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The incidence of multiple drug abuse is becoming more prevalent particularly in underdeveloped
countries. In addition to caffeine and nicotine; ethanol, cocaine, met-amphetamine (METH) are the
most common recreational drugs of abuse and induce early morbidity and mortality particularly in
developing embryos and among teen-age population. We used human dopaminergic (SK-N-SH and
SHS-Y5Y) neurons and metallothionein (MTs) gene manipulated mice to determine whether MTsinduced Coenzyme Q10 synthesis provides neuroprotection in multiple drug abuse. MTs were overexpressed by cell transfection and by using metallothionein transgenic (MTtrans) mesencephalic
fetal stem cells. We performed in-vivo longitudinal analysis with microPET neuroimaging using
18FdG and 18F-DOPA as specific biomarkers of brain regional mitochondrial bioenergetics and
dopaminergic neurotransmission respectively. Alcohol accentuated cocaine and METH neurotoxicity
by increasing the bio-availability of these drugs in the CNS. We used weaver mutant (wv/wv) mice
because these genotypes exhibit neurodegeneration in the hippocampus, striatum, and cerebellar
regions, and neurobehavioral abnormalities, body termers, postural irregularities, and walking
difficulties as seen in poly-substance abuse. Brain regional pro-inflammatory cytokines IL-1β, TNF-α,
and NF-κβ were significantly increased, whereas anti-inflammatory MTs, melatonin, CoQ10, and
mitochondrial complex-1 were significantly reduced in these genotypes. Cross-breeding wv/wv mice
with MTtrans mice provided a colony resistant to poly-substance abuse with significantly reduced
striatal dopaminergic degeneration as compared to wv/wv mice suggesting that MTs provide
neuroprotection by augmenting brain regional CoQ10 and melatonin synthesis and acting as antiinflammatory and free radical scavenging agents. MTs may scavenge free radicals and trap iron
which participates in Fenten reaction to generate hydroxyl radicals and is significantly increased in
the CNS of subjects addicted to poly-substance abuse. Furthermore, MTs may prevent neurotoxicity
by inhibiting IL-1β, TNF-α and NF-κβ and by preserving CoQ10 involved in mitochondrial complex-1
replenishment and oxidative phosphorylation. Hence therapeutic interventions involving brain
regional MTs induction may provide neuroprotection in polysubstance abuse.

_____________________________________________________
Keywords: Metallothioneins; poly-substance abuse; coenzyme q10; dopamine; cocaine; methamphetamine; alcohol;
nicotine; free radicals; zinc; detoxification

Chronic abuse of cocaine, METH, and ethanol is quite prevalent
among Native Americans of North America and worldwide.
These substances induce microglial immunocompromise,
neuroinflammation, increased susceptibility to HIV/AIDS, and
premature neurodegeneration, resulting in early morbidity and
mortality. Moreover treatment of poly-substance abuse and
drug-related HIV/AIDS is extremely costly all over the world.
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Hence, there is a dire need to establish the therapeutic strategies
of poly-substance abuse.
In recent years we have explored the therapeutic potential of
metallothioneins (MTs) as anti-inflammatory agents in cocaine,
METH, and ethanol models of multiple drug abuse using
cultured human dopaminergic (SK-N-SH and SH-S-Y5Y)
neurons and metallothioneins (MTs) gene-manipulated weaver
mutant (wv/wv) mice.
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We have discovered that weaver (wv/wv) mice exhibit
progressive neurodegeneration in the striatum, hippocampal CA3 and dentate gyrus, and cerebellar Purkinje neurons as seen in
cocaine, METH, and ethanol addiction. However the exact
molecular mechanism of neurodegeneration in poly-substance
abuse and its prevention and/or treatment remains enigmatic
[20-25]. One of the several possible mechanisms of
neurodegeneration could be through NFκβ mediated microglial
activation and MTs down-regulation which may provide better
insight in learning the precise molecular mechanism of
neurodegeneration in poly-substance abuse and its prevention or
treatment. Immunoreactivity and mRNA expression of
macrophage colony stimulating factor (M-CSF), which triggers
microglial activation and neurodegeneration in the cerebellar
Purkinje neurons and olfactory lobe mitral cell has been
discovered [26], whereas microglial activation during
progressive neurodegeneration in wv/wv mice suggests the
clinical significance of neuro-inflammation in poly-substance
abuse [27].
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To establish the therapeutic potential of MTs in poly-substance
abuse, we developed novel α-synuclein-metallothioneins triple
knockout (α-Syn-MTtko) mice and MTs over-expressing weaver
(wv/wv-MTs) mice [28, 29]. We have discovered that the
striatal CoQ10 is significantly reduced in α-Syn-MTtko mice
and is increased in wv/wv-MTs mice supporting our original
hypothesis that MTs provide COQ10-mediated neuroprotection
in neurodegenerative disorders such as Parkinson’s disease (PD)
and drug addiction. Indeed COQ10 inhibited NFκβ and
accentuated mitochondrial ubiquinone-NADH Oxidoreductase
(complex-1; a rate limiting enzyme
e complex involved in oxidative phosphorylation and ATP
synthesis during TCA cycle) in wv/wv mice, whereas MTtrans
mice were resistant to 1-methyl, 4-phenyl, 1,2,3,6tetrahydropyridine (MPTP) neurotoxicity and Parkinsonism due
©IIOAB-India

