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ARTICLE INFO ABSTRACT
Keywords: Morphine is a widely used opioid for treatment of pain. The attendant problems including
Morphine tolerance morphine tolerance and morphine dependence pose a major public health challenge. In recent
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years, there has been increasing interest in the gastrointestinal microbiota in many physiological
and pathophysiological processes. The connectivity network between the gut microbiota and the
brain is involved in multiple biological systems, and bidirectional communication between them
is critical in gastrointestinal tract homeostasis, the central nervous system, and the microbial
system. Many research have previously shown that morphine has a variety of effects on the
gastrointestinal tract, but none have determined the function of intestinal microbiota in morphine
tolerance. This study reviewed the mechanisms of morphine tolerance from the perspective of
dysregulation of microbiota-gut-brain axis homeostasis, by summarizing the possible mechanisms
originating from the gut that may affect morphine tolerance and the improvement of morphine
tolerance through the gut microbiota.

1. Introduction

Chronic pain is an important complaint of many clinical diseases, seriously hampering patients’ physical and mental health, which
has become a global public health problem [1]. Over the past three decades, the incidence of chronic pain has been increasing every
year, and this has been accompanied by a rapid abuse of opioids [2]. At least 3% of adult patients who receive long-term treatment
with opioid prescription drugs for non-cancer pain (neuropathic pain, chronic musculoskeletal pain, chronic back pain.) are reported
to use them irrationally for non-therapeutic purposes [3]. Adolescents take opioid prescription medicines irrationally for pain alle-
viation and mental relaxation [4]. Drug tolerance can lead to an increase in opioid medication dosage, leading to serious side effects
(such as drug dependence, overdose, and death) As a result, the U.S. made the “opioid crisis” a national public health emergency in
2017 [5]. In 2020 alone, the Centers for Disease Control and Prevention reported more than 100,000 deaths from opioid overdoses [6].
As a result, addressing these concerns is critical. Opioid receptors are G protein-coupled receptors, mainly classified as p receptors
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(MOR), 6 receptors (DOR), and « receptors (KOR). Morphine and the other more commonly used opioids mostly act at MOR [7].
Opioids have effects on gastrointestinal function, including prolonged intestinal motility, delayed gastric emptying, increased
myogenic tone, decreased peristalsis, and constipation, which are collectively referred to clinically as “Nacrotic Bowel Syndrome” [8,
9]. Morphine, the prototype of opioids, is currently the most effective and widely used analgesic in the clinical treatment of chronic
pain. The 2016 Polyanalgesic Consensus Conference (PACC) guidelines recommended morphine as firstline intrathecal monotherapy
for localized and diffuse chronic pain of cancer-related and non-cancer-related etiologies [10]. Morphine is also frequently used to
treat persistent pain caused by neurological diseases. Many clinical trials have also had clinical success with the use of oral morphine
for cancer pain. Morphine has a significant analgesic effect on pain, but it also has an effect on a person’s mental and emotional state.
Studies have shown that morphine has some degree of sedative and anxiety-relieving effects. However, the development of tolerance,
dependence, and affective signs of withdrawal following repeated or prolonged administration limits its therapeutic utility. In recent
years, morphine tolerance has also led to a continuously deteriorating in morphine consumption, which should be a cause for alarm
[11]. Therefore, exploring effective methods to relieve morphine tolerance is an important means to increase the analgesic effect of
morphine and reduce morphine dosage. Previous studies on morphine tolerance have focused on the central nervous system. Morphine
tolerance is associated with the downregulation of opioid receptors, altered neuronal plasticity due to sustained stimulation of G
protein decoupling, and increased synthesis of anti-opioid substances [12,13]. However, current knowledge of the central nervous
system does not explain the phenomenon of morphine tolerance well. In clinical practice, some drugs targeting the central nervous
system in combination with morphine fail to reduce the development of morphine tolerance. In this paper, we look at the relationship
between the gut microbiota and morphine tolerance, with a focus on the microbiota-gut-brain axis.

