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Abstract

Opioid-induced constipation (OIC) represents a prevalent adverse effect of opioid anal-
gesics, affecting 60-90% of patients and significantly compromising quality of life. This
review delineates the multifactorial pathogenesis of OIC. Peripheral p-opioid receptor
(MOR) activation suppresses enteric neuronal excitability, inhibits intestinal motility and
secretion, and impairs rectoanal function. Notably, the colon appears to exhibit a distinctive
lack of tolerance to opioids. Enteric glial cell activation has been implicated in neuroin-
flammation, while interstitial cells of Cajal show impaired pacemaker function. Central
mechanisms are increasingly recognized to involve the brain—gut axis. Furthermore, opioid-
induced barrier disruption, microbiota dysbiosis, and LPS/TLR4-mediated inflammation
are proposed to interact and may contribute to a self-reinforcing cycle. Animal models have
been instrumental in dissecting these mechanisms. However, they present limitations in
reproducibility, clinical phenotype fidelity, and translational validity, particularly regarding
microbiome composition and neuroimmune responses. Future research should prioritize
the development of standardized, physiologically relevant animal models incorporating
multi-omics approaches, and validate mechanism-based therapeutic strategies, including
peripherally acting MOR antagonists and microbiota-targeted interventions, for precision
management of OIC.

Keywords: opioid-induced constipation; motility; intestinal barrier; gut microbiota; ani-
mal models

1. Introduction

Chronic pain affects approximately 20% of adults worldwide, which challenges pain
management for clinicians [1-3]. Opioids are widely acknowledged as effective anal-
gesics and have been designated by the World Health Organization as first-line agents
for moderate to severe pain. Nevertheless, the diverse adverse effects associated with
opioid administration—such as opioid use disorder (OUD), tolerance, dependence, and
gastrointestinal dysfunction—warrant careful consideration [4,5]. Opioid-induced consti-
pation (OIC) represents a common gastrointestinal side effect among opioid users, with
an incidence ranging from 60% to 90% [6]. OIC is defined as a change in bowel habits
and defecation patterns relative to baseline following opioid therapy [7], encompassing
both new-onset constipation or exacerbation of pre-existing constipation upon opioid ini-
tiation or dose escalation. The Rome criteria underscore the temporal relationship and
causal association between opioid administration and constipation onset. An Italian expert
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consensus further proposes that the persistence of constipation symptoms for at least two
weeks constitutes one of the diagnostic criteria for OIC [8]. OIC markedly compromises
patients’ quality of life, treatment adherence, and the sustainability of analgesic regimens,
even becoming a major factor limiting adequate opioid analgesia. Therefore, systematic
elucidation of OIC’s pathogenesis, the establishment of reliable animal models, and the
exploration of effective preventive as well as therapeutic strategies for OIC are pivotal in
order to optimize pain management and improve patient outcomes.

Studies have demonstrated that OIC is not a dysfunction mediated by a single path-
way, but a complex pathophysiological process arising from multilevel and multistep
interactions. The core mechanism initially involves opioid receptor activation, particularly
of peripheral p-opioid receptors (MORs) expressed in the enteric plexuses and smooth
muscle of the intestinal wall which directly suppress intestinal motility and reduce luminal
secretion [9]. More specifically, the enteric nervous system (ENS) plays a pivotal role in OIC
pathogenesis, encompassing the inhibition of motor and secretory neurons, modulation
of neuro-immune-epithelial crosstalk by enteric glial cells, attenuation of the rectoanal
reflex, and the lack of tolerance to the inhibitory effects of opioids on gastrointestinal
motility [10]. These alterations collectively contribute to diminished intestinal propulsion
and defecatory dysfunction. Beyond peripheral intestinal mechanisms, both the central
nervous system (CNS) and interstitial cells of Cajal (ICCs), which serve as the intestinal
pacemakers, participate in opioid-mediated inhibition of gut function [11,12]. Emerging
evidence also indicates that OIC development is accompanied by gut microbiota dysbiosis,
wherein alterations in microbial composition and metabolites can influence enteric neural
function, barrier homeostasis, and the inflammatory microenvironment. In parallel, intesti-
nal barrier disruption and inflammatory responses may exacerbate intestinal sensory and
motor abnormalities that will prompt a vicious cycle eventually [13,14]. These mechanisms
collectively constitute the multidimensional, cross-system regulatory pathological basis
of OIC.

Concurrent with the deepening mechanistic insights, animal models have provided
critical experimental platforms for dissecting the pathological processes of OIC and eval-
uating interventional strategies. Currently employed OIC modeling approaches include
acute and chronic opioid administration paradigms, with various delivery routes (e.g.,
subcutaneous, intraperitoneal). Model validity is assessed through functional indices, pa-
rameters related to intestinal secretion and absorption, and evaluations of neuromuscular
function, as well as molecular and histopathological markers. Nevertheless, substantial
variations persist among different models regarding stability and reproducibility. The
development of animal models with enhanced translational value and the establishment
of standardized, multidimensional evaluation systems represent significant challenges in
current basic research on OIC.

This review discussed the principal pathogenic mechanisms of OIC (as illustrated
in Figure 1), and focused on integrated analysis of critical components including opioid
receptor signaling, enteric nervous system regulation, the ICC functional alterations, and
gut microbiota—barrier-inflammation interactions. Additionally, we outlined the strategies
of commonly applied OIC animal models as well as related indicators, and analyzed the
advantages and limitations of evaluation indicators to OIC in different models. Finally, the
outlook of OIC research, such as the development and standardization of animal models
with enhanced physiological relevance and the optimization of clinically translatable
strategies, was discussed. This work is expected to be helpful for OIC research in future.
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Figure 1. Schematic illustration of the pathophysiological mechanisms underlying opioid-induced
constipation (OIC). Activation of opioid receptors disrupts enteric neurotransmitter homeostasis,
characterized by reduced levels of acetylcholine (ACh) and vasoactive intestinal peptide (VIP)
and increased nitric oxide (NO), thereby inhibiting excitatory motor neurons and secretomotor
neurons and impairing sensory neuronal function. Concurrent activation of enteric glial cells (EGCs),
together with a reduction in the number and functional impairment of interstitial cells of Cajal
(ICCs), collectively attenuates propulsive peristalsis and epithelial secretion and suppresses rectoanal
reflexes. In addition, opioid-induced gut dysbiosis and intestinal barrier damage, superimposed on
inflammatory responses, act synergistically and reciprocally to further exacerbate impairments in
intestinal motility and secretory function. Overall, these mechanisms promote both the initiation
and perpetuation of OIC. OR: opioid receptor; TLR: Toll-like receptor; EGCs: enteric glial cells;
ICCs: interstitial cells of Cajal; SCFAs: short-chain fatty acids; LPS: lipopolysaccharide. Created by
figdraw.com.

2. Methods of Literature Review
2.1. Literature Search Strategy

This work was conducted as a structured narrative literature review that focuses on
the pathophysiological mechanisms and the experimental models of OIC. Perspectives
on OIC treatment, especially mechanism-informed targets rather than a comprehensive
evaluation of clinical treatments, were also discussed.