Recently the outcome of intrastriatal grafts of embryonic
mesencephalic tissue in PD patients has been evaluated with
18F-DOPA and 11C-raclopride-PET neuroimaging [34, 35].
Withdrawal of immune suppression 2.5 years after
transplantation caused no reduction of 18F-DOPA uptake.
However, the patients developed dyskinesia due to
inflammation, indicating that poor graft outcome was associated
with dopaminergic denervation. However dyskinesia was not
associated with dopamine release suggesting that long-term
immunosuppressive treatment can be withdrawn without
interfering with graft survival. Although this therapeutic
approach is promising and has direct clinical significance, it
requires considerably large number of fetal stem cells and has
some ethical issues. Therefore we developed a novel colony of
MTs over-expressing weaver (wv/wv-MTs) mice which exhibit
attenuated nigrostriatal degeneration without any overt clinical
symptom of poly-substance abuse, hence could be used to
establish MT-mediated inhibition of pro-inflammatory cytokines
involved in neurodegeneration, early morbidity, and mortality.
By performing high-resolution microPET imaging, we have
demonstrated that the distribution kinetics of 18F-DOPA is impaired
[18, 36] with significant reduction in the striatal dopamine, COQ10,
complex-1 activity, and increase in NFκβ as a consequence of
peroxynitrite ion (ONOO-) stress in aging wv/wv mice [17,33]. Indeed
wv/wv mice exhibit age-dependent ONOO- stress and down-regulation
of MTs, whereas MTs attenuate MPTP-induced α-Synuclein nitration
implicated in Lewy body formation [33]. However, significantly
increased striatal 18F-DOPA uptake and COQ10 in wv/wv-MTs mice
suggests the therapeutic potential of MTs in poly-substance abuse.
Furthermore, we have discovered that ethanol augments cocaine and
METH-induced reduction in the striatal 18F-DOPA uptake in
C57/BL6J mice [19], whereas MTs provide zinc-mediated
neuroprotection via transcriptional regulation of genes involved in
growth and survival and by inhibiting pro-inflammatory cytokine genes
including NFκβ [21-25, 33, 37,38].

1.1. Microglial activation
Microglial activation participates in neuro-inflammation in
response to environmental stress, aging, diet, drugs, and diseases
that regulate protein acylation. Upon injury microglia, express
macrophage colony stimulating factor (M-CSF) and release
cytokines which induce activation, proliferation, or migration as
a pro-inflammatory response [39, 40]. Activated microglia
release nitric oxide (NO), increase in number, accumulate
towards the damaged area, and perform both neuroprotective as
well as neurotoxic functions depending on the state of activation
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By employing high-resolution magic angle spinning nuclear
magnetic resonance (NMR) spectroscopy, we have discovered
that morphine addiction induces neuro-adaptation by inhibiting
inositol trisphosphate (IP3/Ca2+)-mediated signal transduction
in the rat peri-aqueductal grey and locus coeruleus neurons and
neurodegeneration in the spinal lumbar dorsal horn neurons [16]
. These original findings encouraged us to propose the
hypothesis that drugs of abuse induce early neuroadaptation
followed by delayed neurodegeneration associated with
induction of pro-inflammatory cytokine genes such as NFκβ, as
we have recently discovered in wv/wv mice. Hence we have
used these genotypes as experimental model of multiple drug
abuse in our studies [17-19].

