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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-1β, IL-6, and 
TNF-α. 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.

Abstract

Neuroinflammation, drugs, stress.

Keywords

https://orcid.org/0000-0002-7145-6377
https://orcid.org/0000-0002-1121-8879
https://orcid.org/0000-0002-5731-7821
https://doi.org/10.54108/10112


44 Revista Española
de

Drogodependencias 50 (2)  2025

Neuroinflammation, stress, and addictive drug use

1. INTRODUCTION

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 
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 

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-
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). 

Las drogas de abuso como los opiáceos, 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 transición de un consumo controlado a un patrón compulsivo.
La exposición al estrés, particularmente al estrés de carácter social, actúa como una variable 
crítica tanto para el inicio como el mantenimiento o la recaída en el consumo de drogas. Ac-
tualmente existen numerosas evidencias científicas de la estrecha relación entre el estrés, el 
consumo de drogas y el desarrollo de neuroinflamación. Estudios con modelos animales han 
demostrado que el estrés social actúa como un potente modulador del sistema inmunológico, 
promoviendo la activación de la microglía y la liberación de citocinas proinflamatorias como 
IL-1β, IL-6 y TNF-α. Esta respuesta inflamatoria altera la homeostasis neuronal, afectando re-
giones clave implicadas en el sistema cerebral de recompensa y el control ejecutivo, como el 
núcleo accumbens, la amígdala y la corteza prefrontal. El estrés social es una variable crítica en el 
desarrollo del TUS. Es capaz de activar del sistema inmunológico provocando neuroinflamación 
y estableciendo un circuito patológico entre el sistema de recompensa y el córtex prefrontal. 
Intervenciones farmacológicas que modulen la respuesta inmunitaria cerebral ofrecen nuevas 
estrategias para prevenir o tratar la adicción, especialmente en individuos con alta vulnerabilidad 
al estrés. Sustancias naturales o sintéticas con poder antioxidante y antinflamatorio ofrecen pro-
metedores resultados. Estos hallazgos preclínicos resaltan la importancia de la neuroinflamación 
y el estrés en la comprensión de la conducta adictiva.

Resumen

Neuroinflamación, drogas, estrés.
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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 inflammatory 
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 CELLULAR AND 
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-α, IL-1β, and IL-6, further 
intensifying the immune response (Cómitre-
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-

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-González et al., 2019). A 
key consequence of this dysfunction is cogni-
tive impairment, commonly observed in con-
ditions associated with chronic neuroinflam-

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., 2011).

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.



48 Revista Española
de

Drogodependencias 50 (2)  2025

Neuroinflammation, stress, and addictive drug use

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 (García-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 

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 (MAO), 
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 (mGluR5), which, 
via the AKT/PI3K signaling pathway, induces 
the nuclear translocation of transcription fac-
tors such as NF-κB, 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  D1 and D2 dopamine recep-
tors on microglia promotes their migration 
(Felger et al., 2016) and microglial activation 

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 

effects of  both substances following social 
stress exposure (Ferrer-Pérez, Escrivá Mar-
tinez, et al., 2018a; González-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-1 
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-1 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-α, IL-1β, 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 (μ, δ, κ); 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.

At the 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-α 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 inflammatory 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-κB 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-κB, 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-

mental area, hippocampus, and amygdala—as 
well as elevated levels of CCL5, CXCL8, and 
their receptors CCR1 and CXCR4 in the or-
bitofrontal cortex, linking chemokine signaling 
to glial activation and neuroinflammation. In 
particular, the CCL2–CCR2 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  
CX3CL1 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 
(such as IL-1β, IL-6, CX3CL1, MCP-1) (Mella-
do et al., 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, López-Hidalgo, et al., 2021). 
However, TLR4-deficient mice are protected 
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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 (Reguilón 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 

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 et al., 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; Rodríguez-
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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, 2011).

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 et al., 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; Rodríguez-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-α, IL-6, and 
IL-1β, 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, 
Reguilón, 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-
18 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 
et al., 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-
guilón et al., 2020). Unlike IL-6, CX3CL1 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 CX3CL1 levels 
in the striatum (Montagud-Romero et al., 
2020), while cocaine exposure induces tran-
sient increases in CX3CL1 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 CX3CL1 and CXCL12 has been ob-
served in defeated mice, both immediately 
after the last defeat episode and following 
ethanol self-administration (Reguilón 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; Rodríguez-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-
lières & Rivest, 1999). The work of  Lehm-
ann’s group (Lehmann et al., 2018, 2020) sug-

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 (CD11b+/
CD45high) 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, Escrivá 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  
CX3CL1 and CXCL12 are typically observed 
in defeated animals, defeated mice treated 
with oxytocin did not show this increase in 
the neuroinflammatory response (Reguilón 
et al., 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, Reguilón 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 CX3CL1 and CXCL12, while 
also blocking the increase in ethanol intake 
(Reguilón 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.

ACKNOWLEDGEMENTS

PID-2020-112672RB-100/AEI, Ministerio 
de Universidades e Investigación. RIAPAD, 
RD21/0009/0005/RD24/0003/0004 
Instituto de Salud Carlos III,. CIP-
ROM/2021/080/ Conselleria de Educación, 
Cultura, Universidades y Empleo. 

REFERENCES

Ahearn, O. C., Watson, M. N., & Rawls, 
S. M. (2021). Chemokines, cytoki-
nes and substance use disorders. Drug 
and Alcohol Dependence, 220. https://
d o i . o r g / 1 0 . 1 0 1 6 / J . D RU G A LC -
DEP.2021.108511 

Alfonso-Loeches, S., Pascual-Lucas, M., Blan-
co, A. M., Sanchez-Vera, I., & Guerri, C. 
(2010). Pivotal role of TLR4 receptors 
in alcohol-induced neuroinflammation 
and brain damage. The Journal of  Neuros-
cience : The Official Journal of  the Society 
for Neuroscience, 30(24), 8285–8295. 
https://doi.org/10.1523/JNEUROS-
CI.0976-10.2010 

Bath, K. G., Russo, S. J., Pleil, K. E., Wohleb, E. 
S., Duman, R. S., & Radley, J. J. (2017). Cir-
cuit and synaptic mechanisms of repeated 

stress: Perspectives from differing con-
texts, duration, and development. Neuro-
biology of  Stress, 7, 137–151. https://doi.
org/10.1016/J.YNSTR.2017.05.001 

Bebo, B. F., & Linthicum, D. S. (1995). Expres-
sion of  mRNA for 55-kDa and 75-kDa 
tumor necrosis factor (TNF) receptors 
in mouse cerebrovascular endothelium: 
effects of  interleukin-1β, Interferon-γ 
and TNF-α on cultured cells. Journal 
of  Neuroimmunology, 62(2), 161–167. 
ht tps ://doi .org/10.1016/0165-
5728(95)00113-5 

Beitia, G., Garmendia, L., Azpiroz, A., Ve-
gas, O., Brain, P. F., & Arregi, A. (2005). 
Time-dependent behavioral, neuroche-
mical, and immune consequences of  
repeated experiences of social defeat 
stress in male mice and the ameliorative 
effects of fluoxetine. Brain, Behavior, and 
Immunity, 19(6), 530–539. https://doi.
org/10.1016/J.BBI.2004.11.002 

Belarbi, K., Arellano, C., Ferguson, R., Jopson, 
T., & Rosi, S. (2011). Chronic neuroin-
flammation impacts the recruitment of  
adult-born neurons into behaviorally rele-
vant hippocampal networks. Brain, Beha-
vior, and Immunity, 26(1), 18. https://doi.
org/10.1016/J.BBI.2011.07.225 

Ben-Azu, B., Emokpae, O., Ajayi, A. M., Ja-
rikre, T. A., Orhode, V., Aderibigbe, 
A. O., Umukoro, S., & Iwalewa, E. O. 
(2020). Repeated psychosocial stress 
causes glutamic acid decarboxylase iso-
form-67, oxidative-Nox-2 changes and 
neuroinflammation in mice: Prevention by 
treatment with a neuroactive flavonoid, 
morin. Brain Research, 1744. https://doi.
org/10.1016/J.BRAINRES.2020.146917 

Blednov, Y. A., Metten, P., Finn, D. A., Rho-
des, J. S., Bergeson, S. E., Harris, R. A., & 
Crabbe, J. C. (2005). Hybrid C57BL/6J 
x FVB/NJ mice drink more alcohol than 

https://doi.org/10.1016/J.DRUGALCDEP.2021.108511
https://doi.org/10.1016/J.DRUGALCDEP.2021.108511
https://doi.org/10.1016/J.DRUGALCDEP.2021.108511
https://doi.org/10.1523/JNEUROSCI.0976-10.2010
https://doi.org/10.1523/JNEUROSCI.0976-10.2010
https://doi.org/10.1016/J.YNSTR.2017.05.001
https://doi.org/10.1016/J.YNSTR.2017.05.001
https://doi.org/10.1016/0165-5728(95)00113-5
https://doi.org/10.1016/0165-5728(95)00113-5
https://doi.org/10.1016/J.BBI.2004.11.002
https://doi.org/10.1016/J.BBI.2004.11.002
https://doi.org/10.1016/J.BBI.2011.07.225
https://doi.org/10.1016/J.BBI.2011.07.225
https://doi.org/10.1016/J.BRAINRES.2020.146917
https://doi.org/10.1016/J.BRAINRES.2020.146917


59Revista Española
de

Drogodependencias50 (2)  2025

Michele Malaguarnera, Marta Rodríguez-Arias, José Miñarro-López

do C57BL/6J mice. Alcoholism, Clinical 
and Experimental Research, 29(11), 1949–
1958. https://doi.org/10.1097/01.
ALC.0000187605.91468.17 

Chaplin, D. D. (2010). Overview of the immu-
ne response. The Journal of  Allergy and Cli-
nical Immunology, 125(2 Suppl 2). https://
doi.org/10.1016/J.JACI.2009.12.980 

Chistyakov, D. V., Astakhova, A. A., & Ser-
geeva, M. G. (2018). Resolution of in-
flammation and mood disorders. Experi-
mental and Molecular Pathology, 105(2), 
190–201. https://doi.org/10.1016/J.
YEXMP.2018.08.002 

