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ABSTRACT

Opioids are extensively utilised to manage pain in cancer patients, but may cause constipation which significantly impacts their

prognosis and quality of life. Opioid-induced constipation (OIC) lacks effective drugs and management strategies. Opioids act on

the enteric nervous system, intestinal barrier, intestinal immunity and intestinal microbiota, implying that OIC is a multifacto-

rial process. This paper aims to examine the effects of opioids on the intestine, specifically the enteric nervous system, intestinal

barrier and interstitial cells of Cajal (ICCs), and elucidate the primary mechanisms underlying OIC development and deterio-
ration. This review suggests that enteric neurons, intestinal immunity and intestinal flora could serve as potential therapeutic

targets for OIC.

1 | Introduction

Both the incidence and mortality rates of malignant tumours, a
leading cause of death, are on the rise in China [1]. Pain appears
in 69% of cancer patients [2], and the use of opioids causes OIC
in up to 60%-90% of these patients [3]. The pathogenesis of OIC
is complex, making it challenging to develop effective therapeu-
tic interventions. Therefore, this review aims to delve into the
pathogenesis of OIC, identify potential therapeutic targets and
propose research directions.

2 | Definition and Diagnostic Criteria for OIC

OIC has been regarded as a symptom of opioid intestinal dys-
function (OIBD), rather than a disease [4]. However, increasing
evidence supports the categorisation of OIC as a distinct disease
that necessitates interdisciplinary management involving gastro-
enterologists, oncologists, geriatricians and pain specialists [5, 6].
Currently, the Rome criteria are widely accepted to diagnose

OIC: new or worsened constipation following the initiation or ad-
dition of opioids, along with at least two of the following criteria,
including (1) 25% of bowel movements are hard, require signifi-
cant effort, or are incomplete; anal obstruction exists and defeca-
tion needs manual assistance, and fewer than three spontaneous
bowel movements appear per week; loose stools rarely occur
without the use of laxatives. Rome criteria for OIC highlight the
causal and temporal relationships between opioid use and con-
stipation. Accordingly, the Italian 2021 Expert Consensus on
OIC defines OIC as the presence of constipation symptoms that
emerge or worsen over a period of at least 2weeks [7].

3 | Pathogenesis of OIC
3.1 | Opioid Receptors
Opioids act through binding their opioid ligands with opioid

receptors (MOR, DOR, KOR, NOPR, MRGPRX 1, MRGPRX
2, respectively) via signalling pathways [8]. In the classical
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GPCR signalling pathway, after the activation of GPCR and
ligands, the binding G-protein loses GDP and binds to GTP
in the inactive state, then dissociates into the monomer of Ga
and the dimer of GBgy and activates the downstream benefit
molecules, respectively [9]. There are 16 types of Ga subtypes
in mammals, and opioid receptors bind to the Gi/o family.
After opioid receptor activation, Gai/o is produced to re-
duce cAMP level and inhibit voltage-gated calcium channels
(VGCC) [10]. Meanwhile, the GBGy dimer is produced to reg-
ulate membrane and protein functions, including: (1) closing
Ca?* channels, (2) opening potassium ion channels (GIRK),
(3) inhibiting protein complexes called vesicular SNAP re-
ceptors (SNARE) and reducing the release of pre-protruding
neurotransmitters [11]. G-Protein-coupled Receptor Kinase
(GRK) promotes f-arrestin recruitment and opioid recep-
tor desensitisation by phosphorylating the C-terminal tail of
opioid receptors and intracellular rings (ICLs). This process
avoids overreaction of the signalling pathway [8].

All subtypes of opioid receptors are present in the intestine,
with MOR having the highest abundance. MOR is rich in
immune cells located in the enteral muscle, the submucosal
plexus and the longitudinal muscle of the ileum. DOR is dis-
tributed in both the large and small intestine, and the con-
centration of neuropeptide coexisting with DOR varies at
different locations [12]. KOR is predominant in submucosal
areas, Cajal stromal cells (interstitial cell of Cajal, ICCs) and
myointerneurons.

