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Abstract

Drug addiction is a global health problem and continues to place an enormous financial burden on society. This addiction
is characterized by drug dependence sensitization and craving. Morphine has been widely used for pain relief, but chronic
administration of morphine causes analgesic tolerance, hyperalgesia, and addiction, all of which limit its clinical usage.
Alterations of multiple molecular pathways have been reported to be involved in the development of drug addiction, including
mitochondrial dysfunction, excessive oxidative stress and nitric oxide stress, and increased levels of apoptosis, autophagy, and
neuroinflammation. Preclinical and clinical studies have shown that the co-administration of melatonin with morphine leads
to a reversal of these affected pathways. In addition, murine models have shown that melatonin improves morphine-induced
analgesic tolerance and addictive behaviors, such as behavioral sensitization, reward effect, and physical dependence. In this
review, we attempt to summarize the recent findings about the beneficial effect and molecular mechanism of melatonin on
mitochondrial dysfunction, uncontrolled autophagy, and neuroinflammation in morphine addiction and morphine analgesic
tolerance. We propose that melatonin might be a useful supplement in the treatment opiate abuse.
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Introduction

Drug addiction is a chronic and relapsing brain disease
[1, 2] with compulsive drug use, sensitization, tolerance,
and dependence [2—7]. Drug addiction has become one of
the biggest public health problems across the world and
causes an enormous financial burden on society [1, 8].
As morphine is a typical opiate, exploring the molecular
mechanism of morphine’s effect on pain and addiction may
provide helpful information for opiate withdrawal therapy.
Morphine is still a gold standard medication for pain man-
agement in the clinical setting, although there are alterna-
tives that can be used such as the synthetic drug, fentanyl.
Morphine has a high potential for addiction, especially
under chronic and repeated exposure [9]. Despite there are
many studies to reveal the cellular and molecular mecha-
nism of drug addiction, the exact mechanism of morphine
addiction remains unresolved. It has been demonstrated
that morphine induces brain damage and neuronal toxic-
ity by inducing oxidative stress, nitric oxide (NO) stress,
mitochondrial dysfunction, apoptosis, autophagy, and
neuroinflammation [10-14]. A better understanding of
the underlying mechanism of these deleterious effects will
undoubtedly be of great benefit to public health and help
to avoid the side effects of morphine treatment and drug
addiction.

Melatonin (N-acetyl-5-methoxytryptamine) is the main
neuroendocrine hormone secreted by the pineal gland. It
is also produced in many other organs, including the liver,
kidney, retina, stomach, gut, ovary, muscle, spleen, thy-
mus, heart, intestine, and a variety of cells such as bone
marrow cells, lymphocytes, and epithelial cells of mam-
mals [15, 16]. Moreover, melatonin is widely available in
many types of foods, such as fungi, plant products, eggs,
and fishes [16]. Rich sources of melatonin are essential for
the maintenance of normal biological functions, including
antioxidant, antidiabetic, anti-inflammatory, anti-obesity,
immunity booster, neuroprotective, and cardiovascular
protective, anti-cancer, and anti-aging activities [17].
Initially, melatonin was described as a free-radical scav-
enger [18]. Melatonin can easily cross the blood—brain
barrier and plays a major role in a variety of neuropro-
tective functions such as regulation of circadian rhythms,
anti-nociception, anti-apoptotic, anti-autophagy, anti-
inflammatory, and neuronal protection [19-22]. Emerg-
ing lines of evidence have suggested that melatonin can
reverse morphine-induced conditioned place preference
(CPP) [23], behavioral sensitization [10], and analgesic
tolerance in mouse models [10, 24, 25].

When compared to healthy people, most drug abusers
suffer disordered sleep patterns [26, 27]. Many studies
have shown that melatonin supplementation improves the

quality of sleep [28-31], although there is a conflicting
study showing that administration of melatonin was no
different from placebo in decreasing sleep problems in a
cohort of alcohol abuser after 4 weeks of treatment [32].
There have been several studies that have evaluated the
effects of melatonin supplementation on patients with drug
addiction [32]. Most recently, Hemati et al. summarized
some of these related studies about the role of melatonin
to counteract the deleterious effect of morphine and advo-
cated the co-use of melatonin and morphine [33].

In this review paper, we aim to summarize the literature
regarding the molecular mechanism of melatonin’s benefi-
cial effects on morphine addiction and morphine analge-
sic tolerance, especially with reference to our own related
studies [10, 14]. We believe a detailed overview of the cur-
rent state of knowledge related to the role of melatonin in
morphine addiction will help with the evaluation of mela-
tonin’s effects on symptoms and the molecular mechanisms
underlying addiction, as well as the clinical treatment of
drug abusers.

Changes in Melatonin Level and its Receptor
Expression with Morphine Treatment

Acute administration of morphine resulted in a dose-
dependent increase in the melatonin levels in rats [34] and
bovine pinealocytes [35] when compared to the respective
controls. Our previous study showed that drug abusers had
a significantly lower levels of serum melatonin compared
with healthy individuals, suggesting a downregulation of
melatonin production by opioids [10]. Morphine adminis-
tration also significantly decreased in the levels of plasma
melatonin in rats [36] and pigs [37] exposed to constant
light. Moreover, chronic morphine-tolerant rats had reduced
expression level of the melatonin receptor 1A in spinal dor-
sal horn and significantly lower serum melatonin level com-
pared to control animals [38]. Previous studies have also
shown that melatonin receptor 1A was widely expressed in
the prefrontal cortex, hippocampus, nucleus accumbens, and
amygdala that are associated with drug addiction [39, 40].
As melatonin exerts its functions largely via the melatonin
receptors [41, 42], it is possible that melatonin may play a
neuroprotective role in modulating addictive behaviors.
Dysfunction of the circadian clock has been shown to
be involved in drug addiction, with Perl (period circadian
regulator 1) and Per2 (period circadian regulator 2) being
decreased in morphine-addicted rats [43, 44]. In contrast,
clock genes have been found to modulate morphine-induced
behaviors [45-48]. Mouse PER1 promotes morphine-
induced locomotor sensitization and CPP via histone deacet-
ylase activity [49] and extracellular signal-regulated kinase
(ERK)—cyclic adenosine monophosphate (cAMP) response
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element-binding protein (CREB) pathway [47, 50]. Recip-
rocally, mouse PER2 promotes the development of toler-
ance to the analgesic effects of morphine and enhances the
development of withdrawal symptoms [48]. All together,
these studies reveal the potential implication of the Per/ and
Per2 genes and melatonin in modulating various morphine-
induced effects in murine models.

Beneficial Effect of Melatonin
on the Addictive Symptoms Induced
by Morphine

Recent evidence suggests that melatonin is a potential antin-
ociceptive adjuvant for use in the management of pain [22].
Moreover, melatonin plays an important role in regulating
morphine action, enhancing the antinociceptive effect of
morphine, and reversing morphine-induced hyperalgesia
and tolerance (Table 1) [14, 51-54]. Melatonin attenuates
repetitive morphine-induced hyperalgesia and tolerance by
inhibiting protein kinase C (PKC) and N-methyl-p-aspartate
(NMDA) receptors subtype 1 (NR1) in rats [51] and restores
morphine antinociceptive effect in morphine-tolerant rats
by inhibiting microglia activation and HSP27 expression
[55]. Melatonin reduces morphine-induced hyperalgesia and
exerts its antinociceptive action by increasing p-endorphin
release in the substantia nigra compacta (SNC) of rats [56]
and the hypothalamic arcuate nucleus of mice [57]. Mela-
tonin can prevent morphine-withdrawal-induced hyperalge-
sia and glial reactivity in rats by inhibiting PKC activity
and cAMP upregulation [53]. Further mechanistic study has
revealed that the suppression of nitric oxide synthase (NOS)
activity [52] and antioxidative enzymes [58] and modula-
tion of peripheral benzodiazepine receptors [59] might have
contributed to the mechanism of melatonin-induced reversal

of morphine tolerance and dependence. Consistent with this
beneficial role of melatonin, administration of ramelteon, a
melatonin receptor agonist, attenuated the physical depend-
ence and the blood levels of cortisol in rats treated with
morphine [60].