Studies were searched from PubMed, Web of Science, and Scopus that were published
up to December 2025, comprehensively. The search strategy combined controlled vocab-

i 7

ulary and free-text terms, including “opioid-induced constipation,” “opioid receptors,’

7

“u-opioid receptor” OR “MOR,” “enteric nervous system,” “intestinal motility,

e

gut bar-

rier,” “microbiota,” and “animal models”. Boolean operators (AND/OR) were applied
to optimize retrieval. In addition, the reference lists of relevant studies were manually

screened to identify further eligible studies.
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2.2. Study Selection and Eligibility Criteria

Studies were included if they met the following criteria: (i) original research articles
or reviews addressing OIC mechanisms, experimental models, or therapeutic approaches;
(ii) studies based on animal models; (iii) investigations providing mechanistic, functional,
or clinically relevant insights into opioid-associated gastrointestinal dysfunction.

Exclusion criteria were as follows: studies focusing exclusively on non-opioid-related
constipation without mechanistic relevance to opioid signaling were excluded. Conference
abstracts without sufficient methodological detail and non-English publications were
also excluded.

2.3. Data Extraction and Synthesis

Data extraction was conducted using a qualitative approach, focusing on key study
characteristics including animal models, experimental design, opioid agents used, routes
and duration of exposure, and principal mechanistic or functional outcomes. Given the
heterogeneity in study designs, endpoints, and reporting formats, a formal meta-analysis
was not performed. Instead, a narrative synthesis approach was adopted, emphasizing
cross-study consistency and biological plausibility.

3. What Is OIC

Constipation is broadly categorized into primary (functional) constipation and sec-
ondary constipation, with the latter encompassing diverse etiologies including metabolic
disorders, structural abnormalities, and medication side effects. OIC represents a dis-
tinct pharmacological subtype of secondary constipation that differs fundamentally from
functional constipation in both pathophysiology and clinical management. The first con-
sensus definition for OIC was established in 2014 by Camilleri and colleagues, who em-
phasized temporal causality, specifically, the emergence or exacerbation of constipation
symptoms following opioid initiation [15]. Core diagnostic features included >2 of the
following—reduced bowel movement frequency, increased straining, sensation of incom-
plete evacuation, or hardening of stool consistency—all measured against the patient’s
pretreatment baseline. The Rome IV criteria (2016) subsequently refined this framework by
formally delineating OIC from functional constipation [7,8]. The committee defined OIC as
new or worsening constipation symptoms (fulfilling more than two of the six Rome criteria
for functional constipation) that develop in temporal association with opioid initiation,
formulation modification, or dose escalation, with loose stools rarely present in the absence
of laxative therapy [7,8]. These definitions underscore three critical elements: (i) the obliga-
tory causal relationship with opioid exposure; (ii) the change-from-baseline paradigm; and
(iii) the characteristic absence of diarrhea without pharmacological intervention. These are
features that collectively distinguish OIC from other constipation subtypes.

4. Pathogenesis of OIC
4.1. Activation of Opioid Receptors

Opioid receptors are seven-transmembrane G-protein-coupled receptors (GPCRs) that
are widely expressed in both the central and peripheral nervous systems [16]. The classical
opioid receptor family comprises three canonical subtypes—pu (MOR), k (KOR), and &
(DOR)—together with the nociceptin/orphanin FQ receptor (NOP), which is structurally
related but pharmacologically distinct [17,18]. These receptors are activated by endogenous
opioid peptides, including endorphins, enkephalins, dynorphins, and nociceptin, as well
as exogenous opioid ligands. These receptor systems play central roles in regulating
nociception, reward and aversion, stress responses, mood, gastrointestinal motility, and
neuroendocrine and immune functions [19]. Notably, Mas-related G-protein-coupled
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receptors (MRGPRs), such as MRGPRX1 and MRGPRX2, although implicated in pruritus
and pain signaling [20,21], will not be discussed in this context, because they are not
classified as opioid receptors.

Upon agonist binding, opioid receptors primarily couple to inhibitory G proteins
(Gai/ o). This leads to GDP-GTP exchange on the Go subunit, followed by dissociation
of Gai/o and Gy subunits, which initiate downstream signaling cascades [22,23]. The
Gai/ o subunit inhibits adenylyl cyclase activity, resulting in decreased intracellular cyclic
adenosine monophosphate (cCAMP) levels. In parallel, Gy subunits modulate ion channel
activity, including activation of G-protein-gated inwardly rectifying potassium (GIRK)
channels and inhibition of voltage-gated calcium channels, thereby promoting membrane
hyperpolarization and reducing neuronal excitability and neurotransmitter release [24-28].

Following activation, opioid receptors are typically phosphorylated at their intracel-
lular serine and threonine residues within their C-terminal tails, mediated by G-protein-
coupled receptor kinases (GRKs) and second-messenger-regulated kinases, such as protein
kinase C (PKC). This phosphorylation facilitates 3-arrestin recruitment, leading to receptor
desensitization and clathrin-mediated internalization, with subsequent receptor recycling
or degradation depending on cellular context [24,29].

4.2. Enteric Nervous System and OIC

The enteric nervous system (ENS) is capable of executing a range of essential functions
independently of the CNS, including peristalsis, regulation of intestinal blood flow, and
gastrointestinal secretion [30-32]. ENS neurons are located in the submucosal plexus
within the submucosal layer and the myenteric plexus situated between the two layers of
the external musculature [33]. The former regulates intestinal secretion and blood flow,
whereas the latter coordinates gastrointestinal motility. Accumulating evidence indicates
that opioid receptors are widely distributed within the ENS, with expression detected in the
submucosal plexus, myenteric plexus, and the longitudinal muscle layer of the ileum [34].

4.2.1. Myenteric Neuron-Mediated Impairment of Intestinal Motility

Colonic propulsion requires coordinated cycles of contraction and relaxation of the
colonic musculature. Myenteric neurons regulate intestinal motility by releasing acetyl-
choline (ACh) and substance P to induce muscle contraction, and via the release of ATP/{3-
NAD, nitric oxide (NO), and vasoactive intestinal peptide (VIP) to facilitate muscle relax-
ation [35,36].

MORs and DORs represent the predominant inhibitory G proteins on intestinal neu-
rons and are regarded as the principal mediators of opioid-induced gastrointestinal dys-
motility [34,37,38]. In addition, k-opioid receptors (KORs) are also expressed in the enteric
nervous system, including myenteric neurons [34,37], where they can modulate neuro-
transmitter release and neuronal excitability via similar Gi/o-protein-coupled mecha-
nisms [34,37]. However, compared with MORs, the role of KORs in regulating intestinal
motility appears to be weak and remains not well characterized [34,39]. Many studies
suggest that KOR activation may exert modulatory or context-dependent effects on gas-
trointestinal transit, potentially involving interactions with inhibitory neural pathways.
Mechanistically, these opioid receptors share a common coupling with inhibitory Gi/o
proteins [34]. Upon activation by opioid agonists, they dissociate into Gai/o and GBy
subunits, which coordinately inhibit adenylyl cyclase (AC), reduce intracellular cAMP
levels, and decrease protein kinase A (PKA) activity [40]. These signaling events ultimately
promote membrane hyperpolarization of enteric neurons and suppress neuronal excitabil-
ity. This slow afterhyperpolarization (SAHP) reduces neuronal excitability and disrupts
synaptic signal transmission [41].
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Recent studies have revealed that morphine attenuates action potentials in myenteric
neurons by inhibiting Na* channels, thereby impairing cellular excitability and neuro-
muscular signal transmission in the murine intestine [42]. In parallel, activation of opioid
receptors inhibits neuronal voltage-gated calcium channels (VGCCs) leading to reduced
Ca?* influx upon membrane depolarization and consequent suppression of neurotransmit-
ter release [43]. A study by Iwata and colleagues suggested that the nitrergic pathways may
also participate in opioid-induced effects within the gastrointestinal tract [44]. Tetrodotoxin
and N-nitro-L-arginine were shown to inhibit morphine-induced ileal contractions in mice,
indicating that the actions of morphine may, at least in part, be related to suppression of
inhibitory nitrergic neurotransmission. In addition, Jia et al. recently demonstrated in an
OIC rat model that activation of neuronal MORs in the colonic myenteric plexus induces
hyperphosphorylation of a-synuclein at Ser129 (pS129-a-Syn), leading to marked down-
regulation of synaptic-function-related proteins (Synapsin-1, Synaptotagmin-1, VAMP-2,
Syntaxin-1) and neurotransmitter synthetic enzymes (nNOS, ATPB) [45]. These changes
impair synaptic vesicle trafficking and transmitter release, ultimately resulting in colonic
dysmotility and constipation. This signaling pathway provides a mechanistic explanation
for the deeper neuro-molecular imbalance of ENS function in chronic OIC, extending
beyond transient functional inhibition.

