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Abstract: Drug abuse is a major global health and economic problem. However, there are no
pharmacological treatments to effectively reduce the compulsive use of most drugs of abuse.
Despite exerting different mechanisms of action, all drugs of abuse promote the activation of the brain
reward system, with lasting neurobiological consequences that potentiate subsequent consumption.
Recent evidence shows that the brain displays marked oxidative stress and neuroinflammation
following chronic drug consumption. Brain oxidative stress and neuroinflammation disrupt
glutamate homeostasis by impairing synaptic and extra-synaptic glutamate transport, reducing GLT-1,
and system X~ activities respectively, which increases glutamatergic neurotransmission. This effect
consolidates the relapse-promoting effect of drug-related cues, thus sustaining drug craving and
subsequent drug consumption. Recently, promising results as experimental treatments to reduce
drug consumption and relapse have been shown by (i) antioxidant and anti-inflammatory synthetic
molecules whose effects reach the brain; (ii) natural biomolecules secreted by mesenchymal stem
cells that excel in antioxidant and anti-inflammatory properties, delivered via non-invasive intranasal
administration to animal models of drug abuse and (iii) potent anti-inflammatory microRNAs and
anti-miRNAs which target the microglia and reduce neuroinflammation and drug craving. In this
review, we address the neurobiological consequences of brain oxidative stress and neuroinflammation
that follow the chronic consumption of most drugs of abuse, and the current and potential therapeutic
effects of antioxidants and anti-inflammatory agents and biomolecules to reduce these drug-induced
alterations and to prevent relapse.
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1. Introduction

1.1. Drug Abuse and Current Treatments

Drug abuse is a major burden to society. Globally, 43% of the population 15 years and older are
current alcohol drinkers [1], 19.2% are current smokers [2], and 5.5% are current illicit drug users,
including cannabis [3]; many are multiple drug users [4,5]. Combined, legal and illegal drug use is
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estimated to cost over $700 billion annually only in the US [6], and is a major cause of preventable
morbidity and mortality [7]. Despite such a heavy toll, there are insufficient pharmacological treatments
to reduce the abuse of drugs. The U.S. Food and Drug Administration (FDA) has only approved
medications for the treatment of alcohol [8], nicotine [9], and opioid abuse [10]; none for multiple
drug use [5]. Treatments against the abuse of other drugs have been shown to be ineffective [11]
or inconclusive [12]. The first line of treatment against alcohol abuse, naltrexone, and acamprosate,
only moderately reduces alcohol drinking, as shown in a subset of studies [13]. Current therapies
for nicotine abuse, varenicline, and bupropion, reduce smoking events, and increase abstinence [14],
while effective for only short periods [15]. Opioid substitution therapy employs the replacement of the
abused opioids with the longer-acting opioids methadone and buprenorphine, which reduces both
craving and the risk of overdose [16,17]. However, opioid substitution needs to be highly regulated
and maintains the brain changes induced by abused opioids [18,19]. In addition to low compliance,
unsuccessful treatments are the result of self-perpetuating brain alterations caused by the abused
substance, which control behavior and hinder the ability of patients to reduce their consumption and
avoid relapse [20].

Rather than fully examining the mechanisms of drug abuse and dependence, this review addresses
the pivots linking the brain changes that promote consumption and relapse with those resulting
from drug-induced oxidative stress and neuroinflammation; how these alterations are exacerbated
after drug consumption; and how chemical agents and biological molecules which blunt oxidative
stress and inflammation could be used as treatments to restore drug-altered mechanisms, reduce drug
consumption and prevent relapse.

1.2. Drugs of Abuse Activate the Brain Reward System

Drugs of abuse are reinforcing and promote chronic relapse. These drugs pharmacologically
stimulate the brain reward system, causing a rise of dopamine synaptic levels that modulate the
activation of medium spiny neurons in the nucleus accumbens (NAcc), at terminals from neurons that
originate in the ventral tegmental area (VTA) [21,22]. The mechanisms by which abused substances
increase dopamine levels are diverse, ranging from indirectly activating the dopaminergic neurons
in the VTA, like opioids [23], to preventing dopamine from exiting the synapses in the NAcc,
like cocaine [24,25]. A summary of the mechanisms by which abused substances promote the release
of dopamine is showed in Table 1.

Table 1. Mechanisms by which drugs of abuse increase the dopamine levels in the nucleus accumbens.

Drug Mechanism

Substrates of the dopamine transporter. Promote the efflux of dopamine from cytosolic

Amphetamines vesicles into the synaptic cleft [26].

Blockage of the dopamine transporter, increasing the levels of dopamine in the

Cocaine synaptic cleft [24,25].

Activate p-opioid receptors on GABAergic interneurons in the ventral tegmental area
Opioids inhibiting them, which in turn disinhibits dopaminergic neurons that release dopamine
in the nucleus accumbens [23].

Acts as a pro-drug through its first metabolite acetaldehyde, which reacts with
dopamine to form the tetrahydroisoquinoline adduct salsolinol [27], likely an agonist
Ethanol of the p-opioid receptor [28,29]. Salsolinol activates opioid receptors on GABAergic
interneurons in the ventral tegmental area inhibiting them, which in turn disinhibits
dopaminergic neurons that release dopamine in the nucleus accumbens [30].
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Table 1. Cont.

Drug Mechanism

Agonists of CB1 and CB2 receptors. Activate CB1 receptors on GABAergic
Cannabinoids interneurons in the ventral tegmental area, which in turn disinhibits dopaminergic
neurons that release dopamine in the nucleus accumbens [31].

Activate 437 or o3 nicotinic acetylcholine receptors in mesolimbic dopaminergic

Nicotine neurons [32], which promotes the release of dopamine in the nucleus accumbens [33].