In addition, co-administration of melatonin enhances the
rewarding properties and proconvulsant effects of morphine
via a mechanism that may have an involvement of the NO
pathway in mice [13, 61]. On the contrary, another study
showed that melatonin reverses the morphine-induced CPP
through melatonin receptor 1B within the central nervous
system in mice [23]. In our earlier study, we reported that
melatonin ameliorated morphine-induced behavioral sensiti-
zation and analgesic tolerance by salvaging reactive oxygen
species (ROS) and autophagy [10]. On the other hand, we
have also recently reported that melatonin alleviates mor-
phine analgesic tolerance in mice by decreasing NOD-like
receptor protein 3 (NLRP3) inflammasome activation [14].

Improvement in Mitochondrial Function
by Melatonin in Morphine Addiction
and Analgesic Tolerance

As the center of energy production in eukaryotic cells [62],
mitochondria have their own genetic material called mito-
chondrial DNA (mtDNA) [63]. Mitochondria play a crucial
role in various cellular processes, including generation of
adenosine triphosphate (ATP), ROS, regulation of calcium
signaling, metabolism, inflammation, cell cycle, apoptosis,
and mitophagy [64-66]. Normal mitochondrial function is
important in the neurons [21, 67-69] and mitochondrial
dysfunction may participate in the process of drug addic-
tion [10] (Table 2). Accumulating evidence has shown that
the ROS level was increased during morphine addiction and

Table 1 The effects of melatonin on the addictive symptoms induced by morphine

Animal model Addictive symptoms Pathway Ref
Rat Attenuates hyperalgesia and tolerance Inhibiting PKC and NR1 activation [51]
Rat Restores antinociceptive effect Inhibiting microglia and HSP27 activation [55]
Mouse Reduces hyperalgesia and exerts antinociceptive Increasing p-endorphin release [57]
action
Rat Prevent hyperalgesia Inhibiting PKC and cAMP activity [53]
Mouse Reverses tolerance and dependence Suppression of NOS activity [52]
Rat Reverses tolerance and dependence Suppression of antioxidative enzymes [58]
Mouse Reverses tolerance and dependence Modulation of benzodiazepine receptors [59]
Mouse Enhances rewarding properties Involvement of the NO pathway [13]
Mouse Enhances anti- and proconvulsant effect Involvement of the NO pathway [61]
Mouse Reverses conditioned place preference Activation of melatonin receptors 2 [23]
Rat Ameliorates behavioral sensitization Salvaging ROS and autophagy [10]
Mouse Alleviates analgesic tolerance Decreasing NLRP3 inflammasome activation [14]
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Table 2 Mitochondrial
dysfunction in mouse and rat

Models Effect

Tissue or cell Ref

tissues and cells treated with Mouse and rat

| mtDNA copy number, T mtDNA damage

Hippocampus and periph- [10]

morphine eral blood
Rat cell 1 ROS/mtDNA damage, | mtDNA copy number/ Rat PC12 cells [10]
respiratory chain capacity
Heroin addicts | mtDNA copy number, T mtDNA damage Peripheral blood [10]
Human cell 1 ROS SH-SYSY cells [80]
Human cell 1 mitochondria-dependent apoptosis SH-SYS5Y cells [73]
Mouse 1 ROS/mitophagy Spinal cord [71]
Mouse cell 1 ROS BV2 and microglia [14]
Rat 1 mitochondria-dependent apoptosis Cortical neuron [11]

tolerance [10, 14, 70]. Morphine-induced ROS are gener-
ated in a concentration- and time-dependent manner in SH-
SY5Y and PC12 cells [10, 70]. Chronic intrathecal admin-
istration of morphine induced excessive generation of ROS
and causes accumulation of damaged mitochondria in spinal
cord [71]. Mitochondrial ROS induced by morphine pro-
motes the NLRP3-dependent lysosomal damage and inflam-
masome activation [14, 72]. Chronic morphine treatment
also results in mitochondrion-dependent apoptosis [73].

The main source of cellular ROS is mitochondrion [72].
Chronic morphine treatment also results in mitochondrial
dysfunction [11]. In our previous study, we found that
chronic morphine exposure led to a decrease in the mtDNA
copy number and an increase in mtDNA damage in hip-
pocampal tissues and the peripheral blood of the rat and
mouse models [10]. Similarly, a decreased mtDNA copy
number and elevated levels of both mtDNA damage and
ROS, together with impaired respiratory chain capacity were
observed in PC12 cells treated with morphine [10]. We also
found that heroin addicts had a lower mtDNA copy number
and decreased melatonin in the peripheral blood compared
to healthy individuals. But additional melatonin blocked the
ROS elevation, ameliorated the impaired respiratory capac-
ity, and salvaged the increased mitochondrial mass induced
by morphine in PC12 cells. Importantly, the pretreatment
with melatonin restored the mtDNA copy number and
reduced the amount of mtDNA damage in PC12 cells and
mice in response to morphine treatment [10].

The high level of ROS not only leads to oxidative damage
of the mtDNA, but also affects energy-dependent neuronal
function including neurite outgrowth and synaptic plastic-
ity [75, 76]. Melatonin restores the morphological changes
seen in neurons induced by morphine. Moreover, co-admin-
istration of melatonin with morphine ameliorated morphine-
induced behavioral sensitization and analgesic tolerance in
mice [10]. Most recently, using the mouse models, we found
that a treatment with melatonin attenuates established mor-
phine tolerance and facilitates the pain relief by morphine in
the morphine-tolerant mice [14]. This observation suggested

that melatonin was involved in morphine tolerance and pain
relief in our murine models. Further study of the underlying
mechanism showed that melatonin alleviates morphine anal-
gesic tolerance in mice by decreasing NLRP3 inflammasome
activation through blocking cathepsin B (CTSB) release and
oxidative stress [14].

Note that melatonin is produced in mitochondrial matrix,
which means that neurons have the capacity to synthesize
melatonin for self-protection [77]. It has been reported that
the neuroprotective effects of melatonin are mainly medi-
ated by mitochondria and mitochondrial-produced melatonin
[77, 78]. Therefore, it would be rewarding for future studies
to determine the mechanism by which melatonin mediates
neuroprotective effects on morphine addiction and analgesic
tolerance.

Regulation of the Autophagy Pathway
by Melatonin in Morphine Addiction
and Analgesic Tolerance

Autophagy plays an important role in the pathogenesis of
brain diseases, such as Alzheimer disease [79], Parkinson
disease [74], and drug addiction [10, 80-83] (Table 3). Pre-
vious study has indicated that autophagy was involved in
the cell death induced by morphine [80]. Morphinone, an
oxidative metabolite of morphine, induced autophagy and
led to non-apoptotic cell death in HL-60 cells, and this effect
could be reversed by a pretreatment of the autophagy inhibi-
tor 3-methyladenine (3-MA) [84]. The Beclin 1-dependent
and autophagy related gene 5 (ATGS5)-dependent autophagy
were involved in SH-SYSY cells being treated with chronic
morphine, which may contribute to morphine-induced neu-
ronal injury [80]. In addition, chronic treatment with mor-
phine induces cell death, which is increased by autophagy
inhibition [80]. Activation of autophagy in hippocampal
cells alleviates the morphine-induced memory impairment
[81]. A recent study has shown that activation of RACK1
(receptor for activated C kinase 1)-dependent autophagy

@ Springer



4632 Molecular Neurobiology (2021) 58:4628-4638
Table 3 A““’P hagy in Model Effect Tissue or cell Ref
morphine-addicted mouse or rat
models and cells with morphine Human cell® Autophagy and apoptotic cell death HL-60 cells [84]
treatment Human cell Beclin 1- and ATGS5-dependent autophagy SH-SYSY cells [80]
Human cell RACK1-dependent autophagy SH-SYSY cells [85]
Mouse cell Autophagy HT?22 cells [87]
Mouse PINK1/Parkin-mediated mitophagy Spinal cord [71]
Mouse Atg5- and Arg7-dependent autophagy Midbrain tissue and mid-  [12]
brain neuron
Mouse CTSB-dependent autophagy Spinal cord [82]

Cells were treated with morphinone, a derivate of morphine

induced by morphine contributed to the maintenance of
CPP memory in mice [85]. The induction of endoplasmic
reticulum (ER) stress and subsequent initiation of autophagy
by morphine ultimately culminated in activation of astro-
cytes [86]. Long non-coding RNA MEG3 (maternally
expressed gene 3) promotes morphine-induced autophagy
through modulating the ERK pathway in HT22 cells [87].
Morphine treatment facilitated lipopolysaccharide-induced
autophagy and inhibited autophagolysosomal fusion, lead-
ing to decreased bacterial clearance and increased bacterial
load [88]. Morphine induced dysfunction of PINK1 (PTEN
induced kinase 1)/Parkin-mediated mitophagy in spinal cord
neurons, which is involved in antinociceptive tolerance [71].
Intracerebroventricular pretreatment with the autophagy
inhibitor wortmannin or 3-MA significantly attenuated the
anti-nociception effects from morphine [82] and aggravated
morphine-induced memory impairment [81]. In our previous
study, we also found that intracerebroventricular injections
of 3-MA prevented the behavioral sensitization, whereas
induction of autophagy by rapamycin promoted the behav-
ioral sensitization induced by morphine [12].