Cómitre-Mariano, B., Vellila-Alonso, G., Segu-
ra-Collar, B., Mondéjar-Ruescas, L., Sepul-
veda, J. M., & Gargini, R. (2024). Sentinels 
of neuroinflammation: the crucial role 
of myeloid cells in the pathogenesis of  
gliomas and neurodegenerative diseases. 
Journal of  Neuroinflammation 2024 21:1, 
21(1), 1–23. https://doi.org/10.1186/
S12974-024-03298-Y 

Dantzer, R. (2017). Role of  the Kynure-
nine Metabolism Pathway in Inflam-
mation-Induced Depression: Preclinical 
Approaches. Current Topics in Beha-
vioral Neurosciences, 31. https://doi.
org/10.1007/7854_2016_6 

DeMaio, A., Mehrotra, S., Sambamurti, K., & 
Husain, S. (2022). The role of the adapti-
ve immune system and T cell dysfunction 
in neurodegenerative diseases. Journal 
of  Neuroinflammation 2022 19:1, 19(1), 
1–19. https://doi.org/10.1186/S12974-
022-02605-9 

Deng, Z., Yuan, C., Yang, J., Peng, Y., Wang, 
W., Wang, Y., & Gao, W. (2019). Beha-
vioral defects induced by chronic social 
defeat stress are protected by Momordica 
charantia polysaccharides via attenuation 
of JNK3/PI3K/AKT neuroinflammatory 
pathway. Annals of  Translational Medicine, 

7(1), 6–6. https://doi.org/10.21037/
ATM.2018.12.08 

Di Filippo, M., Sarchielli, P., Picconi, B., & Ca-
labresi, P. (2008). Neuroinflammation 
and synaptic plasticity: theoretical basis 
for a novel, immune-centred, therapeu-
tic approach to neurological disorders. 
Trends in Pharmacological Sciences, 29(8), 
402–412. https://doi.org/10.1016/J.
TIPS.2008.06.005 

Dickerson, S. S., & Kemeny, M. E. (2004). 
Acute stressors and cortisol responses: 
a theoretical integration and synthe-
sis of laboratory research. Psychological 
Bulletin, 130(3), 355–391. https://doi.
org/10.1037/0033-2909.130.3.355 

DiSabato, D. J., Quan, N., & Godbout, J. P. 
(2016). Neuroinflammation: The De-
vil is in the Details. Journal of  Neuroche-
mistry, 139(Suppl 2), 136. https://doi.
org/10.1111/JNC.13607 

Eidson, L. N., & Murphy, A. Z. (2019). Inflam-
matory mediators of opioid tolerance: 
Implications for dependency and addic-
tion. Peptides, 115, 51–58. https://doi.
org/10.1016/J.PEPTIDES.2019.01.003 

Ericsson, A., Arias, C., & Sawchenko, P. E. 
(1997). Evidence for an intramedullary 
prostaglandin-dependent mechanism 
in the activation of stress-related neu-
roendocrine circuitry by intravenous 
interleukin-1. The Journal of  Neuroscien-
ce : The Official Journal of  the Society 
for Neuroscience, 17(18), 7166–7179. 
https://doi.org/10.1523/JNEUROS-
CI.17-18-07166.1997 

Felger, J. C., Li, Z., Haroon, E., Woolwine, B. J., 
Jung, M. Y., Hu, X., & Miller, A. H. (2016). 
Inflammation is associated with decrea-
sed functional connectivity within corti-
costriatal reward circuitry in depression. 
Molecular Psychiatry, 21(10), 1358–1365. 
https://doi.org/10.1038/MP.2015.168 

https://doi.org/10.1097/01.ALC.0000187605.91468.17
https://doi.org/10.1097/01.ALC.0000187605.91468.17
https://doi.org/10.1016/J.JACI.2009.12.980
https://doi.org/10.1016/J.JACI.2009.12.980
https://doi.org/10.1016/J.YEXMP.2018.08.002
https://doi.org/10.1016/J.YEXMP.2018.08.002
https://doi.org/10.1186/S12974-024-03298-Y
https://doi.org/10.1186/S12974-024-03298-Y
https://doi.org/10.1007/7854_2016_6
https://doi.org/10.1007/7854_2016_6
https://doi.org/10.1186/S12974-022-02605-9
https://doi.org/10.1186/S12974-022-02605-9
https://doi.org/10.21037/ATM.2018.12.08
https://doi.org/10.21037/ATM.2018.12.08
https://doi.org/10.1016/J.TIPS.2008.06.005
https://doi.org/10.1016/J.TIPS.2008.06.005
https://doi.org/10.1037/0033-2909.130.3.355
https://doi.org/10.1037/0033-2909.130.3.355
https://doi.org/10.1016/J.PEPTIDES.2019.01.003
https://doi.org/10.1016/J.PEPTIDES.2019.01.003
https://doi.org/10.1038/MP.2015.168


60 Revista Española
de

Drogodependencias 50 (2)  2025

Neuroinflammation, stress, and addictive drug use

Ferle, V., Repouskou, A., Aspiotis, G., Rafto-
gianni, A., Chrousos, G., Stylianopoulou, 
F., & Stamatakis, A. (2020). Synergistic 
effects of early life mild adversity and 
chronic social defeat on rat brain micro-
glia and cytokines. Physiology & Behavior, 
215, 112791. https://doi.org/10.1016/J.
PHYSBEH.2019.112791 

Fernandez-Lizarbe, S., Pascual, M., & Gue-
rri, C. (2009). Critical Role of TLR4 
Response in the Activation of Microglia 
Induced by Ethanol. The Journal of  Immu-
nology, 183(7), 4733–4744. https://doi.
org/10.4049/JIMMUNOL.0803590 

Ferrer-Pérez, C., Escrivá Martinez, T., Mon-
tagud-Romero, S., Ballestín, R., Reguilón, 
M. D., Miñarro, J., & Rodríguez-Arias, M. 
(2018a). Indomethacin blocks the increa-
sed conditioned rewarding effects of cocai-
ne induced by repeated social defeat. PloS 
One, 13(12). https://doi.org/10.1371/
JOURNAL.PONE.0209291 

Ferrer-Pérez, C., Escrivá Martinez, T., Mon-
tagud-Romero, S., Ballestín, R., Reguilón, 
M. D., Miñarro, J., & Rodríguez-Arias, M. 
(2018b). Indomethacin blocks the increa-
sed conditioned rewarding effects of cocai-
ne induced by repeated social defeat. PloS 
One, 13(12). https://doi.org/10.1371/
JOURNAL.PONE.0209291 

Ferrer-Pérez, C., Reguilón, M. D., Manza-
nedo, C., Aguilar, M. A., Miñarro, J., & 
Rodríguez-Arias, M. (2018). Antagonism 
of corticotropin-releasing factor CRF1 re-
ceptors blocks the enhanced response to 
cocaine after social stress. European Jour-
nal of  Pharmacology, 823, 87–95. https://
doi.org/10.1016/J.EJPHAR.2018.01.052 

Ferrer-Pérez, C., Reguilón, M. D., Manzane-
do, C., Miñarro, J., & Rodríguez-Arias, 
M. (2019). Social Housing Conditions 
Modulate the Long-Lasting Increase in 
Cocaine Reward Induced by Intermittent 

Social Defeat. Frontiers in Behavioral Neu-
roscience, 13. https://doi.org/10.3389/
FNBEH.2019.00148 

Finnell, J. E., Moffitt, C. M., Hesser, L. A., Ha-
rrington, E., Melson, M. N., Wood, C. S., 
& Wood, S. K. (2019). The contribution 
of the locus coeruleus-norepinephrine 
system in the emergence of defeat-indu-
ced inflammatory priming. Brain, Behavior, 
and Immunity, 79, 102–113. https://doi.
org/10.1016/J.BBI.2019.01.021 

Fioranelli, M., Roccia, M. G., Flavin, D., & Cota, 
L. (2021). Regulation of Inflammatory Re-
action in Health and Disease. International 
Journal of  Molecular Sciences 2021, Vol. 22, 
Page 5277, 22(10), 5277. https://doi.
org/10.3390/IJMS22105277 

Fitzmaurice, P. S., Tong, J., Yazdanpanah, M., Liu, 
P. P., Kalasinsky, K. S., & Kish, S. J. (2006). 
Levels of 4-hydroxynonenal and malon-
dialdehyde are increased in brain of human 
chronic users of methamphetamine. The 
Journal of  Pharmacology and Experimental 
Therapeutics, 319(2), 703–709. https://
doi.org/10.1124/JPET.106.109173 

Fuertig, R., Azzinnari, D., Bergamini, G., Catho-
mas, F., Sigrist, H., Seifritz, E., Vavassori, 
S., Luippold, A., Hengerer, B., Ceci, A., & 
Pryce, C. R. (2016). Mouse chronic social 
stress increases blood and brain kynure-
nine pathway activity and fear behaviour: 
Both effects are reversed by inhibition of  
indoleamine 2,3-dioxygenase. Brain, Beha-
vior, and Immunity, 54, 59–72. https://doi.
org/10.1016/J.BBI.2015.12.020 

Gao, W., Wang, W., Peng, Y., & Deng, Z. 
(2019). Antidepressive effects of kaem-
pferol mediated by reduction of oxidati-
ve stress, proinflammatory cytokines and 
up-regulation of AKT/β-catenin cascade. 
Metabolic Brain Disease, 34(2), 485–494. 
https://doi.org/10.1007/S11011-019-
0389-5 

https://doi.org/10.1016/J.PHYSBEH.2019.112791
https://doi.org/10.1016/J.PHYSBEH.2019.112791
https://doi.org/10.4049/JIMMUNOL.0803590
https://doi.org/10.4049/JIMMUNOL.0803590
https://doi.org/10.1371/JOURNAL.PONE.0209291
https://doi.org/10.1371/JOURNAL.PONE.0209291
https://doi.org/10.1371/JOURNAL.PONE.0209291
https://doi.org/10.1371/JOURNAL.PONE.0209291
https://doi.org/10.1016/J.EJPHAR.2018.01.052
https://doi.org/10.1016/J.EJPHAR.2018.01.052
https://doi.org/10.3389/FNBEH.2019.00148
https://doi.org/10.3389/FNBEH.2019.00148
https://doi.org/10.1016/J.BBI.2019.01.021
https://doi.org/10.1016/J.BBI.2019.01.021
https://doi.org/10.3390/IJMS22105277
https://doi.org/10.3390/IJMS22105277
https://doi.org/10.1124/JPET.106.109173
https://doi.org/10.1124/JPET.106.109173
https://doi.org/10.1016/J.BBI.2015.12.020
https://doi.org/10.1016/J.BBI.2015.12.020