The release of dopamine in the NAcc increases motivation for drug consumption, which is critical
for the initial steps of drug use to further develop into a relapsing disorder [34-36]. After repeated
consumption, the dopamine-dependent motivation progresses into a conditioned motivation that pairs
drug consumption to environmental cues that predict drug availability. The transition to this learned
behavior is governed by glutamatergic neurons from the prefrontal cortex, the hippocampus, and the
amygdala, which stimulate the same medium spiny neurons innervated by the VTA [37-39]. Repeated
drug consumption increases glutamatergic activity by impairing glutamate transport, altering glutamate
synaptic and extrasynaptic levels defined as a change in glutamate homeostasis [37]. In addition,
drug withdrawal promotes neuronal plasticity that enduringly potentiates glutamatergic activity,
including a higher expression of glutamate AMPA receptors that allow Ca?* influx, strengthening
synaptic activity, which further reduces the brain ability to dissociate the environment pairing to drug
consumption and overcome drug craving [37,38,40]. Recent evidence suggests that oxidative and
inflammatory factors are critical contributors to the persistent alteration of glutamate homeostasis and
contribute to the exacerbated glutamatergic activation of the NAcc (vide infra). Overall, the mechanisms
that promote this enduring deviation of the NAcc function consolidate the association of drug
consumption and environmental cues, promoting the chronic relapse to drug consumption.

2. The Oxidative Stress and Inflammation Role in Drug Consumption

2.1. The Brain Oxidative Stress and Neuroinflammation Vicious Cycle

This review shows the existence of a drug-induced brain oxidative stress-neuroinflammation
vicious cycle, which can start from either one of its components; and often by both. Most of the
literature in the addiction field has dealt with drug-induced neuroinflammation (vide infra. The brain,
an organ with specialized immune surveillance, is relatively isolated by the blood-brain barrier
(BBB) from systemic immune cells and signals from the periphery [41,42]. However, the brain can
mount its own inflammatory response against local pathogens or tissue damage, via the activation
of astrocytes, the major keeper of brain homeostasis, and microglia, the local immune cells [43,44].
Both cell types produce cytokines and express pattern recognition receptors (i.e., Toll-like receptors,
TLRs) that allow these to survey the environment and modulate a response [44,45]. Microglia respond
to pro-inflammatory factors by changes in their phenotype and gene expression, increasing their
levels of oxidant enzymes such as NADPH-oxidase (NOX) and inducible nitric oxide synthase (iNOS),
generating reactive oxygen species (ROS) and reactive nitrogen species (RNS) [46] (Figure 1).

The brain, comprising only 2% of body weight, utilizes 20% of all the oxygen consumed by the body.
Neuronal activity is almost exclusively obtained from ATP generated in the mitochondria, rather than
depending on glycolysis [47]. Mitochondria oxidizes O, to HyO to produce ATP, but incomplete
O, oxidation generates O,~ and HyO, that are rapidly controlled under normal conditions [48].
While heavy reliance on mitochondria allows neurons to fulfill their energy requirements, it leaves
them vulnerable to excessive O, and H,O, production in case of mitochondrial dysfunction as
resulting from neuroinflammation [49]. In addition, neuron sensitivity is exacerbated by their low
levels of antioxidant catalase and low levels of glutathione [50]. Similar to microglia, neurons express
NOX and neuronal nitric oxide synthase (nNOS), generating signals that promote physiological
synaptic transmission and plasticity [51]. However, excessive ROS signaling to microglia and astrocytes



Antioxidants 2020, 9, 830 4 of 27

promote the generation of pro-inflammatory cytokines, mediated by the activation of NF-kB [52,53].
Pro-inflammatory cytokines in turn activate microglia and astrocytes, increasing the production of
oxidative stress. Noteworthy, oxidative stress and inflammation further self-potentiate each other [54].
This self-perpetuating cycle could lead to a sustained inflammation that will be detrimental long
after the initial trigger affected the brain (Figure 1). Indeed, increased levels of pro-inflammatory
cytokines can be observed in the brain of mice up to 10 months after an acute systemic administration
of inflammatory lipopolysaccharide (LPS) [55].
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Figure 1. Drugs of abuse increase the levels of brain oxidative stress and trigger a self-perpetuating cycle
that sustains neuroinflammation. Drugs of abuse promote the release of dopamine (DA), which is either
rapidly spontaneously oxidized or metabolized via monoamine oxidase B (MAO-B) and cyclooxygenase
1/2 (COX1/2), generating superoxide ion and hydrogen peroxide, thus increasing oxidative stress.
Oxidative stress generated by drugs of abuse can impair mitochondrial function, further increasing
oxidative stress production. The rise in oxidative stress promotes the nuclear translocation and
activation of NF-kB in microglia. Cocaine, ethanol, and opioids promote the activation of Toll-like
receptor 4 (TLR4), which also activates microglial NF-«B. In the nucleus, NF-«kB promotes the increase
in the expression of the pro-oxidant enzymes NADPH-oxidase (NOX) and inducible nitric oxide
synthase (iNOS), and of pro-inflammatory cytokines tumor necrosis factor o« (TNF-«), interleukin
1B (IL-1B), and monocyte chemoattractant protein-1 (MCP-1). The increase of oxidative stress and
pro-inflammatory cytokines promote the activation of microglia and astrocytes via the activation
of NF-«B directly or via additional mitochondrial impairment, which further perpetuates the brain
oxidative stress and inflammation cycle.

2.2. Drug Consumption Promotes Brain Oxidative Stress and Neuroinflammation

Studies in animals and humans have shown that a significant rise in peripheral and
brain inflammation signals exists following the chronic intake of most drugs of abuse [56-59].
The activation of microglia and/or astrocytes has been shown in animal models of every drug studied
including amphetamines [60,61], cocaine [62], ethanol [63-66], opioids [67], cannabinoids [68,69],
and nicotine [65,66]. Interestingly, though the different drugs of abuse exert different mechanisms
to promote the release of dopamine in nucleus accumbens, and motivate consumption (Table 1),
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they exert similar mechanisms to increase both brain oxidative stress and neuroinflammation. Specific
mechanisms are discussed below.

