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Abstract

The intestine is a mechanically dynamic habitat in which motility, luminal flow, mucosal geometry, mucus rheology, and wall
deformation jointly shape microbial transport, retention, washout, adhesion, and spatial organization. Emerging studies further
show that bacteria can respond to mechanical cues through force-dependent adhesion, appendage-mediated surface sensing,
rheotaxis, c-di-GMP signaling, and flow-regulated signal transport. Host mechanotransduction also remodels microbial habitats by
influencing mucus integrity, epithelial function, intestinal motility, inflammation, and tissue mechanics. This review integrates
current evidence linking intestinal biomechanics to bacterial behavior, community assembly, and reciprocal host-microbiota
interactions. We distinguish direct mechanistic evidence from findings derived from model organisms, simplified flow systems, and
animal models. We also evaluate organoids, gut-on-chip platforms, live imaging, and multiscale computational models, and discuss
translational opportunities in motility modulation, mechanics-informed microbial delivery, and host mechanosensor targeting.
Together, these findings position intestinal mechanics as one of several context-dependent factors that contribute to microbial
ecology. Further studies combining regional mechanical measurements, anaerobic multispecies models, and longitudinal human
data may help clarify the relevance of these mechanisms across experimental and clinical settings.
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1. Introduction

Irritable  bowel  syndrome (IBS) [1,2], determinant of treatment outcome is whether
inflammatory bowel disease (IBD) [3], chronic  administered microorganisms can reach, persist
constipation [4], and small intestinal bacterial within, and remain functionally active in region-

overgrowth (SIBO) are clinically important but
heterogeneous intestinal disorders and syndromes [5].
Alterations in gut microbial composition and function
are closely linked to intestinal barrier dysfunction and
inflammation in IBD [3,6], whereas microbiota-
associated changes in disorders of gut-brain
interaction have been related to dysmotility, visceral
sensory abnormalities, immune dysfunction, and
impaired barrier function [7-9]. These observations
have motivated the investigation of microbiota-
targeted interventions, particularly probiotics and
fecal microbiota transplantation (FMT) [10-13]. Their
efficacy, however, varies across diseases, clinical
studies, and patients [11-13]. One potential

specific intestinal habitats [14-16]. This possibility is
supported indirectly by studies showing that
intestinal transit and luminal transport [15,17], mucus
organization [14,16,18], and local ecological
interactions regulate microbial residence and spatial
distribution [15-17,19].

The intestine is a mechanically active habitat
rather than a static biochemical compartment [20,21].
Peristaltic and segmental contractions generate
pressure gradients, luminal flow and mixing [21-23],
near-wall shear fields [24,25], and cyclic deformation
of the intestinal wall [26,27]. Luminal geometry [25,28]
and the rheological properties of chyme and mucus
[16,20,23,29,30] further shape the spatial and temporal
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distribution of these mechanical conditions. Together,
these processes influence microbial transport,
retention and washout, near-wall contact, and the
distribution of nutrients and metabolites [15,17,31-34].
Intestinal mucus forms a regionally organized
[18,29,35], viscoelastic [16,29,30], and selectively
permeable [14,16] interface that regulates microbial
movement and access to the epithelial surface
[16,18,35]. Intestinal mechanics should therefore be
considered one component of a broader ecological
system that also includes nutrient availability,
oxygenation, bile acids, host secretions, immune
activity, microbial metabolism, and interspecies
interactions [9,19,34-37].

At the bacterial scale, defined experimental
systems have identified several mechanisms by which
mechanical conditions can modify bacterial behavior.
These include force-dependent adhesion [38-42], type
IV pilus-associated surface sensing and cyclic dimeric
guanosine monophosphate (c-di-GMP) [43-46],
flagellar motor-load responses [47], rheotaxis and
mechanotaxis [48,49], and flow-dependent
modulation of quorum-sensing signal accumulation
[50,51]. Most of these mechanisms have been
characterized in a limited number of pathogens and
model organisms, particularly Pseudomonas aeruginosa
(P. aeruginosa), Escherichia coli (E. coli), and Bacillus
subtilis (B. subtilis) [52-54]. Their relevance to obligate
anaerobic commensals, multispecies communities,
and the intact mammalian intestine remains
insufficiently defined. Host intestinal cells also
respond to fluid and solid mechanical cues through
mechanosensitive ion channels, including PIEZO1
(Piezo-type mechanosensitive ion channel component
1), adhesion complexes, and cytoskeletal signaling
pathways [26,55,56]. In mice, goblet-cell-specific
PIEZO1 deficiency weakened the colonic mucus
barrier and was accompanied by changes in fecal and
mucosa-associated microbiota [57], whereas enteric-
neuronal PIEZO1 contributed to force-evoked
intestinal motility and inflammatory homeostasis [58].
These studies define specific host and bacterial
mechanosensitive pathways, but few investigations
have connected a quantified mechanical input to a
reproducible community-level ecological outcome in
vivo [54,59,60].