2. The importance of the intestinal microbiota

The intestinal microbiota is the most complex and abundant micro-ecosystem in the body [14], and its homeostatic balance is
essential to maintain the health of the body [15]. Dysregulation of intestinal microbiota homeostasis will lead to many diseases, such as
obesity, diabetes, cardiovascular diseases, and neurological diseases [16-18]. Also, intestinal microbiota plays an important role in the
host’s immune system, inflammation, and cancer prevention [19-21]. In humans and animals, gut microbiota also plays an important
role in regulating brain function, mood, stress, and behavioral responses to rewards [22-25]. In addition, intestinal microbiota has an
impact on various neuropsychiatric disorders (Parkinson’s disease, depression, anxiety, autism, etc.) and can further influence host
behavior and performance by affecting gene expression and neurotransmitter metabolism [26,27] (Fig. 1). All of the above studies
suggest that intestinal microbiota and the neuropsychiatric system are closely related. Although it is unclear whether these examples
are driven by direct gut-brain interactions or mediated by other factors induced by the disease state. Further investigation is necessary
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Fig. 1. Intestinal microbiota and neuropsychiatric disorders are closely linked. The transplantation of fecal microbiota from depressed pa-
tients to rats induces a depression-like phenotype in rats. A combination of Lactobacillus and Bifidobacterium can effectively improve depression in
patients with severe depression. Transplantation of fecal microbiota from alcoholic patients into healthy mice shows symptoms associated with
depression and anxiety. The humanoid icons represent humans and the animal icons represent rats and mice. The arrows in the figure represent
evolutionary.
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to fully understand the possible bidirectional interactions that exist between the brain, gastrointestinal tract, and microbiome.
3. Microbiota-gut-brain axis

Numerous studies have been done to look into the connection between neurological, behavioral, or inflammatory problems and the
gut-brain axis [28,29]. The intestinal microbiota has a bi-directional regulatory effect on the “gut-brain axis” through neural, immune,
and endocrine channels, thus establishing a new concept of the “microbiota-gut-brain axis” [30]. It involves a network of connections
between multiple biological systems, allowing bidirectional communication between gut bacteria and the brain, and is critical in
maintaining homeostasis in the gastrointestinal tract, central nervous system, and microbial system, while its imbalance in functional
homeostasis plays an important role in a variety of neurological disorders [31,32]. The microbiota-intestine-brain axis consists of 3
main interactions pathways: (1) Endocrine signals: the microbiota can influence the neuroendocrine system via metabolites such as
short-chain fatty acids (SCFAS) [33], which modulate neurotransmitter concentrations such as -aminobutyric acid (GABA) and 5-hy-
droxytryptamine (5-HT). These neurotransmitters have an impact on the neurological system, either directly or indirectly [34,35]..
Gut microorganisms can affect their host’s appetite and feeding behaviours by modulating production of endocrine signals from
enteroendocrine cells (EECs) in the gut epithelium, including production of the hormone glucagon-like peptide 1 (GLP1) [36]. (2)
Neural pathway: The neural pathway physically connects the gut and the brain, and the microbiota and its metabolites can act on the
vagus nerve and the enteric nervous system (ENS) to affect the brain and behavior. Vagus nerve efferent fibres propagate information
from the brain to the viscera and have an important role in immune function and metabolism. These factors, in turn, may alter the gut
microbiota by affecting the environment of the gut, which implicates the vagus nerve as an important mediator of bidirectional
communication both to and from the brain [37]; (3) Immune system: Both the central nervous system and the gut microbiota directly
affect, and are affected by, the immune system. Intestinal microbiota is a key factor in regulating the development and function of the
peripheral immune system, in which microglia and inflammatory cytokines play a key mediating role [38] (Fig. 2). Notably, because of
the involvement of the gut-brain axis, approaches for modifying the gut microbiota can also be used to treat central nervous system
illnesses. Gut microbiota depletion by an oral antibiotic cocktail of ampicillin, metronidazole, neomycin, and vancomycin (AMNV)
significantly reduced the incidence of intracranial aneurysm via decreasing macrophage infiltration and the expression of
pro-inflammatory cytokines such as IL-1p and IL-6 in vascular wells [39]. Additionally, Lactulose supplementation was shown to
significantly improve the functional outcome of stroke, which is possibly mediated by repairing intestinal barrier injury and improving
gut microbiota dysbiosis following stroke [40]. In the following, we discuss some important studies analyzing the effects of morphine
tolerance on the brain through the microbiota.
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Fig. 2. Interaction pathways in the microbiota-gut-brain axis. The microbiota can influence the neuroendocrine system via metabolites such as
short-chain fatty acids (SCFAS), which modulate neurotransmitter concentrations such as -aminobutyric acid (GABA) and 5-hydroxytryptamine (5-
HT). These neurotransmitters have an impact on the neurological system, either directly or indirectly. The microbiota and its metabolites can act on
the vagus nerve and the enteric nervous system (ENS) to affect the brain and behavior. Intestinal microbiota is a key factor in regulating the
development and function of the peripheral immune system, in which microglia and inflammatory cytokines play a key mediating role. SCFCS:
short-chain fatty acids, LPS: lipopolysaccharide, GABA: y-aminobutyric acid, 5-HT: 5-hydroxytryptamine, ENS: Enteric Nervous System, TNF-a:
tumor necrosis factor a, IL-1p: Interleukin 14, IL-6: Interleukin 6.
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4. Morphine affects the intestinal microbiota