2.2.1. Dopamine Oxidation

Dopamine release per se may be sufficient to increase oxidative stress via its spontaneous and
enzymatic oxidation (Table 2, Figure 1). Released dopamine leaves its protected environment inside
low-pH synaptic vesicles to a neutral-pH synaptic environment where it can be spontaneously
oxidized, forming dopamine quinones and superoxide radicals [70]. Both may initiate reaction
chains if not efficiently cleared [71]. Dopamine quinones are not stable, they interact with cysteine
residues in proteins forming adducts, which induces neurotoxicity in vitro [72], or cyclize forming
aminochrome [70]. Dopamine oxidation can also be catalyzed by transition metals (like copper,
which is present at synapses [73]) or enzymatically by cyclooxygenase 1 and 2 (COX1/2) [74,75],
also forming dopamine quinones, and monoamine oxidase-B (MAO-B), which catalyzes dopamine
deamination forming hydrogen peroxide [76,77] a molecule that can readily form hydroxyl radicals by
the Fenton reaction. In addition, activated microglia can exacerbate dopamine oxidation via the release
of reactive superoxide to the extracellular medium [71] while exposure of microglia to dopamine
quinones promotes their activation [78]. Glutathione treatment, superoxide dismutase over-expression,
and increasing the quinone oxidoreductase activity prevent the formation of dopamine quinone-protein
adducts and the neurotoxicity induced by dopamine [72].

2.2.2. Inhibition of System X.~ Activity

The system X~ is a cystine-glutamate antiporter dimer composed of the catalytic subunit xCT and
4F2hc [79,80]. The system X.~ is expressed in astrocytes and microglia where it exerts a double function,
it promotes the released glutamate to extrasynaptic space while cystine is taken up by the cell [81].
Intracellular cysteine is rapidly reduced to two molecules of cysteine that are used as a substrate
for de novo synthesis of glutathione. Therefore, this protein simultaneously promotes glutathione
synthesis, increasing the antioxidant protection against pro-oxidant drugs of abuse, and supports the
glutamate homeostasis (discussed in Section 2.3) [81]. Reduced levels of activity of system X.~ has
been shown in animal models of drug abuse, including cocaine [82,83], ethanol [84], and nicotine [85].
A mechanism for system X.~ activity inhibition may be drug-induced oxidative stress, as a molecular
dynamics analysis show that the oxidation of a key cysteine residue of xCT blocks cystine access to the
transporter [86]. In addition, the treatment of animals and drug abusers with the cysteine prodrug,
N-acetylcysteine (NAC), which increases the activity of system X.~, reduces drug consumption as
further discussed.

2.2.3. Drug-Induced Mitochondrial Dysfunction

Mitochondrial generation of brain oxidative stress is a physiologically controlled process [48].
However, mitochondrial alterations have been observed in animal models of drug abuse. Specifically,
alterations of brain mitochondrial DNA occur in animals after the administration of ethanol,
amphetamines, cocaine, and morphine [87,88], which can alter mitochondrial electron flow and
increase ROS production [89]. In the case of cocaine, the treatment of mitochondria isolated from rat
brain reduced complex I activity [90], which increases O, production [91]. In addition, the presence of
mitochondrial ROS may be necessary for the neuroinflammation caused by cocaine, since pre-treatment
of mouse primary microglia with the mitochondrial ROS scavenger mitoTEMPO inhibited microglial
activation and reduced the proinflammatory the rise in tumor necrosis factor-oc (TNF-«), IL-1f3, and IL-6
mRNA levels caused by cocaine treatment [92].

2.2.4. Peripheral Inflammation Contributes to Neuroinflammation

The systemic routes of self-administration of drugs of abuse, such as oral intake or intravenous
injection, indicate that many organs will be affected by their pro-oxidant and pro-inflammatory
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effects, in addition to the brain. Indeed, systemic cocaine administration increases the levels of
pro-inflammatory cytokines in the colon and serum of mice [93] and cocaine users have higher levels
of pro-inflammatory cytokines in serum than healthy controls [94,95]. This effect has been mostly
studied for alcohol abuse, as ethanol is oxidized to acetaldehyde in the gut mucosal by bacterial alcohol
dehydrogenase [96]. Acetaldehyde is a reactive molecule that forms stable adducts with proteins and
DNA [97] and promotes the influx of gut-derived pro-inflammatory bacterial LPS to the peripheral
circulation by disrupting the intestinal barrier in animals and alcoholic patients [57,96]. Leaked LPS
increases the levels of serum TNF-, after ethanol administration [98]. Increased levels of systemic
pro-inflammatory cytokines, mainly TNF-«, can promote neuroinflammation by two mechanisms:
they can directly activate brain TNF-« receptors, or activate BBB endothelial cells and pericytes,
promoting their release of pro-inflammatory cytokines towards the brain [55,99]. The consequences
of these mechanisms have been observed in animals and humans. Mice treated systemically with
LPS increase their ethanol consumption [100], and in alcoholics, the levels of pro-inflammatory
cytokines in plasma are positively correlated with a high alcohol craving score [101,102]. In addition,
antibiotics treatment that reduces the intestinal bacterial load reduces brain cortex mRNA levels of
the pro-inflammatory cytokines TNF-o, MCP-1, and IL-17, and the activation of microglia in the
hippocampus induced by ethanol forced self-administration in mice [103] and markedly inhibited
ethanol intake and relapse in rats bred for their high ethanol consumption [104].

2.2.5. Activation of Toll-like Receptors

Some drugs of abuse are recognized as foreign molecules by the brain immune system pattern
recognition receptors as if invaded by a foreign organism, mounting an inflammatory and oxidative
response. Specifically, cocaine [105] and opioids [67,106,107] have been shown to be agonists of TLR4.
Indeed, TLR4 activation by cocaine and opioids in microglia and astrocytes promotes their activation
and the secretion of pro-inflammatory cytokines including TNF-«, IL-1$3, and IL-6 [67,105,107,108].
In addition, ethanol also activates TLRs by promoting the release of HMGB1 (a TLR2 and TLR4
endogenous agonist) [109-111]. In vitro, cocaine and ethanol exposure to cultured microglia increases
TLR4 protein levels [62,112]. The relevance of this mechanism for drug abuse has been shown as TLR4
antagonists block morphine conditioned place preference [113], heroin, and cocaine self-administration
reinstatement [114,115] and reduce remifentanil self-administration in rats [113,114]. Treatment with
HMGBI1 neutralizing antibodies or TLR4 antagonists inhibits ethanol-induced increases of TNF-«,
IL-1p, and MCP-1 mRNA in brain slices [110,111]. Similarly, TLR4 knockout mice do not show
oxycodone conditioned place preference [113] and forced consumption of ethanol to TLR2 and TLR4
knockout mice fail to promote the increase of IL-13 and MCP-1 [63] or microglial activation [64].
Mice lacking CD14, an essential protein for TLR sensing function in microglia [116], or lacking TLR2
reduces their ethanol consumption [117,118].