Recent advances in intestinal organ chips [60-66],
longitudinal live imaging, animal models [61,63,67],
and computational modeling [68-71] allow selected
mechanical variables to be imposed, observed, or
reconstructed under controlled conditions [61-70].
Anaerobic intestine-on-chip systems can maintain
human intestinal epithelium together with complex
microbial communities [62], whereas tunable-flow
chips [64] and zebrafish imaging models [63,67] enable
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analysis of microbial spatial dynamics. Computational
models further connect intestinal motility and
transport with microbial growth, taxis, washout, and
spatial organization [69-71]. Each platform, however,
reproduces only selected features of the intestinal
environment [59,60,72,73]. Unlike previous reviews
centered on intestinal motility [9], gut biogeography
[19], Dbacterial mechanobiology  [53,54], or
microphysiological modeling [59,60,72,73] alone, this
review connects mechanical inputs to microbial
sensing, spatial ecological outcomes, reciprocal host
remodeling, and translational decision-making within
a single multiscale framework. In this review, we
define the mechanical processes most relevant to
microbial transport and habitat formation. We then
evaluate bacterial mechanosensation, mechanics-
dependent microbial spatial organization, and
reciprocal remodeling of the intestinal environment by
host and microbial signals. Finally, we assess current
experimental and computational approaches and
examine translational opportunities for mechanics-
informed microbiota modulation. Throughout, direct
mechanistic evidence is distinguished from model-
dependent observations and translational hypotheses.

2. Fundamentals of intestinal mechanics
relevant to microbial ecology

The intestinal mechanical environment arises
from the coupling between luminal fluid mechanics
and the solid mechanics of the intestinal wall.
Intestinal motility generates pressure gradients, fluid
flow, wall shear stress, and cyclic tissue deformation,
whereas luminal geometry, the rheology of chyme and
mucus, and extracellular matrix properties modulate
their spatial and temporal distributions. As
summarized in Figure 1, these mechanical processes
generate heterogeneous physical conditions that
influence microbial transport, retention, spatial
organization, and host-mediated habitat remodeling,
while interacting with chemical, biological, and host-
derived factors. This section focuses on the mechanical
processes most directly relevant to microbial
transport, retention, spatial organization, and host-
mediated habitat remodeling.

2.1 Intestinal motility and wall kinematics

Peristalsis and segmentation are major intestinal
motor patterns [21,22]. Peristaltic contractions
primarily generate propagating wall deformation and
directional transport [21], whereas segmentation is
more strongly associated with luminal mixing and
limited net propulsion [22,23]. The enteric nervous
system provides neural control of gastrointestinal
motor activity [21], whereas interstitial cells of Cajal
contribute to the generation and coordination of
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intestinal electrical and motor patterns [22,23]. These
coordinated signals ultimately regulate smooth-
muscle contraction and produce region- and state-
dependent patterns of wall motion [21,22,74].

Peristalsis consists of propagating contractions
that generate axial pressure gradients and directional
luminal transport [21,75]. In larval zebrafish,
anterograde peristaltic waves contributed
predominantly to directional pumping, whereas
retrograde waves enhanced luminal mixing [76].
Peristaltic wall motion also produces time-dependent
changes in luminal cross-sectional area and provides
moving-boundary conditions for the intraluminal flow
field [76-78].

During fasting, phase III of the migrating motor
complex consists of recurrent propagating contrac-
tions in the stomach and small intestine [75,79]. The
timing and recurrence of these motor events show
substantial intraindividual and interindividual
variability [80]. Segmental contractions are charac-
terized by spatially alternating contraction and
relaxation [22,23]. Computational studies show that

347

segmentation can generate oscillatory luminal motion,
enhance radial mixing, and increase repeated
interaction of luminal contents with the intestinal wall
while producing relatively limited net axial
propulsion [23]. Circular folds may also influence
mixing by reshaping the flow field produced during
intestinal contraction [28].

