neutrophils,
which recognize pathogen-associated molecu-
lar patterns (PAMPs) and damage-associated
molecular patterns (DAMPs) through pattern
recognition receptors (Roh & Sohn, 2018).
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This detection triggers phagocytosis and the
release of inflammatory mediators such as
cytokines and chemokines. When the innate
response is insufficient, dendritic cells (antigen-
presenting cells) activate the adaptive immune
system, leading to B and T cell-mediated re-
sponses and the development of immunologi-
cal memory (Chaplin, 2010).

Neuroinflammation refers to the localized
immune response within the central ner-
vous system (CNS), primarily mediated by
microglia and astrocytes, which are essential
for maintaining CNS homeostasis and resolv-
ing injury or infection (DiSabato et al., 2016).
This immune activity functions similarly to
systemic inflammation, aiming to eliminate
pathogens and damaged cells, as well as to
facilitate tissue repair. Neuroinflammation is
typically classified as acute or chronic. Acute
neuroinflammation is a rapid and transient
response, characterized by the recruitment
of immune cells and the release of proinflam-
matory cytokines, and usually resolves once
the harmful stimulus is eliminated. In contrast,
chronic neuroinflammation represents a sus-
tained immune response, often resulting from
unresolved acute processes or continuous
exposure to damaging stimuli. This leads to
persistent glial activation, prolonged cytokine
production, and progressive tissue damage,
contributing to the pathogenesis of various
neurological disorders (Lisak & Benjamins,
2013). Understanding the transition between
these inflammatory states is crucial for the
development of therapeutic interventions
targeting CNS diseases.

An important aspect to consider is the inter-
action between systemic inflammation and
neuroinflammation. Peripheral inflaimmatory
signals can access the central nervous system
(CNS) by crossing the blood-brain barrier

!

(BBB), thereby activating glial cells and initi-
ating neuroinflammatory cascades (DeMaio
et al, 2022). Moreover, when the BBB is
compromised, peripheral immune cells may
infiltrate the CNS, further amplifying the neu-
roinflammatory response.

It is noteworthy that neuroinflammation can
also originate in the absence of direct periph-
eral immune activation. For example, psycho-
logical stress can trigger glial activation via stim-
ulation of the hypothalamic—pituitary—adrenal
(HPA) axis, leading to the release of glucocor-
ticoids and the production of proinflammatory
cytokines (Woodburn et al., 2021). Likewise,
metabolic disorders such as obesity or diabe-
tes, as well as exposure to toxins, can contrib-
ute to neuroinflammatory responses through
oxidative stress and mitochondrial dysfunc-
tion. Taken together, these findings highlight
the multifactorial nature of neuroinflammation
and the broad range of systemic conditions ca-
pable of initiating or sustaining it.

2. MAIN CELLULARAND
MOLECULAR MECHANISMS
OF NEUROINFLAMMATION

As previously mentioned, the activation
of microglia and astrocytes is a hallmark of
neuroinflammation, in which these glial cells
respond to CNS injury or disease by adopt-
ing a reactive state. Microglia, as the resident
immune cells of the CNS, become activated
in response to injury or infection and release
proinflammatory cytokines, reactive oxy-
gen species (ROS), endoplasmic reticulum
stress, among other mediators that propa-
gate the inflammatory cascade (Woodburn
et al., 2021). Astrocytes, another key glial
population, also become reactive, undergo-
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ing morphological changes and contributing
to inflammation through the release of cyto-
kines and by modulating the integrity of the
BBB (Liddelow et al., 2024). In turn, microglia
respond to systemic signals by releasing cyto-
kines such as TNF-a, IL-1, and IL-6, further
intensifying the immune response (Cémitre-
Mariano et al., 2024).

Cytokines act as mediators of intercellular
communication, regulating the activation and
inhibition of immune cells. Elevated levels
of proinflammatory cytokines exacerbate
neuronal damage, facilitate the infiltration of
immune cells, and disrupt synaptic function,
thereby contributing to the progression of
neurodegenerative diseases. This immune-
mediated neuroinflammatory process is a
common feature in disorders such as Al-
zheimer’s disease, Parkinson’s disease, and
multiple sclerosis.

Alongside cytokines, a subfamily known as
chemokines plays a crucial role in chemotaxis,
directing the migration of immune cells to-
ward areas of injury or infection. Chemokines
are classified into four main subfamilies (CC,
CXC, CX3C, and XC); in particular, CCL che-
mokines (C—C motif ligands) are significant for
their role in recruiting immune cells via CCR
receptors. These receptors are expressed in
various brain regions, including the cerebral
cortex, hippocampus, thalamus, basal ganglia,
and amygdala, where their activation has been
associated with both neuromodulation and
the activation and recruitment of microglia
and astrocytes (Ahearn et al., 2021).

Beyond their immunological role, astrocytes
also regulate synaptic glutamate clearance
and help maintain excitatory neurotransmis-
sion. Their activity is modulated by neuronal
signaling, including dopaminergic transmis-
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sion, and in turn, astrocytes influence the
excitability of dopaminergic neurons and
synaptic plasticity (Guidolin et al., 2023). Like
microglia, astrocytes respond to injury or
pathological stimuli by releasing proinflamma-
tory cytokines, with a response that can also
be triggered by chronic exposure to psycho-
active substances.