Table 2. Mechanisms by which drugs of abuse promote an increase in brain oxidative stress

and inflammation.

Mechanism Drugs Involved References
Oxidation of dopamine Every drug that increases dopamine levels [70,71,78]
Inhibition of system X.~ Cocaine, ethanol, and nicotine [81-85]

Ethanol, amphetamines, cocaine,

morphine [67,88,92]

Drug-induced mitochondrial dysfunction

Peripheral inflammation contributes to

. . Ethanol, cocaine [57,93,96]
neuroinflammation

Activation of Toll-like receptors Cocaine, opioids, ethanol [105,107,111]
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2.3. Effect of Oxidative Stress and Inflammation on Glutamate Signaling

Glutamate homeostasis is strongly regulated by glial and neuronal mechanisms [119].
Most extracellular glutamate is not dependent on neuron depolarization [120], but the equilibrium of
extrasynaptic efflux and uptake [80,121]. Astrocytes and microglia release glutamate to extrasynaptic
space via the cystine-glutamate antiporter system X.~ [80], which releases glutamate into an
extrasynaptic space [81] (the antioxidant effect of system X.~ by cystine internalization is discussed in
Section 2.2). Among the different glutamate transporters, the astrocyte excitatory amino acid transporter
2 (EAAT?2, also called GLT-1) accounts for ~90% of glial (synaptic) uptake in the brain [122] (reviewed
by Danbolt [123]). GLT-1 is the most highly expressed glutamate transporter in the telencephalon
and midbrain [124]. By the modification of system X.~ and GLT-1 activity, the extracellular levels of
glutamate are altered after the administration of drugs of abuse (vide infra).

2.3.1. Glutamate Transport Activity Is Impaired by Brain Oxidative Stress and
Inflammation Components

Oxidative stress components (including ROS and RNS) can directly inhibit GLT-1 activity [125,126].
ROS inhibits glutamate transport, in part by promoting the cross-linking of cysteine residues [127,128]
and by the formation of adducts of glutamate transporters with lipoperoxidation products like
4-hydroxynonenal and 4-hydroxyhexenal, which reduce GLT-1 activity [129]. Inhibition of glutamate
transport by ROS is completely reversed by reducing agents in vitro [128,130-133]; while the inhibition
induced by the RNS peroxynitrite (ONOO™) is less prone to reversal [127], possibly due to tyrosine
nitration of GLT-1 [134]. Although less studied, system X~ activity may also be inhibited by oxidative
stress, as molecular dynamics studies show that oxidation of a key cysteine residue of XCT impairs its
activity [86].

Activation of rat microglia by LPS treatment has been shown to generate oxidative stress,
mainly releasing ONOO™, and to promote glutamate uptake inhibition [135]. In vitro, human and
rat astrocytes treated with the pro-inflammatory cytokines TNF-a and IL-1f for 30 min to 7 days
reduce their glutamate uptake [136-141], an effect that is abolished by pre-treatment with NOS
inhibitors [138,140] and replicated by treatment with nitric oxide donors [138]. Pro-inflammatory
cytokines reduce GLT-1 mRNA and protein levels, further blunting glutamate uptake [142,143].

2.3.2. Drugs of Abuse Modify the Extracellular Levels of Glutamate

The net effect of drugs of abuse on the levels of extracellular glutamate will depend on the degree
of impairment of the system X.~, which normally releases glutamate from astrocytes and microglia
into the extracellular space [37]. Normalizing the glutamate homeostasis allows the brain to break
away from the drug-cue learned association that promotes relapse [83,144,145]. Rat models of cocaine
addiction show low extracellular glutamate levels in the NAcc after a cocaine self-administration
extinction period [82], and restoring X.~ activity either by the administration of cystine directly
into the NAcc or by systemic administration of the antioxidant N-acetylcysteine (NAC, a cysteine
pro-drug) normalizes extracellular glutamate levels and reduces cocaine-cued seeking behavior [82].
The increased X~ activity normalizes the release of glutamate into the extra-synaptic compartment,
which activates the inhibitory metabotropic glutamate receptors 2 and 3 (mGluR2/3) located in the
pre-synaptic neuron. Indeed, direct activation of mGluR2/3 reduces the release of synaptic glutamate,
further contributing to the normalization of glutamate homeostasis [146] (Figure 2). Interestingly,
the activation of mGluR2/3 by NAC also restores the NAcc ability to recover neuronal synaptic
adaptations. Consequently, the antagonists of mGIluR2/3 prevent the rescuing effect of cocaine-seeking
behavior and relapse to ethanol consumption by NAC [144,147,148].
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Figure 2. The tripartite synapse and glutamate homeostasis. When glutamate homeostasis is maintained,
GLT-1 removes glutamate from the synaptic cleft, and the glial system X.~ releases glutamate to the
extrasynaptic location, which activates the inhibitory metabotropic glutamate receptors 2 and 3
(mGluR2/3) which inhibits synaptic glutamate release. Drugs of abuse alter glutamate homeostasis by
increasing the levels of oxidative stress, which impair GLT-1 activity and reduce the activity of system
Xc~. Both effects potentiate cued-induced increases in post-synaptic glutamate tone. Drugs of abuse
also strengthen glutamatergic transmission by promoting the recruitment of Ca>* permeable AMPA
receptors (CP-AMPAR). Antioxidants like N-acetylcysteine (NAC) normalize glutamate homeostasis
by increasing the levels of cystine, activating both the system X.~ and mGIuR2/3, also increasing GSH
and reducing oxidative stress, which recovers GLT-1 activity. Administration of secretome derived
from mesenchymal stem cells (MSCs) also reduces drug consumption by reducing oxidative stress and
recovering GLT-1 activity.

