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Abstract

The prevailing opioid crisis has necessitated the need to understand mechanisms leading to
addiction and tolerance, the major contributors to overdose and death and to develop strategies for
developing drugs for pain treatment that lack abuse liability and side-effects. Opioids are
commonly used for treatment of pain and symptoms of inflammatory bowel disease. The
significant effect of opioids in the gut, both acute and chronic, include persistent constipation and
paradoxically may also worsen pain symptoms. Recent work has suggested a significant role of the
gastrointestinal microbiome in behavioral responses to opioids, including the development of
tolerance to its pain-relieving effects. In this review, we present current concepts of gut-brain
interaction in analgesic tolerance to opioids and suggest that peripheral mechanisms emanating
from the gut can profoundly affect central control of opioid function.
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INTRODUCTION

Opioids are the most effective and highly prescribed analgesics. The therapeutic effects of
morphine and other opioids are limited by their side effects that include nausea, vomiting,
abdominal pain and constipation that are collectively referred to as “opioid induced bowel
dysfunction (1, 2). Opioid-induced constipation is the most common of these symptoms and
arises largely due to inhibition of peristaltic activity, increased sphincter tone and segmental
non-propulsive contractions. These effects of opioids result in dry and hard feces and
chronic use paradoxically may also be associated with increased abdominal pain. The over-
prescription of opioids in the recent decades, and the current crisis of increasing deaths due
to opioid overdose has highlighted the need for better understanding of mechanisms of
opioid function. More recently, the role of the gut — brain axis in physiological processes has
been identified and novel concepts have emerged regarding mechanisms by which the effects
of opioids in the gastrointestinal tract alter what was thought to be an exclusive central effect
of analgesic tolerance and hyperalgesia. In this review we summarize some of these current
findings and illustrate potential areas for further research to develop better therapeutics for
pain treatment.

Of the three major G-protein coupled and naloxone — sensitive opioid receptors, |, x, and 8,
the major aspects of opioid function on gastrointestinal motility occur as a result of the
activation of the [ opioid receptor. The classes of opioid receptors and their functional
localization within the gastrointestinal tract have been reviewed recently (3-5). In the Gl
tract, opioid receptors are mainly expressed on neurons within the myenteric and
submucosal plexus throughout the gastrointestinal tract at both pre- and post-synaptic
membranes and on the cell bodies within the ganglia. The activation of the p receptor in
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neurons within the myenteric ganglia or on nerve terminals innervating smooth muscle cells
reduce motility, while activation of submucosal neurons reduces secretion. The inhibition of
neuronal activity affects pain transmission in the central neurons whereas in the
gastrointestinal tract, both secretory functions and muscle contractility are altered upon
opioid receptor activation in enteric neurons. Reduced excitability of neurons is due to
opioid modulation of ionic conductances, particularly inwardly rectifying potassium
channels and inhibition of sodium and calcium channels. Several pi-opioid agonists increase
potassium conductance (6) that results in membrane hyperpolarization thus preventing
action potential generation. More recently, voltage clamp studies in isolated myenteric
neurons have shown that morphine inhibits tetrodotoxin (TTX)-resistant sodium channels on
neuronal cell bodies thus affecting the threshold for action potentials (7, 8). Sodium
channels were inactivated in the presence of morphine thus rendering the neurons incapable
of firing multiple action potentials resulting in an overall decreased excitability. The receptor
mediated biophysical alterations of the sodium channel by opioids underlie the potential
cellular basis for reduced neuronal excitability of enteric neurons. Interaction of morphine
with activation of inwardly rectifying potassium channels and inhibition of calcium channels
involves direct interaction of G-protein subunits in a membrane delimited pathway following
receptor activation(9). Whether similar mechanisms are involved with inhibition of TTX-
resistant sodium channels in enteric neurons is not known. The reduced excitability of motor
and sensory neurons in the myenteric plexus reduces motility and sensory transmission,
including the extrinsic pathway whose cell bodies lie within the dorsal root ganglia thus
modulating pain transmission to central neurons emanating from the gastrointestinal tract.

In addition to coupling to ion channels, p opioid receptor mediated analgesia is linked to
several signaling pathways including inhibition of adenylate cyclase, B-arrestin recruitment,
receptor phosphorylation by protein kinases C and A, and ERK 1/2, particularly in the
context of tolerance development (10). The relationship between B-arrestin2 and opioid
tolerance development has been investigated recently with regard to drug development for
novel pain analgesics with less side-effects, including opioid-induced constipation.
Understanding tolerance development to repeated use of opioids is central to drug
development for novel analgesics. It is now clear that in both animals and man the rate and
extent of tolerance to most opioids develops at different rates and to different extents. For
example, tolerance to analgesia and euphoria occurs faster than to respiratory depression and
predisposes to the potential for death due to overdose (11). Tolerance does not develop to the
constipating effects of opioids, resulting in persistent constipation (4).