61Revista Española
de

Drogodependencias50 (2)  2025

Michele Malaguarnera, Marta Rodríguez-Arias, José Miñarro-López

García-Cabrerizo, R., & Cryan, J. F. (2024). A 
gut (microbiome) feeling about addiction: 
Interactions with stress and social sys-
tems. Neurobiology of  Stress, 30. https://
doi.org/10.1016/J.YNSTR.2024.100629 

Gasparotto, O. C., Lopes, D. M., & Carobrez, 
S. G. (2005). Pair housing affects anxiety-
like behaviors induced by a social but not 
by a physiological stressor in male Swiss 
mice. Physiology & Behavior, 85(5), 603–
612. https://doi.org/10.1016/J.PHYS-
BEH.2005.06.014 

González-Portilla, M., Moya, M., Montagud-
Romero, S., de Fonseca, F. R., Orio, L., & 
Rodríguez-Arias, M. (2023). Oleoyletha-
nolamide attenuates the stress-mediated 
potentiation of rewarding properties 
of cocaine associated with an increa-
sed TLR4 proinflammatory response. 
Progress in Neuro-Psychopharmacology & 
Biological Psychiatry, 124. https://doi.
org/10.1016/J.PNPBP.2023.110722 

Guidolin, D., Tortorella, C., Marcoli, M., Cer-
vetto, C., De Caro, R., Maura, G., & Ag-
nati, L. F. (2023). Modulation of Neuron 
and Astrocyte Dopamine Receptors via 
Receptor–Receptor Interactions. Phar-
maceuticals, 16(10), 1427. https://doi.
org/10.3390/PH16101427 

Habbas, S., Santello, M., Becker, D., Stubbe, H., 
Zappia, G., Liaudet, N., Klaus, F. R., Kollias, 
G., Fontana, A., Pryce, C. R., Suter, T., & 
Volterra, A. (2015). Neuroinflammatory 
TNFα Impairs Memory via Astrocyte Sig-
naling. Cell, 163(7), 1730–1741. https://
doi.org/10.1016/J.CELL.2015.11.023 

Hammels, C., Pishva, E., De Vry, J., van den 
Hove, D. L. A., Prickaerts, J., van Winkel, 
R., Selten, J. P., Lesch, K. P., Daskalakis, N. 
P., Steinbusch, H. W. M., van Os, J., Kenis, 
G., & Rutten, B. P. F. (2015). Defeat stress 
in rodents: From behavior to molecules. 
Neuroscience and Biobehavioral Reviews, 

59, 111–140. https://doi.org/10.1016/J.
NEUBIOREV.2015.10.006 

Haroon, E., Raison, C. L., & Miller, A. H. 
(2012). Psychoneuroimmunology meets 
neuropsychopharmacology: Translatio-
nal implications of the impact of inflam-
mation on behavior. In Neuropsychophar-
macology (Vol. 37, Issue 1, pp. 137–162). 
Neuropsychopharmacology. https://doi.
org/10.1038/npp.2011.205 

Hartsell, E. N., & Neupert, S. D. (2019). Chro-
nic and Daily Stressors Along With Nega-
tive Affect Interact to Predict Daily Tired-
ness. Journal of  Applied Gerontology : The 
Official Journal of  the Southern Gerontologi-
cal Society, 38(12), 1728–1745. https://
doi.org/10.1177/0733464817741684 

Heilig, M., Epstein, D. H., Nader, M. A., & 
Shaham, Y. (2016). Time to connect: 
bringing social context into addiction 
neuroscience. Nature Reviews. Neuros-
cience, 17(9), 592–599. https://doi.
org/10.1038/NRN.2016.67 

Holly, E. N., & Miczek, K. A. (2016). Ventral 
tegmental area dopamine revisited: effects 
of acute and repeated stress. Psychophar-
macology, 233(2), 163–186. https://doi.
org/10.1007/S00213-015-4151-3 

Huang, S., Dai, Y., Zhang, C., Yang, C., Huang, 
Q., Hao, W., & Shen, H. (2020). Higher 
impulsivity and lower grey matter volume 
in the bilateral prefrontal cortex in long-
term abstinent individuals with severe 
methamphetamine use disorder. Drug 
and Alcohol Dependence, 212, 108040. 
https://doi.org/10.1016/J.DRUGALC-
DEP.2020.108040 

Hutchinson, M. R., Zhang, Y., Brown, K., 
Coats, B. D., Shridhar, M., Sholar, P. 
W., Patel, S. J., Crysdale, N. Y., Ha-
rrison, J. A., Maier, S. F., Rice, K. C., & 
Watkins, L. R. (2008). Non-stereose-
lective reversal of  neuropathic pain by 

https://doi.org/10.1016/J.YNSTR.2024.100629
https://doi.org/10.1016/J.YNSTR.2024.100629
https://doi.org/10.1016/J.PHYSBEH.2005.06.014
https://doi.org/10.1016/J.PHYSBEH.2005.06.014
https://doi.org/10.1016/J.PNPBP.2023.110722
https://doi.org/10.1016/J.PNPBP.2023.110722
https://doi.org/10.3390/PH16101427
https://doi.org/10.3390/PH16101427
https://doi.org/10.1016/J.CELL.2015.11.023
https://doi.org/10.1016/J.CELL.2015.11.023
https://doi.org/10.1016/J.NEUBIOREV.2015.10.006
https://doi.org/10.1016/J.NEUBIOREV.2015.10.006
https://doi.org/10.1038/npp.2011.205
https://doi.org/10.1038/npp.2011.205
https://doi.org/10.1177/0733464817741684
https://doi.org/10.1177/0733464817741684
https://doi.org/10.1038/NRN.2016.67
https://doi.org/10.1038/NRN.2016.67
https://doi.org/10.1007/S00213-015-4151-3
https://doi.org/10.1007/S00213-015-4151-3
https://doi.org/10.1016/J.DRUGALCDEP.2020.108040
https://doi.org/10.1016/J.DRUGALCDEP.2020.108040


62 Revista Española
de

Drogodependencias 50 (2)  2025

Neuroinflammation, stress, and addictive drug use

naloxone and naltrexone: involvement 
of  toll-like receptor 4 (TLR4). The Eu-
ropean Journal of  Neuroscience, 28(1), 
20. https://doi.org/10.1111/J.1460-
9568.2008.06321.X 

Irwin, M. R., Olmos, L., Wang, M., Valladares, 
E. M., Motivala, S. J., Fong, T., Newton, T., 
Butch, A., Olmstead, R., & Cole, S. W. 
(2007). Cocaine dependence and acute 
cocaine induce decreases of monocyte 
proinflammatory cytokine expression 
across the diurnal period: autonomic 
mechanisms. The Journal of  Pharmacology 
and Experimental Therapeutics, 320(2), 
507–515. https://doi.org/10.1124/
JPET.106.112797 

Irwin, M. R., & Opp, M. R. (2016). Sleep 
Health: Reciprocal Regulation of Sleep 
and Innate Immunity. Neuropsychophar-
macology 2017 42:1, 42(1), 129–155. 
https://doi.org/10.1038/npp.2016.148 

Jiang, N., Lv, J., Wang, H., Huang, H., Wang, 
Q., Lu, C., Zeng, G., & Liu, X. min. (2020). 
Ginsenoside Rg1 ameliorates chronic so-
cial defeat stress-induced depressive-like 
behaviors and hippocampal neuroinflam-
mation. Life Sciences, 252. https://doi.
org/10.1016/J.LFS.2020.117669 

Jufer, R. A., Wstadik, A., Walsh, S. L., Levine, 
B. S., & Cone, E. J. (2000). Elimination of  
cocaine and metabolites in plasma, saliva, 
and urine following repeated oral admi-
nistration to human volunteers. Journal 
of  Analytical Toxicology, 24(7), 467–477. 
https://doi.org/10.1093/JAT/24.7.467 

Kalivas, P. W., & Volkow, N. D. (2005). The 
neural basis of addiction: a pathology 
of motivation and choice. The Ameri-
can Journal of  Psychiatry, 162(8), 1403–
1413. https://doi.org/10.1176/APPI.
AJP.162.8.1403 

Kernagis, D. N., & Laskowitz, D. T. (2012). 
Evolving role of biomarkers in acute ce-

rebrovascular disease. Annals of  Neu-
rology, 71(3), 289–303. https://doi.
org/10.1002/ANA.22553 

Kim, B., Yun, J., & Park, B. (2020). Metham-
phetamine-Induced Neuronal Damage: 
Neurotoxicity and Neuroinflammation. 
Biomolecules & Therapeutics, 28(5), 381–
388. https://doi.org/10.4062/BIO-
MOLTHER.2020.044 

King, S. G., Gaudreault, P.-O., Malaker, P., Kim, 
J., Alia-Klein, N., Xu, J., & Goldstein, R. 
Z. (2022). Prefrontal-habenular micros-
tructural impairments in human cocaine 
and heroin addiction. Neuron, 110, 3820-
3832.e4. https://doi.org/10.1016/j.neu-
ron.2022.09.011 

Kitamura, O., Takeichi, T., Wang, E. L., To-
kunaga, I., Ishigami, A., & Kubo, S. ichi. 
(2010). Microglial and astrocytic changes 
in the striatum of methamphetamine abu-
sers. Legal Medicine (Tokyo, Japan), 12(2), 
57–62. https://doi.org/10.1016/J.LE-
GALMED.2009.11.001 

Kohno, M., Link, J., Dennis, L. E., McCready, 
H., Huckans, M., Hoffman, W. F., & Lof-
tis, J. M. (2019). Neuroinflammation in 
addiction: A review of neuroimaging 
studies and potential immunotherapies. 
Pharmacology, Biochemistry, and Behavior, 
179, 34–42. https://doi.org/10.1016/J.
PBB.2019.01.007 

Kohno, M., Loftis, J. M., Huckans, M., Den-
nis, L. E., McCready, H., & Hoffman, 
W. F. (2018). The relationship between 
interleukin-6 and functional connectivi-
ty in methamphetamine users. Neuros-
cience Letters, 677, 49–54. https://doi.
org/10.1016/J.NEULET.2018.04.037 

Kohno, M., Morales, A. M., Ghahremani, D. G., 
Hellemann, G., & London, E. D. (2014). 
Risky decision making, prefrontal cortex, 
and mesocorticolimbic functional connec-
tivity in methamphetamine dependence. 