to significantly increased COQ10 as compared to wv/wv and
MTdko mice [30]. Based on these findings, we proposed that
since mesencephalic MTtrans fetal stem cells are resistant to 3morpholinosydnonimine (SIN-1) and dihydroxy phenyl
acetaldehyde (DOPAL) apoptosis implicated in progressive
neurodegeneration and neural graft rejection [31, 32]; these
robust cells could be used for the successful transplantation in
wv/wv mice and the graft outcome could be assessed in-vivo by
performing microPET neuroimaging and in-vitro by microarray
analysis of pro-inflammatory cytokines genes [33].

REVIEW
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Although it is known that cocaine [1-3], METH [1, 2], morphine
[4], ethanol [5-13] and nicotine [14] induce microglial activation
through induction of pro-inflammatory cytokine, NFκβ, its exact
clinical significance in the CNS pathogenesis is yet to be
established. It has been reported that NFκβ and API-1 in
conjunction with calcium-calmodulin-dependent protein kinase
(MAPK-38) are induced in activated microglia as a proinflammatory response to drug-induced neurotoxic insult [15].
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1.2. In-Vivo assessment of microglial activation

Although the exact molecular mechanism remains enigmatic,
experimental evidence from our labs suggests that MTs provide
neuroprotection by attenuating peroxynitrite (ONOO-) ion
apoptosis in SK-N-SH neurons by inhibiting SIN-1 and MPTPinduced α-Synuclein nitration, and by augmenting COQ10
synthesis in MTtrans mice [31-33]. Peroxynitrite ions induce
pro-inflammatory cytokine, NFκβ and inhibit complex-1 which
leads to progressive dopaminergic neurodegeneration in wv/wv
mice [33, 36]. We have discovered that Selegiline inhibits
MPP+ apoptosis and provides neuroprotection by augmenting
MTs-mediated COQ10 synthesis [29, 68]. Transfection of SKN-SH neurons with MTsense oligonucleotides inhibited whereas
with MT1antisense oligonucleotides accentuated MPP+ and
SIN-1 apoptosis, indicating oxidative and nitrative stress in the
etiopathogenesis of dopaminergic degeneration and neural graft
rejection [69] and the neuroprotective role of MTs [29,36].
These findings suggest that it would be extremely important to
evaluate the therapeutic potential of MTtrans fetal stem cells in
aging wv/wv mice exhibiting progressive neurodegeneration and
establish the clinical significance of neuronal replacement
therapy in poly-substance abuse-induced neuropathies.

Activated microglia expresses specific binding sites for ligands
that recognize the 18-KDa transfactor protein (TP-18) in the
diseased
brain.
Hence
1-(2-Chlorophenyl)-N-methyl-N
(1methylpropyl) 3-isoquinoline-carboximide [PK-11195] is now
used for the functional characterization of TP-18 in
neurodegenerative disorders. Its localization in the activated
microglia has been established by autoradiography with [3H]
(R)-PK11195, whereas [11C] (R)-PK-11195 is used in-vivo to
evaluate neuro-inflammatory diseases by PET imaging [52-64].
Recently [11C] (R)–PK11195-PET has been used to establish
that intrauterine exposure of LPS to pregnant female rabbits
leads to microglial activation that may induce periventricular
leukomalacia and cerebral palsy in the progeny [65]. Microglial
activation also regulates CNS immune response in multiple
sclerosis (MS) and in experimental autoimmune encephalitis
(EAE). Autoradiography and immunohistochemical studies have
established a correlation between [3H]-PK-11195 binding and
microglial marker, Mac-1 [CD11β] and CD68 immunoreactivity
at the site of inflammatory lesion. PET imaging with [11C]PK11195 has identified uptake only at sites of active lesions as
confirmed by MRI criteria [66]. Furthermore microglial