4.2.2. Secretory Neuron-Mediated Reduction in Intestinal Fluid Secretion

Submucosal secretomotor neurons stimulate electrolyte and water secretion by in-
testinal epithelial cells through the release of ACh and VIP from nerve terminals [35]. Ion
secretion mediated by chloride channel activation is recognized as the primary driving
force for intestinal secretion, involving the cystic fibrosis transmembrane conductance
regulator (CFTR) and CIC-2 channels. Opioids predominantly activate DORs and MORs
on secretomotor neurons, resulting in reduced ACh and VIP release, thereby decreasing
intestinal epithelial CI~ secretion and water transport [46-48]. Additionally, enteric neuro-
transmitters such as nitric oxide and somatostatin, as well as gastrointestinal hormones,
are implicated in promoting OIC pathogenesis; inadequate activation of these signaling
molecules disrupts water transport in intestinal epithelial cells [49].

4.2.3. Sensory Neuron- and Smooth Muscle-Mediated Anorectal Dysfunction

Impaired rectal sensation is considered as a critical pathophysiological factor con-
tributing to constipation. Diminished rectal sensation is closely associated with opioid use
in individuals with moderate to severe pain [50]. Comprehensive anorectal physiological
assessments in this study revealed that, in addition to inhibiting intestinal motility, opi-
oid agonists act directly on intestinal sensory neurons, reducing their responsiveness to
mechanical distension, such as fecal filling. This results in delayed or absent defecatory
urge, depriving patients of the initial signal required to initiate bowel movements. Notably,
dysfunction of the internal anal sphincter (IAS) is regarded as a contributing factor to
the development of OIC [51]. Gastrointestinal sphincters, including the lower esophageal
sphincter, pyloric sphincter, sphincter of Oddi, ileocecal valve sphincter, and internal and
external anal sphincters, are abundantly enriched with opioid receptors (particularly MORs
and DORs). Opioid agonists directly induce sustained smooth muscle contraction or in-
creased resting tone through activation of these receptors. The IAS, composed of smooth
muscle, is the primary structure responsible for maintaining resting anal pressure, and
abnormal elevation of its tone significantly disrupts normal defecatory reflexes. Under opi-
oid exposure, relaxation of the IAS triggered by rectal distension—the rectoanal inhibitory
reflex—is attenuated, impeding fecal expulsion.
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4.2.4. Opioid-Induced Enteric Glial Cell Dysfunction

In physiological conditions, enteric glial cells (EGCs) support and nourish enteric
neurons, maintain intestinal barrier integrity through the release of various trophic fac-
tors and signaling molecules, modulate neurotransmission, and participate in immune
surveillance and regulation [52]. Distinct from their direct inhibitory effects on neurons,
opioid agonists activate EGCs. Gao et al. demonstrated that EGCs express MORs. Mor-
phine induces reactive glial activation, characterized by upregulation of glial fibrillary
acidic protein and increased release of proinflammatory mediators. Silencing MORs par-
tially reverses this inflammatory phenotype in EGCs, indicating a mechanistic role of glial
MOR signaling in OIC pathogenesis [53]. The purinergic signaling pathway may serve
as a critical downstream effector mechanism promoting EGC-mediated OIC. In the study
by Bhave S et al., exposure of rat EGCs to morphine markedly increased P2X receptor
activity. Notably, this effect was absent in vitro experiments, demonstrating that mor-
phine, in vivo, acts in concert with lipopolysaccharide (LPS) stimulation from the gut to
enhance ATP release from EGCs and to augment connexin 43 (Cx43)-mediated intercellular
communication [54]. Glial-derived ATP can act on neuronal P2X receptors, promoting neu-
ronal death and neuroinflammation [55,56], thereby disrupting normal intestinal motility
and secretion. The discrepancy between in vivo and in vitro findings further highlights
the pivotal role of intestinal microbiota and the inflammatory microenvironment in the
morphine-EGC—constipation pathophysiological axis. At the neural circuit level, enteric
neuronal injury combined with glial dysfunction collectively contribute to colonic migrat-
ing motor complex (CMMC) dysfunction, which relies on cholinergic transmission and
the NO/cGMP pathway [57]. Additionally, morphine treatment reduces EGC secretion of
glial cell line-derived neurotrophic factor (GDNF), compromising intestinal epithelial cell
(IEC) barrier integrity [58]. Concomitant increases in intestinal permeability and bacterial
translocation further activate TLR4, thereby establishing a vicious cycle of EGC-mediated
neuroinflammation [59].

4.2.5. Lack of Tolerance

Adverse gastrointestinal effects of opioids, particularly in the colon, persist regardless
of the duration of opioid exposure [60]. Activated opioid receptors are usually phosphory-
lated by G-protein-coupled receptor kinases (GRKSs), facilitating receptor interaction with
-arrestins (f3-arrestin 1 and 2), followed by receptor endocytosis, intracellular sorting,
and recycling to the plasma membrane [28]. This regulatory process governs opioid recep-
tor desensitization, downregulation, and resensitization, and is closely linked to cellular
responsiveness and the development of tolerance. Studies have shown that morphine-
induced contraction amplitude in small-intestinal circular muscle diminishes with repeated
morphine administration, whereas this attenuation is not observed in the colon, suggesting
that the small intestine can develop tolerance to opioids while the colon cannot [61,62].
Previous investigations comparing morphine tolerance in murine ileum and colon have
attributed this differential effect to distinct MOR—{-arrestin-2 interactions [37,63]. In con-
trast to the ileum, 3-arrestin-2 levels in the colon do not decline under sustained opioid
receptor activation, which may account for the lack of observable opioid tolerance [45].
Additionally, studies have demonstrated that 3-arrestin levels remain unchanged in guinea
pig and rat ileum following in vitro incubation for 4-7 days in vivo [64,65], suggesting
the involvement of additional 3-arrestin-independent mechanisms in the development of
opioid tolerance.
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4.3. Central Nervous System and OIC

Opioid receptors are extensively distributed throughout the CNS, with MORs, DORs,
and KORs highly expressed in pain-modulatory pathways, limbic structures, and cortical
regions [66]. Opioids exert analgesic effects through presynaptic inhibition of neurotransmit-
ter release and postsynaptic hyperpolarization, leading to reduced neuronal excitability [67].
In addition, opioid receptor activation modulates reward circuitry, dopaminergic signaling,
and emotional and stress-related processes within the CNS [5,68]. These central actions are
associated with opioid-related adverse effects, including addiction, sedation, depression, and
anxiety. Emerging research suggests that central neural circuits may contribute to the regu-
lation of gastrointestinal function during opioid exposure. For example, Ma and colleagues
described a trisynaptic pathway involving hypothalamic paraventricular nucleus glutamater-
gic neurons (PVNCY), dorsal motor nucleus of the vagus cholinergic neurons (DMVACh) and
downstream intestinal motility [69]. This pathway has been proposed as one potential neural
mechanism by which morphine may suppress small-intestinal propulsion.