3.2 | OIC Mainly Arises as Opioids Impair
Intestinal Motility

Opioid receptors in the enteric nervous system, ICCs and intes-
tinal smooth muscle cells play a crucial role in regulating intes-
tinal motility. The enteric nervous system, often referred to as
the “brain” of the gut, controls the intestinal movements [13].
The ICCs function as both a “metronome” and “pacemaker”
for intestinal smooth muscle cells or a “bridge” connecting in-
testinal neurons with intestinal smooth muscle cells [14]. The
widespread distribution of opioid receptors in these components
intensifies the impact of opioids on intestinal motility.

3.2.1 | Opioids Suppress Neuronal Signalling in
the Intestines to Induce Intestinal Dysmotility

Signalling between neurons and effector cells is mainly un-
dertaken by neurotransmitters [15]. In the classical signalling
pathway, presynaptic neurons release neurotransmitters, which
then bind to receptors on postsynaptic neurons. This binding
activates ion channels, such as G-protein-coupled receptors
(GPCR) and ligand-gated channels, triggering the generation
of an “action potential” [16]. The action potential propagates
along the neuronal axon, ultimately reaching the distal end
where voltage-sensitive Ca* channels are activated. The influx
of Ca?* into the cell enables vesicles containing neurotransmit-
ters to merge with the presynaptic cell membrane, leading to the
release of neurotransmitters and the completion of information
conduction. Various neurotransmitters, including acetylcho-
line, glutamate, y-aminobutyric acid (GABA), most monoamine

neurotransmitters and neuropeptides, primarily act through
GPCR receptors [17].

Inhibitory G-proteins found on intestinal neurons, mainly p-
opioid receptors (MOR) and &-opioid receptors (DOR), are as-
sociated with G-proteins (GI proteins). After binding to opioid
ligands, these receptors trigger the production of a-GTP and
y-GTP, along with GBGy subunits that play significant roles
in intracellular signalling pathways. Specifically, a-GTP and
y-GTP work to inhibit adenylate cyclase (AC), consequently
reducing cyclic adenosine monophosphate (cAMP) levels and
subsequently decreasing protein kinase A (PKA) activity [18, 19].
The decline in PKA activity leads to slow hyperpolarisation of
enteric neurons (ENs), known as slow after-hyperpolarisation
(SAHP), which diminishes neuronal excitability and blocks
neuronal signalling [19]. Additionally, GBGy subunits modulate
neuronal signalling by inhibiting calcium channels, opening po-
tassium channels and suppressing SNARE proteins [11].

Voltage-gated calcium channels (VGCCs), members of the trans-
membrane ion channel protein family, are activated upon the
depolarisation of plasma membrane potential, leading to the
influx of Ca?* into the cell. The activity of VGCCs is inhibited
under the activation of opioid receptors (including MOR, DOR,
KOR and NOP) [20], leading to a decrease in intracellular Ca?*
concentration and neurotransmitter release.

In the intermuscular nerve plexus, excitatory motor neurons
release neurotransmitters acetylcholine (Ash) and tachyki-
nin (substance P), while inhibitory motor neurons release ni-
tric oxide (NO), vasoactive intestinal polypeptide (VIP) and
B-nicotinamide adenine dinucleotide (f-NAD) [21]. G-protein-
coupled receptor (GPCR) has been identified as the receptor for
Ash, with the VIP receptor also falling within this receptor class
[22]. When exposed to opioids, GPCR binds to opioid ligands to
inhibit neurotransmitter conduction, thereby interrupting sig-
nalling between neurons. Several studies have demonstrated
that the binding of opioid ligands to receptors hinders the release
and conduction of neurotransmitters, thus disrupting faecal
function and intestinal transmission. Opioid ligands interfere in
neurotransmitter activity to reduce gastrointestinal motility, as
evidenced by a body of research [23].