The blood-brain barrier (BBB), composed
of endothelial cells, astrocytes, and pericytes,
is essential for maintaining CNS homeostasis.
During neuroinflammation, its integrity may be
compromised, allowing the infiltration of im-
mune cells and peripheral molecules into brain
tissue. This dysfunction amplifies neuroinflam-
mation and accelerates the progression of neu-
rodegenerative diseases (Habbas et al., 2015).
Therefore, understanding glial activation, cy-
tokine signaling, and BBB disruption is critical
for the development of therapeutic strategies
aimed at counteracting neuroinflammation and
its consequences (Takata et al., 2021).

3. CAUSES AND TRIGGERING
FACTORS

Neuroinflammation can be triggered by a va-
riety of causes, including infections, trauma,
and neurodegenerative diseases. Infections
of viral, bacterial, or fungal origin can activate
the immune response within the central ner-
vous system (CNS), leading to neuroinflam-
matory processes. Traumatic brain injuries
and spinal cord injuries also initiate neuroin-
flammatory responses that amplify second-
ary damage and impair repair processes and
functional recovery.

Neurodegenerative diseases such as Alzheim-
er’s disease, Parkinson’s disease, and multiple
sclerosis are characterized by chronic neuro-
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inflammation, which exacerbates neuronal
damage and accelerates disease progression
(Zhang et al., 2023). Environmental factors,
such as exposure to pollutants, pesticides,
and heavy metals, can influence neuroinflam-
mation by disrupting cellular homeostasis
and promoting oxidative stress (O’Callaghan
& Miller, 2019). In addition, genetic factors
play a crucial role, as certain polymorphisms
in genes related to immune function and in-
flammatory processes may predispose indi-
viduals to an exaggerated neuroinflammatory
response (Lindahl & Bryceson, 2022; Zhang
et al., 2023). Understanding the interaction
between these triggering factors is essential
for the development of targeted therapies
aimed at mitigating neuroinflammation and its
detrimental effects on CNS.

4. FUNCTIONAL
CONSEQUENCE OF
NEUROINFLAMMATION

Neuroinflammation significantly impacts syn-
aptic plasticity and neurotransmission, lead-
ing to various functional consequences within
the central nervous system (CNS) (Di Filippo
et al., 2008). During this process, the release
of proinflammatory cytokines, reactive oxy-
gen species (ROS), and chemokines disrupts
the delicate balance between excitatory and
inhibitory neurotransmission (Malaguarnera
et al., 2021; Viviani et al., 2003), negatively
affecting key mechanisms of synaptic plastic-
ity such as long-term potentiation (LTP) and
long-term depression (LTD), which are essen-
tial for learning and memory processes (Rizzo
et al, 2018; Taoro-Gonzalez et al., 2019). A
key consequence of this dysfunction is cogni-
tive impairment, commonly observed in con-
ditions associated with chronic neuroinflam-
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mation, including neurodegenerative diseases,
neurometabolic disorders, and substance use
disorders (SUDs) (Montagud-Romero et al.,
2022). Additionally, mood alterations and be-
havioral changes may arise due to disrupted
signaling in the dopaminergic and glutamater-
gic systems. Dopaminergic hypoactivity in the
mesocorticolimbic system is associated with
anhedonia, loss of motivation, and depressive
symptoms, while glutamatergic hyperactivity
in regions such as the prefrontal cortex and
amygdala may promote anxiety, impulsivity,
and increased stress reactivity.

For example, in SUD models, chronic drug
exposure has been shown to disrupt glutama-
tergic homeostasis, increasing relapse vulner-
ability and exacerbating anxious-depressive
symptoms (Koob & Volkow, 2016). Chronic
neuroinflammation can also impair neuro-
genesis in the hippocampus, further affecting
memory processes and emotional regulation
(Belarbi et al., 201 1).

5.NEUROINFLAMMATION
AND ADDICTION

The development of addictive disorders re-
lated to substance use results from a complex
interaction between genetic predispositions
and environmental influences. Given the dy-
namic nature of the immune system, which
constantly adapts to internal and external
stimuli, it is essential to interpret the mech-
anisms of neuroinflammation in addiction
within a broader biological and contextual
framework. Factors such as sex, age, and en-
vironmental exposure significantly modulate
neuroimmune responses and must be con-
sidered to accurately determine causal links
in the pathophysiology of addiction.
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Psychoactive substances can disrupt the regu-
lation of the immune system through various
mechanisms, interfering with essential pro-
cesses that maintain physiological homeo-
stasis. These agents can destabilize circadian
rhythms, affecting sleep—wake cycles and,
consequently, immune surveillance and CNS
function (Irwin & Opp, 2016). They may also
impair thermoregulation, causing fluctuations
in body temperature that influence inflamma-
tory signaling pathways. Additionally, these
substances often suppress appetite, poten-
tially leading to nutritional deficiencies that
weaken both innate and adaptive immune
responses. Dehydration is another common
effect, whether due to reduced intake or
increased fluid loss, further aggravating cel-
lular and metabolic imbalances. Moreover,
many of these substances increase circulating
glucocorticoid levels, compounds known to
modulate immune function and glial cell re-
activity (Walker & Spencer, 2018). Substance
use also alters the composition of the gut
microbiota, which can compromise intesti-
nal barrier integrity and promote the release
of proinflammatory cytokines that reach the
brain, activate the HPA axis, and contribute
to neuroinflammation. These microbiota-
induced immune responses affect, among
others, the dopaminergic systems, potentially
exacerbating stress-related behaviors and
vulnerability to addiction (Garcia-Cabrerizo
& Cryan, 2024). Taken together, these altera-
tions create a physiological context in which
the immune system becomes more prone to
dysregulation and overactivation.