Furthermore, chronic engagement of central reward- and stress-related circuits by
opioids may influence enteric function via neuroendocrine and neuroimmune pathways,
including activation of the hypothalamic—pituitary—adrenal (HPA) axis [70,71]. These
central-peripheral interactions have been implicated in modulating enteric neuroinflamma-
tion and neuro-glial homeostasis, which may contribute to the persistence or exacerbation
of OIC. However, the precise causal relationships and relative contributions of these CNS-
mediated mechanisms remain to be fully established.

4.4. Interstitial Cells of Cajal and OIC

Interstitial cells of Cajal (ICCs) represent a specialized population of pacemaker cells
and signal transduction stations located within the muscular layers of the gastrointestinal
wall. They receive excitatory or inhibitory signals from enteric neurons (such as ACh
and NO), integrate and amplify these signals, and subsequently transmit them to smooth
muscle cells to initiate or suppress contractions, thereby generating intestinal slow waves
and peristalsis [72]. ICC depletion or damage has been documented in various gastroin-
testinal motility disorders [73,74]. Opioid agonists may indirectly compromise intestinal
motility through effects on ICCs. Experimental evidence demonstrates that activation of
intestinal p-opioid receptors in mice is associated with decreased c-Kit expression and ICC
population [75]. Naloxone treatment restores pacemaker currents and cellular phenotypes
of ICCs in the proximal colon of rabbits receiving epidural morphine infusion [76,77].
Although the precise mechanisms underlying opioid-induced ICC reduction remain elu-
sive, it is established that ICC maintenance, survival, and proliferation depend on Anol,
c-Kit, and 5-HT signaling [78,79]. Inflammatory pathways such as LPS-TLR4/-TNF-o
suppress these signals and lead to aberrant ICC phenotypes and functional impairment.
Notably, TNF-o-induced ICC reduction exhibits partial reversibility [80]. Furthermore,
ICCs also express neuropeptide receptors and demonstrate sensitivity to NO [81,82]. Un-
der inflammatory conditions, oxidative stress induced by NO, which is synthesized by
macrophages and smooth muscle cells, is detrimental to ICCs and may constitute a primary
cause of ICC structural and functional alterations, implicating a critical regulatory role of
the inflammatory microenvironment in ICC homeostasis [83,84].

Opioid exposure induces intestinal dysbiosis accompanied by increased LPS produc-
tion [29], thereby activating innate immune responses and promoting M1 macrophage
polarization. Studies in Ednrb-deficient mice have shown that macrophage depletion or
TNF-« neutralization restores the morphology and pacemaker function of Kit-positive
ICCs [85]. Concurrently, morphine attenuates the immunomodulatory capacity of in-
testinal epithelium-derived extracellular vesicles (EVs), further amplifying inflammatory
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responses [86]. Emerging evidence suggests that microbiota-targeted interventions may
restore ICC population homeostasis through increased short-chain fatty acids (SCFAs) and
enhanced 5-HT secretion [87]. However, the causal relationships and precise molecular
mechanisms linking opioid-induced dysbiosis, immune activation, and ICC dysfunction
warrant further investigation.

4.5. Microbiota Dysbiosis and Barrier Disruption in Gut and OIC

Chronic opioid use has been associated with intestinal barrier dysfunction, microbiota
dysbiosis, and low-grade inflammation, which may collectively contribute to the devel-
opment and persistence of OIC. Rather than representing a strictly linear process, these
factors are increasingly considered to interact in a potentially self-reinforcing manner.

Wang et al. observed that morphine-exposed mice exhibited alterations in intestinal
barrier integrity, including reduced tight junction protein expression, decreased mucus-
producing goblet cells, and impaired immune responses [88]. The intestinal barrier consists
of mucus layers, epithelial cells, commensal microbiota, and immune components that
function cooperatively to maintain gut homeostasis. Mechanistically, opioid receptor acti-
vation and Toll-like receptor 4 (TLR4) signaling have been implicated in barrier disruption.
Activation of TLR4 may induce phosphorylation of myosin light chain kinase (MLCK),
leading to cytoskeletal reorganization and redistribution of tight junction proteins (e.g.,
occludin and ZO-1), thereby increasing intestinal permeability [59]. Additionally, TLR4
activation triggers classical downstream inflammatory signaling pathways, such as NF-«B
signaling, associated with increased production of proinflammatory cytokines (e.g., TNF-o
and IL-6), which may further impair barrier integrity [89]. Increased permeability may
facilitate endotoxin translocation, which in turn can sustain immune activation and inflam-
matory responses. Inflammatory conditions have also been reported to modulate opioid
receptor function. For example, intestinal inflammation has been associated with enhanced
sensitivity to MOR and DOR agonists and altered receptor expression patterns, potentially
amplifying opioid-induced inhibition of gastrointestinal motility [90].

Opioid-induced alterations in gut microbiota composition have been widely reported,
although findings vary across studies. In animal models, opioid exposure has been associ-
ated with shifts in major bacterial phyla, including changes in the relative abundance of
Firmicutes and Bacteroidetes, as well as enrichment of genera such as Staphylococcus, Ente-
rococcus, Fusobacterium, and Clostridium [91,92]. However, inconsistencies exist, particularly
regarding taxa such as Bifidobacterium, reflecting differences in experimental conditions
and analytical approaches.

In addition to compositional changes, opioid exposure has been associated with
alterations in microbial metabolites. For instance, reductions in short-chain fatty acids
(SCFAs) have been reported in individuals receiving long-term opioid therapy [93]. SCFAs
are known to influence intestinal motility, epithelial integrity, and immune regulation, partly
through modulation of enteroendocrine hormones such as glucagon-like peptide-1 (GLP-1)
and peptide YY (PYY) [94,95]. Experimental studies also suggest that microbiota depletion
may impair enteric neuronal integrity and motility, whereas SCFA supplementation may
partially restore these functions. Disturbances in bile acid metabolism have also been
observed in opioid-treated models, including reduced intestinal bile acid levels [8]. Given
that bile acids regulate epithelial repair and ion transport through receptors such as the
farnesoid X receptor (FXR), these alterations may contribute to both barrier dysfunction
and impaired intestinal secretion [96].

Overall, current evidence suggests that microbiota dysbiosis, metabolite alterations,
and barrier dysfunction are interconnected processes that may collectively influence intesti-
nal motility and inflammation. However, the temporal sequence and causal relationships
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among these factors remain incompletely understood. Their interactions are therefore more
appropriately interpreted as a potentially self-reinforcing network rather than a definitively
established linear pathway.

5. Experimental Models for the Study of OIC

5.1. Animal Models and Methodologies for OIC Construction
5.1.1. Pharmacological Agents and Administration Paradigms

A range of pharmacological agents has been employed to establish animal models
for OIC study. For conceptual clarity, the models discussed in this review can be broadly
categorized into two groups: (i) clinically oriented OIC models, typically based on system-
ically administered opioids (e.g., morphine), which engage both central and peripheral
pathways; and (ii) opioid-receptor-mediated constipation models, commonly using periph-
erally restricted agonists (e.g., loperamide), which primarily isolate gut-specific p-opioid
receptor signaling.