Under normal conditions, the intestine of humans and mice is colonized mainly by anaphylaxis and thick-walled bacteria, with
several other phyla present in smaller proportions, but alterations in bacterial composition as well as localization play an important
role in pathogenesis. Significant reductions in pseudobacillus and thick-walled bacteria were found in the feces of mice chronically
injected with morphine [41], it also reduced the ratio of pseudobacillus to thick-walled bacteria [42], which was associated with an
increase in systemic inflammation, making mice more likely to develop enteritis [43,44]. The relative abundance of pathogenic
bacteria, such as Flavobacterium, Enterococcus, Clostridium, and Clostridium tumefacient, was also found to be increased in mouse
fecal samples [45]. In addition, morphine induces an increase in gram-positive bacteria, while disrupting bile acid metabolism, further
affecting intestinal health through the hepatic-intestinal cycle [42]. Significant changes in the composition and variety of the intestinal
flora were also discovered in cirrhotic individuals treated with morphine for chronic pain for 5 months [46]. Reduced intestinal
epithelial cell proliferation and abnormal morphology, accompanied by disruption of small intestinal barrier integrity, were also
observed in morphine-treated AIDS patients [47].

As a complex organ, intestinal microbiota imbalance is also closely related to intestinal barrier disruption and bacterial trans-
location [48]. Once the intestinal microbiota is dysbiosis, the intestinal mucosal barrier is easily damaged, making the intestinal
permeability increase, which can induce bacterial translocation and lead to mild or severe systemic inflammatory reactions and even
multi-organ dysfunction [49]. Morphine causes not only the changes in intestinal microbiota stated above, but also aberrant intestinal
shape and decreased epithelial cell proliferation, ultimately leading to breakdown of the patient’s intestinal barrier [47]. This is closely
related to Toll-like receptors (TLRs), which recognize a variety of microbial components and play a central role in host-microbiota
interactions [50]. Long-term morphine use induces significant increases in TLR2 and TLR4 expression in intestinal and systemic
immune cells, leading to further elevations in the pro-inflammatory cytokines Interleukin 6 (IL-6) and tumor necrosis factor a(TNF-a).
In turn, proinflammatory cytokines exacerbate intestinal microbiota imbalances, leading to impaired intestinal integrity and bacterial
translocation, thereby increasing inflammation and morphine tolerance [51,52]. Altered intestinal microbes may impact morphine’s
enterohepatic recirculation and consequently its analgesic efficacy. Also, TLRs activation can lead to decreased expression of tight
junction proteins on intestinal epithelial cells, which can further lead to disruption of the intestinal barrier.