3.2.2 | Opioids Decrease the Number of Kit+ICCs

ICC is closely associated with intestinal motility [24]. Reduced
ICC abundance has been demonstrated in patients with gastro-
intestinal motility disorders and opioid-exposed rabbit mod-
els, contributing to constipation development [24, 25]. While
the mechanisms underlying ICC depletion in opioid-induced
constipation (OIC) remain unclear, it is established that ICCs
originate from Kit-positive mesenchymal precursor cells. Their
differentiation requires Kit-mediated cellular signalling, which
experimental studies show can be inhibited by LPS/TLR4/TNF-
a pathways. Notably, TNF-a-induced ICC reduction has been
shown to be reversible upon TNF-a withdrawal [26]. These find-
ings suggest that opioid-induced intestinal inflammation may
mediate ICC depletion in OIC patients. Omics analysis of fae-
ces from humans and mice exposed to morphine revealed sig-
nificant alterations in microbial composition, accompanied by
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elevated LPS production in murine faecal samples [27]. In vitro
studies demonstrate that LPS/interferon-induced inflammatory
responses in intestinal cell clusters promote ICC phenotypic
alterations and functional impairment without inducing apop-
tosis, potentially mediated through M1 macrophage polariza-
tion [28]. Mechanistically, exosomes secreted by M1-polarised
macrophages may regulate ICC quantity and function by tar-
geting stem cell factor (SCF) signalling [29]. However, studies
in Ednrb~~ mice demonstrate that ICCs lacking Kit-positive
phenotypes can recover both morphology and pacemaker func-
tion through macrophage depletion or TNF-a neutralization
[30]. Crucially, extracellular vesicles (EVs)—key mediators of
enterocyte-immune cell communication—lose their immu-
nomodulatory capacity following morphine treatment [31].
Emerging evidence suggests microbiota modulation can restore
ICC populations [32], potentially via increased short-chain fatty
acid (SCFA) production and 5-hydroxytryptamine (5-HT) secre-
tion [33]. While opioid-induced ICC depletion appears linked to
dysbiosis and intestinal inflammation, the precise mechanistic
interplay requires further investigation.

3.2.3 | Opioids Cause Uncontrolled Contractions
of Intestinal Smooth Muscle

Intestinal smooth muscle is regulated by excitatory motor neu-
rons, inhibitory motor neurons and ICCs. Defecation is affected
by many factors, such as intestinal muscle contraction, intesti-
nal tension movement and intestinal lumen compliance [34, 35].
The decrease in neuronal excitability and ICC abundance fails
the intestinal smooth muscle regulation system, which leads to
the occurrence of OIC. We observed that opioid receptors are
distributed on intestinal smooth muscle [12]. In mice exposed to
morphine, contractility decreases in the proximal colon, ileum,
jejunum and especially rectum [36]. Furthermore, in vitro ex-
periments indicated that morphine and sufentanil increase
the contractile tension of intestinal smooth muscle of rats [37].
Either directly or indirectly, opioids dysregulate intestinal
smooth muscle movement, subsequently impeding the propul-
sion of the intestinal tract.

3.3 | Opioids Cause Intestinal Microbiota
Dysbiosis and Barrier Dysfunction to Induce OIC

Several animal studies have demonstrated that opioids can lead
to intestinal dysbiosis, intestinal mucosal barrier dysfunction
and the release of inflammatory cytokines in mice [38-40].
These changes disrupt the colonisation of intestinal microor-
ganisms; meanwhile, intestinal flora metabolites may impair
the functions of the enteric nervous system (ENS) and intestinal
smooth muscle [41]. Additionally, opioids interact with inflam-
matory metabolites to worsen intestinal barrier dysfunction,
thus establishing a vicious cycle ending up with OIC [35].