Methamphetamine self-administration also reduced extracellular glutamate levels in the NAcc
and prefrontal cortex of rats after an extinction period [149]. Under a different experimental paradigm,
the opposite effect was observed, as a three-week withdrawal of methamphetamine self-administration
increased the levels of extracellular glutamate in the NAcc [150], suggesting that in this model the
glutamate transport by GLT-1 is more impaired than the X.~ -mediated glutamate extrasynaptic
release. Increased glutamate levels were also observed in the NAcc of mice exposed to alternating
forced ethanol administration with self-administration, after 18 h of abstinence [151,152]. In these
experiments, direct administration of a mGIuR2/3 agonist into the NAcc did significantly reduce
ethanol consumption [151]. In rats, ethanol self-administration increased extracellular glutamate levels
in the NAcc and VTA [153]. Systemic NAC administration after a period of abstinence from ethanol or
nicotine self-administration significantly reduced their respective substance reinstatement, compared to
rats administered with saline [65]. In rodent models, the relevance of synaptic (GLT-1) glutamate
transport on ethanol and nicotine self-administration was additionally demonstrated by the intranasal
administration of the antioxidant and anti-inflammatory secretome derived from mesenchymal stem
cells (MSCs), which significantly inhibited the consumption of both drugs, an effect that was fully
prevented by brain GLT-1 knockdown [66]. Overall, evidence suggests that glutamate transport by
GLT-1 and glutamate glial release by system X.~ are impaired in drug abuse models, regardless of the
net effect on the brain extracellular glutamate levels.
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2.3.3. The Recovery of GLT-1 and System X.~ Activities Inhibits Drug Seeking and Reinstatement

Several pharmacological treatments have been developed to study the effect of the recovery
of GLT-1 and system X~ activities. Screening more than 1000 FDA approved drugs, Rothstein et
al. [154] showed that p-lactam antibiotics were potent inducers of GLT-1 expression, significantly
raising their mRNA and protein levels. Since then, ceftriaxone has been the most commonly used
B-lactam to increase GLT-1 levels, which was subsequently found to also promote the expression of
xCT and increase system X~ activity [155]. Ceftriaxone has been shown to reduce the reinstatement
of drug paired behavior and seeking of cocaine [156], amphetamine [157], ethanol (including direct
inhibition of consumption) [158-160], opioids [161], and nicotine [162], showing the broad-spectrum
of the recovering of glutamate homeostasis in the treatment of drug addiction.

Despite the promising preclinical results indicated above, the applicability of ceftriaxone as a
treatment for drug abuse in humans is limited. As an antibiotic, its chronic use could induce bacterial
resistance and it is prone to generate gastrointestinal secondary effects. In addition, ceftriaxone
parenteral administration would reduce the compliance of drug consumers. Thus, alternative inducers
of GLT-1 and system X~ activities are necessary to translate the favorable results in animal models to
clinical trials.

3. Evidence for the Therapeutic Potential of Antioxidant and Anti-inflammatory Agents for the
Treatment of Chronic Drug Abuse

3.1. N-Acetylcysteine (NAC)

Besides being used as a pharmacological tool to increase the activity of glutamate transporters
system X.~ and GLT-1, as discussed in Section 2.3.1, preclinical and clinical evidence shows
the antioxidant potential of NAC as a treatment for drug abuse. NAC antioxidant activity is
explained by its direct reducing action of disulfide bonds and by being a precursor of the potent
antioxidant glutathione [163]. Thus, NAC treatment successfully normalizes the rat brain levels of
oxidative stress and inflammation raised by exposure to drugs of abuse like ethanol, nicotine [65,164],
and methamphetamine [165], which correlated with a reduction of oral intake of ethanol and nicotine
after months of ad libitum consumption in NAC-treated rats [65,166]. The reduction of ethanol and
nicotine intake is more pronounced if orally administered NAC is given repeatedly during drug
intake [65,166] or intraperitoneally as a bolus at the end of a period of abstinence [167]. As expected,
the reduction of rat ethanol consumption was enhanced if NAC was given as a co-treatment with
the anti-inflammatory drug aspirin [166], which also reduces the levels of inflammatory factors in
the brain (see below). NAC treatment also prevents the reinstatement of bar-pressing behavior
conditioned by opioids, cocaine, and cannabinoids after an extinction period [82,168-170]. Given these
broad-spectrum encouraging results of NAC, in addition, to be currently an FDA-approved and
well-tolerated drug for the treatment of acetaminophen poisoning [171], clinical trials have been
performed to determine whether NAC could reduce drug intake in humans. A recent meta-analysis
of 7 articles—representing the treatment of methamphetamine, cannabis, cocaine, and nicotine
addiction—showed that NAC (prescribed to be administered twice-daily) moderately but significantly
reduces craving symptoms compared to placebo [172]. Low compliance with medication intake was
however noted in some studies, which is compounded by the short biological half-life of NAC of
6 h [173]. Longer-acting means of reducing oxidative stress and neuroinflammation would be preferable
(vide infra). Noteworthy, the trials found that NAC is effective in preventing relapse, rather than
reducing ongoing consumption [174,175], which is consistent with its proposed mechanism of action,
that is the restoration of glutamate homeostasis and the dissociation of drug and environmental
stimuli pairing (Section 1.2). Additionally, given the drug-induced development of a self-perpetuation
oxidative mechanism, an antioxidant drug will be more effective if the use of very drug that generated
oxidative stress is halted.
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3.2. Thudilast

The anti-inflammatory drug, ibudilast, is a well-tolerated FDA-approved treatment for respiratory
asthma, due to its inhibition of smooth muscle contractibility [176,177]. The Ibudilast anti-inflammatory
effect is the result of the inhibition of cyclic nucleotide phosphodiesterases (PDEs) [178,179]. In animals
administered with LPS, ibudilast treatment reduces TNF-« release by microglia and astrocytes [180];
additionally in vitro addition of ibudilast to LPS-activated microglia reduces ROS and nitric oxide release
and the mRNA levels of the pro-inflammatory cytokines IL-1§3, IL-6, and TNF-«, while increasing
the mRNA level of the anti-inflammatory cytokine IL-10 [181]. The activation of microglia and
astrocytes induced by morphine administration in rats is also reduced by ibudilast treatment, an effect
that was correlated with reduced mRNA levels of IL-1§3 in the prefrontal cortex [182]. In addition,
ibudilast significantly reduced ethanol intake in rats and mice [183], and the methamphetamine-primed
bar-pressing reinstatement was previously conditioned by methamphetamine self-administration [184].
In humans, ibudilast has a biological half-life of 19 h, which allows constant plasma levels [185]. Patients
presenting an alcohol use disorder reduced their craving for alcohol after ibudilast treatment [186],
and methamphetamine users reduced the self-report of subjective rewarding effects of the drug after
ibudilast treatment compared to placebo-treated users [187].