Chronic exposure to drugs of abuse alters
dopamine (DA) and glutamate levels, dis-
rupting neurotransmitter homeostasis and
increasing the risk of excitotoxicity. Excessive
release of DA and/or glutamate activates
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their respective receptors expressed on glial
cells, thereby amplifying the inflammatory
signal by stimulating the release of cytokines
and chemokines, creating a positive feedback
loop that promotes neuroinflammation (Tay-
lor et al., 2005). These mechanisms not only
exacerbate neuronal damage, but may also
facilitate the persistence of neuroinflamma-
tion in addiction-related pathologies.

In addition to mechanisms arising from dis-
rupted neurotransmission, there are pro-
cesses directly associated with inflammatory
events. Microglia and astrocytes express a
wide range of pattern recognition receptors
(PRRs), including Toll-like receptors (TLRs),
which detect molecular signals associated
with cellular stress, tissue damage, and per-
sistent exposure to xenobiotics. Activation
of these receptors induces the production
and release of proinflammatory cytokines
and chemokines, perpetuating the local im-
mune response in the brain (Lacagnina et al.,
2016; Pascual, Calvo-Rodriguez, et al., 2021).
In particular, the involvement of TLRs has
been linked to chronic neuroinflammatory
states associated with prolonged substance
use, suggesting a key mechanism by which
disrupted homeostasis leads to a maladaptive
neuroimmune activation.

The following section describes the relation-
ship between the use of different drugs and
their effects on underlying neuroinflamma-
tory mechanisms.

Methamphetamine: Methamphetamine
disrupts mitochondrial energy metabolism,
leading to increased oxidative stress, apop-
tosis, and neuroinflammation. This neuroin-
flammatory response involves the release of
proinflammatory cytokines and the activation
of microglia.
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Elevated levels of dopamine (DA) and gluta-
mate induced by methamphetamine use fur-
ther exacerbate neuroinflammation. Excess
DA induces toxicity through two main mecha-
nisms: its auto-oxidation, which produces tox-
ic quinones that contribute to oxidative stress,
mitochondrial dysfunction, and presynaptic
membrane damage via the generation of re-
active oxygen species (ROS); and its enzymat-
ic oxidation by monoamine oxidase (MAQO),
which also generates ROS, leading to cellular
damage and death (Kohno et al,, 2019). On
the other hand, increased glutamate release
in the prefrontal cortex activates the metabo-
tropic glutamate receptor 5 (mGIuR5), which,
via the AKT/PI3K signaling pathway, induces
the nuclear translocation of transcription fac-
tors such as NF-kB, promoting the expres-
sion of proinflammatory cytokines (Shah et
al., 2012). Specifically, elevated interleukin-6
(IL-6) levels in individuals with a history of
methamphetamine use correlate with in-
creased resting-state functional connectivity
between the nucleus accumbens, amygdala,
and hippocampus, and decreased connectiv-
ity between the dorsolateral prefrontal cor-
tex and the striatum. These alterations may
be associated with deficits in emotional and
cognitive regulation in methamphetamine us-
ers (Kohno et al., 2014, 2018). In addition to
these central mechanisms, peripheral immune
activation has also been reported, associated
with cognitive impairments and abnormali-
ties in prefrontal and striatal function (Felger
et al., 2016), suggesting that neuroinflamma-
tion contributes to the mesocorticolimbic and
cognitive deficits typically observed in meth-
amphetamine use disorder.

Activation of DI and D2 dopamine recep-
tors on microglia promotes their migration
(Felger et al., 2016) and microglial activation
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is known to precede methamphetamine-in-
duced degeneration of dopaminergic termi-
nals in the striatum (Felger et al., 2016). Indi-
viduals with methamphetamine use disorder
typically exhibit low D2 receptor availability,
which negatively correlates with functional
connectivity within the mesolimbic system
(Thomas et al., 2004). These findings indicate
that methamphetamine exposure activates
neuroinflammatory pathways in brain regions
where users show persistent deficits in gray
matter volume and brain function (Huang et
al., 2020). Similar results have been observed
in long-term abstinent methamphetamine us-
ers (Nie et al.,, 2020). These effects may be
explained, at least in part, by the fact that
methamphetamine induces neuronal death
through the modulation of mitochondrial
pathways in the brain (Kim et al., 2020).

Post-mortem studies suggest that metham-
phetamine use increases oxidative stress,
as evidenced by elevated levels of lipid per-
oxidation markers in the striatum, cerebral
cortex, and cerebellum (Fitzmaurice et al.,
2006). However, other studies indicate that
the generated free radicals are not sufficient
to induce a compensatory increase in endog-
enous antioxidants such as glutathione in the
brains of chronic methamphetamine users
(Watling et al., 2023). Although oxidative
stress and inflammation could lead to reactive
gliosis, findings in methamphetamine users
remain controversial. Some studies report
no significant gliosis, while others observe it
in the striatum of individuals with a history
of methamphetamine use (Kitamura et al.,
2010; Moszczynska et al., 2004).

Finally, peripheral inflammatory markers have
also been detected in the blood of individu-
als with a history of methamphetamine use
(Watling et al., 2023), further supporting the
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hypothesis that the inflammatory response
induced by methamphetamine is not limited
to the central nervous system (CNS) but may
involve complex interactions with peripheral
immune mechanisms.