We have discovered that cocaine, METH, and ethanol-induced
oxidative and nitrative stress, causes neurodegeneration in
C57BL.6J mice and in SK-N-SH neurons [19, 70], whereas
Selegiline and MTs inhibit ONOO- stress by inhibiting SIN-1,
METH, and MPTP-induced α-Synuclein nitration, involved in
Lewy body formation and PD pathogenesis [31-33,36-38].
Direct exposure to MPP+ caused neurodegeneration in PC-12
cells and down-regulated synaptosomal dopamine transporter
(sDAT) by releasing dopamine in DAT-over-expressing HEK293 cells [71,72]. Furthermore MDMA-induced neurotoxicity
in dopaminergic neurons was associated with increased MT1
and MT2 gene transcription as a neuroprotective mechanism,
which might have therapeutic potential in dopaminergic
neuropathies [73]. Cadmium (Cd) exposure to microglial
cultures was also associated with NFκβ and AP-1 activation, and
increased expression of MTs, heme oxygenase (HO-1),
glutathione S-transferase, and metal transport protein-1,
indicating primary involvement of oxidative stress in
neurodegeneration [74]. We have also discovered that MTs
regulate cytokines and NFκβ in cultured fibroblasts [75, 76] and
inhibit salsolinol-induced neurodegeneration in SH-SY5Y cells
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We have discovered that CoQ10 provides neuroprotection by
inhibiting NFκβ and by augmenting complex-1 activity in
wv/wv mice and in rotenone-exposed SK-N-SH neurons [17].
Kainite-induced seizures also induce microglial activation,
astrogliosis, cathapsin-S induction, and neurodegeneration in
mice [46]. Giunta et al. [47] have shown that cholinergic
pathway regulates anti-inflammatory response by acting at the
α-7nACh receptor and p44/42 (MAPK) system on macrophages.
Hence inflammatory mechanism is the central component of
HIV-associated dementia (HAD). Microglial activation is
attenuated by nicotine and by choline esterase inhibitor,
galantamine in IFN-γ-HIV-1 gp120 model of HAD.
Prostaglandin E2 also modulates macrophages and lymphocytes
during inflammation [48]. Acetylcholine and nicotine inhibit
LPS-induced TNF-α release in murine microglia, which is
attenuated by α-7nAChR antagonist, α-Bungarotoxin through
inhibition of p44/p42 and p38 MAPK phosphorylation,
suggesting that cholinergic pathways regulate microglial
activation through α-7nACh receptors. Hence inhibition of
microglial activation may represent mechanism underlying
nicotine’s neuroprotective potential in PD [49, 50]. However,
chronic abuse of nicotine induces hypersensitivity following
peripheral nerve injury that may increase inflammatory response
via release of cytokines [51].

response in dopaminergic degeneration in a rat model of PD has
been investigated by intra-striatal microinjection of 6-OH-DA
using 2β-carbomethoxy-3β-(4-fluorophenyl tropane (11C-CFT)
binding, which was significantly reduced in the striatum,
whereas 11C-PK-11195 binding was increased, confirming
microglial
activation
in
neurodegeneration.
Immunohistochemical analysis using antibodies against CR3 for
microglial activation, exhibited initially focal, then wide-spread
response in the nigrostriatal region within 4 weeks,
authenticating inflammation as the primary component of
dopaminergic degeneration [67].

REVIEW
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and release of mediators implicated in the pathogenesis of
neurodegenerative disorders [41-43]. We have reported that
glutathione and MTs synthesis are increased as an attempt to
combat iron-induced NF-κβ induction and oxidative stress,
whereas MTs or COQ10 provide neuroprotection by inhibiting
NFκβ-mediated microglial activation in SK-N-SH neurons
[44,45].
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1.4. Cocaine