https://doi.org/10.1111/J.1460-9568.2008.06321.X
https://doi.org/10.1111/J.1460-9568.2008.06321.X
https://doi.org/10.1124/JPET.106.112797
https://doi.org/10.1124/JPET.106.112797
https://doi.org/10.1038/npp.2016.148
https://doi.org/10.1016/J.LFS.2020.117669
https://doi.org/10.1016/J.LFS.2020.117669
https://doi.org/10.1093/JAT/24.7.467
https://doi.org/10.1176/APPI.AJP.162.8.1403
https://doi.org/10.1176/APPI.AJP.162.8.1403
https://doi.org/10.1002/ANA.22553
https://doi.org/10.1002/ANA.22553
https://doi.org/10.4062/BIOMOLTHER.2020.044
https://doi.org/10.4062/BIOMOLTHER.2020.044
https://doi.org/10.1016/j.neuron.2022.09.011
https://doi.org/10.1016/j.neuron.2022.09.011
https://doi.org/10.1016/J.LEGALMED.2009.11.001
https://doi.org/10.1016/J.LEGALMED.2009.11.001
https://doi.org/10.1016/J.PBB.2019.01.007
https://doi.org/10.1016/J.PBB.2019.01.007
https://doi.org/10.1016/J.NEULET.2018.04.037
https://doi.org/10.1016/J.NEULET.2018.04.037


63Revista Española
de

Drogodependencias50 (2)  2025

Michele Malaguarnera, Marta Rodríguez-Arias, José Miñarro-López

SUPPL_FILE/SUPPLEMENTARY_MATE-
RIAL.PDF 

Krizanova, O., Babula, P., & Pacak, K. (2016). 
Stress, catecholaminergic system and 
cancer. Stress (Amsterdam, Netherlands), 
19(4), 419–428. https://doi.org/10.108
0/10253890.2016.1203415 

Lacagnina, M. J., Rivera, P. D., & Bilbo, S. D. 
(2016). Glial and Neuroimmune Mecha-
nisms as Critical Modulators of Drug Use 
and Abuse. Neuropsychopharmacology 
2017 42:1, 42(1), 156–177. https://doi.
org/10.1038/npp.2016.121 

Lanquetin, A., Leclercq, S., De Timary, P., Se-
gobin, S., Naveau, M., Coulbault, L., Mac-
Cioni, P., Lorrai, I., Colombo, G., Vivien, D., 
Rubio, M., & Pitel, A. L. (2021). Role of in-
flammation in alcohol-related brain abnor-
malities: a translational study. Brain Com-
munications, 3(3), fcab154. https://doi.
org/10.1093/BRAINCOMMS/FCAB154 

Lehmann, M. L., Poffenberger, C. N., Elkahloun, 
A. G., & Herkenham, M. (2020). Analysis 
of cerebrovascular dysfunction caused by 
chronic social defeat in mice. Brain, Beha-
vior, and Immunity, 88, 735–747. https://
doi.org/10.1016/J.BBI.2020.05.030 

Lehmann, M. L., Weigel, T. K., Cooper, H. 
A., Elkahloun, A. G., Kigar, S. L., & Her-
kenham, M. (2018). Decoding microglia 
responses to psychosocial stress reveals 
blood-brain barrier breakdown that may 
drive stress susceptibility. Scientific Reports, 
8(1). https://doi.org/10.1038/S41598-
018-28737-8 

Liao, K., Niu, F., Hu, G., & Buch, S. (2022). 
Morphine-mediated release of astrocy-
te-derived extracellular vesicle miR-23a 
induces loss of pericyte coverage at the 
blood-brain barrier: Implications for neu-
roinflammation. Frontiers in Cell and Deve-
lopmental Biology, 10, 984375. https://
doi.org/10.3389/FCELL.2022.984375 

JAMA Psychiatry, 71(7), 812–820. https://
doi.org/10.1001/JAMAPSYCHIA-
TRY.2014.399 

Koob, G. F. (1998). Circuits, drugs, and 
drug addiction. Advances in Pharmacolo-
gy (San Diego, Calif.), 42(C), 978–982. 
https://doi.org/10.1016/S1054-
3589(08)60910-2 

Koob, G. F. (2008). A role for brain stress 
systems in addiction. Neuron, 59(1), 
11–34. https://doi.org/10.1016/J.NEU-
RON.2008.06.012 

Koob, G. F. (2021). Drug Addiction: Hyperka-
tifeia/Negative Reinforcement as a Fra-
mework for Medications Development. 
Pharmacological Reviews, 73(1), 163–201. 
https://doi.org/10.1124/PHAR-
MREV.120.000083 

Koob, G. F., & Schulkin, J. (2019a). Addiction 
and stress: An allostatic view. Neuros-
cience and Biobehavioral Reviews, 106, 
245–262. https://doi.org/10.1016/J.
NEUBIOREV.2018.09.008 

Koob, G. F., & Schulkin, J. (2019b). Addiction 
and stress: An allostatic view. Neuroscience 
and Biobehavioral Reviews, 106, 245–262. 
https://doi.org/10.1016/J.NEUBIO-
REV.2018.09.008 

Koob, G. F., & Volkow, N. D. (2016). Neu-
robiology of addiction: a neurocircuitry 
analysis. The Lancet. Psychiatry, 3(8), 760–
773. https://doi.org/10.1016/S2215-
0366(16)00104-8 

Kopschina Feltes, P., de Vries, E. F. J., Juarez-
Orozco, L. E., Kurtys, E., Dierckx, R. A. 
J. O., Moriguchi-Jeckel, C. M., & Door-
duin, J. (2019). Repeated social de-
feat induces transient glial activation 
and brain hypometabolism: A positron 
emission tomography imaging study. 
Journal of  Cerebral Blood Flow and Me-
tabolism, 39(3), 439–453. https://doi.
org/10.1177/0271678X17747189/

https://doi.org/10.1177/0271678X17747189/SUPPL_FILE/SUPPLEMENTARY_MATERIAL.PDF
https://doi.org/10.1177/0271678X17747189/SUPPL_FILE/SUPPLEMENTARY_MATERIAL.PDF
https://doi.org/10.1080/10253890.2016.1203415
https://doi.org/10.1080/10253890.2016.1203415
https://doi.org/10.1038/npp.2016.121
https://doi.org/10.1038/npp.2016.121
https://doi.org/10.1093/BRAINCOMMS/FCAB154
https://doi.org/10.1093/BRAINCOMMS/FCAB154
https://doi.org/10.1016/J.BBI.2020.05.030
https://doi.org/10.1016/J.BBI.2020.05.030
https://doi.org/10.1038/S41598-018-28737-8
https://doi.org/10.1038/S41598-018-28737-8
https://doi.org/10.3389/FCELL.2022.984375
https://doi.org/10.3389/FCELL.2022.984375
https://doi.org/10.1001/JAMAPSYCHIATRY.2014.399
https://doi.org/10.1001/JAMAPSYCHIATRY.2014.399
https://doi.org/10.1001/JAMAPSYCHIATRY.2014.399
https://doi.org/10.1016/S1054-3589(08)60910-2
https://doi.org/10.1016/S1054-3589(08)60910-2
https://doi.org/10.1016/J.NEURON.2008.06.012
https://doi.org/10.1016/J.NEURON.2008.06.012
https://doi.org/10.1124/PHARMREV.120.000083
https://doi.org/10.1124/PHARMREV.120.000083
https://doi.org/10.1016/J.NEUBIOREV.2018.09.008
https://doi.org/10.1016/J.NEUBIOREV.2018.09.008
https://doi.org/10.1016/J.NEUBIOREV.2018.09.008
https://doi.org/10.1016/J.NEUBIOREV.2018.09.008
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1177/0271678X17747189/SUPPL_FILE/SUPPLEMENTARY_MATERIAL.PDF
https://doi.org/10.1177/0271678X17747189/SUPPL_FILE/SUPPLEMENTARY_MATERIAL.PDF


64 Revista Española
de

Drogodependencias 50 (2)  2025

Neuroinflammation, stress, and addictive drug use

Liddelow, S. A., Olsen, M. L., & Sofroniew, 
M. V. (2024). Reactive Astrocytes and 
Emerging Roles in Central Nervous Sys-
tem (CNS) Disorders. Cold Spring Harbor 
Perspectives in Biology, 16(7). https://doi.
org/10.1101/CSHPERSPECT.A041356 

Lindahl, H., & Bryceson, Y. T. (2022). Neu-
roinflammation Associated With In-
born Errors of Immunity. Frontiers in 
Immunology, 12, 827815. https://doi.
org/10.3389/FIMMU.2021.827815 

Lisak, R. P., & Benjamins, J. A. (2013). Acute, 
Chronic, and Nonclassical Neuroinflam-
mation: Definitions in a Changing Scien-
tific Environment. 1–20. https://doi.
org/10.1007/978-1-4614-8313-7_1 

Little, K. Y., Ramssen, E., Welchko, R., 
Volberg, V., Roland, C. J., & Cassin, 
B. (2009). Decreased brain dopa-
mine cell numbers in human cocai-
ne users. Psychiatry Research, 168(3), 
173–180. https://doi.org/10.1016/J.
PSYCHRES.2008.10.034 

Liu, J., Lewohl, J. M., Harris, R. A., Iyer, V. R., 
Dodd, P. R., Randall, P. K., & Mayfield, R. 
D. (2006). Patterns of gene expression in 
the frontal cortex discriminate alcoholic 
from nonalcoholic individuals. Neurop-
sychopharmacology : Official Publication of  
the American College of  Neuropsychophar-
macology, 31(7), 1574–1582. https://doi.
org/10.1038/SJ.NPP.1300947 

Liu, L., Zhao, Z., Lu, L., Liu, J., Sun, J., & Dong, 
J. (2019). Icariin and icaritin ameliorated 
hippocampus neuroinflammation via me-
diating HMGB1 expression in social defeat 
model in mice. International Immunophar-
macology, 75. https://doi.org/10.1016/J.
INTIMP.2019.105799 

Malaguarnera, M., Balzano, T., Castro, M. C., 
Llansola, M., & Felipo, V. (2021). The Dual 
Role of the GABAA Receptor in Periphe-
ral Inflammation and Neuroinflammation: 

A Study in Hyperammonemic Rats. 
International Journal of  Molecular Scien-
ces, 22(13). https://doi.org/10.3390/
IJMS22136772 