2.2 Intraluminal hydrodynamics and
geometry-dependent flow heterogeneity

Intestinal transport occurs within a confined and
deforming lumen. Small-intestinal flow is often
treated as a low-Reynolds-number problem in
theoretical and computational studies, but this
approximation is not universally applicable. Its
validity varies with lumen size, contraction pattern
and frequency, as well as the rheological properties of
the luminal contents [20,23,24]. Transport within the
lumen is governed primarily by advection, molecular
diffusion, wall-driven mixing, and interactions with
luminal boundaries [20,23,25]. Wall deformation over
time continuously reshapes the flow field within the
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Figure 1. Context-dependent effects of intestinal mechanics and physicochemical heterogeneity on microbial spatial organization. Peristalsis and segmentation generate
propulsion, mixing, wall deformation, and heterogeneous near-wall transport. These processes interact with mucosal geometry, luminal rheology, mucus organization, and
regional physicochemical gradients to influence microbial retention, washout, spatial segregation, metabolite and signal transport, and community assembly. Geometry-
dependent accumulation has been demonstrated in selected animal, microfluidic, and computational models, whereas direct evidence that human intestinal crypt geometry
functions as a hydrodynamic microbial reservoir in vivo remains limited. The colonic inner—outer mucus organization shown is region specific. Mechanical effects are therefore
context dependent and should not be interpreted as a universal upstream determinant of microbial organization. This figure was created using Figdraw (www figdraw.com).
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tube lumen, and under specific geometric and
kinematic conditions, flow reversal and localized
recirculation may occur [23,24]. The situation becomes
more complex when the luminal contents behave as
non-Newtonian fluids, because changes in viscosity
with deformation can alter both velocity gradients and
local transport [20,23]. Thus, intestinal velocity and
shear-rate distributions can differ substantially from
those predicted by idealized rigid-tube models [23,24].

Mucosal geometry introduces additional spatial
heterogeneity into the local flow field. In the small
intestine, the mucosal surface contains villi and crypts,
whereas the colonic epithelium lacks villi and is
organized primarily around crypt openings [81]. The
surface of the colon is further covered by a structured
Muc2-dependent mucus layer [18,35]. Circular folds
can redirect local streamlines and enhance mixing [28],
while villus-scale geometry and wall motion modify
near-surface velocity gradients and mass-transfer
boundary layers [24,25,82]. Shear rate, defined as the
local velocity gradient that quantifies fluid shear, is
locally amplified or dampened by the combined
effects of mucosal topography and wall motion, with
its magnitude shaped by bulk flow direction,
contraction kinematics, and geometric confinement
[22,24]. Villi and intestinal folds should thus be
regarded as geometric features that redistribute local
flow and shear rather than as uniformly low-shear
structures [24,28].

2.3 Rheological properties of chyme and
mucus

As summarized in Table 1, chyme and intestinal
mucus  exhibit composition-,  region-, and
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measurement-dependent  rheological  properties.
Chyme is a heterogeneous multiphase material whose
flow behavior changes with composition and digestive
state [20,83], whereas intestinal mucus is a mucin-rich
viscoelastic material whose mechanical response
varies with anatomical origin, hydration, composition,
and measurement conditions [16,20,29,30]. Depending
on these conditions, both materials may exhibit non-
Newtonian behavior [20,29,30], which can modify
luminal flow, mixing, and near-wall mass transport
[20,23,25].

2.3.1 Chyme rheology

Chyme is a heterogeneous multiphase material
composed of liquid, suspended and particulate matter,
and, in some intestinal regions, gas [20]. Its rheological
behavior depends on solids content, particle size and
composition, hydration, and the stage of digestion
[20,83]. Reported behaviors include shear-dependent
viscosity, viscoelasticity, and yield-like responses,
although their relative importance varies among
digesta compositions and experimental conditions
[20]. When shear-thinning behavior is present,
increases in local shear rate reduce apparent viscosity
and thereby modify the velocity field and mixing
generated by intestinal contractions [20,23].
Computational studies further indicate that the
interaction between contraction kinematics and
luminal rheology can alter axial transport and solute
transfer toward the mucosal surface [23,25,84]. These
properties evolve continuously during gastrointestinal
transit as digestion, secretion, absorption, and changes
in particulate structure modify the composition of the
luminal contents [20,83].