Fig:1. MTS-Medited Neuroprotection in Cocaine Abuse. Chronic abuse of cocaine causes dopaminergic degeneration by blocking dopamine
transporter (DAT) in the nucleus accumbens and cerebrovascular damage, leading to stroke. MTs may provide neuroprotection by inhibiting cocaineinduced ONOO- stress and pro-inflammatory changes in the CNS.
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Recently, Arango et al [88] have evaluated cocaine-abusing
patients who survived with HIV/AIDS in relation to premature
neurodegeneration. Cocaine altered cytokine production and
HIV-1 expression and increased viral load as assessed by p24
antigen in the microglial supernatants. Cocaine-induced HIV-1
expression was blocked by inhibitors of γ-1 receptors (BD1047),
TGF-β1 antibodies (SB-1431442), and Anti-TGF-β1),
suggesting involvement of microglial γ-1 receptors and TGF-β1
in HIV expression [89, 90].
©IIOAB-India

It is now known that one of the active metabolite of cocaine,
cocaethylene (CE) increases the permeability of cerebrovascular endothelial cells through calcium-mediated p38-MAPK
and NFκβ activation. Treatment with lipo-polysaccharides (LPS)
had similar effects on p38 MAPK phosphorylation and NFκβ
DNA binding. Coaethylene decreased DNA binding of
RelA/p50 and p50/p50 dimers, increased NFκβ and p-38 MAPK
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It has been shown that MT-1 mRNA expression is increased 18
hrs after ethanol intoxication in mouse cerebral cortex, whereas
MT-3 expression is increased at higher doses suggesting the
neuroprotective role of MT1 as an antioxidant, whereas MT-3
may provide protection in critical neuronal injury [80]. Recently
Penkowa et al [81] have reviewed the therapeutic potential of
MTs in various neuro-inflammatory and neurodegenerative
disorders. In this report, we have specifically highlighted NFκβmediated microglial activation as a common neuroinflammatory mechanism in cocaine, METH, morphine, and
ethanol addiction to establish the therapeutic potential of MTs in
poly-substance abuse.

It is now well established that chronic abuse of cocaine induces
oxidative and nitrative stress via ONOO- generation, ROS
synthesis, enhanced lipid peroxidation, and severe depletion of
glutathione [82- 84]. Furthermore cocaine triggers activation of
transcription factors, NFκβ and AP-1 and inflammatory cytokine
IL-1β, which may augment inflammatory response to cause
various cerebro-vascular disorders such as stroke and
subarachnoid hemorrhage [1]. Caspases were induced when
NGF-differentiated PC12 cells were exposed to cocaine for 24
hrs, suggesting the clinical significance of NFκβ-mediated
microglial activation in cocaine addiction [85]. Furthermore,
NFκβ induction in mice over-expressing ΔFosB, and mice
treated with cocaine have suggested NFκβ as a primary target in
the long-term adaptation of nucleus accumbens neurons [86].
Cocaine induced NFκβ reporter gene via free radical
overproduction, whereas Ikβ inhibited NFκβ in H9C2 cells [87].
These deleterious changes were blocked by N-acetyl cysteine,
glutathione, and lipoic acid, suggesting that cocaine-induced
free radical generation triggers NFκβ and pro-inflammatory
response. At low concentrations cocaine induced c-fos, c-jun,
AP-1, and NFκβ, whereas at higher concentrations induced
down-regulation of these genes.
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through zinc-mediated transcriptional regulation of NFκβ [77,
78]. Zinc deficiency and chronic inflammation were observed in
aging individuals, whereas induction of cytokine genes was
associated with atherosclerosis and type-2 diabetes. Therefore,
zinc turnover via MTs homeostasis, in individuals genetically
predisposed to impaired inflammatory/immune response may
augment age-related diseases [79].
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Chronic abuse of METH causes long-lasting damage to striatal
dopaminergic neurons via ONOO- stress, redox imbalance, and
depletion of glutathione [91, 92], resulting in induction of
inflammatory genes, and increase in DNA binding of AP-1 and
NFκβ in cerebrovascular endothelial cells [1]. TNFα promoter
constructs with mutated AP-1 or NFκβ sites have suggested that
METH-induced redox imbalance and transcription factor