Cocaine: Cocaine shares several neuro-
chemical and neuroinflammatory mechanisms
with methamphetamine, including the in-
crease in dopamine (DA) and glutamate levels,
both of which contribute to the amplification
of inflammatory signaling. However, meth-
amphetamine induces a more pronounced
elevation of extracellular DA and has lower
synaptic clearance compared to cocaine, re-
sulting in more prolonged dopaminergic activ-
ity (Koob, 1998). This mechanism, combined
with methamphetamine’s significantly longer
half-life (Jufer et al., 2000), may explain its
more persistent behavioral effects, as well as
the greater oxidative stress and dopaminergic
neurotoxicity associated with its use.

At the cellular level, post-mortem studies in
individuals with a history of cocaine use have
shown significant microglial activation (Little
et al., 2009), as well as signs of astrogliosis,
particularly in subcortical regions (Tondo
et al, 2021). Additionally, cocaine use has
been associated with structural abnormali-
ties in white matter, including reactive gliosis
and disruption of axonal microarchitecture,
especially within limbic and striatal circuits
(King et al., 2022). Recent evidence also high-
lights the involvement of Toll-Like Receptor
4 (TLR4) signaling in the neuroinflammatory
effects induced by cocaine. Specifically, co-
caine-mediated downregulation of miR-124
(microRNA-124) has been shown to acti-
vate microglia via the KLF4-TLR4 pathway
(Periyasamy et al., 2018). This mechanism
may also be shared with ethanol, as TLR4 has
been implicated in enhancing the rewarding
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effects of both substances following social
stress exposure (Ferrer-Pérez, Escriva Mar-
tinez, et al., 2018a; Gonzalez-Portilla et al.,
2023; Montagud-Romero et al., 2021).

It is important to note that cocaine-induced
neuroinflammation is not limited to glial acti-
vation. Recent studies have shown that peri-
cytes—key components of the neurovascular
unit—also contribute to the inflammatory
profile. Cocaine exposure induces cytokine
production and alters autophagy in pericytes,
which may compromise BBB function (Sil et
al., 2018). Supporting this, a post-mortem
study of individuals who died from acute co-
caine and/or heroin intoxication revealed ele-
vated immunoreactivity for CD3 and ICAM-|
in brain tissue, suggesting T cell infiltration and
endothelial activation, hallmarks of BBB disrup-
tion. These central effects are also reflected at
the peripheral level. Additionally, in heroin us-
ers, a signiﬁcant decrease in the expression of
the tight junction protein ZO-| was observed
(Moretti et al., 2019), further reinforcing evi-
dence of compromised BBB integrity.

Cocaine use has also been associated with
systemic immune alterations: acute exposure
leads to a decrease in IL-6 (Irwin et al., 2007),
whereas chronic use results in elevated levels
of proinflammatory cytokines (for example:
IL-6) and a reduction in IL-10, a key anti-in-
flammatory cytokine (Moreira et al., 2016)
These findings indicate that the inflamma-
tory response associated with cocaine use is
not restricted to the central nervous system
(CNS) but reflects a broader systemic im-
mune dysregulation.

Opioids: Opioids, such as morphine, are
potent analgesics used in clinical settings, but
they are also among the most abused sub-
stances. Like other drugs of abuse, opioids
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can activate multiple neuroimmune signaling
pathways, leading to neuroinflammation and
contributing to the development of toler-
ance, dependence, and opioid-induced hy-
peralgesia (Eidson & Murphy, 2019). One of
the main mechanisms involves the activation
of microglia and astrocytes, resulting in the
release of TNF-o, IL-1B, and chemokines.
These mediators interfere with the analgesic
efficacy of opioids and promote the develop-
ment of central sensitization (Eidson & Mur-
phy, 2019).

A critical pathway involved in this process is
the Toll-Like Receptor 4 (TLR4) pathway. It
has been demonstrated that certain opioids,
such as morphine, exhibit dual action: on the
one hand, they act as stereoselective agonists
of the classical opioid receptors (L, 9, k); on
the other hand, they can also function as non-
stereoselective agonists of TLR4, thereby ac-
tivating glial cells and increasing the release of
proinflammatory cytokines. This latter effect
is independent of the activation of classical
opioid receptors (Hutchinson et al., 2008).
Notably, the (+)-naloxone enantiomer,
which lacks activity at opioid receptors, has
been shown to antagonize TLR4, attenuating
opioid-induced glial activation and suggesting
a promising strategy to reduce adverse ef-
fects without compromising analgesic efficacy
(Hutchinson et al., 2008).

In addition, opioids affect the integrity of the
BBB. For example, morphine exposure has
been shown to alter the interaction between
astrocytes and pericytes. Specifically, astro-
cytes exposed to morphine release extracel-
lular vesicles enriched with miR-23a, which
reduces pericyte coverage of the endothe-
lium and increases BBB permeability (Liao et
al., 2022). This alteration may facilitate the in-
filtration of peripheral immune cells into the

!

CNS, thereby amplifying the neuroinflamma-
tory response.