Mellado, S., Cuesta, C. M., Montagud, S., 
Rodríguez-Arias, M., Moreno-Manzano, 
V., Guerri, C., & Pascual, M. (2023). The-
rapeutic role of mesenchymal stem cell-
derived extracellular vesicles in neuroin-
flammation and cognitive dysfunctions 
induced by binge-like ethanol treatment 
in adolescent mice. CNS Neuroscience 
and Therapeutics, 29(12), 4018–4031. 
https://doi.org/10.1111/CNS.14326 

Michopoulos, V., Powers, A., Gillespie, C. F., 
Ressler, K. J., & Jovanovic, T. (2017). In-
flammation in Fear- and Anxiety-Based 
Disorders: PTSD, GAD, and Beyond. 
Neuropsychopharmacology : Official Pu-
blication of  the American College of  Neu-
ropsychopharmacology, 42(1), 254–270. 
https://doi.org/10.1038/NPP.2016.146 

Montagud-Romero, S., Blanco-Gandía, M. 
C., Reguilón, M. D., Ferrer-Pérez, C., 
Ballestín, R., Miñarro, J., & Rodríguez-
Arias, M. (2018). Social defeat stress: 
Mechanisms underlying the increase in 
rewarding effects of drugs of abuse. The 
European Journal of  Neuroscience, 48(9), 
2948–2970. https://doi.org/10.1111/
EJN.14127 

Montagud-Romero, S., Miñarro, J., & Ro-
dríguez-Arias, M. (2022). Unravelling 
the Neuroinflammatory Mechanisms 
Underlying the Effects of Social De-
feat Stress on Use of Drugs of Abu-
se. Current Topics in Behavioral Neu-
rosciences, 54, 153–180. https://doi.
org/10.1007/7854_2021_260 

Montagud-Romero, S., Montesinos, J., Pavón, 
F. J., Blanco-Gandia, M. C., Ballestín, R., Ro-
dríguez de Fonseca, F., Miñarro, J., Guerri, 
C., & Rodríguez-Arias, M. (2020). Social 

https://doi.org/10.1101/CSHPERSPECT.A041356
https://doi.org/10.1101/CSHPERSPECT.A041356
https://doi.org/10.3389/FIMMU.2021.827815
https://doi.org/10.3389/FIMMU.2021.827815
https://doi.org/10.1007/978-1-4614-8313-7_1
https://doi.org/10.1007/978-1-4614-8313-7_1
https://doi.org/10.1016/J.PSYCHRES.2008.10.034
https://doi.org/10.1016/J.PSYCHRES.2008.10.034
https://doi.org/10.1038/SJ.NPP.1300947
https://doi.org/10.1038/SJ.NPP.1300947
https://doi.org/10.1016/J.INTIMP.2019.105799
https://doi.org/10.1016/J.INTIMP.2019.105799
https://doi.org/10.3390/IJMS22136772
https://doi.org/10.3390/IJMS22136772
https://doi.org/10.1111/CNS.14326
https://doi.org/10.1038/NPP.2016.146
https://doi.org/10.1111/EJN.14127
https://doi.org/10.1111/EJN.14127
https://doi.org/10.1007/7854_2021_260
https://doi.org/10.1007/7854_2021_260


65Revista Española
de

Drogodependencias50 (2)  2025

Michele Malaguarnera, Marta Rodríguez-Arias, José Miñarro-López

defeat-induced increase in the conditio-
ned rewarding effects of cocaine: Role of  
CX3CL1. Progress in Neuro-Psychopharma-
cology & Biological Psychiatry, 96. https://
doi.org/10.1016/J.PNPBP.2019.109753 

Montagud-Romero, S., Reguilón, M. D., Pas-
cual, M., Blanco-Gandía, M. C., Guerri, 
C., Miñarro, J., & Rodríguez-Arias, M. 
(2021). Critical role of TLR4 in uncove-
ring the increased rewarding effects of  
cocaine and ethanol induced by social 
defeat in male mice. Neuropharmacology, 
182. https://doi.org/10.1016/J.NEU-
ROPHARM.2020.108368 

Montesinos, J., Castilla-Ortega, E., Sánchez-
Marín, L., Montagud-Romero, S., Araos, 
P., Pedraz, M., Porras-Perales, Ó., García-
Marchena, N., Serrano, A., Suárez, J., Bai-
xeras, E., Rodríguez-Arias, M., Santín, L. J., 
Miñarro, J., Guerri, C., Rodríguez de Fon-
seca, F., & Pavón, F. J. (2020). Cocaine-in-
duced changes in CX3CL1 and inflamma-
tory signaling pathways in the hippocam-
pus: Association with IL1β. Neuropharma-
cology, 162. https://doi.org/10.1016/J.
NEUROPHARM.2019.107840 

Montesinos, J., Pascual, M., Pla, A., Maldona-
do, C., Rodríguez-Arias, M., Miñarro, J., 
& Guerri, C. (2015). TLR4 elimination 
prevents synaptic and myelin alterations 
and long-term cognitive dysfunctions in 
adolescent mice with intermittent ethanol 
treatment. Brain, Behavior, and Immunity, 
45, 233–244. https://doi.org/10.1016/J.
BBI.2014.11.015 

Montesinos, J., Pascual, M., Rodríguez-Arias, 
M., Miñarro, J., & Guerri, C. (2016). In-
volvement of TLR4 in the long-term epi-
genetic changes, rewarding and anxiety 
effects induced by intermittent ethanol 
treatment in adolescence. Brain, Behavior, 
and Immunity, 53, 159–171. https://doi.
org/10.1016/J.BBI.2015.12.006 

Moreira, F. P., Medeiros, J. R. C., Lhullier, A. 
C., Souza, L. D. de M., Jansen, K., Por-
tela, L. V., Lara, D. R., Silva, R. A. da, 
Wiener, C. D., & Oses, J. P. (2016). Co-
caine abuse and effects in the serum le-
vels of cytokines IL-6 and IL-10. Drug 
and Alcohol Dependence, 158, 181–185. 
https://doi.org/10.1016/J.DRUGALC-
DEP.2015.11.024 

Moretti, M., Belli, G., Morini, L., Monti, M. C., 
Osculati, A. M. M., & Visonà, S. D. (2019). 
Drug Abuse-Related Neuroinflammation 
in Human Postmortem Brains: An Im-
munohistochemical Approach. Journal 
of  Neuropathology and Experimental Neu-
rology, 78(11), 1059–1065. https://doi.
org/10.1093/JNEN/NLZ084 

Morgan, D., Brebner, K., Lynch, W. J., & Ro-
berts, D. C. S. (2002). Increases in the 
reinforcing efficacy of cocaine after par-
ticular histories of reinforcement. Beha-
vioural Pharmacology, 13(5–6), 389–396. 
https://doi.org/10.1097/00008877-
200209000-00012 

Moszczynska, A., Fitzmaurice, P., Ang, L., Ka-
lasinsky, K. S., Schmunk, G. A., Peretti, F. 
J., Aiken, S. S., Wickham, D. J., & Kish, S. 
J. (2004). Why is parkinsonism not a fea-
ture of human methamphetamine users? 
Brain : A Journal of  Neurology, 127(Pt 2), 
363–370. https://doi.org/10.1093/
BRAIN/AWH046 

Mul, J. D., Soto, M., Cahill, M. E., Ryan, R. E., 
Takahashi, H., So, K., Zheng, J., Croote, D. 
E., Hirshman, M. F., La Fleur, S. E., Nestler, 
E. J., & Goodyear, L. J. (2018). Voluntary 
wheel running promotes resilience to 
chronic social defeat stress in mice: a role 
for nucleus accumbens ΔFosB. Neurop-
sychopharmacology : Official Publication of  
the American College of  Neuropsychophar-
macology, 43(9), 1934–1942. https://doi.
org/10.1038/S41386-018-0103-Z 

https://doi.org/10.1016/J.PNPBP.2019.109753
https://doi.org/10.1016/J.PNPBP.2019.109753
https://doi.org/10.1016/J.NEUROPHARM.2020.108368
https://doi.org/10.1016/J.NEUROPHARM.2020.108368
https://doi.org/10.1016/J.NEUROPHARM.2019.107840
https://doi.org/10.1016/J.NEUROPHARM.2019.107840
https://doi.org/10.1016/J.BBI.2014.11.015
https://doi.org/10.1016/J.BBI.2014.11.015
https://doi.org/10.1016/J.BBI.2015.12.006
https://doi.org/10.1016/J.BBI.2015.12.006
https://doi.org/10.1016/J.DRUGALCDEP.2015.11.024
https://doi.org/10.1016/J.DRUGALCDEP.2015.11.024
https://doi.org/10.1093/JNEN/NLZ084
https://doi.org/10.1093/JNEN/NLZ084
https://doi.org/10.1097/00008877-200209000-00012
https://doi.org/10.1097/00008877-200209000-00012
https://doi.org/10.1093/BRAIN/AWH046
https://doi.org/10.1093/BRAIN/AWH046
https://doi.org/10.1038/S41386-018-0103-Z
https://doi.org/10.1038/S41386-018-0103-Z


66 Revista Española
de

Drogodependencias 50 (2)  2025

Neuroinflammation, stress, and addictive drug use

Mulligan, M. K., Ponomarev, I., Hitzemann, R. 
J., Belknap, J. K., Tabakoff, B., Harris, R. A., 
Crabbe, J. C., Blednov, Y. A., Grahame, 
N. J., Phillips, T. J., Finn, D. A., Hoffman, 
P. L., Iyer, V. R., Koob, G. F., & Berge-
son, S. E. (2006). Toward understanding 
the genetics of alcohol drinking through 
transcriptome meta-analysis. Proceedings 
of  the National Academy of  Sciences of  
the United States of  America, 103(16), 
6368–6373. https://doi.org/10.1073/
PNAS.0510188103 

Nakayasu, T., & Ishii, K. (2008). Effects of  
pair-housing after social defeat expe-
rience on elevated plus-maze behavior 
in rats. Behavioural Processes, 78(3), 
477–480. https://doi.org/10.1016/J.BE-
PROC.2008.02.007 

Neisewander, J. L., Peartree, N. A., & Pen-
tkowski, N. S. (2012). Emotional valence 
and context of social influences on drug 
abuse-related behavior in animal models 
of social stress and prosocial interac-
tion. Psychopharmacology, 224(1), 33–56. 
https://doi.org/10.1007/S00213-012-
2853-3 

Nestler, E. J. (2014). Epigenetic mecha-
nisms of drug addiction. Neurophar-
macology, 76 Pt B(0 0), 259–268. 
https://doi.org/10.1016/J.NEU-
ROPHARM.2013.04.004 