It is well documented that recruitment of B-arrestin2 following receptor activation mediates
additional signaling pathways and also results in receptor internalization and forms one of
the basic pathways for tolerance development (10). Thus, antinociceptive tolerance does not
occur in the B-arrestin2 knock out mice. The role of B-arrestin2 in tolerance to morphine
mediated inhibition of gastrointestinal motility differs from that to antinociceptive tolerance.
Chronic exposure to morphine in the mouse ileum reduces B-arrestin2 expression and
induces tolerance (12). In the colon however, B-arrestin2 remains elevated following chronic
morphine and is associated with lack of tolerance development. The disparate effects of
morphine tolerance between one clinical effect i.e. constipation versus another i.e. analgesia
have been exploited to develop biased agonists that would preferentially activate G proteins
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but do not recruit p-arrestin2 resulting in agents with significant analgesic effects without
the adverse effects of analgesic tolerance and constipation (13). The experimental and
clinical evidence for reduced gastrointestinal motility remains unclear. Oliceridine
(TRV130) is a G-protein biased ligand with low levels of p-arrestin2 recruitment and was
reported to produce antinociception with reduced signs of constipation (14). However, recent
studies show that with repeated administration in-vivo, TRV130 significantly reduced
gastrointestinal motility and prevented antinociceptive tolerance (15). In a phase 2 trial in a
bunionectomy model, TRV130 at 1 mg was equi-analgesic to morphine (4 mg) but induced
constipation in 15% (6/38) of patients compared to 5% (2/39) for morphine (16). A
structurally different p opioid compound, PZM21, recently reported as a G-protein biased
agonist with minimal p-arrestin2 recruitment, also reduced gastrointestinal motility.
Although it was reported that PZM?21 was less potent in reducing gastrointestinal motility
than morphine, an equi-analgesic dose to morphine was not tested (17). These findings
highlight the complexity of the different mechanisms between opioid-induced constipation
and analgesia.

OPIOID-INDUCED GUT BRAIN INTERACTION

Clinical studies have demonstrated that narcotic use escalates the disease severity of patients
with Crohn’s disease (CD) and may be associated with increased recurrence from remission
(18). Data from the Crohn’s Therapy, Resource, Evaluation, and Assesment Tool (TREAT)
Registry comprised of over 6,000 patients with CD, suggest that narcotic use was associated
with a 1.5 fold increased risk of mortality and 3-fold increased risk of infection compared to
patients not taking opioid analgesics (19, 20). The increased risk of infection can arise from
bacterial translocation in the colon and lead to sepsis (21) and immune dysregulation that
occurs not only in the GI tract but also systemically (22). Recent studies show that chronic
opioid use is associated with microbial dysbiosis in man (23, 24)} and mice (25-27). The
disruption of gut epithelial barrier by chronic morphine in mice enhances “leakiness”
allowing for bacterial translocation in ileum (26) and in colon (27). Meng et al. (26) reported
disruption of the gut epithelial barrier as a result of morphine mediated activation of the toll-
like receptors (TLR) on the epithelial cells, allowing for bacterial products to translocate.
Both Gram-positive and Gram-negative bacterial products can activate toll-like receptors
(TLRs) on immune cells and enteric glia (28). Enteric glia are key players in mediating Gl
functions and are importantly involved in immune modulation through their interaction with
enteric neurons. Bhave et al.(29) found that activation of the connexin-purinergic pathway in
enteric glia by the bacterial product, lipopolysaccharide, was a significant source of cytokine
release with chronic morphine treatment. In-vivo treatment with morphine resulted in
upregulation of P2X purinergic receptors and enhanced ATP induced currents in the enteric
glia from the mouse colon. P2X receptors are cation channels allowing for calcium entry, an
essential component in cytokine release. Furthermore, the bacterial product, LPS
upregulated connexin43 (Cx43) expression in enteric glia cells. Cx43 are hemichannels
through which ATP is released. Thus, the combination of Cx43 and P2X receptor
upregulation in enteric glia with chronic morphine provides a significant amplification of an
inflammatory response as purines are also a large component of the inflammatory soup (30).
Inhibition of Cx43 by carbenoxolone reversed chronic opioid-induced constipation in mice
(29).
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Opioid use also worsens Gl dysmotility in HIV-1 infected individuals. Bacterial infections
within the enteric nervous system due to opportunistic infection occur very commonly
among HIV-1 infected patients who are often opioid users. Fitting et al. (31) showed that the
HIV viral protein, Tat, sensitizes enteric neurons to morphine such that morphine-induced
motility is markedly reduced at much lower doses. The increase in sensitivity to morphine
was not due to increased expression of the p opioid receptor, but may underlie inhibition of
tetrodotoxin-resistant sodium channels (see (32). The enhanced sensitivity to morphine
cautions the use of peripherally restricted opioids in treating chronic diarrhea in HIV-1
infected individuals.