As summarized in Table 1, loperamide-induced models are primarily established
via repeated oral administration, typically at a dose of approximately 10 mg/kg once
daily for 7-14 consecutive days [97-100]. This regimen consistently produces a robust and
reproducible OIC-like phenotype across studies, characterized by reduced gastrointestinal
transit, decreased fecal output, and lower fecal water content. Notably, the route of
administration plays a critical role in shaping the pharmacodynamic profile of loperamide.
Oral administration most closely reflects its clinical use and peripheral mechanism of
action, as loperamide exhibits limited blood-brain barrier permeability and primarily
acts on p-opioid receptors in the gastrointestinal tract [34,101]. In contrast, subcutaneous
administration results in more rapid systemic exposure and a more pronounced inhibitory
effect on intestinal motility, albeit with reduced physiological relevance. Intraperitoneal
administration, however, shows greater variability and less consistent induction of stable
constipation phenotypes [102]. Collectively, oral administration is the preferred approach
for modeling clinically relevant OIC, whereas alternative routes may be better suited for
mechanistic studies requiring stronger pharmacological effects.

Similarly, as summarized in Table 1, morphine-based OIC models exhibit distinct
pharmacological and experimental characteristics. Subcutaneous injection of morphine at
doses of 10 mg/kg, administered once or twice daily for 3-7 days [103-105], represents one
of the most consistently validated paradigms for inducing a strong and sustained constipa-
tion phenotype. Compared with loperamide, morphine exerts both central and peripheral
effects, resulting in more profound inhibition of gastrointestinal motility but reduced pe-
ripheral selectivity [34]. Route-dependent differences are also evident in morphine-based
models. Subcutaneous administration is most commonly used due to its reliability and
high efficacy in experimental settings [106], whereas oral administration provides greater
translational relevance by more closely mimicking clinical exposure, albeit with increased
variability due to first-pass metabolism. Intraperitoneal administration is less standardized
and is often associated with transient or less reproducible effects. In addition, other delivery
routes have been reported, including intravenous injection [107], intracerebroventricular
administration [90], and surgically implanted pellets [54,61,108].

A key mechanistic distinction between loperamide- and morphine-based models lies in
their pharmacological profiles. Loperamide functions primarily as a peripherally restricted
p-opioid receptor agonist, whereas morphine engages both central and peripheral opioid
pathways. This fundamental difference has important implications for model selection,
particularly when balancing mechanistic investigation with clinical translatability.

Beyond these classical agents, several other opioids and opioid-like compounds have
also been used to induce constipation phenotypes in experimental systems, including
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codeine, fentanyl, oxycodone, and diphenoxylate. These compounds differ in receptor
selectivity, central nervous system penetration, and pharmacokinetic properties, thereby
influencing the magnitude, duration, and mechanistic basis of gastrointestinal effects.
Oral codeine (12 mg/kg) significantly reduces defecation [109]. Subcutaneous fentanyl
(1 mg/kg) and oxycodone (1 mg/kg) markedly suppress gastrointestinal transit [110-112].
Repeated administration of diphenoxylate (10 mg/kg for 20 days) reduces fecal water con-
tent and prolongs gastrointestinal transit time [113]. However, compared with morphine-
and loperamide-based models, these paradigms exhibit lower experimental consistency and
greater variability in study design, including differences in dosing regimens, administration
routes, and outcome measures. Consequently, the current evidence base remains limited,
with insufficient standardization for direct cross-study comparison. Details of these addi-
tional models are provided in Supplementary Table S1. Accordingly, they are not included
in the primary comparative framework but may still be valuable in specific contexts, such as
dissecting receptor-subtype-specific mechanisms or evaluating compound-specific effects.

Table 1. Evidence-based summary of OIC models.

Dose Range . . . . 1 Translational
Route (mg/ke) Typical Regimen Duration Key Phenotype Evidence Level Relevance Refs
Morphine-based clinically oriented OIC models
Consistent reduction in
10 me/k GlI transit and stool water High
s.C. 3-40 once dail gor g’;n le 3-7 days content fecal output, with (consistent multi- Moderate [103-105]
y & robust and sustained study evidence)
constipation phenotype
Moderate and variable
Single effects due to first-pass Moderate .
PO 20 20mg/kg dosing metabolism and (limited evidence) High (11, 113]
systemic variability
Sinele or Transient inhibition of Moderate
ip. 0.5-10 repea tegd dosin 1-3 days GI motility with (variable results Moderate [69,114]
P 8 limited reproducibility across studies)
Loperamide-based opioid-receptor-mediated constipation models
10 me /k Consistent reduction in High
p-o. 5-15 8/ & 1-2weeks Gl transit, fecal output, (consistent multi- High [97-100]
once daily !
and stool water content study evidence)
t inhibiti f
2 mg/kg Sirli?:s%i;al lmloltci)lrilt}cl) Moderate
s.C. 1-5 . jeid 1-7 days L (variable conditions Low [115-119]
twice daily often exceeding .
. . across studies)
physiological levels
. Variable and frequently .
ip. 1-10 Single or 1-7 days transient effects on Low (limited and Moderate [45,114,120-122]

repeated dosing

GI transit

inconsistent evidence)

! Evidence level was determined based on consistency and reproducibility across studies. Translational relevance
reflects the extent to which the experimental design mimics clinical loperamide use.

5.1.2. Acute Versus Chronic Modeling Strategies

OIC models can also be classified according to exposure paradigms, particularly
acute versus chronic opioid administration. Acute models typically involve single or
short-term dosing and are widely used to investigate the immediate effects of opioids
on gastrointestinal motility and secretion. These models are experimentally convenient
and enable rapid pharmacodynamic assessment; however, they may not fully capture the
adaptive changes associated with long-term opioid exposure.

In contrast, chronic models—established through repeated injections, prolonged oral
administration, or sustained-release systems (e.g., morphine pellets [54,61,108])—more
closely recapitulate clinical scenarios involving long-term opioid therapy. These paradigms
enable the investigation of tolerance development, receptor desensitization, and en-
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teric nervous system plasticity, which are increasingly recognized as key components
of OIC pathophysiology. Nevertheless, chronic models also introduce greater variabil-
ity and experimental complexity, including cumulative systemic effects and increased
inter-individual differences.

5.1.3. Classification of OIC Experimental Models

OIC experimental models do not represent mutually exclusive categories; rather, they
are more appropriately classified along multiple orthogonal dimensions based on their
pharmacological and experimental characteristics.

(1) Pharmacological scope (peripheral vs. systemic action): Models induced by periph-
erally restricted opioid receptor agonists (e.g., loperamide) primarily target MORs in the
enteric nervous system and are well suited for investigating gut-restricted mechanisms of
motility inhibition and secretory dysfunction. In contrast, systemic opioid models (e.g.,
morphine, fentanyl, oxycodone), which involve both central and peripheral opioid signal-
ing pathways, more closely reflect clinically relevant opioid exposure, particularly in the
context of pain management.

(2) Exposure paradigm (acute vs. chronic): Models can also be distinguished according
to the duration and mode of opioid administration. Acute administration models capture
the immediate effects of opioids on gastrointestinal motility and secretion, whereas chronic
paradigms—such as repeated dosing or sustained-release pellet implantation—facilitate
the investigation of adaptive processes, including tolerance development, receptor desensi-
tization, and enteric neuroplasticity.

Importantly, these dimensions are not mutually exclusive but intersect to define spe-
cific experimental configurations. For example, a given model may combine systemic
opioid exposure with a chronic administration paradigm, thereby capturing both central
involvement and long-term adaptive changes. This multidimensional classification frame-
work provides a more flexible and conceptually robust basis for comparing OIC models
and for selecting appropriate experimental strategies.