The available evidence has shown that autophagy plays
an active role in morphine-induced effect, possibly via
the induction of ROS and mitochondrial damage [89]. At
the present time, we have no answers for the question as
to whether the autophagy induced by morphine has a cell-
specific pattern and what may be the downstream biological
implication. Chronic morphine treatment causes mitochon-
drial dysfunction and leads to Arg5- and Arg7-dependent
autophagy in the midbrain dopaminergic neurons, which
participated in the development of addictive behaviors [10,
12]. Mice deficient for Azg5 or Atg7 specifically found in
the dopaminergic neurons impaired the CPP, development
of behavioral sensitization, and antinociceptive tolerance in
response to morphine [12]. The total dendritic length and
dendritic complexity were significantly reduced in mor-
phine-treated dopaminergic neurons relative to untreated
neurons. These neuronal morphological changes triggered by
morphine could be reversed by knockdown of Atg5 and Azg7
in primary neuron or knockout of Azg5 and Azg7 specific for

@ Springer

dopaminergic neurons in mice [12]. We found that pretreat-
ment with melatonin could protect mitochondrial oxidative
stress induced by morphine and further prevented autophagy,
resulting in mtDNA recovery. Furthermore, pretreatment
with melatonin rescued the neuromorphological changes
and counteracted the deleterious effects of morphine, such
as behavioral sensitization and analgesic tolerance [10]. It
would be rewarding to test whether melatonin can regulate
autophagy in a cell-specific and tissue-specific pattern, and
which circuit is heavily affected.

Melatonin Reduces Neuroinflammation
in Morphine Addiction and Analgesic
Tolerance

It is known that heroin addicts are prone to many infections
[90]. Neuroinflammation plays an important role in mor-
phine addiction [91, 92] and antinociceptive tolerance [93,
94] (Table 4). Early studies found that chronic morphine
treatment increased the astrocyte and microglial activation
[95-97]. During neuroinflammation, both astrocytes and
microglia can release tumor necrosis factor-a (TNF-a). Sev-
eral investigations have revealed that the expression levels of
TNF-a, interleukin 6 (IL-6), and IL-1f were increased both
in rodents and patients with morphine tolerance [14, 98, 99].
Furthermore, knockdown of IL-1p in the dorsal root gan-
glion prolonged morphine analgesia [98], whereas inhibition
of microglial P2X4 receptors [100] or TNF-a receptor [101]
attenuated the morphine tolerance. Morphine paradoxically
prolonged the neuropathic pain in rats by amplifying spinal
NLRP3 inflammasome activation [93]. Morphine bound
to an accessory protein of the toll-like receptor 4 (TLR4)
and the myeloid differentiation protein 2 (MD-2), thereby
inducing TLR4 oligomerization and triggering proinflam-
mation [91]. The morphine-evoked neuroinflammation is
very important for morphine tolerance, which mediated by
astrocyte activation [96], microglia activation [55], and the
TLR4-NLRP3 inflammasome [102].
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Table 4 Neuroinflammation in morphine-addicted rodent models and cell lines
Model Effect Tissue or cell Ref
Mouse Microglia activation Spinal cord [93, 98]
Mouse Microglia activation Cortex [14]
Mouse Astrocyte activation Spinal cord [98]
Rat Microglia activation Spinal cord [55]
Rat Astrocyte activation Spinal cord, posterior cingulate cortex, hippocam-  [97]
pus
Rat Astroglia activation Spinal cord [53]
Mouse cell TLR4 oligomerization BV2 cells [91]
Mouse NLRP3 inflammasome activation Spinal cord [93]
Mouse and human cell NLRP3 inflammasome activation BV2 cells and SH-SYSY cells [102]
Mouse NLRP3 inflammasome activation Cortex tissue, BV2 cells, microglia cells [14]

Multiple studies have suggested that melatonin attenu-
ated morphine-induced antinociceptive tolerance [14, 24,
25] by inhibiting the canonical pathway of ion channels
[103], the ROS and autophagy [10], the protein kinase C
(PKC) and N-methyl-p-aspartate receptors activity [51],
the peripheral GABAergic system [59], astroglia activation
[53], microglia activation, and HSP27 expression [55]. In
our recent study, we found that chronic morphine exposure
induces excessive ROS production and NLRP3 inflamma-
some activation in microglia [14]. Deficiency of Nirp3 in
mice blunts morphine-induced analgesic tolerance and
acetic acid-induced pain. Pretreatment of melatonin blocks
NLRP3 inflammasome activity by diminishing ROS and

Astroglia activation

Microglia activation

NLRP3 inflammasome

pro-inflammatory cytokine

ROS/NO stress

mtDNA damage
Apoptosis
Mitophagy

Mitochondrial
dysfunction

\1' mtDNA copy number

Respiratory chain capacity

CTSB release to alleviate morphine analgesic tolerance in
mice [14]. Therefore, melatonin can be useful as a promis-
ing therapeutic adjuvant for patients under long-term opi-
oid treatment for pain relief by inhibiting morphine-induced
neuroinflammation.

Melatonin as an Ideal Adjuvant to Morphine
Treatment for Curing Pain

Morphine has been widely used to relieve pain, but has
side effects of analgesic tolerance and hyperalgesia in those
patients given frequent injections [104, 105]. Melatonin has

/Neuroinflammation

(@] (@]
Melatonin
~—

Analgesic tolerance
Hyperalgesia

Reward effect

Physical dependence
Behavioral sensitization

Atg5/Beclin1
o O Pink1/Parkin
Melatonin
NG Atg5/Atg7
RACK1
\ Autophagy

Fig. 1 Cellular biological processes and molecular pathways involved in the beneficial effects of melatonin on morphine-induced addiction and
analgesic tolerance. Upregulation and downregulation effects are marked with an upwards arrow and a downwards arrow, respectively
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different interactions with opioids including enhancement
of analgesic effects of morphine, reversal of tolerance, and
dependence to morphine [10, 14, 55]. It is an interesting
point to note that the combination of melatonin with mor-
phine was more effective than the monotherapy of using
morphine alone. Our recent study indicated that melatonin
combined with a low dose of morphine (1 mg/kg) had a bet-
ter analgesic effect than morphine alone in a murine pain
model induced by acetic acid [14]. Melatonin administration
was associated with a significant decrease in total morphine
analgesia consumption for controlling the pain in patients
with bilateral multiple fracture ribs [106] and in patients
undergoing abdominal hysterectomy [107]. Therefore, mela-
tonin may be a perfect and ideal adjuvant to treatment when
morphine is needed to treat acute and chronic pain. Focused
clinical trial for this proposal should be carried out to clarify
the exact role of a combination of melatonin with morphine
in curing pain.

Conclusion

Addiction, tolerance, and the associated hyperalgesia
induced by long-term morphine administration substantially
restrict the clinical use of morphine in the treatment of pain.
An increasing amount of evidence suggests that melatonin
has a profound influence on morphine addiction. There are
many beneficial effects from the use of melatonin and they
mainly work against the mitochondrial dysfunction, abnor-
mal autophagy, and neuroinflammation that are all features
associated with morphine addiction and morphine analge-
sic tolerance (Fig. 1). In addition, melatonin improves the
behavioral sensitization, analgesic tolerance, reward effect,
and physical dependence in morphine-addicted rodents.
Moreover, preclinical studies shown that melatonin may be
a perfect and ideal adjuvant to the treatment with morphine
against acute and chronic pain. Our increasing knowledge
obtained from these reported cellular assays and animal
model studies [10, 14, 23, 33, 51, 55-57, 61] indicate the
need for clinical trials of melatonin in preventing the delete-
rious effects of long-term morphine exposure.

Acknowledgements We are grateful to Ian Logan for language editing
on the early version of the manuscript.