Fig: 2. MTS-Mediated Neuroprotection in METH Abuse. Chronic abuse of METH causes dopaminergic degeneration by blocking dopamine
transporter (DAT) and serotonin transporter (SERT) in the nucleus accumbens, cerebrovascular damage leading to stroke, hyperthermia, seizures,
and learning and memory impairments. MTs may provide neuroprotection by inhibiting METH-induced ONOO- stress and pro-inflammatory changes in
the CNS.
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METH can also impair blood brain barrier, resulting in
hippocampal and amygdallar damage, which may induce
seizures and compromise learning and memory following
stroke, suggesting the clinical significance of microglial
activation in METH addiction [97]. METH neurotoxicity was
attenuated by maintaining mice at low ambient temperature [98].
We have established that MTs attenuate ONOO- stress in SK-NSH neurons and MTs gene manipulated mice to provide
neuroprotection [31-33].

1.6. Opiates
Chronic abuse of opiates activates microglia and causes
inflammation and disruption of neuron-glial relationship,
resulting in neuronal dysfunction and susceptibility to HIV
©IIOAB-India

encephalitis. The neurotoxic effects of opiates are primarily
mediated through μ-receptors. Protein kinase C and transcription
factor AP-1 plays a significant role in μ-opioid receptor gene
induction. Protein kinase C activator, phorbol ester 12-otetradecanoylphorbol-13-acetate (TPA), activates NFκβ and AP1 in SH-S-Y5Y cells. By excluding the effects of TPA on NFκβ
with NFκβ inhibitor sulphasalazine, AP-1 regulatory elements
have identified two positions-2388 and 1434 in the thymidine
kinase promoter. These findings suggest that pro-inflammatory
cytokines may exacerbate the pathogenesis of HIV-1 by
disturbing glial homeostasis, increasing inflammation, and
decreasing the threshold of apoptotic events in opioid addiction
[4].
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1.5. Methamphetamine

activation play a crucial role in the inflammatory response. A
significant induction in AP-1 and cAMP-response element-DNA
binding protein in the striatum, frontal cortex, hippocampus, and
cerebellum, has also suggested induction of pro-inflammatory
genes in METH addiction [2, 3]. MDMA-induced serotonin
depletion in the rat brain was also induced via ONOO- stress,
suggesting the involvement of oxidative and nitrative stress in
METH addiction [93] [For details please refer 94-96].
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activity, suggesting that CE may also induce inflammatory
response in cocaine addicts [3].
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Recent studies have emphasized that opiate-induced HIV
inflammation through PI3-K/Akt and MAPK signaling can be
further explored as therapeutic targets for neuro-AIDS [99].
Opiates modulate inflammation and disrupt normal interactions
among macrophages and lymphocytes, which promote
neurodegeneration. Spinal glial cell are also activated by chronic
morphine abuse leading to physical tolerance and dependence.

Intra-thecal injections of morphine for 7 days increased
phsopho-p-38-MAPK immunoreactivity in the activated
microglia, whereas a specific p-38-MAPK inhibitor, 4(4fluorophenyl)-2-(4-methylsulfonylphenyl)-5-(4-pyridyl)-1Himidazole (SB-203580), attenuated physical tolerance and
dependence as assessed by tail flick test, suggesting NFκβmediated p-38-MAPK activation in morphine analgesia [100].
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It is now well established that ethanol enhances lipid
peroxidation and DNA-binding of proteins (p50, p65, and c-Rel)
and down-regulates Iκβ phosphorylation, which is blocked by
polyphosphatidylcholine (PDTC) in cerebro-vascular smooth
muscle cells [6]. Ethanol-induced proteolysis of Iκβα,
vasoconstriction, leukocyte-endothelial wall interaction and
capillary damage in the rat brain were attenuated by PDTC
[101]. Transfection of annexin-V-DNA to C-6 glioma cells and
SH-S-Y5Y cells enhanced ethanol-induced lesion via NFκβ
activation, suggesting that annexin-IV facilitates proinflammatory response [7, 8]. In cultured astrocytes, ethanol
enhanced both COX-2 and iNOS expression via NFκβ as
confirmed by PDTC or BAY 11-7082 [9].
Cytokines
(Interleukin-1β+interferon-γ+ TNFα) and ethanol-induced
nuclear translocation of NFκβ occurred within 30 min in human
A-172 astrocytes. N (α)-L-tosyl-L-phenylalanine chloromethyl
ketone (TPCK), a specific inhibitor of Iκβ proteolysis attenuated
these deleterious changes, suggesting that inhibition of Iκβ
prevents microvascular changes of alcohol-intoxicated subjects
and stroke victims [9]. Microglial hyperytrophy and
hyperalgesia were noticed in rats intoxicated with ethanol-diet
©IIOAB-India