Nie, L., Zhao, Z., Wen, X., Luo, W., Ju, T., Ren, 
A., Wu, B., & Li, J. (2020). Gray-matter 
structure in long-term abstinent metham-
phetamine users. BMC Psychiatry, 20(1), 
1–9. https://doi.org/10.1186/S12888-
020-02567-3/FIGURES/2 

Niedhammer, I., David, S., Degioanni, S., 
Drummond, A., Philip, P., Acquarone, D., 
Aicardi, F., André-Mazeaud, P., Arsento, 
M., Astier, R., Baille, H., Bajon-Thery, F., 
Barre, E., Basire, C., Battu, J. L., Baudry, 
S., Beatini, C., Beaud’huin, N., Becker, C., 

… Vital, N. (2009). Workplace bullying 
and sleep disturbances: Findings from a 
large scale cross-sectional survey in the 
French working population. Sleep, 32(9), 
1211–1219. https://doi.org/10.1093/
sleep/32.9.1211 

Niraula, A., Witcher, K. G., Sheridan, J. F., 
& Godbout, J. P. (2019). Interleukin-6 
Induced by Social Stress Promotes a 
Unique Transcriptional Signature in 
the Monocytes That Facilitate Anxiety. 
Biological Psychiatry, 85(8), 679–689. 
https://doi.org/10.1016/J.BIOP-
SYCH.2018.09.030 

Nozaki, K., Ito, H., Ohgidani, M., Yamawaki, 
Y., Sahin, E. H., Kitajima, T., Katsumata, 
S., Yamawaki, S., Kato, T. A., & Aizawa, 
H. (2020). Antidepressant effect of the 
translocator protein antagonist ONO-
2952 on mouse behaviors under chronic 
social defeat stress. Neuropharmacology, 
162, 107835. https://doi.org/10.1016/J.
NEUROPHARM.2019.107835 

O’Callaghan, J. P., & Miller, D. B. (2019). Neu-
roinflammation Disorders Exacerbated 
by Environmental Stressors. Metabo-
lism: Clinical and Experimental, 100 Suppl, 
153951. https://doi.org/10.1016/J.ME-
TABOL.2019.153951 

Padgett, D. A., & Glaser, R. (2003). How stress 
influences the immune response. Trends in 
Immunology, 24(8), 444–448. https://doi.
org/10.1016/S1471-4906(03)00173-X 

Pagliusi, M., Bonet, I. J. M., Brandão, A. F., 
Magalhães, S. F., Tambeli, C. H., Parada, 
C. A., & Sartori, C. R. (2020). Therapeu-
tic and Preventive Effect of Voluntary 
Running Wheel Exercise on Social De-
feat Stress (SDS)-induced Depressive-
like Behavior and Chronic Pain in Mice. 
Neuroscience, 428, 165–177. https://
doi.org/10.1016/J.NEUROSCIEN-
CE.2019.12.037 

https://doi.org/10.1073/PNAS.0510188103
https://doi.org/10.1073/PNAS.0510188103
https://doi.org/10.1016/J.BEPROC.2008.02.007
https://doi.org/10.1016/J.BEPROC.2008.02.007
https://doi.org/10.1007/S00213-012-2853-3
https://doi.org/10.1007/S00213-012-2853-3
https://doi.org/10.1016/J.NEUROPHARM.2013.04.004
https://doi.org/10.1016/J.NEUROPHARM.2013.04.004
https://doi.org/10.1186/S12888-020-02567-3/FIGURES/2
https://doi.org/10.1186/S12888-020-02567-3/FIGURES/2
https://doi.org/10.1093/sleep/32.9.1211
https://doi.org/10.1093/sleep/32.9.1211
https://doi.org/10.1016/J.BIOPSYCH.2018.09.030
https://doi.org/10.1016/J.BIOPSYCH.2018.09.030
https://doi.org/10.1016/J.NEUROPHARM.2019.107835
https://doi.org/10.1016/J.NEUROPHARM.2019.107835
https://doi.org/10.1016/J.METABOL.2019.153951
https://doi.org/10.1016/J.METABOL.2019.153951
https://doi.org/10.1016/S1471-4906(03)00173-X
https://doi.org/10.1016/S1471-4906(03)00173-X
https://doi.org/10.1016/J.NEUROSCIENCE.2019.12.037
https://doi.org/10.1016/J.NEUROSCIENCE.2019.12.037
https://doi.org/10.1016/J.NEUROSCIENCE.2019.12.037


67Revista Española
de

Drogodependencias50 (2)  2025

Michele Malaguarnera, Marta Rodríguez-Arias, José Miñarro-López

Pascual, M., Calvo-Rodriguez, M., Núñez, 
L., Villalobos, C., Ureña, J., & Guerri, C. 
(2021). Toll-like receptors in neuroinflam-
mation, neurodegeneration, and alcohol-
induced brain damage. IUBMB Life, 73(7), 
900–915. https://doi.org/10.1002/
IUB.2510 

Pascual, M., López-Hidalgo, R., Montagud-
Romero, S., Ureña-Peralta, J. R., Rodrí-
guez-Arias, M., & Guerri, C. (2021). Role 
of mTOR-regulated autophagy in spine 
pruning defects and memory impairments 
induced by binge-like ethanol treatment 
in adolescent mice. Brain Pathology, 31(1), 
174–188. https://doi.org/10.1111/
BPA.12896 

Pascual, M., Montesinos, J., Marcos, M., To-
rres, J. L., Costa-Alba, P., García-García, 
F., Laso, F. J., & Guerri, C. (2017). Gender 
differences in the inflammatory cytokine 
and chemokine profiles induced by binge 
ethanol drinking in adolescence. Addiction 
Biology, 22(6), 1829–1841. https://doi.
org/10.1111/ADB.12461 

Pascual, M., Montesinos, J., Montagud-Rome-
ro, S., Forteza, J., Rodríguez-Arias, M., 
Miñarro, J., & Guerri, C. (2017). TLR4 
response mediates ethanol-induced neu-
rodevelopment alterations in a model of  
fetal alcohol spectrum disorders. Journal 
of  Neuroinflammation, 14(1). https://doi.
org/10.1186/S12974-017-0918-2 

Pearlin, L. I., & Skaff, M. M. (2004). Stressors 
and adaptation in late life. Emerging Is-
sues in Mental Health and Aging., 97–123. 
https://doi.org/10.1037/10179-004 

Periyasamy, P., Liao, K., Kook, Y. H., Niu, F., Ca-
llen, S. E., Guo, M. L., & Buch, S. (2018). 
Cocaine-Mediated Downregulation of  
miR-124 Activates Microglia by Targeting 
KLF4 and TLR4 Signaling. Molecular Neu-
robiology, 55(4), 3196–3210. https://doi.
org/10.1007/S12035-017-0584-5 

Pfau, M. L., & Russo, S. J. (2016). Neuroinflam-
mation Regulates Cognitive Impairment 
in Socially Defeated Mice. Trends in Neu-
rosciences, 39(6), 353–355. https://doi.
org/10.1016/J.TINS.2016.04.004 

Pietrelli, A., Matković, L., Vacotto, M., Lo-
pez-Costa, J. J., Basso, N., & Brusco, A. 
(2018). Aerobic exercise upregulates the 
BDNF-Serotonin systems and impro-
ves the cognitive function in rats. Neu-
robiology of  Learning and Memory, 155, 
528–542. https://doi.org/10.1016/J.
NLM.2018.05.007 

Ramirez, K., Niraula, A., & Sheridan, J. F. 
(2016). GABAergic modulation with 
classical benzodiazepines prevent stress-
induced neuro-immune dysregulation 
and behavioral alterations. Brain, Behavior, 
and Immunity, 51, 154–168. https://doi.
org/10.1016/J.BBI.2015.08.011 

Ramirez, K., & Sheridan, J. F. (2016). Antide-
pressant imipramine diminishes stress-
induced inflammation in the periphery 
and central nervous system and rela-
ted anxiety- and depressive- like beha-
viors. Brain, Behavior, and Immunity, 57, 
293–303. https://doi.org/10.1016/J.
BBI.2016.05.008 

Reguilón, M. D., Ferrer-Pérez, C., Ballestín, 
R., Miñarro, J., & Rodríguez-Arias, M. 
(2020). Voluntary wheel running pro-
tects against the increase in ethanol 
consumption induced by social stress in 
mice. Drug and Alcohol Dependence, 212. 
https://doi.org/10.1016/J.DRUGALC-
DEP.2020.108004 

Reguilón, M. D., Ferrer-Pérez, C., Miñarro, J., 
& Rodríguez-Arias, M. (2021a). Oxyto-
cin reverses ethanol consumption and 
neuroinflammation induced by social 
defeat in male mice. Hormones and Be-
havior, 127. https://doi.org/10.1016/J.
YHBEH.2020.104875 

https://doi.org/10.1002/IUB.2510
https://doi.org/10.1002/IUB.2510
https://doi.org/10.1111/BPA.12896
https://doi.org/10.1111/BPA.12896
https://doi.org/10.1111/ADB.12461
https://doi.org/10.1111/ADB.12461
https://doi.org/10.1186/S12974-017-0918-2
https://doi.org/10.1186/S12974-017-0918-2
https://doi.org/10.1037/10179-004
https://doi.org/10.1007/S12035-017-0584-5
https://doi.org/10.1007/S12035-017-0584-5
https://doi.org/10.1016/J.NLM.2018.05.007
https://doi.org/10.1016/J.NLM.2018.05.007
https://doi.org/10.1016/J.BBI.2015.08.011
https://doi.org/10.1016/J.BBI.2015.08.011
https://doi.org/10.1016/J.BBI.2016.05.008
https://doi.org/10.1016/J.BBI.2016.05.008
https://doi.org/10.1016/J.DRUGALCDEP.2020.108004
https://doi.org/10.1016/J.DRUGALCDEP.2020.108004
https://doi.org/10.1016/J.YHBEH.2020.104875
https://doi.org/10.1016/J.YHBEH.2020.104875


68 Revista Española
de

Drogodependencias 50 (2)  2025

Neuroinflammation, stress, and addictive drug use

Reguilón, M. D., Montagud-Romero, S., Fe-
rrer-Pérez, C., Roger-Sánchez, C., Agui-
lar, M. A., Miñarro, J., & Rodríguez-Arias, 
M. (2017). Dopamine D2 receptors 
mediate the increase in reinstatement 
of  the conditioned rewarding effects 
of  cocaine induced by acute social de-
feat. European Journal of  Pharmacology, 
799, 48–57. https://doi.org/10.1016/J.
EJPHAR.2017.01.039 