Atthe neuronal circuit level, opioid withdrawal
has also been shown to activate inflammatory
gene programs. Single-cell RNA sequencing
studies in the central amygdala during with-
drawal have revealed increased expression of
TNF-a and other inflammatory genes in glial
cells, suggesting a potential role for localized
neuroinflammation in the negative affective
states associated with dependence (Seney et
al., 2021). Additionally, the ventral midbrain, a
core region of the mesolimbic reward system
enriched in dopaminergic neurons and opi-
oid receptors, has been identified as a critical
site where opioids induce glial activation and
neuroinflammatory responses that contribute
to the neuroadaptations underlying addiction
(Wei et al., 2023).

Taken together, opioids promote neuroin-
flammation through glial activation, TLR4
signaling, disruption of the BBB, and the ex-
pression of inflammatory genes during with-
drawal. These mechanisms contribute both
to the loss of analgesic efficacy and to the
development and maintenance of opioid use
disorder.

Alcohol: Alcohol is a toxic compound
whose acute or chronic consumption affects
multiple physiological systems. Its conse-
quences include immune dysfunction, intes-
tinal dysregulation with increased epithelial
permeability, reduced antimicrobial and an-
tiviral defense, neuroinflammation, and liver
toxicity. Notably, the infllmmatory profile
associated with alcohol is not limited to the
brain, but also affects peripheral systems. In
addition to the increase in proinflammatory
cytokines observed with other psychoactive
substances, alcohol has also been shown to
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elevate chemokine levels in both the liver and
the central nervous system.

In fact, several studies have shown that chronic
alcohol consumption can directly induce neu-
roinflammation, characterized by microglial
activation and increased expression of proin-
flammatory cytokines, even in the absence of
liver disease (Fernandez-Lizarbe et al., 2009).
In parallel, alcohol-induced hepatic inflamma-
tion can lead to the systemic release of cyto-
kines, which may contribute to brain inflamma-
tion. Supporting this interaction, a recent study
suggests a link between liver dysfunction and
brain damage in individuals with alcohol use
disorder, even in the absence of overt hepatic
pathology (Lanquetin et al., 2021). However,
the causal relationship between hepatic inflam-
mation and neuroinflammation in this context
has not yet been fully elucidated, and further
research is needed.

Ethanol-induced microglial activation, inflam-
matory mediator release, and apoptosis are
significantly reduced in microglia from TLR4-
deficient mice, highlighting the key role of this
receptor in the activation of NF-kB and the
subsequent transcription of proinflammatory
genes and suppression of the anti-inflamma-
tory cytokine IL-10 (Alfonso-Loeches et al,
2010; Fernandez-Lizarbe et al., 2009). Genes
involved in the innate immune system, includ-
ing NF-kB, exhibit differential expression be-
tween rodent strains with high and low alcohol
consumption (Mulligan et al., 2006) as well as
in post-mortem brain tissues from individuals
with alcohol dependence (Liu et al., 2006).

In addition to cytokines, chemokines are also
altered in alcohol-induced neuroimmune re-
sponses. Post-mortem studies have shown in-
creased levels of CCL2 in brain regions asso-
ciated with addiction—such as the ventral teg-
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mental area, hippocampus, and amygdala—as
well as elevated levels of CCL5, CXCLS8, and
their receptors CCRI| and CXCR4 in the or-
bitofrontal cortex, linking chemokine signaling
to glial activation and neuroinflammation. In
particular, the CCL2-CCR?2 interaction fa-
cilitates microglial recruitment and activation,
connecting alcohol exposure with neuronal
dysfunction mediated by immune mecha-
nisms (Vetreno et al., 2021) At the periph-
eral level, chemokine profiles reflect sex- and
age-related differences, with higher levels of
CX3CLI and IL-8 observed in adolescent fe-
males following alcohol intoxication (Pascual,
Montesinos, Marcos, et al., 2017). Moreover,
genetic deletion of CCR2, CCL2 (MCP-1),
or CCL3 in murine models reduces both al-
cohol consumption and alcohol preference,
suggesting that chemokine signaling pathways
modulate the motivational effects of alcohol
(Blednov et al., 2005).

Recent studies have highlighted the crucial
role of neuroinflammation in mediating the
harmful effects of alcohol, particularly dur-
ing adolescence, a key stage in brain devel-
opment. It is known that episodic ethanol
exposure activates receptors of the innate
immune system, especially TLR4, triggering
microglial activation and the production of
proinflammatory cytokines and chemokines
(suchas IL-1B, IL-6, CX3CLI, MCP-1) (Mella-
do etal.,, 2023; Montesinos et al., 2015, 2016;
Pascual, Montesinos, Montagud-Romero, et
al., 2017). This immune activation contributes
to deficits in synaptic and myelin-related pro-
teins, dendritic spine remodeling, and long-
term cognitive alterations, including memory
dysfunction and increased vulnerability to al-
cohol dependence (Montesinos et al., 2015,
2016; Pascual, Lopez-Hidalgo, et al., 2021).
However, TLR4-deficient mice are protected

de
Drogodependencias

50 (2) 2025



Michele Malaguarnera, Marta Rodriguez-Arias, José Miﬁarro—LépezY

against these ethanol-induced neuroimmune,
structural, and behavioral alterations, under-
scoring the central role of TLR4 in alcohol-
related neurotoxicity (Pascual, Montesinos,
Montagud-Romero, et al., 2017).

Finally, fetal alcohol exposure disrupts neu-
rodevelopment through maternal—fetal im-
mune activation, also mediated by TLR4-
dependent pathways, leading to persistent
neurobehavioral abnormalities, as observed
in animal models of fetal alcohol syndrome
(Pascual, Montesinos, Montagud-Romero, et
al., 2017).