The role of microbial dysbiosis and potential increased infection in the colon was recently
addressed with regard to the development of tolerance to chronic morphine. Treatment of
mice with oral gavage of an antibiotic cocktail prevented the development of antinociceptive
tolerance to chronic morphine in mice (27). Further analysis of individual antibiotics showed
that oral vancomycin, which has poor bioavailability (33), was sufficient to prevent
tolerance, suggesting that the microbial translocation, specifically Gram — positive bacteria
from the gut lumen is intricately involved in this process. Tolerance to morphine was also
determined in isolated neurons from the dorsal root ganglia (DRG), which are primary
“relay stations” between the periphery and the brain. In nociceptive neurons from the DRG
of chronic morphine treated mice, patch clamp studies showed that morphine challenge did
not reduce neuronal excitability indicative of the development of tolerance. However in
DRG neurons from chronic morphine with antibiotics treated mice, morphine challenge
reduced neuronal excitability indicating that tolerance did not develop in these nociceptors.
These findings implicate that changes in the gut microbiome affect opioid tolerance in the
cell bodies of extrinsic sensory neurons. The concept that peripheral sites may be
importantly involved in modulating opioid tolerance in-vivo is also supported by recent
study by Corder et. al. (34). These authors observed loss of analgesic tolerance to chronic
morphine upon conditional deletion of the p opioid receptor in DRG nociceptors. While
tolerance was blocked, the acute analgesic effects to morphine remained intact suggesting
that tolerance to chronic opioids involves peripheral nociceptors, while analgesia is
maintained by central mechanisms within the brain. These distinctive effects were also seen
when animals were treated with the peripheral opiate antagonist, methylnaltrexone. In
models of orthotrauma inflammatory pain and constriction injury, the combination of
repeated morphine with methylnaltrexone continued to produce antinociception without the
development of tolerance.

The symptoms of Inflammatory Bowel Disease (IBD) such as abdominal pain and diarrhea
also often require opioids as potential treatments. However, IBD can be a significant risk
factor for heavy opioid use and lead to increased mortality (35). Opioids are also associated
with an increased risk of complications of diverticular disease (36) partly as a result of
enhanced colonic contractions due to opioid induced inhibition of enteric neurotransmission.

The effects of opioids on gastrointestinal function have been known since the first recorded
use of opium. It is now becoming increasing clear that alterations in GI function also affect
mechanisms initially thought to be entirely of central origin. An interesting aspect of the
information presented in this review is the discovery that the microbiome in the lumen of the
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gut has such a pronounced role in the development of opioid tolerance in the intestine but
most surprisingly also in the brain. A number of recent reports have shown the influence of
the microbiome on certain aspects of brain function such as mood and related phenomena
(37). The effects of drugs of abuse such as cocaine on the gut environment to affect
behavioral responses are now being further recognized (38). However previous studies on
the mechanism of opioid induced tolerance development to analgesia and related effects
have concentrated on alterations at the neuronal level of the brain, concentrating on
alterations of opioid sensitivity at the p receptor. Now, it is clear that peripheral mechanisms,
specifically the microbiome is an important modulator of the effects of chronic opioid
administration. The mechanisms by which changes in the gut microbiome alter opioid
analgesic tolerance remain to be defined, however, bacterial translocation and ensuing
effects on extrinsic sensory afferents are potential pathways (Figure 1). It will be important
to determine if similar mechanisms affect tolerance to euphoria and respiratory depression.
Opioid related mortality has reached epidemic proportions in the USA resulting in
staggering costs to the nation both economically and socially with current estimates of 100
deaths/day. Newer strategies are necessary and our increasing understanding of the gut-brain
interaction towards opioid tolerance provides a novel avenue to pursue.
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HIGHLIGHTS
. Chronic opioids produce tolerance to analgesic but not constipating effects
. Chronic opioids can worsen Gl diseases
. The gut microbial diversity is altered with chronic opioids in man and mice
. Changes in the microbiome alters neuronal tolerance in extrinsic sensory
afferents
. The gastrointestinal microbiome may mediate opioid tolerance to analgesia
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Figure 1.
Schema of gut-brain interaction through the dorsal root ganglia neurons. The gut

microbiome is altered in the presence of chronic morphine. Bacterial translocation due to

disruption of the epithelial barrier results in activation of TLR’s on enteric glia increasing
connexin43 and P2X expression. Cytokines (Inflammatory soup) released from glia affect
extrinsic sensory afferents whose cell bodies lie within the dorsal root ganglia (DRG) and
induce tolerance to opioids.
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