3.3.1 | Opioids Change Gut Microbiota Composition to
Directly Reduce Intestinal Motility

Several studies have highlighted the significant changes in gut
microbiota composition associated with opioid use. Clinical

studies have shown that at the genus level, the abundances of
Lactobacillus and anaerobic bacteria are notably altered in indi-
viduals using opioids when compared to a control group [42, 43].
Moreover, research has underscored the crucial role of entero-
bacteria metabolites in regulating intestinal motility. For in-
stance, the metabolites produced by Escherichia coli can induce
the secretion of serotonin (5-hydroxytryptamine, 5-HT) by acti-
vating enteroendocrine cells (EECs), thereby signalling the ENS
and vagal nerve to enhance intestinal motility [44]. The metab-
olite short-chain fatty acids (SCFA) derived from enterobacteria
have been found to promote intestinal motility by stimulating
5-HT3 receptors on vagal afferent fibers [45]. Interestingly, the
activity of 5-HT3 receptors is inhibited following the activa-
tion of mu-opioid receptors (MOR) and kappa-opioid receptors
(KOR) [46]. It is plausible to infer that opioids may decrease in-
testinal SCFA concentrations to repress 5-HT3 receptor activity,
ultimately contributing to intestinal dysbiosis.

3.3.2 | Opioids Impair Intestinal Barrier to Reduce
Intestinal Motility

The intestinal barrier, from the outside to the inside, is com-
posed of mucus, gut microorganisms, defence proteins, intesti-
nal epithelial cells and immune cells [47]. Any impairment of
this barrier may cause bowel dysfunction [48]. Clinical studies
have found a compensatory increase in goblet cells (GCs) and
mucus in patients with functional constipation (FC), but their
intestinal barrier function is not impaired [49]. In mice exposed
to morphine, the tight junctions between intestinal epithelial
cells exhibit a reduction, along with a decrease in goblet cell
population and attenuation of the immune response, showing
that opioid use is an independent risk factor for intestinal barrier
function [50].

Loss of intestinal epithelial cells has been observed in patients
undergoing long-term methadone treatment. Clinical studies
have demonstrated a decline in the integrity of the intestinal
epithelium in these individuals, accompanied by a reduction in
the abundance of Akkermansia muciniphila [51]. Additionally,
Akkermansia muciniphila exerts beneficial effects through en-
hancing intestinal immunity, neural response and metabolism
[52]. The maintenance of intestinal epithelial cells is contingent
on the differentiation of crypt stem cells. Research has revealed
that Notch signalling is pivotal in the differentiation and pro-
liferation of crypt stem cells. However, exposure to morphine
leads to a significant inhibition of the Notch pathway, further
reducing the abundance of crypt stem cells [53].

The intestinal barrier acts as either a “buffer band” or a “protec-
tive layer” by blocking the passage of intestinal flora, pathogens
and IECs, thereby promoting intestinal smoothness. This bar-
rier is primarily composed of mucin and other immune medi-
ators secreted by GCs [54]. GCs secrete their contents through
two pathways: baseline secretion and stimulated secretion [55].
Baseline secretion is driven by intracellular spontaneous Ca?*
oscillation, which demands a full supply of ATP [56]. Intestinal
flora serves as a source of ATP, as exemplified by the generation
of butyrate through the fermentation of dietary fibre by the flora,
followed by ATP production via f-oxidation by IECs. Levels of
Firmicutes and its metabolite butyrate decrease in mouse faeces
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following morphine intervention [57]. Additionally, mucus-
stimulated secretion by GCs is categorised into constitutive
secretion and stimulated secretion, based on the source of stim-
ulation. Under normal conditions, mucus secretion is primar-
ily induced by intestinal peristalsis and the flow of intestinal
contents [58]. Opioid-induced inhibition of intestinal movement
delays the transit of intestinal contents and decreases mucus se-
cretion. Studies have indicated that opioids can lead to gut dys-
biosis and intestinal inflammation [59]. Under inflammation,
the majority of mucus particles in GCs are fused and released, a
process known as complex exocytosis [60]. Sentinel goblet cells
(senGCs), located at the opening of the colon, express Toll-like
receptors (TLRs) to identify pathogen-associated molecular pat-
terns (PAMPs). Exposure to opioids generates PAMPs that acti-
vate TLR 2/4/5, initiating the Nox/Duox pathway and enhancing
the synthesis of reactive oxygen species (ROS). Activation of the
NLRP6 inflammasome triggers the release of calcium ions from
the endoplasmic reticulum (ER), inducing mucin exocytosis in
senGCs. This process also activates mucin exocytosis in adja-
cent GCs, with senGC shedding occurring after mucus secre-
tion. Short-term opioid use minimally impacts senGCs due to
compensatory GC secretion [61]. However, long-term opioid use
results in significant reduction of mucus secretion due to senGC
shedding. Notably, water secretion in the intestinal mucus layer,
dependent on Cl- channel activation, is reduced [62]. The re-
lease of acetylcholine (Ach) and vasoactive intestinal peptide
(VIP) is inhibited when opioid ligands bind to mu-opioid re-
ceptors (MORs) and delta opioid receptors (DORS) on secretory
neurons in the intestinal submucosa. This inhibition reduces
Cl- secretion, blocks Cl— channel activation and decreases in-
testinal moisture. The effects of short-term opioid use on the in-
testinal mucus layer can be compensated by GC secretion, but
long-term use disrupts the composition of the mucus layer and
water content, thus depriving the role of the mucus layer as a
“buffer zone” and “protective layer.”