Table 1. Composition, rheological characteristics, and microbial relevance of intestinal chyme and mucus [14-18,20,29,30,35,36,83,85-

88,90].

Feature Chyme

Intestinal mucus

Material composition

gases, and microorganisms

Rheological behavior

Heterogeneous multiphase digesta containing water,
electrolytes, digestive products, food particles, enzymes,

Composition-dependent and often non-Newtonian; may

Highly hydrated, mucin 2-based gel containing electrolytes,
lipids, immunoglobulins, trefoil factors, antimicrobial
molecules, and other secreted components

Nonlinear viscoelastic behavior with shear thinning, apparent

exhibit shear-dependent viscosity, viscoelasticity, plasticity, yielding, and partial recovery. Bulk rheology reflects volume-

and multiphase flow

Major determinants

Regional and temporal
variation

Microbial relevance

Food composition, solids content, particle size, hydration,
digestive stage, temperature, and applied shear conditions

Changes during gastrointestinal transit as digestion,
secretion, absorption, and luminal composition evolve

Influences luminal mixing, nutrient and metabolite
transport, microbial residence, growth, and washout

averaged properties, whereas microrheology is probe-size
dependent; nanoscale particles, individual bacteria, and larger
aggregates may experience markedly different local
mechanical resistance.

Intestinal region, mucin and protein concentration, hydration,
lipid and ionic composition, disease state, sample handling,
and test protocol

Varies among intestinal regions. Rat small-intestinal mucus
shows regional differences in viscosity and viscoelasticity;
colonic mucus contains a dense inner layer and a more
penetrable outer layer

Influences bacterial movement through mucus, epithelial
access, and the spatial separation of luminal bacteria from the
colonic epithelium
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2.3.2 Mucus rheology

Intestinal mucus is a highly hydrated, mucin-rich
hydrogel in which Muc2 forms the principal gel-
forming scaffold in the intestine [16,35,85]. Its
mechanical behavior is nonlinear and time dependent,
with reported values varying according to intestinal
region, hydration, mucin concentration, ionic
composition, disease state, sample handling, and the
rheological protocol used [16,29,30,86]. Native and
model mucus preparations can exhibit shear-thinning
behavior [29,86,87], apparent yielding [86], and partial
recovery of viscoelastic properties after deformation
[30,88]. These responses should not be interpreted as
fixed material constants because they depend strongly
on sample origin, preparation, and deformation
history [29,86-88].

The mucus network derives its mechanical
properties from mucin polymerization, chain
entanglement, and reversible molecular interactions
[29,85,88]. Regional differences in composition and
organization further contribute to spatial variation in
rheology [16,29]. In the colon, mucus secretion and
expansion generate inner-to-outer differences in
density and material organization [18,35,85]. Small-
intestinal mucus also shows regional variation in
viscosity and viscoelasticity [29], although direct
measurements of layer-specific rheological gradients
remain limited [16,29].

Bulk rheology and microrheology describe
mucus mechanics at different spatial scales.
Conventional bulk rheometry measures properties
averaged over the sample volume, including viscosity
and viscoelastic moduli, while microrheological
approaches can resolve the local mechanical
environment encountered by micro- and nanoscale
entities [30,87]. This distinction is particularly
important for mucus because its structure is highly
heterogeneous. The resistance encountered by a probe
depends not only on the material itself but also on
probe size and its interactions with the mucin network
[30]. For example, small non-adhesive particles may
diffuse through relatively fluid regions and experience
an apparent viscosity far below the bulk value. As
particle size approaches the characteristic dimensions
of the mucin mesh, steric constraints become
increasingly important [30]. Individual bacteria and
larger bacterial aggregates may therefore encounter
different local mechanical environments, although
direct quantitative measurements at these biological
length scales remain limited. Bulk viscosity should not
be interpreted directly as the effective mechanical
resistance experienced by individual motile bacteria.

These observations emphasize that intestinal
mucus should be treated as a spatially, temporally,
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and scale-dependent viscoelastic material rather than
as a uniform hydrogel.

2.4 Solid mechanics of the intestinal wall and
extracellular matrix

The intestinal wall is subjected to both fluid-
derived and tissue-generated mechanical loads
[26,55,56]. Intraluminal pressure and wall shear stress
act at the luminal interface, whereas smooth-muscle
contraction produces circumferential and longitudinal
deformation, including local stretch and compression
[26,56]. These deformations are distributed across the
layered intestinal wall, whose extracellular-matrix
properties, stiffness, and viscoelasticity influence local
stress distribution and mechanical coupling [26,55,56].
More generally, dynamic fluid-solid interfaces couple
solid-phase strain and stiffness with fluid shear stress,
illustrating that these mechanical variables cannot
always be considered independently [89]. The
intestinal mechanical environment therefore emerges
from the interaction among luminal loading, active
wall  deformation, tissue  architecture, and
extracellular-matrix properties [26,55,56,89].