Taken together, these findings suggest that
neuroimmune signaling, particularly TLR4-
mediated, plays a key role in the cognitive
and behavioral impairments induced by alco-
hol, independently of liver damage, and may
represent a promising target for the develop-
ment of therapeutic interventions.

6. STRESS AND IMMUNE
SYSTEM

The response to different stressful events is
an adaptive strategy that, in the past, helped
us cope with situations that could compro-
mise our survival (Ulrich-Lai & Herman,
2009). Today, in our daily lives, we face per-
sistent and routine stressors within the con-
text of a complex social environment (Pearlin
& Skaff, 2004). Events such as workplace rela-
tionships, family conflicts, or illness can trigger
inappropriate responses that are no longer
adaptive in modern society. Chronic expo-
sure to stress can lead to persistent physi-
ological and psychological responses that
are associated with various diseases, such as
obesity, depression, and even the develop-
ment of certain types of cancer (Hartsell &

!

Neupert, 2019; Krizanova et al., 2016). Stress
contributes to increased morbidity and ear-
lier mortality across nearly all studied species
(Bath et al., 2017).

Recently, inflammatory processes have
emerged as a key biological mechanism in
the interaction between stress and stress-
related diseases (Rohleder; 2014). The neu-
rohormonal response to stressors has a deep
impact on immune system function (Padgett
& Glaser, 2003). Activation of the HPA axis
and the sympathetic-adrenomedullary (SAM)
system, along with their respective neuroen-
docrine cascades, leads to the release of glu-
cocorticoids and catecholamines (adrenaline
and noradrenaline). Cells of both the innate
and adaptive immune systems, such as mac-
rophages and lymphocytes, express recep-
tors sensitive to the neuroendocrine prod-
ucts of these axes.

7.STRESS AND ADDICTION

Stress is a well-established risk factor for the
development of SUDs. Among the various
types of stress, social stress is particularly rel-
evant due to its significant impact on mental
health and addictive behavior (Koob, 2021).
Human studies have shown that stressful ex-
periences, such as bullying or social isolation,
increase the likelihood of developing addic-
tions (Sinha, 2007). Several studies have also
linked stress to different stages of addiction,
including initiation, maintenance, escalation,
and relapse in drug use (Koob, 2008; Koob &
Schulkin, 2019a).

Drug addiction is considered a biopsychoso-
cial disorder that, over time, leads to a loss of
control over substance use (Kalivas & Volkow,
2005) with relapse being an integral part of
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this process. Stressful events have been iden-
tified as a risk factor that interacts with bio-
logical vulnerabilities, increasing susceptibility
to SUDs (Ruisoto & Contador, 2019). More-
over, certain stages of addiction, such as the
negative emotional state experienced during
withdrawal or in relation to the adverse con-
sequences of drug use, can trigger physiologi-
cal and psychological stress responses, there-
by completing the cycle of drug addiction and
stress (Koob & Schulkin, 2019b).

Various mechanisms may explain stress-
induced vulnerability to developing SUDs,
among which alterations in corticotropin-re-
leasing factor (CRF) (Zorrilla et al., 2014), and
in the dopaminergic neurotransmission sys-
tem are particularly notable (Reguilén et al.,
2017). There is substantial overlap between
the neurobiological substrates involved in the
stress response and those implicated in drug
addiction.

The main control structures of the neuroen-
docrine response to stress are the HPA axis
and the SAM axis. In response to a stressful
situation, the HPA axis releases CRF from the
paraventricular nucleus of the hypothalamus,
which is secreted into the portal circulation
system that connects the hypothalamus with
the anterior pituitary. Additionally, CRF ax-
ons project to extrahypothalamic regions
such as the extended amygdala and the ven-
tral tegmental area (VTA). The presence of
CRF in these regions increases the activity of
dopaminergic neurons, which project to oth-
er areas of the reward pathway, including the
nucleus accumbens, amygdala, and prefrontal
cortex. Hyperactivity of the dopaminergic
system within the mesolimbic pathway results
in increased sensitivity to the rewarding and
motor effects of various drugs of abuse, in-
cluding cocaine. Moreover, the CRF-induced
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increase in dopamine levels in structures such
as the extended amygdala is particularly rel-
evant during withdrawal.

8. THE IMPORTANCE OF
SOCIAL STRESS

The main source of stress in humans arises
from tensions and conflicts in social interac-
tions (Dickerson & Kemeny, 2004; Tamashiro
et al., 2005). Social stress experiences, such
as isolation or bullying in the workplace (or
at school), are associated with higher rates
of drug abuse and increased vulnerability to
relapse following periods of detoxification
(Heilig et al., 2016; Niedhammer et al., 2009;
Sullivan et al., 2006).

One approach to studying stress-induced vul-
nerability to mental disorders is through the
use of animal models. Animal models have
made it possible to investigate the causal ef-
fects of social stress on addiction and have
revealed the underlying neurobiological
mechanisms. Among the various paradigms
used to model social stress in rodents, social
defeat (SD) is considered the most represen-
tative for simulating the reality of dominance
and subordination relationships in humans
(Hammels et al., 2015; Selten et al., 2013).
The resident—intruder paradigm is based on
the territorial attack of a resident male against
an intruder of the same species, allowing re-
searchers to study the short- and long-term
behavioral and physiological consequences of
social stress (Montagud-Romero etal., 2018) .