The role of intestinal immune cells in OIC has not been con-
firmed. Studies suggest that intestinal immune cells become
activated following constipation [41]; the interaction between
the intestinal immune system and the intestinal nervous sys-
tem is the key to the maintenance of intestinal homeostasis [63],
and the activation of intestinal immune cells may be caused
by changes in intestinal flora [64]. Research indicates that
MOR agonists suppress the immune response of macrophages
and monocytes to LPS and reduce the cytotoxicity of NK cells,
thereby promoting intestinal inflammation. This mechanism
is closely related to @-arrestins inhibiting the TLR signalling
pathway [65, 66]. The composition of intestinal flora changes
in patients treated with short- or long-term morphine, mainly
characterised by decreases in Bacteroidetes and Firmicutes and
an increase in Proteobacteria [40, 67]. Regulatory T cells (Tregs)
can inhibit intestinal inflammation through increasing the ex-
pression of opioid receptors in intestinal cells [68], as well as cor-
recting intestinal motor dysregulation [69, 70]. The development
and function of Treg depend on the production of gut microbial
metabolite SCFA [71]. The production of SCFA, a metabolite of
Bacteroidetes and Firmicutes, is reduced in patients after mor-
phine treatment [72, 73]. Under the condition of constipation, a
lower abundance of Lactobacillus in animals promotes the infil-
tration of macrophages and increases the release of inflamma-
tory cytokines, which subsequently inhibit Treg differentiation

and enhance colonic inflammation [74], thus forming a vicious
cycle to further aggravate the intestinal motor dysbiosis. Bone
morphogenetic protein 2 (BMP2), secreted by myographic mac-
rophages, acts on the BMP receptor of intestinal neurons to in-
duce the secretion of colony-stimulating factor 1 (CSF1). CSF1,
in turn, further stimulates J macrophages to secrete BMP2, a
process that regulates intestinal smooth muscle contraction
but is regulated by intestinal microbes [75]. However, exposure
to opioids can induce the apoptosis of macrophages, reduce
phagocytosis of macrophages and inhibit the recruitment of
macrophages [76], thus impairing the immune function of mac-
rophages so as to cause intestinal inflammation.