for 72 hrs even after ethanol withdrawal [102]. Furthermore
binge ethanol-induced microglial activation, NFκβ binding, and
COX-2 expression, were inhibited by butylated hydroxytoluene
(BHT)-mediated reduction of NFκβ binding and COX-2
expression, supporting primary involvement of proinflammatory
mechanisms
in
ethanol-induced
neurodegeneration [103].
It has been reported that ethanol alters CNS immunocompetence
to augment HIV/AIDS through ROS production, NFκβ
activation, via inhibition of p300 protein which may impair CNS
immune-inflammatory response [104, 105]. Recently microarray
analysis has been performed to detect ethanol-regulated genes
and discover how transcriptional changes may alter behavior
[12]. Ethanol-induced change in gene expression correlated with
strain-specific differences and activation of Sp1 and NFκβ
pathways. The regulator of NFκβ and NFκβ-binding partner
(RelA) were induced whereas SP1 and NFκβiα were downregulated suggesting their role in ethanol-induced
neurobehavioral adaptations.
It has been shown that histone deacetylase inhibitors,
trichostatin A (TSA) and suberoylanilide hydroximic acid
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Fig: 3. MTS-Mediated Neuroprotection in Oplates Abuse. Chronic abuse of opiates causes dopaminergic degeneration by blocking μ-activity in the
nucleus accumbens and cerebrovascular cell death leading to stroke and susceptibility to HIV-encephalitis. MTs may provide neuroprotection by
inhibiting opiate-induced ONOO- stress and pro-inflammatory response.
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potentiate the LPS-induced inflammatory response in murine N9
microglia and hippocampal slice cultures [106]. TSA potentiated
the LPS-induced IL-6 and iNOS mRNA expression and
secretion of IL-6, TNFα, NO, and macrophage inflammatory
protein (MIP-2). These pro-inflammatory changes were
attenuated by NFκβ inhibitors caffeic acid, phenethyl ester, and

helenalin. Further studies have shown that upon P2X (7)
receptor stimulation, microglia release small amounts of TNFα,
leading to neuro-inflammation. Hence brain regional MTs
induction or agents, inhibiting NFκβ, AP-1 and p-38-MAPK
signal transduction might have clinical significance in the
treatment of ethanol abuse [107].
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Recently we have made several original discoveries to
understand the basic molecular mechanism of MTs-mediated
neuroprotection in multiple drug abuse. We selected
homozygous wv/wv mice in our studies as an experimental
animal model of poly-substance abuse and discovered that
progressive neurodegeneration in wv/wv mice is associated with
NFκβ induction, down-regulation of MTs, reductions of tyrosine
hydroxylase, dopamine, 18F-DPA uptake, complex-1 activity,
and CoQ10, and CNS swelling, whereas COQ10 attenuated
these deleterious changes [17-25]. Direct exposure of rotenone
to SK-N-SH neurons also reduced CoQ10 and complex-1
activity which was averted by COQ10 treatment, suggesting its
anti-inflammatory role [19, 21] and MTs provide COQ10mediated neuroprotection in PD and multiple drug abuse [2933]. Furthermore we have discovered that METH-induced αSynuclein nitration and ROS synthesis are attenuated by zinc,
suggesting ONOO- stress and the therapeutic potential of MTs
in METH addiction [37, 38]. We also discovered that MPP+
neurotoxicity is attenuated in cultured SK-N-SH neurons by
Selegiline via MTs induction [68] and in SH-SY5Y cells by
©IIOAB-India