5.2. Evaluation Indices for OIC Animal Models
5.2.1. Assessment of Intestinal Transit Function

Whole Gut Transit Test (WGTT): To assess gut transit time following opioid administra-
tion, OIC animals were fasted overnight and subsequently administered specific markers
via oral gavage. Common markers include 5% Evans blue [123], phenol red [115,117],
carmine [124], ink [97,125], and 5% activated carbon [126,127], which are solved in saline,
1.5% methylcellulose, and 5% or 10% gum Arabic [53,116,128,129]. The whole gut transit
time is defined as the interval from gavage to the expulsion of the first colored fecal pellet,
serving as a metric for overall intestinal motility.

Intestine Propulsion Test: The gastrointestinal (GI) transit time is important indicator
for evaluating gut motility. Following the final drug administration, animals were fasted
for 12 h before being administered ink or activated charcoal via oral gavage [130]. After ap-
proximately 30 min, the animals were humanely euthanized. A laparotomy was performed
to excise the entire intestine (from the pylorus to the anus), and the distance traveled by the
marker front was measured [97,127]. The GI transit rate (%) was calculated as follows: GI
transit rate = 100 x (propulsion distance of activated charcoal/total intestinal length) [126].
The time interval from charcoal administration to euthanasia varied from 25 to 60 min
according to different studies [111,116,125].

In addition to traditional markers, new materials such as fluorescent markers, barium
sulfate and radioactive tracers are also used to assess GI transit time. For instance, FITC-
dextran is utilized to quantify fluorescent signals in the supernatant of each intestinal
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segment through a multi-well fluorescence plate reader [65,108]. In this method, the
geometric center (GC) value of fluorescence distribution is calculated, where a higher GC
value indicates more rapid intestinal transit. Similarly, Grenald et al. administered milk
labeled with Cr®! to rats and measured radioactivity in different intestinal segments via
a gamma counter [131]. When utilizing barium sulfate suspension as a contrast agent to
visualize intestinal transit, digital imaging devices are required [132]. Typically, animals
are restrained in the prone position to visualize intestinal transit. Notably, focal length
and exposure time are adjusted to guarantee the accurate percentage of the GI tract in this
condition [122,133].

Colon Bead Assay: Mice were fasted overnight, after which a glass bead (typically
2-3 mm in diameter) was inserted approximately 2-3 c¢cm into the distal colon under
anesthesia. Following the procedure, the mice were allowed to recover in individual cages.
GI transit time was monitored from the moment the animal regained consciousness until
bead expulsion [53,115]. To facilitate the identification of the expelled bead, mice were
housed in clean, bedding-free cages. The time to bead expulsion was recorded as a measure
of colonic motility. Williams proposed that the maximum observation period for bead
expulsion should be capped at 2 h [134].

5.2.2. Measurement of Fecal Parameters

Stool characteristics typically evaluated include fecal number, water content, weight,
and defecation frequency (as shown in Figure 2). Stool water content is calculated using
the following formula:

Water content (%) = 100 x (wet weight — dry weight)/wet weight.

It is important to note that the specific measurement protocols vary across studies. For
instance, Zhou reported drying feces produced between two daily doses of loperamide in
a blower at 105 °C [126]. In another study, fecal properties were assessed using samples
expelled within 1 h after drug administration [135]. Zhang collected feces daily and air-
dried them in a laminar flow hood for 72 h. Harada et al. collected feces 16 h after codeine
phosphate (CPH) treatment and dried them at 45 °C for one day [109]. Following oral
gavage of activated charcoal, fecal pellets appear black due to the presence of the marker.
Accordingly, in one protocol, black fecal pellets were collected for six hours following the
expulsion of the first pellet [130]. Another study gathered fecal outputs from loperamide-
pretreated mice over two hours and dried the samples at 65 °C overnight [118]. Across these
studies, drying temperatures generally ranged from 70 °C to 80 °C overnight [135-138].

5.2.3. In Vitro Intestinal Contraction Experiment

Typically, ileum and colon segments (approximately 2 cm in length) are isolated to
measure intestinal contractility. The segments are ligated at both ends, connected to force
transducers, and immersed in an organ chamber containing Krebs—Henseleit buffer main-
tained at 37 °C and aerated with 95% O, and 5% CO,. After stabilization under modest
resting tension for 60 min, isometric contractions of the isolated ileum and colon tissues
are recorded [136]. Another study employed a similar organ bath experiment to measure
colon contraction but utilized a distinct configuration: three high-sensitivity isometric
transducers were mounted independently to measure contractile activity at the proximal,
mid, and distal colon. Each transducer was attached to specific point on the colon via small
stainless-steel rakes and sutures [123]. In contrast, Lin’s study focused on the contractile
response of specific intestinal muscle layers rather than entire bowel segments [105]. The
colonic mucosa/submucosa (M/S) and muscularis externa (ME) layers were separated via
microdissection. Smooth muscle strips from the ME were then mounted in individual mus-
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cle baths and connected to isometric force transducers. Responses to various stimuli were
recorded via amplifiers. Notably, tissues required washing and equilibration for 15-20 min
prior to recording responses to subsequent stimulants. Furthermore, a Gastrointestinal
Motility Monitoring system (GIMM) was employed in Kanemasa’s study [110]. A digital
video camera tracked the propulsion of a fecal pellet from the oral to the anal end of the
colon, and propulsion velocity was analyzed using GIMM software (Catamount Research
and Development; St. Albans, VT, USA). Similarly, the Colon Migrating Motility Complex
was assessed to record spontaneous motility across the entire colon [53]. A Logitech Pro
camera captured contractile activity, and the video data were subsequently processed

and analyzed.
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5.2.4. Intestinal Closed Loop

Mice were fasted with free access to water for 12-24 h prior to the experiment. Follow-
ing anesthesia, mice were placed on a heating pad to maintain body temperature at 36 °C
to 38 °C during surgery. A small abdominal incision was made to expose the small or large
intestine, and a short segment was isolated and sutured at both ends to create a closed loop.
The abdominal incision was then closed. After 90 min, the intestinal loops were excised,
and their length and weight were measured. The length-to-weight ratio was calculated to
quantify fluid secretion in the gut [121,136].

5.2.5. Intestinal Single Perfusion System

Following anesthesia, experimental animals were intubated and placed on a heating
pad to maintain a body temperature of 37.5 °C. Catheters were inserted into the left carotid
artery to continuously monitor blood pressure and heart rate. To ensure hematocrit stability
throughout the experiment, isotonic sodium bicarbonate solution and normal saline were
continuously infused via the left carotid artery and left femoral artery, respectively. A
midline laparotomy was performed, and the target intestinal segment (jejunum, ileum, or
colon) was gently exposed and isolated while carefully preserving the mesenteric blood
supply. Polyethylene catheters were inserted into both the proximal (inflow) and distal
(outflow) ends of the isolated segment. Pre-warmed perfusate (pH 7.4, 37 °C; non-buffered
solution containing 145.5 mM NaCl, 4.0 mM KCl, and 1.2 mM CaCl,) was continuously
infused via perfusion pump at a constant flow rate. Effluent was collected at specific
intervals. The volume difference between inflow and outflow was measured to calculate
net water absorption [139].