Author Contribution Yong-Gang Yao, Ling-Yan Su, Qianjin Liu,
and Lijin Jiao contributed in the conception and design of the work
and drafting of the manuscript. All authors reviewed the content and
approved the final version for publication.

Funding The study was supported by the National Natural Science
Foundation of China (31671050 and 31900695), the Strategic Priority
Research Program (B) of CAS (XDB02020003 to YGY) and the Bureau
of Frontier Sciences and Education of CAS (QYZDJ-SSW-SMCO005),

@ Springer

the Youth Innovation Promotion Association (to LYS) and “Light of
West China” Program (FPRIPRPEERZ ¢t X1) (to LYS) of CAS, and
the Applied Basic Research Foundation of Yunnan Province, Yunnan
Department of Science and Technology (202001AT070103).

Code Availability Not applicable.

Declarations

Ethics Approval Not applicable.
Consent to Participate Not applicable.

Consent for Publication All authors have seen and approved the manu-
script and contributed significantly to this work.

Conflict of Interest The authors declare no competing interests.

References

1. Leshner AI (1997) Addiction is a brain disease, and it matters.
Science 278(5335):45-47. https://doi.org/10.1126/science.278.
5335.45

2. Koob GF, Volkow ND (2010) Neurocircuitry of addiction. Neu-
ropsychopharmacology 35(1):217-238. https://doi.org/10.1038/
npp.2009.110

3. Koob GF, Sanna PP, Bloom FE (1998) Neuroscience of addic-
tion. Neuron 21(3):467-476. S0896-6273(00)80557-7

4. Berke JD, Hyman SE (2000) Addiction, dopamine, and the
molecular mechanisms of memory. Neuron 25(3):515-532.
S0896-6273(00)81056-9

5. Kreek MJ, LaForge KS, Butelman E (2002) Pharmacotherapy of
addictions. Nat Rev Drug Discov 1(9):710-726. https://doi.org/
10.1038/nrd897

6. Hyman SE, Malenka RC (2001) Addiction and the brain: the neu-
robiology of compulsion and its persistence. Nat Rev Neurosci
2(10):695-703. https://doi.org/10.1038/35094560

7. Justinova Z, Panlilio LV, Goldberg SR (2009) Drug addiction.
Curr Top. Behav Neurosci 1:309-346. https://doi.org/10.1007/
978-3-540-88955-7_13

8. Everitt BJ, Dickinson A, Robbins TW (2001) The neuropsy-
chological basis of addictive behaviour. Brain Res Brain Res
Rev 36(2-3):129-138. https://doi.org/10.1016/s0165-0173(01)
00088-1

9. Volkow ND, McLellan AT (2016) Opioid abuse in chronic
pain—misconceptions and mitigation strategies. N Engl J
Med 374(13):1253-1263. https://doi.org/10.1056/NEJMr
al507771

10. Feng YM, Jia YF, SuLY, Wang D, Lv L, Xu L, Yao YG (2013)
Decreased mitochondrial DNA copy number in the hippocam-
pus and peripheral blood during opiate addiction is mediated
by autophagy and can be salvaged by melatonin. Autophagy
9(9):1395-1406. https://doi.org/10.4161/auto.25468

11. Cunha-Oliveira T, Rego AC, Garrido J, Borges F, Macedo T,
Oliveira CR (2007) Street heroin induces mitochondrial dys-
function and apoptosis in rat cortical neurons. J] Neurochem
101(2):543-554. NC4406

12. SulY, LuoR, Liu Q, SulR, Yang LX, Ding YQ, Xu L, Yao YG
(2017) Atg5- and Atg7-dependent autophagy in dopaminergic
neurons regulates cellular and behavioral responses to morphine.
Autophagy 13(9):1496-1511. https://doi.org/10.1080/15548627.
2017.1332549


https://doi.org/10.1126/science.278.5335.45
https://doi.org/10.1126/science.278.5335.45
https://doi.org/10.1038/npp.2009.110
https://doi.org/10.1038/npp.2009.110
https://doi.org/10.1038/nrd897
https://doi.org/10.1038/nrd897
https://doi.org/10.1038/35094560
https://doi.org/10.1007/978-3-540-88955-7_13
https://doi.org/10.1007/978-3-540-88955-7_13
https://doi.org/10.1016/s0165-0173(01)00088-1
https://doi.org/10.1016/s0165-0173(01)00088-1
https://doi.org/10.1056/NEJMra1507771
https://doi.org/10.1056/NEJMra1507771
https://doi.org/10.4161/auto.25468
https://doi.org/10.1080/15548627.2017.1332549
https://doi.org/10.1080/15548627.2017.1332549

Molecular Neurobiology (2021) 58:4628-4638

4635

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yahyavi-Firouz-Abadi N, Tahsili-Fahadan P, Ghahremani MH,
Dehpour AR (2007) Melatonin enhances the rewarding proper-
ties of morphine: involvement of the nitric oxidergic pathway. J
Pineal Res 42(4):323-329. https://doi.org/10.1111/j.1600-079X.
2007.00422.x

Liu Q, Su LY, Sun C, Jiao L, Miao Y, Xu M, Luo R, Zuo X
et al (2020) Melatonin alleviates morphine analgesic tolerance
in mice by decreasing NLRP3 inflammasome activation. Redox
Biol 34:101560. https://doi.org/10.1016/j.redox.2020.101560
Conti A, Conconi S, Hertens E, Skwarlo-Sonta K, Markowska
M, Maestroni JM (2000) Evidence for melatonin synthesis in
mouse and human bone marrow cells. J Pineal Res 28(4):193—
202. https://doi.org/10.1034/j.1600-079x.2000.280401.x

Tan DX, Zanghi BM, Manchester LC, Reiter RJ (2014) Mela-
tonin identified in meats and other food stuffs: potentially nutri-
tional impact. J Pineal Res 57(2):213-218. https://doi.org/10.
1111/jpi.12152

Gurunathan S, Kang MH, Kim JH (2020) Role and therapeutic
potential of melatonin in the central nervous system and cancers.
Cancers (Basel) 12(6). https://doi.org/10.3390/cancers12061567
Tan D-X, Chen LD, Poeggeler B, Manchester LC, Reiter R
(1993) Melatonin: a potent endogenous hydroxyl radical scav-
enger. Endocr J 1:57-60

Singhal NK, Srivastava G, Agrawal S, Jain SK, Singh MP (2012)
Melatonin as a neuroprotective agent in the rodent models of
Parkinson’s disease: is it all set to irrefutable clinical transla-
tion? Mol Neurobiol 45(1):186—199. https://doi.org/10.1007/
$12035-011-8225-x

Hardeland R (2013) Melatonin and the theories of aging: a criti-
cal appraisal of melatonin’s role in antiaging mechanisms. J Pin-
eal Res 55(4):325-356. https://doi.org/10.1111/jpi.12090
Rodriguez C, Mayo JC, Sainz RM, Antolin I, Herrera F, Martin
V, Reiter RJ (2004) Regulation of antioxidant enzymes: a signifi-
cant role for melatonin. J Pineal Res 36(1):1-9. https://doi.org/
10.1046/j.1600-079x.2003.00092.x

Srinivasan V, Lauterbach EC, Ho KY, Acuna-Castroviejo D,
Zakaria R, Brzezinski A (2012) Melatonin in antinociception: its
therapeutic applications. Curr Neuropharmacol 10(2):167-178.
https://doi.org/10.2174/157015912800604489

Han J, Xu Y, Yu CX, Shen J, Wei YM (2008) Melatonin reverses
the expression of morphine-induced conditioned place preference
through its receptors within central nervous system in mice. Eur
J Pharmacol 594(1-3):125-131. https://doi.org/10.1016/j.ejphar.
2008.07.049

Ebadi M, Govitrapong P, Phansuwan-Pujito P, Nelson F, Reiter
RJ (1998) Pineal opioid receptors and analgesic action of mela-
tonin. J Pineal Res 24(4):193-200. https://doi.org/10.1111/j.
1600-079x.1998.tb00532.x

Pang CS, Tsang SF, Yang JC (2001) Effects of melatonin, mor-
phine and diazepam on formalin-induced nociception in mice.
Life Sci 68(8):943-951. https://doi.org/10.1016/s0024-3205(00)
00996-6

Tang J, Liao Y, He H, Deng Q, Zhang G, Qi C, Cui H, Jiao B
et al (2015) Sleeping problems in Chinese illicit drug depend-
ent subjects. BMC Psychiatry 15:28. https://doi.org/10.1186/
$12888-015-0409-x