Rizzo, F. R., Musella, A., De Vito, F., Freseg-
na, D., Bullitta, S., Vanni, V., Guadalu-
pi, L., Stampanoni Bassi, M., Buttari, F., 
Mandolesi, G., Centonze, D., & Gentile, 
A. (2018). Tumor Necrosis Factor and 
Interleukin-1β Modulate Synaptic Plasti-
city during Neuroinflammation. Neural 
Plasticity, 2018(1), 8430123. https://doi.
org/10.1155/2018/8430123 

Robison, A. J., & Nestler, E. J. (2011). Trans-
criptional and epigenetic mechanisms 
of addiction. Nature Reviews. Neuros-
cience, 12(11), 623–637. https://doi.
org/10.1038/NRN3111 

Rodríguez-Arias, M., Montagud-Romero, 
S., Carrión, A. M. G., Ferrer-Pérez, C., 
Pérez-Villalba, A., Marco, E., Gallardo, M. 
L., Viveros, M. P., & Miñarro, J. (2018). 
Social stress during adolescence activates 
long-term microglia inflammation insult 
in reward processing nuclei. PloS One, 
13(10). https://doi.org/10.1371/JOUR-
NAL.PONE.0206421 

Rodríguez-Arias, M., Montagud-Romero, S., 
Rubio-Araiz, A., Aguilar, M. A., Martín-
García, E., Cabrera, R., Maldonado, R., 
Porcu, F., Colado, M. I., & Miñarro, J. 
(2017). Effects of repeated social defeat 
on adolescent mice on cocaine-induced 
CPP and self-administration in adulthood: 
integrity of the blood-brain barrier. Addic-
tion Biology, 22(1), 129–141. https://doi.
org/10.1111/ADB.12301 

Rodriguez-Arias, M., Navarrete, F., Blanco-
Gandia, M. C., Arenas, M. C., Bartoll-An-
drés, A., Aguilar, M. A., Rubio, G., Miñarro, 
J., & Manzanares, J. (2016). Social defeat 
in adolescent mice increases vulnerability 
to alcohol consumption. Addiction Biology, 
21(1), 87–97. https://doi.org/10.1111/
ADB.12184 

Roh, J. S., & Sohn, D. H. (2018). Damage-
Associated Molecular Patterns in Inflam-
matory Diseases. Immune Network, 18(4). 
https://doi.org/10.4110/IN.2018.18.
E27 

Rohleder, N. (2014). Stimulation of systemic 
low-grade inflammation by psychosocial 
stress. Psychosomatic Medicine, 76(3), 
181–189. https://doi.org/10.1097/
PSY.0000000000000049 

Ruisoto, P., & Contador, I. (2019). The role 
of stress in drug addiction. An integrative 
review. Physiology & Behavior, 202, 62–
68. https://doi.org/10.1016/J.PHYS-
BEH.2019.01.022 

Salam, J. N., Fox, J. H., DeTroy, E. M., Guignon, 
M. H., Wohl, D. F., & Falls, W. A. (2009). 
Voluntary exercise in C57 mice is anxio-
lytic across several measures of anxie-
ty. Behavioural Brain Research, 197(1), 
31–40. https://doi.org/10.1016/J.
BBR.2008.07.036 

Selten, J. P., Van Der Ven, E., Rutten, B. P. 
F., & Cantor-Graae, E. (2013). The so-
cial defeat hypothesis of schizophrenia: 
an update. Schizophrenia Bulletin, 39(6), 
1180–1186. https://doi.org/10.1093/
SCHBUL/SBT134 

Seney, M. L., Kim, S. M., Glausier, J. R., Hilde-
brand, M. A., Xue, X., Zong, W., Wang, J., 
Shelton, M. A., Phan, B. D. N., Srinivasan, 
C., Pfenning, A. R., Tseng, G. C., Lewis, D. 
A., Freyberg, Z., & Logan, R. W. (2021). 
Transcriptional Alterations in Dorsola-
teral Prefrontal Cortex and Nucleus Ac-

https://doi.org/10.1016/J.EJPHAR.2017.01.039
https://doi.org/10.1016/J.EJPHAR.2017.01.039
https://doi.org/10.1155/2018/8430123
https://doi.org/10.1155/2018/8430123
https://doi.org/10.1038/NRN3111
https://doi.org/10.1038/NRN3111
https://doi.org/10.1371/JOURNAL.PONE.0206421
https://doi.org/10.1371/JOURNAL.PONE.0206421
https://doi.org/10.1111/ADB.12301
https://doi.org/10.1111/ADB.12301
https://doi.org/10.1111/ADB.12184
https://doi.org/10.1111/ADB.12184
https://doi.org/10.4110/IN.2018.18.E27
https://doi.org/10.4110/IN.2018.18.E27
https://doi.org/10.1097/PSY.0000000000000049
https://doi.org/10.1097/PSY.0000000000000049
https://doi.org/10.1016/J.PHYSBEH.2019.01.022
https://doi.org/10.1016/J.PHYSBEH.2019.01.022
https://doi.org/10.1016/J.BBR.2008.07.036
https://doi.org/10.1016/J.BBR.2008.07.036
https://doi.org/10.1093/SCHBUL/SBT134
https://doi.org/10.1093/SCHBUL/SBT134


69Revista Española
de

Drogodependencias50 (2)  2025

Michele Malaguarnera, Marta Rodríguez-Arias, José Miñarro-López

cumbens Implicate Neuroinflammation 
and Synaptic Remodeling in Opioid Use 
Disorder. Biological Psychiatry, 90(8), 550–
562. https://doi.org/10.1016/J.BIOP-
SYCH.2021.06.007 

Shah, A., Silverstein, P. S., Singh, D. P., & Ku-
mar, A. (2012). Involvement of me-
tabotropic glutamate receptor 5, AKT/
PI3K signaling and NF-κB pathway in 
methamphetamine-mediated increase 
in IL-6 and IL-8 expression in astrocytes. 
Journal of  Neuroinflammation, 9. https://
doi.org/10.1186/1742-2094-9-52 

Sheridan, G. K., & Murphy, K. J. (2013). Neu-
ron-glia crosstalk in health and disease: 
fractalkine and CX3CR1 take centre 
stage. Open Biology, 3(12). https://doi.
org/10.1098/RSOB.130181 

Sil, S., Niu, F., Tom, E., Liao, K., Periyasamy, 
P., & Buch, S. (2018). Cocaine mediated 
neuroinflammation: Role of dysregu-
lated autophagy in pericytes. Molecular 
Neurobiology, 56(5), 3576. https://doi.
org/10.1007/S12035-018-1325-0 

Silverman, E. S., Breault, D. T., Vallone, J., Su-
bramanian, S., Yilmaz, A. D., Mathew, 
S., Subramaniam, V., Tantisira, K., Pacák, 
K., Weiss, S. T., & Majzoub, J. A. (2004). 
Corticotropin-releasing hormone defi-
ciency increases allergen-induced airway 
inflammation in a mouse model of asth-
ma. Journal of  Allergy and Clinical Immu-
nology, 114(4), 747–754. https://doi.
org/10.1016/j.jaci.2004.06.055 

Sinha, R. (2007). The role of stress in addiction 
relapse. Current Psychiatry Reports, 9(5), 
388–395. https://doi.org/10.1007/
S11920-007-0050-6 

Song, A. Q., Gao, B., Fan, J. J., Zhu, Y. J., Zhou, 
J., Wang, Y. L., Xu, L. Z., Wu, W. N., & 
Wu, W. N. (2020). NLRP1 inflammaso-
me contributes to chronic stress-induced 
depressive-like behaviors in mice. Journal 

of  Neuroinflammation, 17(1). https://doi.
org/10.1186/S12974-020-01848-8 

Soria, V., Uribe, J., Salvat-Pujol, N., Palao, 
D., Menchón, J. M., & Labad, J. (2018). 
Psychoneuroimmunology of mental di-
sorders. Revista de Psiquiatria y Salud 
Mental, 11(2), 115–124. https://doi.
org/10.1016/J.RPSM.2017.07.006 

Stankiewicz, A. M., Goscik, J., Majewska, A., 
Swiergiel, A. H., & Juszczak, G. R. (2015). 
The Effect of Acute and Chronic Social 
Stress on the Hippocampal Transcripto-
me in Mice. PLOS ONE, 10(11), e0142195. 
https://doi.org/10.1371/JOURNAL.
PONE.0142195 

Sullivan, M. D., Edlund, M. J., Zhang, L., Unüt-
zer, J., & Wells, K. B. (2006). Association 
between mental health disorders, pro-
blem drug use, and regular prescription 
opioid use. Archives of  Internal Medici-
ne, 166(19), 2087–2093. https://doi.
org/10.1001/ARCHINTE.166.19.2087 

Takata, F., Nakagawa, S., Matsumoto, J., & Dohgu, 
S. (2021). Blood-Brain Barrier Dysfunction 
Amplifies the Development of Neuroin-
flammation: Understanding of Cellular 
Events in Brain Microvascular Endothelial 
Cells for Prevention and Treatment of BBB 
Dysfunction. Frontiers in Cellular Neuroscien-
ce, 15, 661838. https://doi.org/10.3389/
FNCEL.2021.661838/PDF 

Tamashiro, K. L. K., Nguyen, M. M. N., & 
Sakai, R. R. (2005). Social stress: from 
rodents to primates. Frontiers in Neuroen-
docrinology, 26(1), 27–40. https://doi.
org/10.1016/J.YFRNE.2005.03.001 