Social stress experiences using SD protocols
lead to increased consumption of various
drugs, such as cocaine, heroin, and alcohol,
using paradigms like oral self-administration
(Rodriguez-Arias et al., 2016; Rodriguez-
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Arias et al., 2017). Additionally, SD has been
shown to facilitate the reinstatement of
drug-seeking behavior in experimental para-
digms such as conditioned place preference
(CPP) (Montagud-Romero et al., 2018) with
these effects persisting long-term after the
last stress episode. Studies using this model
have observed increased activity in the me-
solimbic dopaminergic system, specifically in
the VTA and the nucleus accumbens (NAcc),
critical regions involved in the regulation of
pleasure and reward (Holly & Miczek, 2016)
which enhance the response to drugs of
abuse (Volkow et al., 2019). Furthermore,
reduced D2 dopamine receptor levels in the
striatum because of this type of stress have
been associated with increased compulsive
substance use (Morgan et al., 2002).

Social stress can also induce epigenetic modi-
fications, such as DNA methylation and his-
tone modifications, which affect the gene
expression related to addiction (Nestler,
2014). Several studies have shown that mice
exposed to social stress exhibit epigenetic
changes in genes that regulate the reward
system, increasing their susceptibility to drug
use (Robison & Nestler, 201 ).

9.SOCIAL STRESS,
NEUROINFLAMMATION
AND DRUG ABUSE

The immune system and the HPA axis are
bidirectionally connected, so exposure to
stressful experiences alters this axis, activating
the immune system and triggering proinflam-
matory mechanisms (Haroon etal., 2012; Mi-
chopoulos et al., 2017; Silverman et al., 2004;
Tracey, 2009). Although SD stress is directly
associated with increased consumption of

!

various drugs, the exact mechanisms involved
have not yet been fully elucidated. There is
currently no doubt that social stress activates
the inflammatory system in the brain, increas-
ing the number of macrophages, stimulating
microglia and leukocytes, and altering periph-
eral cells and inflammatory mediators (Pfau
& Russo, 2016; Rodriguez-Arias et al., 2018;
Stankiewicz et al., 2015). All these findings
suggest that social stress acts as an activator
of the inflammatory system and is a key fac-
tor contributing to heightened sensitivity to
the reinforcing effects of drug use.

Short- and long-term increases in proinflam-
matory cytokines, such as TNF-a, IL-6, and
IL-1B, have been observed following chronic
and intermittent exposure to SD in various
brain regions (including the striatum, pre-
frontal cortex, and hippocampus) in both
mice and rats (Ben-Azu et al., 2020; Deng
et al,, 2019; Ferle et al., 2020; Ferrer-Pérez,
Reguildn, et al., 2018; Gao et al., 2019; Jiang
et al., 2020; Kopschina Feltes et al., 2019;
Montagud-Romero et al., 2020; Nozaki et al.,
2020; Tian et al., 2019). Levels of other cyto-
kines such as IL-7, IL-10, IL-12, IL-17, and IL-
I8 also increase in limbic areas either imme-
diately or several days after the last agonistic
encounter in rodents subjected to chronic SD
(Finnell et al., 2019; Nozaki et al., 2020; Song
etal., 2020).

In mice, most cytokines elevated in brain re-
gions are also found to be increased in pe-
ripheral blood (Jiang et al., 2020; L. Liu et al.,
2019; Niraula et al., 2019; Zhu et al., 2019).
Similarly, immediate and persistent changes
in chemokine levels have been described fol-
lowing SD in various brain regions of defeat-
ed mice (Montagud-Romero et al., 2020; Re-
guilén et al., 2020). Unlike IL-6, CX3CLI may
play a neuroprotective or neurotoxic role
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depending on the nature of the neuroinflam-
matory event (Sheridan & Murphy, 2013). SD
has been shown to reduce CX3CLI levels
in the striatum (Montagud-Romero et al.,
2020), while cocaine exposure induces tran-
sient increases in CX3CLI| concentrations in
the hippocampus (Montesinos et al., 2020),
suggesting a chemokine-specific response to
social stress.

An increase in striatal levels of the chemo-
kines CX3CLI| and CXCLI2 has been ob-
served in defeated mice, both immediately
after the last defeat episode and following
ethanol self-administration (Reguilén et al.,
2020, 2021a). TLR4 appears to play a critical
role in the increased consumption of cocaine
or alcohol following intermittent SD, as these
increases are absent in TLR4 knockout mice
(Montagud-Romero et al., 2021).

SD stress also affects the integrity of BBB.
Under non-stressful conditions, cytokines
in peripheral blood can only cross into the
CNS through circumventricular organs and
specific cytokine transporters (Zhu et al.,
2019). Mice exposed to intermittent SD dur-
ing adolescence and evaluated in adulthood
show a marked reduction in the expression
of the tight junction protein claudin-5 and
an increase in basal laminin degradation in
the NAcc and the hippocampus, leading to
increased BBB permeability (Kernagis & Las-
kowitz, 2012; Rodriguez-Arias et al., 2017).
A leaky BBB facilitates the transmission of
inflammatory signals to the CNS. When cy-
tokine receptors present on endothelial cells
are activated, they induce the production of
additional inflammatory cytokines and other
mediators such as prostaglandins (Bebo &
Linthicum, 1995; Ericsson et al., 1997; Val-
lieres & Rivest, 1999). The work of Lehm-
ann’s group (Lehmann et al., 2018, 2020) sug-
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gests that, in animals susceptible to SD, the
immune response in the CNS is mediated by
vascular damage and blood leakage through
the BBB. These susceptible mice present with
focal microhemorrhages in the BBB (Lehm-
ann et al.,, 2020). In contrast, resilient animals,
which do not exhibit depressive-like behav-
iors or increased BBB permeability, appear
to display vascular adaptations that preserve
barrier integrity.