Putnins SI, Griffin ML, Fitzmaurice GM, Dodd DR, Weiss RD
(2012) Poor sleep at baseline predicts worse mood outcomes
in patients with co-occurring bipolar disorder and substance
dependence. J Clin Psychiatry 73(5):703-708. https://doi.org/
10.4088/JCP.11m07007

Xie Z, Chen F, Li WA, Geng X, Li C, Meng X, Feng Y, Liu W
et al (2017) A review of sleep disorders and melatonin. Neurol
Res 39(6):559-565. https://doi.org/10.1080/01616412.2017.
1315864

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Edalat-Nejad M, Haqghverdi F, Hossein-Tabar T, Ahmadian
M (2013) Melatonin improves sleep quality in hemodialysis
patients. Indian J Nephrol 23(4):264-269. https://doi.org/10.
4103/0971-4065.114488

Shamir E, Laudon M, Barak Y, Anis Y, Rotenberg V, Elizur A,
Zisapel N (2000) Melatonin improves sleep quality of patients
with chronic schizophrenia. J Clin Psychiatry 61(5):373-377.
https://doi.org/10.4088/jcp.v61n0509

Cheikh M, Hammouda O, Gaamouri N, Driss T, Chamari K,
Cheikh RB, Dogui M, Souissi N (2018) Melatonin ingestion
after exhaustive late-evening exercise improves sleep quality
and quantity, and short-term performances in teenage athletes.
Chronobiol Int 35(9):1281-1293. https://doi.org/10.1080/07420
528.2018.1474891

Gendy MNS, Lagzdins D, Schaman J, Le Foll B (2020) Mela-
tonin for treatment-seeking alcohol use disorder patients with
sleeping problems: a randomized clinical pilot trial. Sci Rep
10(1):8739. https://doi.org/10.1038/s41598-020-65166-y
Hemati K, Pourhanifeh MH, Dehdashtian E, Fatemi I, Mehrzadi
S, Reiter RJ, Hosseinzadeh A (2020) Melatonin and morphine:
potential beneficial effects of co-use. Fundam Clin Pharmacol.
https://doi.org/10.1111/fcp.12566

Esposti D, Esposti G, Lissoni P, Parravicini L, Fraschini F (1988)
Action of morphine on melatonin release in the rat. J Pineal Res
5(1):35-39. https://doi.org/10.1111/j.1600-079x.1988.tb00766.x
Chuchuen U, Ebadi M, Govitrapong P (2004) The stimulatory
effect of mu- and delta-opioid receptors on bovine pinealocyte
melatonin synthesis. J Pineal Res 37(4):223-229. https://doi.org/
10.1111/5.1600-079X.2004.00155.x

Garmabi B, Vousooghi N, Vosough M, Yoonessi A, Bakhtazad
A, Zarrindast MR (2016) Effect of circadian rhythm disturbance
on morphine preference and addiction in male rats: involve-
ment of period genes and dopamine D1 receptor. Neuroscience
322:104-114. https://doi.org/10.1016/j.neuroscience.2016.02.
019

Lewczuk B, Przybylska-Gornowicz B, Wyrzykowski Z (1999)
The effect of morphine on melatonin secretion in the domes-
tic pig. In vivo and in vitro study. Neuro Endocrinol Lett
20(3-4):171-178

Fan Y, Liang X, Wang R, Song L (2017) Role of endogenous
melatoninergic system in development of hyperalgesia and toler-
ance induced by chronic morphine administration in rats. Brain
Res Bull 135:105-112. https://doi.org/10.1016/j.brainresbull.
2017.10.005

Uz T, Arslan AD, Kurtuncu M, Imbesi M, Akhisaroglu M,
Dwivedi Y, Pandey GN, Manev H (2005) The regional and cel-
lular expression profile of the melatonin receptor MT1 in the
central dopaminergic system. Brain Res Mol Brain Res 136(1—
2):45-53. https://doi.org/10.1016/j.molbrainres.2005.01.002
Noori HR, Spanagel R, Hansson AC (2012) Neurocircuitry for
modeling drug effects. Addict Biol 17(5):827-864. https://doi.
org/10.1111/j.1369-1600.2012.00485.x

Onaolapo OJ, Onaolapo AY (2017) Melatonin, adolescence,
and the brain: an insight into the period-specific influences of
a multifunctional signaling molecule. Birth defects research
109(20):1659-1671. https://doi.org/10.1002/bdr2.1171
Onaolapo OJ, Onaolapo AY (2018) Melatonin in drug addiction
and addiction management: exploring an evolving multidimen-
sional relationship. World J Psychiatry 8(2):64—74. https://doi.
org/10.5498/wjp.v8.i2.64

Li SX, Liu LJ, Jiang WG, Lu L (2009) Morphine withdrawal
produces circadian rhythm alterations of clock genes in mes-
olimbic brain areas and peripheral blood mononuclear cells in
rats. J] Neurochem 109(6):1668-1679. https://doi.org/10.1111/j.
1471-4159.2009.06086.x

@ Springer


https://doi.org/10.1111/j.1600-079X.2007.00422.x
https://doi.org/10.1111/j.1600-079X.2007.00422.x
https://doi.org/10.1016/j.redox.2020.101560
https://doi.org/10.1034/j.1600-079x.2000.280401.x
https://doi.org/10.1111/jpi.12152
https://doi.org/10.1111/jpi.12152
https://doi.org/10.3390/cancers12061567
https://doi.org/10.1007/s12035-011-8225-x
https://doi.org/10.1007/s12035-011-8225-x
https://doi.org/10.1111/jpi.12090
https://doi.org/10.1046/j.1600-079x.2003.00092.x
https://doi.org/10.1046/j.1600-079x.2003.00092.x
https://doi.org/10.2174/157015912800604489
https://doi.org/10.1016/j.ejphar.2008.07.049
https://doi.org/10.1016/j.ejphar.2008.07.049
https://doi.org/10.1111/j.1600-079x.1998.tb00532.x
https://doi.org/10.1111/j.1600-079x.1998.tb00532.x
https://doi.org/10.1016/s0024-3205(00)00996-6
https://doi.org/10.1016/s0024-3205(00)00996-6
https://doi.org/10.1186/s12888-015-0409-x
https://doi.org/10.1186/s12888-015-0409-x
https://doi.org/10.4088/JCP.11m07007
https://doi.org/10.4088/JCP.11m07007
https://doi.org/10.1080/01616412.2017.1315864
https://doi.org/10.1080/01616412.2017.1315864
https://doi.org/10.4103/0971-4065.114488
https://doi.org/10.4103/0971-4065.114488
https://doi.org/10.4088/jcp.v61n0509
https://doi.org/10.1080/07420528.2018.1474891
https://doi.org/10.1080/07420528.2018.1474891
https://doi.org/10.1038/s41598-020-65166-y
https://doi.org/10.1111/fcp.12566
https://doi.org/10.1111/j.1600-079x.1988.tb00766.x
https://doi.org/10.1111/j.1600-079X.2004.00155.x
https://doi.org/10.1111/j.1600-079X.2004.00155.x
https://doi.org/10.1016/j.neuroscience.2016.02.019
https://doi.org/10.1016/j.neuroscience.2016.02.019
https://doi.org/10.1016/j.brainresbull.2017.10.005
https://doi.org/10.1016/j.brainresbull.2017.10.005
https://doi.org/10.1016/j.molbrainres.2005.01.002
https://doi.org/10.1111/j.1369-1600.2012.00485.x
https://doi.org/10.1111/j.1369-1600.2012.00485.x
https://doi.org/10.1002/bdr2.1171
https://doi.org/10.5498/wjp.v8.i2.64
https://doi.org/10.5498/wjp.v8.i2.64
https://doi.org/10.1111/j.1471-4159.2009.06086.x
https://doi.org/10.1111/j.1471-4159.2009.06086.x

4636

Molecular Neurobiology (2021) 58:4628-4638

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hood S, Cassidy P, Mathewson S, Stewart J, Amir S (2011) Daily
morphine injection and withdrawal disrupt 24-h wheel running
and PERIOD?2 expression patterns in the rat limbic forebrain.
Neuroscience 186:65-75. https://doi.org/10.1016/j.neuroscience.
2011.04.045