5.2.6. Inhibition on Castor Oil-Induced Diarrhea

The severity of opioid-induced constipation can also be evaluated by assessing the
inhibition of castor oil-induced diarrhea. Imam et al. monitored fecal weight and consistency
hourly over an 8 h period before and after administering morphine and another compound
in rats [140]. Diarrhea inhibition lasting more than 4 h was classified as an indication of
constipation. In a study by Varamini et al., the suppression of castor oil-induced diarrhea was
used to assess the effect of morphine on fecal hydration [141]. Their results demonstrated that
a single oral dose of 8 umol/kg morphine significantly reduced castor oil-induced diarrhea.

5.2.7. Molecular and Pathological Indices

Histopathological examinations are performed to evaluate histological changes in OIC
models. Briefly, the procedure is as follows: colonic tissues were fixed in 4% paraformalde-
hyde, embedded in paraffin and sectioned. Following deparaffinization in xylene and
rehydration through a graded ethanol series, sections were stained with hematoxylin and
eosin (H&E) and examined under an optical microscope. Numerous studies have demon-
strated distinct structural damage in the colons of various OIC models. For instance, Zhu
reported overt damage in the colons of loperamide-treated mice, characterized by the
detachment of mucosal epithelial cells, depletion of crypts and goblet cells, and fibrous
tissue hyperplasia [97]. In addition, other studies observed increased neuronal excitability
and visceral hypersensitivity in rats treated with morphine for 10 days [105]. Enzyme
immunoassays revealed upregulated expression of cyclooxygenase-2 (COX-2) and nerve
growth factor (NGF) in the muscularis externa of the distal colon. Zhou and colleagues
collected serum from loperamide-induced mice to measure gastrointestinal hormone levels.
They reported significantly increased concentrations of inhibitory hormones—endothelin-1
(ET-1), somatostatin (SS), and vasoactive intestinal peptide (VIP)—alongside reduced levels
of excitatory hormones such as substance P (SP) and motilin (MTL), compared to the normal
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control group [126]. Qi et al. identified increased mRNA expression of major inflammatory
markers, including TNFx and IL-1(3 [124]. Similarly, Ren’s study reported inflammatory
cell infiltration in the distal colon of mice with loperamide-induced constipation [132].

5.3. Framework for Comparative Evaluation of OIC Models

Based on the synthesis of the experimental modeling strategies described above, a
structured framework is warranted to move beyond descriptive reporting and enable
systematic comparison of OIC models in terms of their physiological relevance and experi-
mental utility. OIC models can be evaluated across the following key dimensions:

(1) Construct validity—the extent to which the model reflects opioid-receptor-
mediated mechanisms, particularly MOR signaling in the enteric nervous system.

(2) Phenotype fidelity—the ability to reproduce core clinical features of OIC, including
delayed gastrointestinal transit, reduced intestinal secretion, and altered neuromuscular
coordination.

(3) Experimental variables—factors including route of administration (oral, subcuta-
neous, intravenous), dosing regimen (acute vs. chronic), and species-specific responses.

(4) Endpoint specificity—the degree to which selected assays (e.g., WGTT, bead ex-
pulsion, Ussing chamber, perfusion systems) capture distinct functional domains such as
motility versus secretion.

(5) Use-case suitability—whether the model is best suited for mechanistic studies,
pharmacological screening, or translational validation.

This framework enables a more systematic comparison of experimental models and
highlights how methodological choices influence the interpretation and translational rele-
vance of findings. When interpreted within this framework, distinct patterns emerge across
commonly used models.

5.4. Assessment and Discussion

This section integrates the methodological considerations and limitations associated
with commonly used experimental approaches in OIC research, with particular emphasis
on how these factors influence the interpretation and translational relevance of findings.

A reduction in stool water content is widely regarded as a key indicator for successful
establishment of constipation models [142]. Given the central role of ion channels and
epithelial transport processes in regulating intestinal fluid balance, a range of in vivo ex-
perimental approaches has been developed to assess fluid secretion and absorption. These
include closed-loop techniques, fistulous animal models, enteropooling assays, steady-state
intestinal perfusion systems, and measurements of fecal water content [132,143,144]. While
these models provide valuable insights into intestinal transport dynamics, they differ sub-
stantially in spatial resolution and physiological specificity. For instance, enteropooling
and whole-intestine measurements offer only global assessments of fluid movement, po-
tentially obscuring region-specific differences along the gastrointestinal tract. Moreover,
compensatory absorption or secretion in distal segments may mask functional alterations
occurring proximally.

In addition to these limitations in functional resolution, experimental complexity and
physiological perturbations must also be considered. Surgical interventions, as required
in closed-loop or perfusion-based models, may introduce confounding factors such as
postoperative stress, anesthesia-related effects, and altered hemodynamics. Although some
approaches attempt to mitigate these influences by allowing recovery prior to measurement,
residual physiological disturbances cannot be fully excluded. Furthermore, steady-state
intestinal perfusion systems demand a high level of technical expertise, including vascular
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catheterization and precise control of systemic parameters such as blood pressure and
temperature, which may limit reproducibility across laboratories.

Assessment of gastrointestinal motility represents another central component of OIC
modeling. ITTs are widely regarded as sensitive functional endpoints for detecting opioid-
induced dysmotility [145]. Among available techniques, activated charcoal and dye-based
assays are commonly used due to their relative simplicity and reproducibility. However, these
approaches often reflect localized transit within specific intestinal segments rather than global
gastrointestinal function. The colonic bead expulsion assay, while useful for evaluating distal
colonic motility, may introduce mechanical stimulation that could confound interpretation.
In contrast, whole gut transit assays provide a more integrative measure of gastrointestinal
motility, but are subject to considerable interindividual variability.

Taken together, these observations highlight that no single experimental approach fully
captures the multifaceted nature of OIC pathophysiology. Instead, different methodologies
preferentially interrogate distinct functional domains, including motility, secretion, and
neuromuscular coordination. Consequently, reliance on a single endpoint may lead to
incomplete or potentially biased conclusions, whereas the integration of complementary
assays can improve the robustness and interpretability of experimental outcomes.

The above discussion highlights the technical considerations and limitations of in-
dividual experimental approaches, while these observations can be more systematically
interpreted within the comparative framework outlined in Section 5.3. When interpreted
within this framework, distinct strengths and limitations emerge across commonly used
OIC models.

From the perspective of construct validity, peripherally restricted agonist-based mod-
els effectively capture MOR-mediated signaling within the enteric nervous system, they do
not capture central opioid effects or the integrated clinical phenotype of OIC. In contrast,
morphine-based models more closely approximate the clinical condition by incorporat-
ing both central and peripheral components, although at the cost of reduced mechanistic
specificity. In terms of phenotype fidelity, most models reliably reproduce delayed gas-
trointestinal transit and altered stool consistency; however, fewer fully recapitulate the
combined features of impaired secretion, and neuromuscular dysfunction observed in
clinical OIC, indicating an incomplete representation of the clinical phenotype. With re-
gard to experimental variables, factors such as species and strain differences, route of
administration, and acute versus chronic exposure paradigms significantly influence model
outcomes. Notably, chronic administration strategies are more suitable for capturing
adaptive processes such as tolerance and neuroplasticity, whereas acute models primarily
reflect immediate pharmacodynamic effects. From the standpoint of endpoint specificity,
commonly used assays differ substantially in their functional coverage. Transit-based mea-
surements provide robust and reproducible indicators of motility but may lack resolution
for segment-specific or secretory processes, while more technically demanding approaches,
such as intestinal perfusion systems, offer greater mechanistic insight into fluid transport
at the cost of increased experimental complexity. Finally, in terms of use-case suitability,
no single model is universally optimal. Instead, model selection should be guided by the
specific research objective: peripheral models are advantageous for mechanistic dissection
of enteric pathways, whereas systemic and chronic paradigms offer greater translational
relevance for mimicking clinical opioid exposure.