Several pharmacological and environmen-
tal interventions can influence the effects of
stress on the organism, and several studies
support the hypothesis that this protective
effect is due to actions on the neuroinflam-
matory response. In line with these findings,
antidepressant and anxiolytic treatments ad-
ministered to defeated animals have been
shown to reverse anxiety- and depression-
like behaviors, while preventing immune im-
pairment and endocrine disruption (Beitia et
al., 2005; Fuertig et al., 2016; Ramirez et al.,
2016; Ramirez & Sheridan, 2016). Lorazepam
and clonazepam attenuate the mRNA ex-
pression of corticotropin-releasing hormone
in the hypothalamus and plasma corticoste-
rone levels, while blocking stress-induced
accumulation of macrophages (CDI Ib+/
CDA45high) in the CNS of mice exposed to
chronic social stress (Ramirez et al., 2016).
Stress-induced increases in plasma IL-6 are
prevented following administration of imipra-
mine and anxiolytics (lorazepam and clonaz-
epam), although only imipramine blocks the
development and trafficking of inflammatory
myeloid progenitor cells from the bone mar-
row to the blood and brain (Ramirez et al.,
2016; Ramirez & Sheridan, 2016).

On the other hand, anti-inflammatory treat-
ments such as indomethacin, administered to
mice prior to each SD episode, have been
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shown to prevent increases in IL-6 levels
without altering the anxiogenic consequences
of social stress (Ferrer-Pérez, Escriva Marti-
nez, et al., 2018b). Similar results have also
been observed with oxytocin administered
before each SD episode, which blocked the
increase in voluntary ethanol consumption
observed in defeated mice. Even more inter-
estingly, although increased striatal levels of
CX3CLI and CXCLI2 are typically observed
in defeated animals, defeated mice treated
with oxytocin did not show this increase in
the neuroinflammatory response (Reguilén
etal, 2021b).

Environmental interventions, such as physi-
cal activity, have been shown to modulate
mental function. The most studied form
of physical exercise in rodents is voluntary
wheel running, which enhances learning, in-
creases neurogenesis and angiogenesis, alters
various signaling molecules, and prevents
stress-related behavioral dysfunctions such
as social avoidance or anhedonia (Mul et al.,
2018; Pagliusi et al., 2020; Salam et al., 2009;
Watanasriyakul et al., 2018). Physical activity
in rats induces adaptive responses to stress
through regulation of the HPA axis (Pietrelli
et al., 2018). En un estudio en ratones, In a
study with mice, Reguilén et al. (2020) con-
firmed that wheel-running activity was able
to reverse the neuroinflammatory response
induced by SD, through a reduction in the
chemokines CX3CLI| and CXCLI2, while
also blocking the increase in ethanol intake
(Reguilén et al., 2020).

Another environmental factor that modu-
lates the stress response, not only in mice
but also in rats, is social enrichment, a posi-
tive housing condition that protects against
or reduces the negative consequences of so-
cial stress, such as anxiety (Gasparotto et al.,

!

2005; Nakayasu & Ishii, 2008; Neisewander
et al.,, 2012). Low-stress housing, either with
a female or with a male from adolescence (in
mice), blocks both the increase in the rein-
forcing effect of cocaine and the elevation of
the proinflammatory cytokine IL-6 (Ferrer-
Pérez et al., 2019).

The studies published to date leave no doubt
about the critical role of the neuroinflamma-
tory response in the effects of social stress.
SD stress induces a wide range of neuroin-
flammatory responses that can persist for
months. Blocking the immune response pro-
tects against the development of depression
and anxiety, as well as against stress-induced
increases in cocaine and alcohol consump-
tion. In this context, neuroinflammation has
emerged as a novel therapeutic target for the
treatment of stress-related disorders.

10. CONCLUSION

Alterations in the immune system, particu-
larly inflammatory processes, are directly
linked to psychiatric disorders and addictions.
There is a close interaction between periph-
eral inflammation and neuroinflammation,
mediated by the BBB and HPA axis. Stress
and SUDs may be mediated by these neuro-
endocrine mechanisms and by the dopami-
nergic system, helping to explain how stress
can facilitate both the initiation and relapse of
drug use. We have observed that SD stress
significantly activates the neuroinflammatory
response, altering both the immune system
and the integrity of the BBB, thereby facilitat-
ing the transmission of inflammatory signals
to the central nervous system and contrib-
uting to vulnerability to psychiatric and sub-
stance use disorders.
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Pharmacological interventions (such as anti-
depressants, anxiolytics, and anti-inflamma-
tory agents) and environmental interventions
(such as physical activity and social enrich-
ment) can reverse or attenuate neuroinflam-
matory responses induced by stress, high-
lighting their therapeutic value in counter-
acting the negative effects of chronic stress.
Ultimately, neuroinflammation emerges as a
central therapeutic target in addressing the
neurobehavioral effects of stress and its con-
nection to substance use disorders.
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