Alterations in the gut microbiome frequently occur together with disturbances in enteric neural control in pathophysiological
conditions [53]. Disruptions in the gut microbiota may have long-term implications on ENS development. Changes in the gut
microbiota have been shown in studies to modify the ENS, impair barrier function, and cause a number of disorders such as irritable
bowel syndrome, inflammatory bowel disease, and neurodegeneration [54]. In addition to the changes in the intestinal microbiota
described above, morphine also has an effect on the enteric nervous system, Electrophysiological recordings of enteric neurons show a
general inhibitory effect of morphine on the excitability of enteric neurons [55,56]. Morphine inhibits the formation of action po-
tentials required for neurotransmitter release, and the fundamental effect of morphine on gastrointestinal motility and secretion is the
suppression of neuron excitability. In addition, morphine also induces a decrease in intestinal peristaltic frequency and a delay in
intestinal contents transport in mice through the activation of central and peripheral opioid receptors [57]. Enteric glial cells are the
most numerous cell type in the enteric nervous system and are a key factor in regulating the function of the gastrointestinal tract by
producing trophic factors, and morphine is also capable of causing enteric glial cell dysfunction [57]. All of the above evidence
suggests that morphine not only causes an imbalance in intestinal microbiota but is also strongly associated with intestinal barrier
disruption and decreased intestinal function [48,58,59].

5. Involvement of gut microbiota in morphine tolerance

Researchers have begun to wonder whether the gut microbiota plays a role in morphine tolerance because of the extensive effects of
morphine on the gut. Further studies found that beneficial bacteria such as Lactobacillus and Bifidobacterium were significantly
reduced in morphine-tolerant mice. In fact, at the intestinal level, beneficial bacteria (such as Lactobacillus and Bifidobacterium) have
a significant protective effect on intestinal epithelial cell integrity [60]. Their reduction disrupts intestinal integrity, promotes bacterial
translocation, and exacerbates inflammation. Similarly, after 8 days of treatment with incremental doses of morphine, mice treated
with broad-spectrum antibiotics had considerably decreased analgesic tolerance in the tail-flick and hot-plate tests [41]. Despite the
fact that the mechanisms involved are unknown, it is obvious that decreasing gut flora decreases the development of morphine
tolerance. In this study, however, the reduced gut microbiota prevented morphine tolerance-induced increases in intestinal perme-
ability, colonic mucosal degradation, and colonic Interleukin 1 (IL-1) expression. Also to determine which components of the antibiotic
mixture had the greatest effect on preventing tolerance, mice were treated with various combinations of antibiotics, and it was found
that the combination containing vancomycin had the best effect. Although vancomycin alone was successful in preventing tolerance, it
was less effective than a combination of streptomycin and ampicillin [41]. Other research has found that depletion of intestinal
de-conjugating bacteria linked with the deglucuronidation of morphine-3-glucuronide, the main metabolite of morphine, leads to
decreased enterohepatic circulation of morphine, which results in lower systemic morphine levels over time [61]. It is also plausible
that morphine-induced microbial dysbiosis may result in altered morphine metabolism, thus contributing to morphine tolerance.

6. Development of morphine tolerance

The establishment and maintenance of morphine tolerance is a vicious cycle, and its principal effect on the body is mediated by
MOR. Previously, it was widely assumed that morphine’s analgesic mechanism was the drug’s direct influence on the central nervous



K. Biet al. Heliyon 10 (2024) e27187

system, and so many investigations on morphine tolerance and dependency focused on the central nervous system [62-64]. It was
discovered that morphine-tolerant animals had higher astrocyte activity in their spinal cord and hippocampus, but inhibiting astrocyte
activity could considerably reduce morphine tolerance [65]. At the same time, long-term high doses of morphine cause significant
microglia activation [66,67]. Microglia activation releases pro-inflammatory cytokines and chemokines, such as TNF-a, IL-16, IL-6,
CXCL1, which cause hyperexcitability of nociceptive neurons and lead to the development of morphine tolerance [68,69]. Howev-
er, the current knowledge of neurons does not provide a good explanation for some of the phenomena of morphine tolerance. For
example, the transplantation of brain extracts from rats in a morphine tolerance model into mouse brain tissue failed to induce
morphine tolerance, implying that the primary mechanism of morphine tolerance may not reside in the higher centers [70]. In
contrast, when combined with morphine, the selective peripheral opioid receptor antagonist methylnaltrexone bromide has no effect
on the analgesic efficacy of morphine but does delay the development of morphine tolerance. Corder et al. recently demonstrated that
analgesic tolerance to chronic morphine was also lost following conditional deletion of MOR in primary neurons, implying that pe-
ripheral primary neurons are required for morphine tolerance [71].