3. Bacterial mechanosensation in the
intestinal mechanical environment

Representative examples of bacterial
mechanosensing systems and their downstream
responses are summarized in Figure 2. These examples
illustrate diverse force-responsive strategies identified
in selected bacterial models, but their conservation
and ecological relevance within complex intestinal
communities remain to be established. Within the
intestine, bacteria experience diverse mechanical cues
arising from flow, surface interactions, mucus
confinement, and spatial constraints.
Mechanosensation enables bacteria to detect these
physical stimuli and convert them into intracellular

signaling responses through force-responsive
structures, adhesion systems, and regulatory
networks.  Current knowledge of bacterial

mechanosensing has been derived mainly from
selected model organisms and pathogens, including P.
aeruginosa, E. coli, and B. subtilis. These studies have
revealed representative mechanisms involving
flagellar load sensing, force-dependent adhesion, type
IV pilus-associated signaling, and mechanically
regulated second-messenger pathways. However,
whether these mechanisms are conserved in complex
intestinal ~ microbial communities, particularly
anaerobic commensals, remains largely unknown.
This section focuses on the molecular processes
underlying bacterial mechanosensing and signal
transduction, whereas their consequences for bacterial
behavior and spatial organization are discussed in
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Section 4. Representative mechanical cues and
bacterial responses in experimental models are
summarized in Table 2.

3.1 Mechanical sensors and force-responsive
structures

3.1.1 Flagellar motor: a mechanical sensor

In B. subtilis, the flagellar motor functions not
only as a motility apparatus but also as a force-
responsive sensory structure [47]. Genetic, clutch-
mediated, or physical inhibition of flagellar rotation
increased degU transcription and DegU-dependent
outputs, including exoprotease production and poly-
y-glutamate biosynthesis, implicating the DegS-DegU
two-component system in signaling downstream of
altered motor activity [47]. However, the molecular
mechanism linking rotational arrest to DegS activation
remains unresolved, and whether this pathway is
conserved among gut-associated bacteria remains
unknown [52,53].
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3.1.2 Type | pili (FimH): force-dependent adhesion
through catch bonds

Flow-chamber studies using mannosylated
surfaces demonstrated that tensile loading enhances
FimH-mediated adhesion under shear conditions
[39,40]. Structural and single-molecule studies further
showed that mechanical force promotes allosteric
rearrangement between the FimH lectin and pilin
domains, stabilizing a high-affinity ligand-bound state
[41,91,92]. The magnitude and force dependence of
this catch-bond response vary with FimH sequence,
ligand presentation, and mechanical loading
conditions [39-41,91-93]. These studies establish
FimH-mediated catch-bond adhesion as a
representative force-dependent adhesion mechanism
in selected E. coli strains. A distinct catch-bond
mechanism has also been identified in the
cellulosome-anchoring complex of Ruminococcus
champanellensis, where force stabilizes attachment to
cellulose fibers rather than host epithelial receptors
[42].

2. Representative
bacterial systems
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Figure 2. Representative bacterial responses to gut-relevant physical cues and transport processes. Fluid shear, surface contact, geometric confinement, near-surface flow, and
signal transport regulate bacterial adhesion, motility, surface residence, and biofilm-associated responses through distinct mechanisms. Representative examples include DegS—
DegU signaling following flagellar arrest in B. subtilis, FimH catch-bond adhesion in E. coli, type IV pili/PilY 1 -mediated c-di-GMP signaling and PilT/PilU-dependent surface retention
in P. aeruginosa, near-surface rheotaxis, Chp-dependent mechanotaxis, and flow-modulated quorum sensing. Rows A—F represent matched examples across columns 2—4 and
do not constitute a universal sequential pathway. Solid arrows indicate experimentally supported mechanism—output relationships in the indicated models. This figure was

created using Figdraw (www.figdraw.com).
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Table 2. Representative mechanical cues and bacterial responses in experimental models.