3.3. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs are non-specific inhibitors of cyclooxygenases 1 and 2 (COX1 and 2). The anti-inflammatory
activity of NSAIDs occurs due to the inhibition of pro-inflammatory prostaglandin synthesis, by
COX1 or COX2 [188]. Recent evidence showed that NSAIDs could be beneficial for the treatment
of drug addiction. Mice treated with the COX1 and COX2 inhibitor indomethacin prevented the
activation of microglia and astrocytes, as well as the rise of the pro-inflammatory cytokine TNF-«
induced by methamphetamine administration [189]. Similarly, rats treated with amphetamine that
received the COX2 inhibitor celecoxib did not show the rise in TNF-« levels in the striatum that
was observed in rats treated with amphetamine alone [190]. In addition, the administration to
alcohol-dependent animals of aspirin alone, or in combination with NAC significantly reduced the
voluntary ethanol consumption of treated animals [166]. Aspirin by itself administered at doses
used in humans, inhibited oxidative stress in the hippocampus of chronically ethanol ingesting
animals [166]. The treatments also reduced the brain oxidative stress, observed as the ratio of oxidized
glutathione/reduced glutathione in the hippocampus, and prevented the activation of astrocytes and
microglia [166]. Interestingly, aspirin treatment promotes additional anti-inflammatory mechanisms
compared to other NSAIDs, as COX2 acetylated by aspirin can metabolize arachidonic acid to induce the
generation of aspirin-induced lipoxins, with potent anti-inflammatory activity [191]. Recently, lipoxin
administration was found to significantly inhibit chronic ethanol intake in rats and the administration
of a lipoxin antagonist prevented the effect of aspirin in reducing ethanol intake [148], again showing a
clear association between dug intake and inflammation.

4. Biomolecules as Potential Treatments of Drug Abuse

4.1. Mesenchymal Stem Cells and Their Products

The administration of mesenchymal stem cells (MSCs) has emerged as a promising therapeutic
strategy for brain neurodegenerative and inflammatory diseases due to their pleiotropic mechanisms
of actions that include cell replacement, promotion of survival via paracrine signaling, modulation
of inflammation, and reduction of oxidative damage [192]. Among the different types of adult
stem cells, MSCs are one of the most employed in pre-clinical studies since these: (i) can be
easily isolated from different tissues (e.g., fat depots, bone marrow, cord blood, menstrual blood)
and expanded in vitro; (ii) exhibit great proliferative potential [193]; (iii) produce high levels
of antioxidant enzymes including superoxide dismutase, catalase, and glutathione peroxidase;
thus being able to reduce oxidative stress [194]; (iv) have potent immunomodulatory properties
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mediated by the secretion of anti-inflammatory molecules and the inhibition of microglia and
astrocyte activation [195-197] (thus having a dual impact blunting the agents that promote
the oxidative stress-neuroinflammation potentiation), and (v) have a good safety profile [198].
Importantly, MSCs show low immunogenicity [199], allowing allogeneic transplantation without
immunosuppression. In addition, preclinical studies show that xenogeneic approaches (i.e., human
MSCs transplanted into animal models) are effective in immunomodulation, recovery of function,
and reduction of brain disease progression [200,201], which should allow the evaluation of the efficacy
of human MSCs in animal models of several pathologies. Importantly, the administration of MSCs
has successfully reduced brain oxidative stress and inflammation in animal models of oxidative
and inflammatory diseases, including stroke, cerebral ischemia, traumatic brain injury and multiple
sclerosis [196,202-204].

4.1.1. MSCs Intra-Cranial Administration Reduces Ethanol Intake and Relapse in Rats

Due to their potent antioxidant and anti-inflammatory properties MSCs appear as highly attractive
candidates for the treatment of addictions. In significant proof-of-concept studies, our research group
demonstrated that a single intra-cerebroventricular administration of rat bone marrow-derived or
adipose tissue-derived MSCs [205], or human adipose tissue-derived MSCs [206] to rats that had
consumed ethanol chronically reduced their ethanol intake by 75% and inhibited alcohol relapse up to
85%. Such an effect was also achieved following the intravenous administration of spheroids derived
from human MSCs to rats after chronic ethanol intake [207] (spheroids are generated by culturing MSCs
in hanging droplets to reduce their size and increase their production of anti-inflammatory factors).
Of note is the long-acting effect of spheroids; in high drinker rats, a single intravenous administration of
MSC spheroids inhibited (>75%) chronic ethanol intake for 3 weeks, and subsequently, by the fifth week
it also reduced the post-deprivation relapse binge-like drinking by 75% compared to vehicle-treated
rats [207]. The therapeutic effects of MSCs administration were correlated with a significant reduction
of brain oxidative stress and neuroinflammation and with an increase of GLT-1 protein levels in the
NAcc and prefrontal cortex [206,207].