Perreau-Lenz S, Hoelters LS, Leixner S, Sanchis-Segura C,
Hansson A, Bilbao A, Spanagel R (2017) mPer1 promotes mor-
phine-induced locomotor sensitization and conditioned place
preference via histone deacetylase activity. Psychopharmacology
234(11):1713-1724. https://doi.org/10.1007/s00213-017-4574-0
Liu Y, Wang Y, Wan C, Zhou W, Peng T, Liu Y, Wang Z, Li G
et al (2005) The role of mPer1 in morphine dependence in mice.
Neuroscience 130(2):383-388. https://doi.org/10.1016/j.neuro
science.2004.09.012

Li SX, Wang ZR, LiJ, Peng ZG, Zhou W, Zhou M, Lu L (2008)
Inhibition of Periodl gene attenuates the morphine-induced
ERK-CREB activation in frontal cortex, hippocampus, and stria-
tum in mice. Am J Drug Alcohol Abuse 34(6):673-682. https://
doi.org/10.1080/00952990802308197

Perreau-Lenz S, Sanchis-Segura C, Leonardi-Essmann F, Sch-
neider M, Spanagel R (2010) Development of morphine-induced
tolerance and withdrawal: involvement of the clock gene mPer2.
Eur Neuropsychopharmacol 20(7):509-517. https://doi.org/10.
1016/j.euroneuro.2010.03.006

Sanchis-Segura C, Lopez-Atalaya JP, Barco A (2009) Selective
boosting of transcriptional and behavioral responses to drugs of
abuse by histone deacetylase inhibition. Neuropsychopharmacol-
ogy 34(13):2642-2654. https://doi.org/10.1038/npp.2009.125
Liu Y, Wang Y, Jiang Z, Wan C, Zhou W, Wang Z (2007)
The extracellular signal-regulated kinase signaling pathway
is involved in the modulation of morphine-induced reward by
mPerl. Neuroscience 146(1):265-271. https://doi.org/10.1016/].
neuroscience.2007.01.009

Song L, Wu C, Zuo Y (2015) Melatonin prevents morphine-
induced hyperalgesia and tolerance in rats: role of protein kinase
C and N-methyl-p-aspartate receptors. BMC Anesthesiol 15:12.
https://doi.org/10.1186/1471-2253-15-12

Raghavendra V, Kulkarni SK (2000) Possible mechanisms of
action in melatonin reversal of morphine tolerance and depend-
ence in mice. Eur J Pharmacol 409(3):279-289. https://doi.org/
10.1016/50014-2999(00)00849-9

Xin W, Chun W, Ling L, Wei W (2012) Role of melatonin in the
prevention of morphine-induced hyperalgesia and spinal glial
activation in rats: protein kinase C pathway involved. Int J Neu-
rosci 122(3):154-163. https://doi.org/10.3109/00207454.2011.
635828

Datta PC, Sandman CA, Hoehler FK (1982) Attenuation of mor-
phine analgesia by alpha-MSH, MIF-I, melatonin and naloxone
in the rat. Peptides 3(3):433—-437. https://doi.org/10.1016/0196-
9781(82)90104-8

Lin SH, Huang YN, Kao JH, Tien LT, Tsai RY, Wong CS (2016)
Melatonin reverses morphine tolerance by inhibiting microglia
activation and HSP27 expression. Life Sci 152:38-43. https://
doi.org/10.1016/j.1fs.2016.03.032

Rozisky JR, Scarabelot VL, Oliveira C, Macedo IC, Deitos A,
Laste G, Caumo W, Torres IL (2016) Melatonin as a potential
counter-effect of hyperalgesia induced by neonatal morphine
exposure. Neurosci Lett 633:77-81. https://doi.org/10.1016/].
neulet.2016.08.027

Wei YM, Xu Y, Yu CX, Han J (2009) Melatonin enhances the
expression of beta-endorphin in hypothalamic arcuate nucleus of
morphine-dependent mice. Sheng Li Xue Bao 61(3):255-262
Chen 1J, Yang CP, Lin SH, Lai CM, Wong CS (2020) The cir-
cadian hormone melatonin inhibits morphine-induced tolerance
and inflammation via the activation of antioxidative enzymes.

@ Springer

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Antioxidants (Basel, Switzerland) 9(9):780. https://doi.org/10.
3390/antiox9090780

Raghavendra V, Kulkarni SK (1999) Reversal of morphine toler-
ance and dependence by melatonin: possible role of central and
peripheral benzodiazepine receptors. Brain Res 834(1-2):178-
181. https://doi.org/10.1016/s0006-8993(99)01520-6
Motaghinejad M, Motaghinejad O, Hosseini P (2015) Attenua-
tion of morphine physical dependence and blood levels of cor-
tisol by central and systemic administration of ramelteon in rat.
Iran J Med Sci 40(3):240-247

Yahyavi-Firouz-Abadi N, Tahsili-Fahadan P, Riazi K, Ghahrem-
ani MH, Dehpour AR (2007) Melatonin enhances the anticon-
vulsant and proconvulsant effects of morphine in mice: role for
nitric oxide signaling pathway. Epilepsy Res 75(2-3):138-144.
https://doi.org/10.1016/j.eplepsyres.2007.05.002

Dimijian GG (2000) Evolving together: the biology of symbiosis,
part 2. Proc (Bayl Univ Med Cent) 13(4):381-390. https://doi.
org/10.1080/08998280.2000.11927712

Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson
AR, Drouin J, Eperon IC, Nierlich DP et al (1981) Sequence
and organization of the human mitochondrial genome. Nature
290(5806):457-465. https://doi.org/10.1038/290457a0

Chan DC (2006) Mitochondria: dynamic organelles in disease,
aging, and development. Cell 125(7):1241-1252. https://doi.org/
10.1016/j.cell.2006.06.010

Balaban RS, Nemoto S, Finkel T (2005) Mitochondria, oxidants,
and aging. Cell 120(4):483—495. https://doi.org/10.1016/j.cell.
2005.02.001

Babizhayev MA, Yegorov YE (2016) Reactive oxygen species
and the aging eye: specific role of metabolically active mito-
chondria in maintaining lens function and in the initiation of the
oxidation-induced maturity onset cataract—a novel platform of
mitochondria-targeted antioxidants with broad therapeutic poten-
tial for redox regulation and detoxification of oxidants in eye
diseases. Am J Ther 23(1):e98-117. https://doi.org/10.1097/MJT.
0b013e3181eal3 1ff

Chada SR, Hollenbeck PJ (2004) Nerve growth factor signaling
regulates motility and docking of axonal mitochondria. Curr Biol
14(14):1272-1276. https://doi.org/10.1016/j.cub.2004.07.027
Verstreken P, Ly CV, Venken KJ, Koh TW, Zhou Y, Bellen HJ
(2005) Synaptic mitochondria are critical for mobilization of
reserve pool vesicles at Drosophila neuromuscular junctions. Neu-
ron 47(3):365-378. https://doi.org/10.1016/j.neuron.2005.06.018
Streck EL, Goncalves CL, Furlanetto CB, Scaini G, Dal-Pizzol F,
Quevedo J (2014) Mitochondria and the central nervous system:
searching for a pathophysiological basis of psychiatric disor-
ders. Braz J Psychiatry 36(2):156—167. https://doi.org/10.1590/
1516-4446-2013-1224

Mal, Yuan X, Qu H, Zhang J, Wang D, Sun X, Zheng Q (2015)
The role of reactive oxygen species in morphine addiction of
SH-SYS5Y cells. Life Sci 124:128-135. https://doi.org/10.1016/j.
1s.2015.01.003

Kong H, Jiang CY, Hu L, Teng P, Zhang Y, Pan XX, Sun XD,
Liu WT (2019) Morphine induces dysfunction of PINK1/Parkin-
mediated mitophagy in spinal cord neurons implying involve-
ment in antinociceptive tolerance. J] Mol Cell Biol 11(12):1056—
1068. https://doi.org/10.1093/jmcb/mjz002

Heid ME, Keyel PA, Kamga C, Shiva S, Watkins SC, Salter RD
(2013) Mitochondrial reactive oxygen species induces NLRP3-
dependent lysosomal damage and inflammasome activation. J
Immunol 191(10):5230-5238. https://doi.org/10.4049/jimmunol.
1301490