3.4 | Opioids Indirectly Regulate Enteric Glial
Cells to Promote OIC

Studies have shown that morphine causes OIC by increasing the
expression of glial fibrillary acidic protein (GFAP) and the se-
cretion of proinflammatory factors in enteric glial cells (EGCs).
This effect can be reversed by silencing the MOR gene using
siRNA, indicating the involvement of MOR in the development
of OIC [77]. However, the specific mechanism of MOR in OIC re-
mains unclear. Purinergic P2X receptor activity is significantly
heightened in intestinal EGCs from morphine-exposed mice
and lipopolysaccharide (LPS) further amplifies adenosine-5'-
triphosphate (ATP) signalling and enhances the expression of
P2X4/7 receptors. Interestingly, in vitro studies have not identi-
fied any alterations in purinergic P2X receptor activity in EGCs
[73]. ATP is known to induce enteric neuron death and disrupt
intestinal motility through the EGCs-purinergic-connexin 43
(CX43) pathway [78]. Thus, opioid ligands may activate MOR in
EGCs to trigger intestinal inflammation, while LPS disrupts gut
microbiota to increase ATP release, implicating a role for ATP
in driving OIC pathogenesis [79]. The colonic migrating motor
complex (CMMC) propels faecal material to move through the
colon, primarily driven by excitatory cholinergic neurons with
EGC involvement. The NO/cGMP signalling pathway is essen-
tial for CMMC function [80]; NO is generated from L-arginine
by nitric oxide synthase (NOS), predominantly located in ni-
trergic neurons within the enteric muscle nerve plexus [81].
Additionally, MOR activation on EGCs by opioid ligands can
induce intestinal inflammation, potentially linked to signifi-
cant myenteric neuronal damage observed in a rat colitis model
[82]. This damage may result from immune cell infiltration and
increased activity of cytochrome P450 (CYP450)-dependent in-
ducible NOS (iNOS) and can be mitigated by iNOS inhibition
(Figure 1) [83, 84].

4 | Discussion

OIC as a common complication in cancer patients receiving
opioid analgesia significantly impacts patients’ economic sta-
tus and quality of life [85]. Although clinical management
options extend beyond first-line traditional laxatives (e.g.,
polyethylene glycol, combination softener laxatives/stimu-
lant laxatives) to include peripherally acting p-opioid recep-
tor antagonists (PAMORASs), linaclotide, lubiprostone and
prucalopride, therapeutic outcomes for OIC patients remain
suboptimal [86]. By reviewing previous research findings,
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we identified that opioids may impair enteric motor neurons
and ICCs to reduce gastrointestinal motility. Subsequent im-
pairment of the gut microbiota and intestinal barrier function
exacerbates inflammation and gastrointestinal motility disor-
ders, ultimately resulting in OIC. The gut microbiota and their
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metabolites co-work in the pathogenesis of OIC. However,
current research is still not sufficient to uncover the complex
underlying mechanisms. The reduction in the number of ICCs,
which act as the “pacemakers” of gastrointestinal motility,
may serve as a mechanism of OIC. The interaction between
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FIGURE1 | (A) Opioids cause abnormal physiological processes in the body. The secretion of mucins by the GCs in the intestine decreases, ul-
timately resulting in a thinner protective mucous layer. Concurrently, the composition of intestinal microbiota changes, leading to a decrease in
the production of SCFAs and indole derivatives. These effects disrupt the energy supply to IECs and diminish the secretion of 5-HT from EECs.
Furthermore, the inflammatory response triggered by the influx of immune cells into the myenteric plexus causes macrophage infiltration, further
exacerbating the impairment of intestinal barrier function. Additionally, the shift in intestinal flora composition promotes the production of LPS,
which can induce neuronal cell damage in the intestine. This damage reduces the population of ICCs, leading to dysfunctional intestinal smooth
muscle and subsequent dysmotility. Overall, exposure to opioids triggers a cascade of events that culminate in the impairment of intestinal barrier
function and gastrointestinal dysmotility. (B) Inadequate Ca?* influx of VGCC closure due to opioid receptor activation, highlighting blocked secre-
tory neural mediators in anterior vesicles. The binding of opioid ligands to opioid receptors prevents the binding of neural medium and postsynaptic
receptors, which affects nerve conduction. (C) a-GTP, y-GTP and G 3 G y generated as opioid receptors bind with opioid ligands are all involved in
intracellular signalling, and a-GTP and y-GTP affect VGCC opening by inhibiting the AC/cAMP/PKA pathway to generate SAHP. G 3 G y affects

neuronal signalling by blocking calcium channels, opening potassium channels and inhibiting SNARE.

the gut bacteria and the enteric nervous systems is crucial for
maintaining intestinal homeostasis, with SCFAs being vital for
intestinal immune cells. Therefore, changes in the gut microbi-
ota may contribute to dysregulation in the intestinal immune
system.

In summary, the gut microbiota and their metabolites play a piv-
otal role in the pathogenesis of OIC and hold significant poten-
tial as therapeutic targets.
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