Taoro-González, L., Cabrera-Pastor, A., 
Sancho-Alonso, M., Arenas, Y. M., Mese-
guer-Estornell, F., Balzano, T., Elmlili, N., 
& Felipo, V. (2019). Differential role of  
interleukin-1β in neuroinflammation-indu-
ced impairment of spatial and nonspatial 
memory in hyperammonemic rats. FASEB 

https://doi.org/10.1186/1742-2094-9-52
https://doi.org/10.1186/1742-2094-9-52
https://doi.org/10.1098/RSOB.130181
https://doi.org/10.1098/RSOB.130181
https://doi.org/10.1007/S12035-018-1325-0
https://doi.org/10.1007/S12035-018-1325-0
https://doi.org/10.1016/j.jaci.2004.06.055
https://doi.org/10.1016/j.jaci.2004.06.055
https://doi.org/10.1007/S11920-007-0050-6
https://doi.org/10.1007/S11920-007-0050-6
https://doi.org/10.1186/S12974-020-01848-8
https://doi.org/10.1186/S12974-020-01848-8
https://doi.org/10.1016/J.RPSM.2017.07.006
https://doi.org/10.1016/J.RPSM.2017.07.006
https://doi.org/10.1371/JOURNAL.PONE.0142195
https://doi.org/10.1371/JOURNAL.PONE.0142195
https://doi.org/10.1001/ARCHINTE.166.19.2087
https://doi.org/10.1001/ARCHINTE.166.19.2087
https://doi.org/10.3389/FNCEL.2021.661838/PDF
https://doi.org/10.3389/FNCEL.2021.661838/PDF
https://doi.org/10.1016/J.YFRNE.2005.03.001
https://doi.org/10.1016/J.YFRNE.2005.03.001


70 Revista Española
de

Drogodependencias 50 (2)  2025

Neuroinflammation, stress, and addictive drug use

Journal : Official Publication of  the Federa-
tion of  American Societies for Experimental 
Biology, 33(9), 9913–9928. https://doi.
org/10.1096/FJ.201900230RR 

Taylor, D. L., Jones, F., Chen Seho Kubota, E. S. 
F., & Pocock, J. M. (2005). Stimulation of  
microglial metabotropic glutamate recep-
tor mGlu2 triggers tumor necrosis factor 
alpha-induced neurotoxicity in concert 
with microglial-derived Fas ligand. The 
Journal of  Neuroscience : The Official Jour-
nal of  the Society for Neuroscience, 25(11), 
2952–2964. https://doi.org/10.1523/
JNEUROSCI.4456-04.2005 

Thomas, D. M., Walker, P. D., Benjamins, J. 
A., Geddes, T. J., & Kuhn, D. M. (2004). 
Methamphetamine neurotoxicity in do-
pamine nerve endings of the striatum is 
associated with microglial activation. The 
Journal of  Pharmacology and Experimental 
Therapeutics, 311(1), 1–7. https://doi.
org/10.1124/JPET.104.070961 

Tian, T., Xu, B., Qin, Y., Fan, L., Chen, J., Zheng, 
P., Gong, X., Wang, H., Bai, M., Pu, J., Lu, 
J., Zhou, W., Zhao, L., Yang, D., & Xie, P. 
(2019). Clostridium butyricum miyairi 588 
has preventive effects on chronic social 
defeat stress-induced depressive-like beha-
viour and modulates microglial activation in 
mice. Biochemical and Biophysical Research 
Communications, 516(2), 430–436. https://
doi.org/10.1016/J.BBRC.2019.06.053 

Tondo, L. P., Viola, T. W., Fries, G. R., Kluwe-
Schiavon, B., Rothmann, L. M., Cuperti-
no, R., Ferreira, P., Franco, A. R., Lane, S. 
D., Stertz, L., Zhao, Z., Hu, R., Meyer, T., 
Schmitz, J. M., Walss-Bass, C., & Grassi-
Oliveira, R. (2021). White matter defi-
cits in cocaine use disorder: convergent 
evidence from in vivo diffusion tensor 
imaging and ex vivo proteomic analysis. 
Translational Psychiatry 2021 11:1, 11(1), 
1–13. https://doi.org/10.1038/s41398-
021-01367-x 

Tracey, K. J. (2009). Reflex control of  immu-
nity. Nature Reviews. Immunology, 9(6), 
418–428. https://doi.org/10.1038/
NRI2566 

Ulrich-Lai, Y. M., & Herman, J. P. (2009). Neu-
ral regulation of endocrine and autono-
mic stress responses. Nature Reviews. 
Neuroscience, 10(6), 397–409. https://
doi.org/10.1038/NRN2647 

Vallières, L., & Rivest, S. (1999). Interleukin-6 is 
a needed proinflammatory cytokine in the 
prolonged neural activity and transcriptio-
nal activation of corticotropin-releasing 
factor during endotoxemia. Endocrino-
logy, 140(9), 3890–3903. https://doi.
org/10.1210/ENDO.140.9.6983 

Vetreno, R. P., Qin, L., Coleman, L. G., & Crews, 
F. T. (2021). Increased Toll-like Receptor-
MyD88-NFκB-Proinflammatory neu-
roimmune signaling in the orbitofrontal 
cortex of humans with alcohol use disor-
der. Alcoholism, Clinical and Experimental 
Research, 45(9), 1747–1761. https://doi.
org/10.1111/ACER.14669 

Volkow, N. D., Michaelides, M., & Baler, R. 
(2019). The Neuroscience of Drug 
Reward and Addiction. Physiological Re-
views, 99(4), 2115–2140. https://doi.
org/10.1152/PHYSREV.00014.2018 

Walker, D. J., & Spencer, K. A. (2018). Glu-
cocorticoid programming of neuroim-
mune function. General and Comparative 
Endocrinology, 256, 80–88. https://doi.
org/10.1016/J.YGCEN.2017.07.016 

Watanasriyakul, W. T., Wardwell, J., McNeal, 
N., Schultz, R., Woodbury, M., Dagner, 
A., Cox, M., & Grippo, A. J. (2018). Volun-
tary physical exercise protects against be-
havioral and endocrine reactivity to social 
and environmental stressors in the prairie 
vole. Social Neuroscience, 13(5), 602–615. 
https://doi.org/10.1080/17470919.201
7.1365761 

https://doi.org/10.1096/FJ.201900230RR
https://doi.org/10.1096/FJ.201900230RR
https://doi.org/10.1523/JNEUROSCI.4456-04.2005
https://doi.org/10.1523/JNEUROSCI.4456-04.2005
https://doi.org/10.1124/JPET.104.070961
https://doi.org/10.1124/JPET.104.070961
https://doi.org/10.1016/J.BBRC.2019.06.053
https://doi.org/10.1016/J.BBRC.2019.06.053
https://doi.org/10.1038/s41398-021-01367-x
https://doi.org/10.1038/s41398-021-01367-x
https://doi.org/10.1038/NRI2566
https://doi.org/10.1038/NRI2566
https://doi.org/10.1038/NRN2647
https://doi.org/10.1038/NRN2647
https://doi.org/10.1210/ENDO.140.9.6983
https://doi.org/10.1210/ENDO.140.9.6983
https://doi.org/10.1111/ACER.14669
https://doi.org/10.1111/ACER.14669
https://doi.org/10.1152/PHYSREV.00014.2018
https://doi.org/10.1152/PHYSREV.00014.2018
https://doi.org/10.1016/J.YGCEN.2017.07.016
https://doi.org/10.1016/J.YGCEN.2017.07.016
https://doi.org/10.1080/17470919.2017.1365761
https://doi.org/10.1080/17470919.2017.1365761


71Revista Española
de

Drogodependencias50 (2)  2025

Michele Malaguarnera, Marta Rodríguez-Arias, José Miñarro-López

Watling, S. E., Jagasar, S., McCluskey, T., War-
sh, J., Rhind, S. G., Truong, P., Chavez, S., 
Houle, S., Tong, J., Kish, S. J., & Boileau, I. 
(2023). Imaging oxidative stress in brains 
of chronic methamphetamine users: A 
combined 1H-magnetic resonance spec-
troscopy and peripheral blood biomarker 
study. Frontiers in Psychiatry, 13. https://
doi.org/10.3389/FPSYT.2022.1070456 

Wei, J., Lambert, T. Y., Valada, A., Patel, N., 
Walker, K., Lenders, J., Schmidt, C. J., Is-
khakova, M., Alazizi, A., Mair-Meijers, H., 
Mash, D. C., Luca, F., Pique-Regi, R., Ban-
non, M. J., & Akbarian, S. (2023). Single 
nucleus transcriptomics of ventral mid-
brain identifies glial activation associated 
with chronic opioid use disorder. Nature 
Communications 2023 14:1, 14(1), 1–13. 
https://doi.org/10.1038/s41467-023-
41455-8 

Woodburn, S. C., Bollinger, J. L., & Wohleb, 
E. S. (2021). The semantics of microglia 
activation: neuroinflammation, homeos-
tasis, and stress. Journal of  Neuroinflam-
mation 2021 18:1, 18(1), 1–16. https://
doi.org/10.1186/S12974-021-02309-6 

Zhang, W., Xiao, D., Mao, Q., & Xia, H. (2023). 
Role of neuroinflammation in neurodege-
neration development. Signal Transduc-
tion and Targeted Therapy 2023 8:1, 8(1), 
1–32. https://doi.org/10.1038/s41392-
023-01486-5 

Zhu, X., Nedelcovych, M. T., Thomas, A. G., 
Hasegawa, Y., Moreno-Megui, A., Coo-
mer, W., Vohra, V., Saito, A., Perez, G., 
Wu, Y., Alt, J., Prchalova, E., Tenora, L., 
Majer, P., Rais, R., Rojas, C., Slusher, B. 
S., & Kamiya, A. (2019). JHU-083 se-
lectively blocks glutaminase activity in 
brain CD11b+ cells and prevents de-
pression-associated behaviors induced 
by chronic social defeat stress. Neurop-
sychopharmacology : Official Publication of  
the American College of  Neuropsychophar-

macology, 44(4), 683–694. https://doi.
org/10.1038/S41386-018-0177-7 

Zorrilla, E. P., Logrip, M. L., & Koob, G. F. 
(2014). Corticotropin releasing factor: 
a key role in the neurobiology of addic-
tion. Frontiers in Neuroendocrinology, 35(2), 
234–244. https://doi.org/10.1016/J.
YFRNE.2014.01.001

https://doi.org/10.3389/FPSYT.2022.1070456
https://doi.org/10.3389/FPSYT.2022.1070456
https://doi.org/10.1038/s41467-023-41455-8
https://doi.org/10.1038/s41467-023-41455-8
https://doi.org/10.1186/S12974-021-02309-6
https://doi.org/10.1186/S12974-021-02309-6
https://doi.org/10.1038/s41392-023-01486-5
https://doi.org/10.1038/s41392-023-01486-5
https://doi.org/10.1038/S41386-018-0177-7
https://doi.org/10.1038/S41386-018-0177-7
https://doi.org/10.1016/J.YFRNE.2014.01.001
https://doi.org/10.1016/J.YFRNE.2014.01.001