7. Gut microbiota modulates dorsal root ganglion inflammatory response mediating morphine tolerance

The dorsal root ganglion (DRG), as the first level of nociceptive afferent neurons, also plays an extremely important role in the
peripheral mechanisms of nociception [72]. In recent years, it has been discovered that morphine-induced analgesia is still present
after MOR in DRG injury receptors is knocked down, indicating that peripheral DRGs are involved in mediating morphine tolerance
[71]. Previously, monocyte chemotactic protein 1 (MCP-1) in the spinal cord was found to be involved in the development of morphine
tolerance, while MCP-1 has a significant chemotactic effect on macrophages [73]. MCP-1 was also discovered to be significantly
elevated in the DRG of morphine-tolerant mice, pointing to increased DRG excitability brought on by macrophage-induced neuro-
inflammation as one of the key mechanisms of morphine tolerance. This finding also supports the critical function of peripheral DRG
neurons in morphine tolerance.

Additionally, the removal of intestinal microbiota with antibiotics reduced the rise in morphine-induced inflammatory factors in
the DRG, suggesting that intestinal microbiota may play a role in morphine-induced macrophage infiltration, neuroinflammatory
responses, and morphine tolerance (Fig. 3). According to other research, TTX-R Na channels play a role in how gastrointestinal
microbiota influences the growth of morphine tolerance in nociceptive primary afferent neurons [74].

8. Gut microbiota is involved in the development of morphine tolerance by regulating TLR2 and TLR4

The mechanisms of morphine tolerance are complex, and immunity plays an important role in addition to the mechanisms of the
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Fig. 3. Schematic representation of the mechanism by which intestinal microbiota modulates the dorsal root ganglion inflammatory
response mediating morphine tolerance. Intestinal bacterial products activate peripheral macrophages via TLR2, which infiltrate and release
MCP-1 and inflammatory mediators (TNF-a, IL-1f, IL-6, CXCL1) in the dorsal root ganglion, inducing dorsal root ganglion neuroinflammation,
leading to increased excitability of the dorsal root ganglion, and ultimately leading to morphine tolerance. Increased levels of the pro-inflammatory
cytokines IL-6 and TNF- in the gut aggravate gut microbiota imbalances, eventually leading to gut inflammation and morphine tolerance. It’s a
never-ending circle. MCP-1: Monocyte Chemoattractant Protein-1, TNF-a: tumor necrosis factor a, IL-1f: Interleukin 1p, IL-6: Interleukin 6, CXCL1:
C-X-C motif chemokine ligand 1.
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neurons themselves. It has been found that an imbalance in intestinal microbiota can lead to an overactive systemic immune system
[75]. Morphine given in vivo suppresses a variety of immune responses that involve the major cell types in the immune system,
including natural killer (NK) cells, T cells, B cells, macrophages and polymorphonuclear leukocytes (PMNs) [76]. The opioid receptor
antagonist naloxone can entirely reverse morphine’s inhibition of human T lymphocytes [77]. Further evidence subsequently emerged
that opioids suppress the immune system at various stages, starting with innate immune cells, including antigen presentation, and
ending with regulatory T lymphocyte activation and differentiation, and increase the risk of opportunistic infections [78-80]. TLRs, as
one of the most representative receptors in the intrinsic immune response, mediate a series of important immune response reactions
[81]. Activation of TLRs transmits activation signals and induces activated cells to express a series of immune molecules [82]. TLRs
appear to play a key role in the onset and maintenance of pain, according to accumulating research [83,84]. It has been found that
morphine can directly bind to TLR4 in microglia, producing an effect similar to that of lipopolysaccharide LPS, which in turn activates
neuroinflammation to affect the analgesic effect of morphine [85]. Therefore, the TLR4 signaling pathway is thought to be the main
mechanism of morphine tolerance and pain sensitivity. Another study found that the knockdown of the TLR2 gene can alleviate the
development of morphine tolerance and inhibit microglia activation and inflammatory factor expression [86]. However, it is now
established that morphine induces analgesic tolerance and increases the expression levels of TLR2 and TLR4 in intestinal epithelial
cells and immune cells. Importantly, as mentioned above, morphine-induced changes in intestinal permeability and translocation of
the intestinal microbiota are also dependent on TLR2 and TLR4 [87]. It is proposed that the activation of TLR2 and TLR4 by intestinal
microbiota causes an imbalance in intestinal microecology, and that the ensuing pro-inflammatory cytokines may promote the
establishment of morphine analgesic tolerance.