Collectively, these considerations underscore the importance of aligning model design,
endpoint selection, and experimental objectives, and provide a rational basis for improving
the translational relevance of future OIC studies.
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6. Translational Perspectives and Clinical Implications in OIC
6.1. Translational Limitations and Optimization of Animal Models for OIC

OIC animal models have provided valuable insights into disease mechanisms, yet
several limitations should be acknowledged. Firstly, establishing reproducible animal mod-
els remains challenging. Induction typically requires high doses or prolonged exposure
to opioids, and outcomes may vary depending on the dose regimens, treatment duration,
and route of administration. In addition, region-specific tolerance to opioid effects within
the gastrointestinal tract may develop over time, contributing to variability and inconsis-
tency in observed phenotypes [61,146]. Secondly, significant interspecies differences limit
direct extrapolation to human disease. Variations in gastrointestinal anatomy, microbiota
composition, and opioid receptor distribution across species constrain the translation of
experimental findings. While animal models reliably recapitulate core features of OIC, such
as weakened intestinal transit and reduced fecal water content, they fail to reproduce the
broader spectrum of human symptoms, including abdominal discomfort and bloating.

From a translational perspective, these limitations underscore the importance of align-
ing model selection with specific clinical questions. For example, peripherally restricted
models (e.g., loperamide-based paradigms) may be more appropriate for evaluating gut-
selective mechanisms and therapies, whereas centrally penetrant opioids (e.g., morphine)
better reflect the integrated pathophysiology observed in clinical OIC.

Future research should focus on optimizing model design to enhance clinical relevance.
Interspecies comparisons may help identify the most appropriate models for specific
clinical scenarios. In addition, the development of humanized models, such as mice grafted
with human gut microbiota or organoids, will improve the predictive value of preclinical
studies [93,147].

6.2. Mechanism-Informed Therapeutic Strategies and Clinical Implications: An Evidence-
Stratified Perspective

Mechanism-based interventions and targeted drug development are increasingly
recognized as important directions for advancing the prevention and management of OIC.
Importantly, insights derived from experimental animal models have played a pivotal role
in identifying therapeutic targets and informing clinical strategies. To provide a balanced
and clinically relevant overview, therapeutic strategies are presented here according to
their level of supporting evidence.

6.2.1. Established Therapies with Robust Clinical Evidence

Conventional laxatives (e.g., osmotic and stimulant agents) remain the first-line ther-
apy for OIC in many clinical settings. However, their efficacy is often limited, as they do not
directly target the underlying opioid-induced mechanisms, particularly p-opioid-receptor-
mediated suppression of gastrointestinal motility [148]. Clinical studies have shown that
a substantial proportion of patients experience inadequate symptom relief with laxatives
alone [148,149], highlighting the need for mechanism-based therapies. Peripherally acting
MOR antagonists (PAMORAs), including methylnaltrexone, naloxegol, and naldemedine,
represent the most well-established mechanism-based therapies for OIC (evidence level:
high; supported by randomized controlled trials and systematic reviews) Large-scale analy-
ses have demonstrated their definitive efficacy in alleviating OIC symptoms with a low
risk of serious adverse events [150]. These agents selectively antagonize MORs in the
gastrointestinal tract without crossing the blood-brain barrier, thereby restoring intestinal
motility while preserving central analgesia. Consistent benefits have been observed across
randomized controlled trials and real-world studies, including increased spontaneous
bowel movements and improved quality of life [125-128,151-154]. Nevertheless, a sub-
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set of patients remains nonresponsive to PAMORAs, highlighting the need for further
investigation into optimized treatment algorithms, including combination strategies and
individualized therapeutic approaches.

6.2.2. Mechanistically Supported Adjunctive Strategies with Limited Clinical Evidence

Beyond direct MOR-targeted therapies, intestinal microecological modulation has
emerged as a mechanistically plausible adjunctive approach, although its clinical role in OIC
remains to be clearly defined (evidence level: moderate-low; limited and heterogeneous
clinical data). Opioid exposure is associated with intestinal dysbiosis, which in turn impairs
epithelial barrier integrity, disrupts motility, and alters neuroimmune signaling, thereby
potentially exacerbating OIC [155]. Interventions aimed at restoring microbial balance,
including probiotics, prebiotics, or fecal microbiota transplantation, have demonstrated
beneficial effects in chronic constipation and other gastrointestinal disorders [156,157].
However, clinical evidence specifically addressing OIC is currently sparse and heteroge-
neous. Well-designed, adequately powered clinical trials are required to demonstrate the
mechanistic relevance of microbiota-targeted interventions in this context.

6.2.3. Exploratory and Emerging Pharmacological Concepts

The development of biased opioid receptor agonists represents an exploratory phar-
macological strategy aimed at dissociating analgesia from gastrointestinal adverse effects
(evidence level: low; primarily preclinical and early-phase clinical data). These ligands
are designed to preferentially activate signaling pathways associated with analgesia while
minimizing engagement of pathways implicated in gastrointestinal dysmotility and con-
stipation [158]. Oliceridine, the first clinically approved biased agonist, has demonstrated
effective analgesia in clinical studies, with a trend toward a lower incidence of gastrointesti-
nal adverse events compared with conventional opioids [159]. However, these observations
remain preliminary, and the extent to which signaling bias can translate into meaningful
reductions in OIC in real-world settings remains uncertain. Further clinical validation
and mechanistic refinement are required before this approach can be considered a viable
strategy for OIC management.

7. Conclusions

Opioid-induced constipation (OIC) is a multifactorial gastrointestinal functional dis-
order involving the integrated effects of opioids on neural circuits (central and enteric),
intestinal epithelial barrier homeostasis, immune-inflammatory pathways, and the gut
microbiota—metabolite axis. Mechanistically, activation of peripheral MORs within the
gastrointestinal tract suppresses the activity of excitatory motor and secretomotor neu-
rons, attenuates propulsive motility and epithelial secretion, and contributes to anorectal
dysfunction. In parallel, opioid-associated dysbiosis, barrier disruption, and inflamma-
tory responses may interact and further exacerbate impairments in intestinal motility and
secretion, thereby contributing to the persistence and progression of OIC.

Animal models have provided important experimental evidence for elucidating these
interrelated mechanisms, enabling the dissection of receptor-specific signaling, epithelial
and immune alterations, and microbiota-dependent effects. Nevertheless, existing models
remain limited regarding opioid dosing regimens, routes of administration, segment-
specific differences in gastrointestinal tolerance, and the faithful recapitulation of chronic
and heterogeneous clinical phenotypes. Moreover, translational gaps persist between
animal models and humans in terms of microbiome composition, immune responses, and
neurogastrointestinal regulation.
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Overall, current evidence supports a systems-level view of OIC pathogenesis, in
which neural inhibition, intestinal barrier dysfunction, immune activation, and microbiota—
metabolite disturbances interact within a potentially self-reinforcing pathological network.
However, the precise causal relationships and temporal sequence among these processes
remain to be fully established. Future research requires further optimization and stan-
dardization of animal models, integration of multi-omics strategies, and validation of key
molecular targets in clinically relevant contexts, thereby facilitating the development of
mechanism-oriented preventive and therapeutic strategies for OIC.
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100,103-122,124,126,127,129,160-168] are cited in the Supplementary Materials.
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