4.1.2. MSCs-Derived Secretome: A Safer Product Recapitulates the Effect of Living
MSCs Administration

Initially, MSCs were thought to exert their therapeutic effects due to their multipotent differentiation
potential and by direct cell-to-cell interactions [208]. However, presently the most accepted therapeutic
mechanism associated with MSCs action is the generation of a pro-regenerative microenvironment
through the paracrine secretion of different bioactive molecules [209]. Thus, MSCs have been described
as the “injury drugstore” [210]. Accordingly, several researchers have demonstrated in different animal
models that the administration of secretome produced by in vitro cultured MSCs can recapitulate
the therapeutic effect obtained following the administration of living MSCs [211,212]. Compared
with the use of live MSCs, the MSC-derived secretome has several advantages including (i) higher
biosafety, reducing the risk of thrombosis or tumor generation; (ii) ready availability, as secretome can
be lyophilized favoring it storage; (iii) greater reproducibility of therapeutic effect since it composition
can be defined and standardized; (iv) ease of administration since due to the small size of its
components, the secretome can be non-invasively administered by the nasal route to reach the brain;
and (v) the administration can be repeated over time, as it does not generate an immunological
rejection. Additionally, the composition of the MSC secretome can be modified by subjecting these
cells to an in vitro preconditioning stimulus. This leads to the secretion of an appropriate combination
of bioactive molecules specific for a determined pathology [213]. In this sense, our research group
and others have reported that the in vitro preconditioning of MSCs with pro-inflammatory cytokines
induces the secretion of high levels of anti-inflammatory and antioxidant molecules [206,213,214].
The secretome derived from MSCs is made of both: (a) soluble bioactive molecules and (b) exosomes:
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small nanovesicles containing several cell components including proteins and microRNAs (miRNAs).
Both fractions have been associated with the paracrine effects of MSCs [215].

4.1.3. MSCs-Derived Secretome Administration Reduces Drug Consumption and Relapse in
Animal Models

The secretome derived from MSCs has been used to treat drug consumption and relapse in
animal models of drug addiction. Importantly, MSCs secrete catalase and superoxide dismutase
and promote the up-regulation of glutathione peroxidase in treated tissues [214], which potentially
prevents the oxidation of redox-sensitive glutamate transporters that promote consumption and
relapse (see Section 2.3). Indeed, using an animal model of alcohol addiction, we demonstrated
that the non-invasive intranasal administration of exosomes derived from preconditioned human
MSCs (hMSCs) efficiently reached the brain and partially reproduced the relapse prevention effects
observed after the administration of live MSCs [216], while the intranasal administration of the
complete secretome (exosomes plus soluble molecules) derived from preconditioned hMSCs fully
recapitulated the therapeutic effects of MSC administration including a 90% reduction of chronic
alcohol intake, complete prevention of alcohol relapse, a full reversion of hippocampal oxidative
stress and inflammation, and an increase of GLT-1 levels in NAcc [66]. Furthermore, the therapeutic
effects could be maintained by the administration of additional secretome at weekly intervals [66].
The anti-addictive effects of MSC-derived secretome have also been shown in a nicotine abuse model.
In animals that self-administered oral nicotine, the intranasal administration of secretome greatly
reduced nicotine-induced brain oxidative stress and inflammation, and lead to a marked reduction of
chronic nicotine self-administration and complete prevention of nicotine relapse [66]. These results
show that the therapeutic-like effects of MSCs secretome treatment are not restricted to alcohol abuse.
In both animal models of alcohol and nicotine abuse, the intracerebral administration of an antisense
oligonucleotide directed against GLT-1 fully inhibited the secretome effects, strongly suggesting that
the anti-addictive effect is mediated by the ability of the secretome to increase GLT-1 activity and levels,
possibly due to the prevention of GLT-1 oxidation [66].

4.2. MicroRNA

MicroRNA (miRNA) are biologically synthesized molecules that regulate several processes by
modulating multiple mRNA targets. These non-coding RNA molecules of ~22 nucleotides silence
mRNA both via reducing the levels of their target mRNA and repressing translation [217]. MiRNAs
are transcribed as longer sequences that are processed to be included in an RNA-induced silencing
complex (RISC) [217,218]. RISC targets multiple mRNAs with a complementary sequence at the 3’
untranslated region (3’-UTR) and obstructs translation by either cleaving the mRNA target if the
sequence pairing is complete or by destabilization and decapping if the pairing is imperfect [219,220].
The miRNA down-regulation of multiple targets can have a synergistic effect that steers the cell to
act in a specific direction [221], or just fine-tunes gene expression by acting in conjunction with other
regulators [217]. These characteristics indicate that miRNAs could be used as therapeutic tools for the
modulation of specific targets, while the development of strategies for their delivery constitutes an
ongoing challenge [222,223].

4.2.1. MicroRNA Expressed After Pro-inflammatory or Anti-inflammatory Signals in the Brain

Some miRNAs are known to modulate the expression of molecules related to the oxidative stress
response [224] or of inflammatory factors [225]. In the brain, microglial and astrocyte expression of
miR-155 and miR-146 increases after the activation of TLR2 or TLR4 [226-228]. MiR-155 is the most
up-regulated miRNA after microglia activation in vivo and it controls the inflammatory activity of the
cells. MiR-155 inhibits the translation of anti-inflammatory proteins, including the suppressor of cytokine
signaling-1 (SOCS-1), thus promoting the expression of iNOS and pro-inflammatory cytokines [229,230].
Conversely, inhibition of miR-155 reduces astrocyte inflammatory gene expression [231,232]. On the other
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hand, miR-146 is induced by NF-kB and has been shown to be anti-inflammatory. Indeed, overexpression
of miR-146 inhibits iNOS and IL-1§3 expression via inhibition of interleukin 1 receptor-associated kinase
1 (IRAK1) and TNF receptor-associated factor 6 (TRAF6), suggesting a role on toning down microglial
activation [233].

Additionally, the anti-inflammatory miR-124 is the most abundant miRNA in the brain, accounting
for 25 to 48% of total miRNA in mouse cortex, midbrain, and cerebellum [234]. The expression of
miR-124 prompts microglia to remain in a non-activated state and is down-regulated if microglia are
exposed to pro-inflammatory stimuli [228,235]. In resting microglia, miR-124 activity directly inhibits
the translation of the transcription factor CCAAT/enhancer-binding protein-« (CEBPA) [235]; being a
promoter of differentiation of monocytic cells [236] that inhibits the microglial activation markers
CD11b and CD45 [235].