9. Involvement of the gut microbiota in the effects of morphine on the brain

Opioid peptides from food have been called exorphins. Excess exorphins have been linked to the development of autism spectrum
disorder (ASD) in several studies. Opioid peptides derived from exorphins have been found in urine of autistic patients [88]. In children
with ASD, the homeostasis of the intestinal microbiota was found to be compromised, accompanied by damage to the intestinal barrier
[89]. Whereas the high permeability of the intestinal barrier in ASD patients is associated with high expression of various tight junction
proteins (claudin-2, claudin-10, and claudin-15), these alterations promote the entry of exorphins into the bloodstream, leading to an
opioid overload [90]. Exorphins can enter the brain and interact with the central nervous system due to the inflammatory milieu of the
gut and the blood-brain barrier [91]. It was found that some bacteria of the genus Bifidobacterium, such as B. longum and B. bifidum,
can degrade exorphins [92]. Long-term morphine use leads to a decrease in intestinal bifidobacteria, suggesting that the gut microbiota
may affect the central nervous system by altering levels of exorphins. Significant changes in intestinal microbiota were also found in
patients with schizophrenia, as well as significant intestinal inflammation and intestinal barrier damage [93]. Zhu et al. transplanted
schizophrenic patients’ fecal bacteria into mice, which likewise displayed schizophrenia-like symptoms [94]. This also strongly
suggests that morphine can establish a close connection with the neuropsychiatric system by altering the intestinal microbiota.

SCFAS are lipids produced by intestinal microorganisms through fermentation of dietary fiber, which may act on the central
nervous system by modulating neuroplasticity, gene expression, and the immune system [33]. After 5 months of morphine usage, the
levels of SCFAS-producing microbiota in the body were drastically reduced in patients with chronic pain owing to cirrhosis, resulting to
endotoxemia and elevated proinflammatory cytokine IL-6, which has an influence on the central nervous system [46]. Tryptophan
(Trp) is an essential amino acid in the human body and is related to cognitive function [95]. In the brain, Trp is converted to 5-HT after
crossing the blood-brain barrier. 5-HT concentration in the brain is associated with a variety of neurological activities, including motor
function, emotion modulation, and cognition [96]. 5-Hydroxytryptamine is catalyzed by monoamine oxidase to 5-hydroxyindoleacetic
acid and excreted in urine. The majority of Trp is metabolized in the intestine, while the remaining small portion enters the circulation
and is metabolized in the central nervous system to produce important neurotransmitters [97]. Thus, intestinal microbiota can
indirectly alter the function of the central nervous system by regulating the metabolism of Trp in the intestine, achieving a linkage
between intestinal microbiota and the brain. Long-term morphine usage can raise Trp and 5-hydroxy indole acetic acid levels in the
brain, which can have an influence on cognition [98]. Aside from cognitive impairments, the most serious concern of long-term opioid
usage in chronic pain sufferers is the development of depression and anxiety symptoms. According to the monoaminergic hypothesis,
depression is associated with homeostatic imbalances in the 5-HT and norepinephrine (NA) systems [99]. Dysregulation of the in-
testinal tight junction protein claudin-5 was found in depression, further leading to systemic inflammation as well as loss of
blood-brain barrier integrity. At the same time, long-term morphine use leads to significant activation of microglia, which in turn
releases the pro-inflammatory cytokines IL-1p, and IL-6 [66,67]. IL-1f and IL-6 inhibit 5-HT production, resulting in increased gen-
eration of quinolinic acid, which can overstimulate neurons involved with depression and induce brain damage [100]. Chronic
morphine use for pain may also lead to obesity, the agonism of MOR could predispose the patient to the development of obesity [101].
Beta-casomorphin-7 (BCM-7) is an opioid peptide derived from milk. It may influence obesity via MOR pathways [102]. The simul-
taneous change of the blood-brain barrier and intestinal tight junctions allows opioid peptides derived from food to enter the brain,
resulting in the destruction of glial and neuronal cells via local and systemic inflammation [103].