Lin X, Wang YJ, Li Q, Hou YY, Hong MH, Cao YL, Chi ZQ,
Liu JG (2009) Chronic high-dose morphine treatment promotes
SH-SYS5Y cell apoptosis via c-Jun N-terminal kinase-mediated


https://doi.org/10.1016/j.neuroscience.2011.04.045
https://doi.org/10.1016/j.neuroscience.2011.04.045
https://doi.org/10.1007/s00213-017-4574-0
https://doi.org/10.1016/j.neuroscience.2004.09.012
https://doi.org/10.1016/j.neuroscience.2004.09.012
https://doi.org/10.1080/00952990802308197
https://doi.org/10.1080/00952990802308197
https://doi.org/10.1016/j.euroneuro.2010.03.006
https://doi.org/10.1016/j.euroneuro.2010.03.006
https://doi.org/10.1038/npp.2009.125
https://doi.org/10.1016/j.neuroscience.2007.01.009
https://doi.org/10.1016/j.neuroscience.2007.01.009
https://doi.org/10.1186/1471-2253-15-12
https://doi.org/10.1016/s0014-2999(00)00849-9
https://doi.org/10.1016/s0014-2999(00)00849-9
https://doi.org/10.3109/00207454.2011.635828
https://doi.org/10.3109/00207454.2011.635828
https://doi.org/10.1016/0196-9781(82)90104-8
https://doi.org/10.1016/0196-9781(82)90104-8
https://doi.org/10.1016/j.lfs.2016.03.032
https://doi.org/10.1016/j.lfs.2016.03.032
https://doi.org/10.1016/j.neulet.2016.08.027
https://doi.org/10.1016/j.neulet.2016.08.027
https://doi.org/10.3390/antiox9090780
https://doi.org/10.3390/antiox9090780
https://doi.org/10.1016/s0006-8993(99)01520-6
https://doi.org/10.1016/j.eplepsyres.2007.05.002
https://doi.org/10.1080/08998280.2000.11927712
https://doi.org/10.1080/08998280.2000.11927712
https://doi.org/10.1038/290457a0
https://doi.org/10.1016/j.cell.2006.06.010
https://doi.org/10.1016/j.cell.2006.06.010
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1097/MJT.0b013e3181ea31ff
https://doi.org/10.1097/MJT.0b013e3181ea31ff
https://doi.org/10.1016/j.cub.2004.07.027
https://doi.org/10.1016/j.neuron.2005.06.018
https://doi.org/10.1590/1516-4446-2013-1224
https://doi.org/10.1590/1516-4446-2013-1224
https://doi.org/10.1016/j.lfs.2015.01.003
https://doi.org/10.1016/j.lfs.2015.01.003
https://doi.org/10.1093/jmcb/mjz002
https://doi.org/10.4049/jimmunol.1301490
https://doi.org/10.4049/jimmunol.1301490

Molecular Neurobiology (2021) 58:4628-4638

4637

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

activation of mitochondria-dependent pathway. FEBS J
276(7):2022-2036. https://doi.org/10.1111/j.1742-4658.2009.
06938.x

SulY, LiH, LvL, Feng YM, Li GD, Luo R, Zhou HJ, Lei XG
et al (2015) Melatonin attenuates MPTP-induced neurotoxicity
via preventing CDK5-mediated autophagy and SNCA/alpha-
synuclein aggregation. Autophagy 11(10):1745-1759. https://
doi.org/10.1080/15548627.2015.1082020

Nestler EJ (2014) Epigenetic mechanisms of drug addiction.
Neuropharmacology 76 Pt B:259-268. https://doi.org/10.1016/j.
neuropharm.2013.04.004

Lin MT, Beal MF (2006) Mitochondrial dysfunction and oxida-
tive stress in neurodegenerative diseases. Nature 443(7113):787—
795. https://doi.org/10.1038/nature05292

Suofu Y, Li W, Jean-Alphonse FG, Jia J, Khattar NK, Li
J, Baranov SV, Leronni D et al (2017) Dual role of mito-
chondria in producing melatonin and driving GPCR signal-
ing to block cytochrome c release. Proc Natl Acad Sci USA
114(38):E7997-e8006. https://doi.org/10.1073/pnas.1705768114
Tan DX, Hardeland R (2020) Targeting host defense system and
rescuing compromised mitochondria to increase tolerance against
pathogens by melatonin may impact outcome of deadly virus
infection pertinent to COVID-19. Molecules (Basel, Switzerland)
25(19). https://doi.org/10.3390/molecules25194410

Luo R, SuLY, LiG, YangJ, Liu Q, Yang LX, Zhang DF, Zhou H
et al (2020) Activation of PPARA-mediated autophagy reduces
Alzheimer disease-like pathology and cognitive decline in a
murine model. Autophagy 16(1):52-69. https://doi.org/10.1080/
15548627.2019.1596488

Zhao L, Zhu Y, Wang D, Chen M, Gao P, Xiao W, Rao G, Wang
X et al (2010) Morphine induces Beclin 1- and ATG5-dependent
autophagy in human neuroblastoma SH-SYS5Y cells and in the
rat hippocampus. Autophagy 6(3):386-394. https://doi.org/10.
4161/aut0.6.3.11289

PanJ, He L, Li X, Li M, Zhang X, Venesky J, Li Y, Peng Y
(2016) Activating autophagy in hippocampal cells alleviates
the morphine-induced memory impairment. Mol Neurobiol
54(3):1710-1724. https://doi.org/10.1007/s12035-016-9735-3
Hayashi Y, Koga Y, Zhang X, Peters C, Yanagawa Y, Wu Z,
Yokoyama T, Nakanishi H (2014) Autophagy in superficial spi-
nal dorsal horn accelerates the cathepsin B-dependent morphine
antinociceptive tolerance. Neuroscience 275:384-394. https://
doi.org/10.1016/j.neuroscience.2014.06.037

Cai Y, Yang L, Hu G, Chen X, Niu F, Yuan L, Liu H, Xiong H
et al (2016) Regulation of morphine-induced synaptic alterations:
role of oxidative stress, ER stress, and autophagy. J Cell Biol
215(2):245-258. https://doi.org/10.1083/jcb.201605065
Takeuchi R, Hoshijima H, Nagasaka H, Chowdhury SA, Kikuchi
H, Kanda Y, Kunii S, Kawase M et al (2006) Induction of non-
apoptotic cell death by morphinone in human promyelocytic
leukemia HL-60 cells. Anticancer Res 26(5A):3343-3348

Liu LT, Song YQ, Chen XS, Liu Y, Zhu JJ, Zhou LM, Xu
SJ, Wan LH (2020) Morphine-induced RACK1-dependent
autophagy in immortalized neuronal cell lines. Br J Pharmacol
177(7):1609-1621. https://doi.org/10.1111/bph.14922

Sil S, Periyasamy P, Guo ML, Callen S, Buch S (2018) Mor-
phine-mediated brain region-specific astrocytosis involves the
ER stress-autophagy axis. Mol Neurobiol 55(8):6713-6733.
https://doi.org/10.1007/s12035-018-0878-2

Gao S, Li E, Gao H (2019) Long non-coding RNA MEG3 attends
to morphine-mediated autophagy of HT22 cells through modu-
lating ERK pathway. Pharm Biol 57(1):536-542. https://doi.org/
10.1080/13880209.2019.1651343

Wan J, Ma J, Anand V, Ramakrishnan S, Roy S (2015) Mor-
phine potentiates LPS-induced autophagy initiation but inhibits
autophagosomal maturation through distinct TLR4-dependent

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

and independent pathways. Acta Physiol (Oxf) 214(2):189-199.
https://doi.org/10.1111/apha.12506

Glick D, Barth S, Macleod KF (2010) Autophagy: cellular and
molecular mechanisms. J Pathol 221(1):3-12. https://doi.org/10.
1002/path.2697

Olsson RA, Romansky MJ (1962) Staphylococcal tricuspid endo-
carditis in heroin addicts. Ann Intern Med 57:755-762. https://
doi.org/10.7326/0003-4819-57-5-755

Wang X, Loram LC, Ramos K, de Jesus AJ, Thomas J, Cheng K,
Reddy A, Somogyi AA et al (2012) Morphine activates neuroin-
flammation in a manner parallel to endotoxin. Proc Natl Acad Sci
USA 109(16):6325-6330. https://doi.org/10.1073/pnas.12001
30109

Eidson LN, Inoue K, Young LJ, Tansey MG, Murphy AZ (2017)
Toll-like receptor 4 mediates morphine-induced neuroinflamma-
tion and tolerance via soluble tumor necrosis factor signaling.
Neuropsychopharmacology 42(3):661-670. https://doi.org/10.
1038/npp.2016.131