4.2.2. Pro- and Anti-Inflammatory miRNAs in Neurodegenerative Diseases. The case of miR-155,
miR-146, and miR-124

The relevance of miRNA control of brain oxidative stress and neuroinflammation has been
shown in neurodegenerative diseases [237]. A literature review of almost 1,000 articles showed
that in neurodegenerative diseases the most consistently upregulated miRNAs include miR-155 and
miR-146, while the most consistently down-regulated miRNAs include miR-124 [238]. Consistent
with their discussed pro- and anti-inflammatory effects, inhibiting the expression of miR-155 or
increasing the expression of miR146 and miR124 in animal models of neurodegenerative diseases
is beneficial. For example, the intracerebroventricular administration of anti-miR-155 reduces
microglial activation, brain oxidative stress, and inflammation markers, and increases survival in
experimental models of amyotrophic lateral sclerosis [229] and traumatic brain injury [239]. Similarly,
the intracerebroventricular administration of mice with miR-124 complexed in liposomes significantly
reduced the amount of activated microglia compared to animals treated with control miRNA, in a
model of autoimmune encephalomyelitis [235].

4.2.3. The potential of Pro- and Anti-Inflammatory miRNA in the Modulation of Drug Abuse
MiR-155

Recent evidence showed that miR-155 promotes brain inflammation in animal models of
ethanol abuse. Rats and mice increased their levels of cerebellar miR-155 after chronic ethanol
consumption [240,241]. In mice, the rise of miR-155 after ethanol consumption occurred via TLR4
activation, since TLR4 knockout mice did not increase their miR-155 levels [241]. In addition, miR-155
knockout mice did not show the increases of cerebellar TNF-x and monocyte chemoattractant protein-1
(MCP-1) protein and mRNA levels, or NF-kB activity after ethanol consumption observed in wild-type
animals [241] (Figure 3). The miR-155 expression also increased TNF-« peripheral levels, as seen in
a mouse model of alcoholic liver disease [242]. The surge of peripheral inflammation is thought to
contribute to the mechanism by which ethanol promotes brain oxidative stress and neuroinflammation
(Table 2), which as discussed above promotes chronic alcohol intake and relapse in animal models and
correlates with craving in abstinent alcohol use disorder patients.

MiR-146

Similar to what has been observed in animal models of neurodegenerative diseases (see above),
the levels of the anti-inflammatory miR-146 are increased in a rat model of ethanol consumption [240].
In addition, an association of miR-146 with human alcohol consumption has been found. In a microarray
study, miR-146 was shown to be up-regulated in the frontal cortex of alcoholics compared to healthy
controls [243]. In addition, the rs2910164 genetic variant of miR-146 was linked to patients with alcohol
use disorders, though it is not known whether this variant expresses an altered miR-146 activity [244].
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Figure 3. The effect of pro- and anti-inflammatory miRNA modulation in animal models of drug

addiction. Ethanol consumption increases the levels of miR-155 and miR-146 in the cerebellum.
Pro-inflammatory miR-155 expression promotes increases levels of pro-inflammatory cytokines and
NF-kB activity and inhibits anti-inflammatory proteins like the suppressor of cytokine signaling
(SOCS-1). Anti-inflammatory miR-124 microglial expression reduces pro-inflammatory cytokines,
iNOS, and TLR4 levels; the effect that is inhibited in the striatum of animal models of cocaine or
ethanol consumption.

MiR-124

Reduced levels of anti-inflammatory miR-124 have been shown in models of drug abuse. In vitro,
cocaine administration to a mouse microglial cell line reduced their miR-124 levels and increased their
mRNA levels of TNF-«, iNOS, and MCP-1 [62,245] (Figure 3). Effects that were prevented by the
overexpression of miR-124 [62]. In vivo, reduced levels of miR-124 were found in the hippocampus
of rats treated systemically with cocaine for 15 days [246], and also in whole brain homogenates and
purified microglia of mice treated with cocaine for 7 days [245]. In addition, miR-124 levels were
lowered in the dorsolateral striatum of rats after 15 days of ethanol consumption [247]. The effect
of modifying miR-124 levels in drug consumption has also been studied; the administration of
a lentiviral vector (LV) coding for miR-124 into the striatum reduced the activation of microglia,
the increases in TLR4 levels, and the increase in locomotor activity elicited by cocaine administration
in mice [62]. Similar results were observed in rats using the conditioned place preference paradigm.
In these experiments, the bilateral administration of an LV coding for miR-124 into the dorsolateral
striatum reduced the place preference conditioning by cocaine administration compared with controls,
while place conditioning was increased in rats which miR-124 levels were lowered further by the
administration of a silencing LV prior to the cocaine administrations [248].

5. Conclusions

In recent years, common brain mechanisms that promote drug consumption and relapse have
been uncovered. The enduring pairing of drug consumption and drug-associated cues that predict
its availability is amplified by altered glutamate homeostasis induced by brain oxidative stress
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and neuroinflammation. A point made in this review is that no longer oxidative stress and
neuroinflammation can be seen as separate; the literature strongly indicates that not only both
are associated and potentiate each other but coexist in a vicious-like self-perpetuating cycle. Indeed,
evidence that drugs of abuse increase both brain oxidative stress and neuroinflammation has been
documented, which correlates with the impairment of glutamatergic homeostasis via the inactivation
of the glial and redox-sensitive glutamate transporters GLT-1 and the system X.". Thus, this review
assessed the use of present and potential antioxidants or anti-inflammatory treatments for drug
addiction. The consumption of different drugs of abuse and the relapse after abstinence in several
preclinical models of drug addiction have been successfully inhibited after the treatment with the
antioxidant NAC and anti-inflammatory molecules like ibudilast and aspirin. Potential new treatments
such as those afforded by bioproducts released by mesenchymal stem cells or by modulating the
levels of miRNA that target several oxidant and pro-inflammatory mechanisms have been proposed.
These pre-clinically tested agents have shown marked reductions of consumption and relapse in animal
models of ethanol, nicotine, and cocaine abuse. These new approaches may constitute useful treatments
against the abuse of multiple drugs while requiring additional pre-clinical studies on different models
of both drug consumption and withdrawal intake to ascertain their broad-spectrum potential.
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