10. Improvement of morphine tolerance by gut microbiota
Drug tolerance is a worldwide issue that has yet to be solved. As an inhibitor of microglia activation, minocycline has previously

been shown to slow the development of morphine tolerance [104]. However, the role of gut microbiota in understanding morphine
tolerance processes is becoming clear. Simultaneously, many research including alteration of gut bacterial composition have
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demonstrated that gut microbiota can intervene and reduce tolerance developed during long-term opioid use [41]. These findings have
substantial therapeutic significance because they imply that modulating gut microbiota could be a potential strategy for the prevention
and treatment of opioid analgesic tolerance. Broad-spectrum antibiotics may reduce morphine tolerance by reducing the gut micro-
biota. It also prevents chronic morphine-induced increase in intestinal permeability, colonic mucosal destruction and colonic IL-1p
expression. For example, vancomycin mostly eliminates gram-positive bacteria from the colon and is most efficient in delaying
morphine tolerance [41]. This raises the possibility that Gram-positive bacteria play a key part in the formation of morphine tolerance
and provides ideas for further research. However, antibiotics’ effects may be independent of their spectrum of activity, and each
antibiotic may have a unique mechanism. Kang et al. demonstrated in their study that antibiotics prevented morphine-induced
decrease in dorsal root ganglion excitability [41]. In recent years, the use of probiotics in mouse models and humans has also been
increasing. Probiotics rich in bifidobacteria and lactobacilli not only restore morphine-induced intestinal microbiota disorders but also
reduce morphine tolerance [105]. Probiotics VSL#3, for example, offers a mechanism for reducing morphine tolerance by replenishing
some gut microbial components while also lowering levels of the pro-inflammatory cytokines IL-6, IL-18, and TNF-o. Iso-
rhynchophylline also reverses morphine-dependent changes in gut microbiota alpha and beta diversity, composition, and abundance
in experiments in zebrafish [106]. It reduces the rise in the Bacteroidetes/Firmicutes ratio caused by morphine tolerance. Ginsenoside
Rg1 has also been demonstrated to attenuate morphine dependence by regulation of gut microbiota and tryptophan metabolism [107].
Fecal microbiota transplantation as a strategy to restore microbial homeostasis is currently being studied in the context of
opioid-induced ecological dysregulation [42].

11. Conclusion and outlook

Morphine, the most effective and widely used analgesic for chronic pain in clinical practice, can cause morphine tolerance with
long-term use. Morphine tolerance also increases the risk of overdose and side effects (morphine dependence and drug overdose
deaths, Nacrotic Bowel Syndrome, anxiety.), thus morphine tolerance greatly limits its clinical use and becomes a problematic issue in
pain management. The intestinal microbiota is a diverse community that maintains a close relationship with its host. It does not just
affect the gut, it affects multiple systems throughout the body. Morphine tolerance affects the gut and may be involved in various
pathophysiologic processes in the central nervous system through the gut microbiota. The co-evolution of animals and their associated
microbial communities appears to have resulted in complex biological communications between the gut and the brain, a fascinating
perspective that requires more investigation.

Countering morphine tolerance from the perspective of the gut microbiota is an innovative idea. Whether broad-spectrum anti-
biotics, probiotics, or fecal transplants are highly desirable in morphine tolerance models. An important question that arises from the
use of antibiotics is whether the loss of tolerance is due to gut bacterial depletion/alteration or other off-target effects. Probiotic
therapy may be a promising, safe and inexpensive treatment to prolong the efficacy of morphine and attenuate analgesic tolerance.
Given the multitude of biological systems involved in the gut microbiota-gut-brain axis, the mechanisms and pathways of gut
microbiota action may act synergistically to modulate various aspects of morphine tolerance, and more research is still needed to
understand it.
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