Ca2+ regulatory protein, TRPC-1 [108]. Furthermore ironinduced NFκβ activation, α-Synuclein aggregation and BCL-2
down-regulation are inhibited by COQ10 in SK-N-SH neurons
[44, 45]. Chronic abuse of METH and cocaine to C57/BL/6J
mice caused significant reduction in the striatal TH, dopamine,
complex-1, and 18F-DOPA uptake as seen in wv/wv mice,
suggesting
a
common
molecular
mechanism
of
neurodegeneration in poly-substance abuse [70].
As circadian rhythm is usually disturbed among multiple drug
abusers, we explored the therapeutic potential of melatonin in
experimental model of multiple drug abuse and determined
whether melatonin treatment could attenuate the neurotoxic
effects of METH and cocaine in mice and in cultured neurons.
Chronic abuse of cocaine, METH, and ethanol induced early
morbidity and mortality in C57Bl/6J mice, whereas MTs and
melatonin provided neuroprotection in cocaine and METHexposed C57BL/6J mice and SK-N-SH neurons [37, 38, 70,
109]. Furthermore, d-amphetamine-induced α-Synuclein
expression in SK-N-SH neurons was attenuated by melatonin
suggesting primary involvement of oxidative stress and ROS
synthesis in drug addiction [109]. Microglial activation by LPS
or Salsolinol also induced NFκβ-mediated pro-inflammatory
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Fig: 4. MTS-Mediated Neuroprotection in Ethanol Abuse. Chronic abuse of ethanol causes neurodegeneration by NFκβ, AP-1, and MAPK
activation, involved in the deterioration of cells and organs. Ethanol may also induce CNS immunoinflammatory response and cerebrovascular cell
death leading to stroke, cortical atrophy, hyperalgesia, and immunocompromise. MTs may provide neuroprotection by inhibiting ethanol-induced
ONOO- stress and pro-inflammatory changes in the CNS.
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Fig. 5 Therapeutic Potential of MTS in Poly-substance Abuse. A simplified diagram illustrating cocaine, METH, opiate, ethanol & nicotine-induced
ONOO- stress through increased iNOS activation and NO synthesis which is associated with microglial ROS generation, lipid peroxidation, and p38MAPK activation. Activated microglia, proliferate and release pro-inflammatory cytokines such as IL-1β, TNF-α, NFκβ, and transcription factor AP-1,
causing progressive neurodegeneration as seen in wv/wv mice and poly-substance abuse. MTs provide neuroprotection by attenuating above
deleterious changes.

[II] CONCLUSION
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Although the information provided in this review is far from
complete we have highlighted some of our recent research as
well as from other labs on poly-substance abuse. Based on our
experimental findings, we have furnished evidence that MTs
provide neuroprotection by acting as free radical scavengers and
by inhibiting various transcriptional factors such as AP-1 and
pro-inflammatory cytokines such as NFκβ-mediated microglial
activation which is implicated in neuro-inflammation, and
attenuate
neurodegeneration
through
zinc-mediated
transcriptional regulation of pro-inflammatory cytokine genes
and by inhibiting ONOO- stress in poly-substance abuse. Hence
specific brain regional MTs induction (via diet, exercise, and
©IIOAB-India

chemotherapeutic agents etc) may prevent progressive
neurodegenerative changes in multiple drug abuse. Further
studies in this direction would go a long way in the effective
prevention and/or treatment of poly-substance abuse and other
neurodegenerative disorders of unknown etiopathogenesis.
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By performing microPET imaging we have established that
cocaine and METH cause reduction in the striatal 18F-DOPA

uptake in C57BL/6J mice. Weaver (wv/wv) mice also exhibited
progressive neurodegeneration and reduction in the striatal 18FDOPA uptake as function of aging as seen in individuals with
multiple drug abuse. The distribution kinetics of 18F-DOPA was
also impaired in wv/wv mice [18]. 18F-DOPA uptake was
further reduced when cocaine and METH were co-administered
along with ethanol suggesting that ethanol augments cocaine
and METH neurotoxicity [19]. [For details please refer to our
recent
reports
[19,
113].
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response which was attenuated by melatonin [110-112].
However brain regional melatonin was significantly reduced in
wv/wv mice and was increased in wv/wv-MTs mice. These
findings suggest that therapeutic interventions targeting bran
regional MTs induction might have clinical significance in the
prevention and/or treatment of poly-substance abuse.
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