Mechanical Model Experimental system Observed response Supported mechanism Reference
parameter bacterium

Cell-scale P. aeruginosa Microfluidic flow over  Increasing force opposed cell Hydrodynamic loading counteracted  [38]
hydrodynamic force, an abiotic surface tilting, promoted a surface-  PilT/PilU-dependent type IV pilus

0.1-10 pN parallel orientation, and retraction and pilus-driven surface

prolonged surface residence departure

Wall shear stress 0.25- Type 1- Mannose-coated flow
4 Pa fimbriated E. coli chamber

Higher shear reduced
inhibitor-mediated

Force loading increased the lifetime of ~ [40]
the FimH-mannose catch bond

detachment and stabilized
FimH-dependent adhesion

Wall shear stress, Crohn’s disease- Surface-plasmon-

approximately 5-100  associated

mPa adherent-
invasive E. coli
and other E. coli

mannosylated surfaces

AIEC isolates generally
resonance flow assay on showed weaker shear-
dependent changes in
adhesion; LF82 was nearly
shear-insensitive under the

Natural FimH sequence variation, [99]
including interdomain substitutions,

was associated with altered shear
responsiveness

pathovars tested conditions
Tensile loading of Type 1- Structural, kinetic,and ~ Stabilized the high-affinity =~ Force-induced separation and [41,91-93]
FimH fimbriated E. coli molecular studies ligand-bound state of FimH rearrangement of the lectin and pilin
domains regulate catch-bond formation

Flagellar rotation B. subtilis Genetic inhibition, Increased degU Flagellar motor arrest activated the [47,101]
arrest clutch-mediated arrest,  transcription and DegU~P-  DegS-DegU regulatory pathway; the

and physical restriction ~ dependent exoprotease and upstream coupling mechanism remains

of flagellar rotation poly-y-glutamate unresolved

production

Substrate stiffness, Myxococcus Uncoated Colony expansion increased A-motility-associated surface adhesion [100]
0.5-12 kPa; controlled  xanthus polyacrylamide with stiffness; adventurous — machinery contributed to stiffness-
series 1.5-5 kPa hydrogels and motility ~ motility was more stiffness- dependent expansion; surface

mutants sensitive than type IV pilus- chemistry also affected the response

dependent social motility

3.1.3 Type IV pili: PilY I-mediated force sensing

Type IV pili (T4P) are dynamic surface filaments
involved in adhesion and twitching motility in several
bacterial species [45]. Their mechanosensory functions
and downstream signaling pathways are species- and
strain-dependent [45,46]. In P. aeruginosa, experiments
have shown that both T4P and the pilus-associated
protein PilY1 are necessary for the increase in
intracellular c-di-GMP triggered by shear [43]. Force-
induced conformational changes of PilY1 contribute to
surface sensing and downstream c-di-GMP signaling
[46], while single-molecule studies further
demonstrate the force-dependent mechanical behavior
of PilY1 [44]. These studies identify a T4P/PilY1-
dependent mechanotransduction pathway in defined
P. aeruginosa strains [43,46].

3.2 Second messenger signaling under
mechanical stimulation

Cyclic dimeric guanosine monophosphate (c-di-
GMP) is a widespread bacterial second messenger that
controls the balance between motile and surface-
associated lifestyles and regulates a broad range of
adaptive behaviors [52,53]. Mechanical stimuli,
including fluid shear [43] and surface contact or
surface mechanics [94], can modulate c-di-GMP
signaling through force-responsive regulatory
pathways in selected bacterial models.

One such pathway has been characterized in P.
aeruginosa. Here, mechanical input sensed through

T4P and PilY1 can be transmitted to the c-di-GMP
network [43]. Genetic studies identified the
diguanylate cyclase SadC as a downstream
component of PilYl-dependent mechanosensing,
although the molecular events linking mechanical
force perception to SadC activation remain
incompletely resolved [95]. Biophysical and structural
evidence is consistent with this model, showing that
PilY1 changes conformation under mechanical loading
[44,46]. Once c-di-GMP levels rise, the response
extends beyond force sensing itself, promoting
transcriptional programs involved in surface
adaptation and extracellular matrix production
[52,53,94].