Grace PM, Strand KA, Galer EL, Urban DJ, Wang X, Baratta
MYV, Fabisiak TJ, Anderson ND et al (2016) Morphine para-
doxically prolongs neuropathic pain in rats by amplifying
spinal NLRP3 inflammasome activation. Proc Natl Acad Sci
USA 113(24):E3441-3450. https://doi.org/10.1073/pnas.16020
70113

Cai Y, Kong H, Pan YB, Jiang L, Pan XX, Hu L, Qian YN,
Jiang CY et al (2016) Procyanidins alleviates morphine toler-
ance by inhibiting activation of NLRP3 inflammasome in micro-
glia. J Neuroinflammation 13(1):53. https://doi.org/10.1186/
$12974-016-0520-z

Beitner-Johnson D, Guitart X, Nestler EJ (1993) Glial fibrillary
acidic protein and the mesolimbic dopamine system: regulation
by chronic morphine and Lewis-Fischer strain differences in
the rat ventral tegmental area. J Neurochem 61(5):1766-1773.
https://doi.org/10.1111/j.1471-4159.1993.tb09814.x

Wen YR, Tan PH, Cheng JK, Liu YC, Ji RR (2011) Microglia: a
promising target for treating neuropathic and postoperative pain,
and morphine tolerance. J Formos Med Assoc 110(8):487—494.
https://doi.org/10.1016/S0929-6646(11)60074-0

Song P, Zhao ZQ (2001) The involvement of glial cells in the
development of morphine tolerance. Neurosci Res 39(3):281—
286. https://doi.org/10.1016/s0168-0102(00)00226-1

Berta T, Liu T, Liu YC, Xu ZZ, Ji RR (2012) Acute morphine
activates satellite glial cells and up-regulates IL-1beta in dorsal
root ganglia in mice via matrix metalloprotease-9. Mol Pain 8:18.
https://doi.org/10.1186/1744-8069-8-18

Lin CP, Lu DH (2018) Role of neuroinflammation in opioid toler-
ance: translational evidence from human-to-rodent studies. Adv
Exp Med Biol 1099:125-139. https://doi.org/10.1007/978-981-
13-1756-9_11

Johnson JL, Rolan PE, Johnson ME, Bobrovskaya L, Williams
DB, Johnson K, Tuke J, Hutchinson MR (2014) Codeine-induced
hyperalgesia and allodynia: investigating the role of glial activa-
tion. Transl Psychiatry 4:e482. https://doi.org/10.1038/tp.2014.
121

Shen CH, Tsai RY, Shih MS, Lin SL, Tai YH, Chien CC, Wong
CS (2011) Etanercept restores the antinociceptive effect of mor-
phine and suppresses spinal neuroinflammation in morphine-
tolerant rats. Anesth Analg 112(2):454-459. https://doi.org/10.
1213/ANE.0b013e3182025b15

Qu J, Tao XY, Teng P, Zhang Y, Guo CL, Hu L, Qian YN, Jiang
CY et al (2017) Blocking ATP-sensitive potassium channel alle-
viates morphine tolerance by inhibiting HSP70-TLR4-NLRP3-
mediated neuroinflammation. J Neuroinflammation 14(1):228.
https://doi.org/10.1186/s12974-017-0997-0

Ayar A, Martin DJ, Ozcan M, Kelestimur H (2001) Melatonin
inhibits high voltage activated calcium currents in cultured rat

@ Springer


https://doi.org/10.1111/j.1742-4658.2009.06938.x
https://doi.org/10.1111/j.1742-4658.2009.06938.x
https://doi.org/10.1080/15548627.2015.1082020
https://doi.org/10.1080/15548627.2015.1082020
https://doi.org/10.1016/j.neuropharm.2013.04.004
https://doi.org/10.1016/j.neuropharm.2013.04.004
https://doi.org/10.1038/nature05292
https://doi.org/10.1073/pnas.1705768114
https://doi.org/10.3390/molecules25194410
https://doi.org/10.1080/15548627.2019.1596488
https://doi.org/10.1080/15548627.2019.1596488
https://doi.org/10.4161/auto.6.3.11289
https://doi.org/10.4161/auto.6.3.11289
https://doi.org/10.1007/s12035-016-9735-3
https://doi.org/10.1016/j.neuroscience.2014.06.037
https://doi.org/10.1016/j.neuroscience.2014.06.037
https://doi.org/10.1083/jcb.201605065
https://doi.org/10.1111/bph.14922
https://doi.org/10.1007/s12035-018-0878-2
https://doi.org/10.1080/13880209.2019.1651343
https://doi.org/10.1080/13880209.2019.1651343
https://doi.org/10.1111/apha.12506
https://doi.org/10.1002/path.2697
https://doi.org/10.1002/path.2697
https://doi.org/10.7326/0003-4819-57-5-755
https://doi.org/10.7326/0003-4819-57-5-755
https://doi.org/10.1073/pnas.1200130109
https://doi.org/10.1073/pnas.1200130109
https://doi.org/10.1038/npp.2016.131
https://doi.org/10.1038/npp.2016.131
https://doi.org/10.1073/pnas.1602070113
https://doi.org/10.1073/pnas.1602070113
https://doi.org/10.1186/s12974-016-0520-z
https://doi.org/10.1186/s12974-016-0520-z
https://doi.org/10.1111/j.1471-4159.1993.tb09814.x
https://doi.org/10.1016/S0929-6646(11)60074-0
https://doi.org/10.1016/s0168-0102(00)00226-1
https://doi.org/10.1186/1744-8069-8-18
https://doi.org/10.1007/978-981-13-1756-9_11
https://doi.org/10.1007/978-981-13-1756-9_11
https://doi.org/10.1038/tp.2014.121
https://doi.org/10.1038/tp.2014.121
https://doi.org/10.1213/ANE.0b013e3182025b15
https://doi.org/10.1213/ANE.0b013e3182025b15
https://doi.org/10.1186/s12974-017-0997-0

4638

Molecular Neurobiology (2021) 58:4628-4638

104.

105.

106.

dorsal root ganglion neurones. Neurosci Lett 313(1-2):73-77.
https://doi.org/10.1016/s0304-3940(01)02188-7

Kalso E, Edwards JE, Moore RA, McQuay HJ (2004) Opioids in
chronic non-cancer pain: systematic review of efficacy and safety.
Pain 112(3):372-380. https://doi.org/10.1016/j.pain.2004.09.019
Fields HL (2011) The doctor’s dilemma: opiate analgesics and
chronic pain. Neuron 69(4):591-594. https://doi.org/10.1016/j.
neuron.2011.02.001

Abdelrahman AMF, Omara A, Elzohry AAM (2020) Safety and
efficacy of oral melatonin when combined with thoracic epidural
analgesia in patients with bilateral multiple fracture ribs. Local
Reg Anesth 13:21-28. https://doi.org/10.2147/LRA.S244510

@ Springer

107. Caumo W, Levandovski R, Hidalgo MP (2009) Preoperative

anxiolytic effect of melatonin and clonidine on postoperative pain
and morphine consumption in patients undergoing abdominal
hysterectomy: a double-blind, randomized, placebo-controlled
study. J Pain 10(1):100-108. https://doi.org/10.1016/j.jpain.2008.
08.007

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/s0304-3940(01)02188-7
https://doi.org/10.1016/j.pain.2004.09.019
https://doi.org/10.1016/j.neuron.2011.02.001
https://doi.org/10.1016/j.neuron.2011.02.001
https://doi.org/10.2147/LRA.S244510
https://doi.org/10.1016/j.jpain.2008.08.007
https://doi.org/10.1016/j.jpain.2008.08.007

	Molecular Mechanism of Neuroprotective Effect of Melatonin on Morphine Addiction and Analgesic Tolerance: an Update
	Abstract
	Introduction
	Changes in Melatonin Level and its Receptor Expression with Morphine Treatment
	Beneficial Effect of Melatonin on the Addictive Symptoms Induced by Morphine
	Improvement in Mitochondrial Function by Melatonin in Morphine Addiction and Analgesic Tolerance
	Regulation of the Autophagy Pathway by Melatonin in Morphine Addiction and Analgesic Tolerance
	Melatonin Reduces Neuroinflammation in Morphine Addiction and Analgesic Tolerance
	Melatonin as an Ideal Adjuvant to Morphine Treatment for Curing Pain
	Conclusion
	Acknowledgements 
	References