Mechanical signals can also be integrated
through phosphorylation-based regulatory systems.
In B. subtilis, inhibition of flagellar rotation activates
the DegS-DegU two-component signaling pathway,
leading to increased deglU transcription and DegU~P-
dependent regulation of downstream targets,
including exoprotease production and poly-y-
glutamate biosynthesis [47]. These examples illustrate
that bacteria can convert mechanical perturbations
into intracellular regulatory states through both
second messenger systems and two-component
signaling pathways [52,53]. However, whether these
mechanisms are conserved among intestinal
commensals and contribute substantially to host-
associated microbial communities remains unclear
[52-54].
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3.3 Molecular effectors downstream of
mechanical signaling

Mechanical signaling pathways ultimately
influence bacterial phenotypes through regulation of
specific molecular effectors [52,53]. In P. aeruginosa,
activation of the PilY1-SadC-c-di-GMP pathway
induces transcriptional programs associated with
surface-associated growth and extracellular matrix
production [43]. The c-di-GMP-regulated
transcriptional regulator FleQ has been implicated in
controlling  biofilm-associated gene expression,
including pathways involved in extracellular matrix
synthesis [96].

In B. subtilis, activation of the DegS-DegU
pathway following flagellar motor perturbation
regulates downstream transcriptional responses,
including genes involved in extracellular enzyme
production and poly-y-glutamate biosynthesis [47].
This provides a clear example of how a mechanical
disturbance can be coupled to a specific transcriptional
response through an established bacterial regulatory
system [47,52,53].

Mechanical forces can also directly regulate
adhesion-associated proteins. In type 1-fimbriated E.
coli, tensile loading induces structural rearrangement
of the FimH adhesin, stabilizing a high-affinity ligand-
binding conformation through a catch-bond
mechanism [41,91,92]. Thus, mechanically regulated
bacterial responses can occur through multiple
molecular mechanisms, including transcriptional
regulation, second messenger-dependent pathways,
and force-dependent modulation of adhesion proteins
[41,47,91,92].

3.4 Mechanical regulation of extracellular
signaling environments

Mechanical conditions can influence bacterial
communication by regulating the transport and
accumulation of extracellular signaling molecules.
Quorum-sensing activation depends on signal
production, degradation, molecular diffusion,
advective transport, and spatial confinement [50].
Flow therefore affects local signal concentrations by
modifying molecular accumulation, dilution, and
removal, thereby influencing the threshold required
for signal activation [50].

Computational analyses have shown that flow
geometry and bacterial spatial organization can alter
quorum-sensing dynamics by changing signal
transport and retention [50]. Experimental studies
further indicate that shear conditions influence
quorum-sensing-associated responses in a context-
dependent manner. In P. aeruginosa, different shear
environments  altered  acyl-homoserine-lactone
production, although the magnitude and direction of
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these changes depended on strain background and
environmental conditions [97].

Extracellular signaling may also interact with
intracellular regulatory networks. In several bacterial
systems, quorum sensing and c-di-GMP signaling
regulate overlapping surface-associated programs,
although the molecular relationship between these
pathways varies among species [98]. In a gut-inspired
porous microfluidic system, flow altered the spatial

distribution of autoinducer-2 (Al-2), generating
chemical gradients that affected bacterial
accumulation through changes in chemotactic

behavior [51]. It is not yet clear whether comparable
transport-signaling interactions occur in the native
intestinal lumen.

3.5 Context dependence of bacterial
mechanosensing

Bacterial responses to mechanical cues vary with
genetic background, surface characteristics, and
experimental setting [40,93,99]. FimH-mediated
adhesion under shear provides a representative
example of such variability. Comparative analyses of
Crohn’s disease-associated adherent-invasive E. coli
(AIEC) and other pathogenic isolates demonstrated
strain-dependent differences in shear-responsive
adhesion, with the AIEC strain LF82 showing limited
shear-dependent changes under the tested conditions
[99]. Thus, species identity alone is not sufficient to
predict how a bacterium will respond mechanically.
Several factors may contribute to this variability,
including differences in adhesin sequence [99], ligand
presentation, mechanical loading conditions [40,93],
and the surrounding physicochemical environment.
Each of these factors can alter force-dependent
responses. Mechanical conditions in the intestine may
therefore contribute to bacterial fitness, but evidence
that they directly select for, or drive the emergence of,
specific bacterial traits is still limited [52-54,99].

3.6 Non-intestinal models revealing bacterial
mechanical responses

Non-intestinal bacterial systems have provided
additional insights into how microorganisms respond
to mechanical properties of their surrounding
environments [52,53]. In the soil bacterium
Myxococcus xanthus (M. xanthus), substrate stiffness
influences collective colony expansion [100].
Experiments using motility mutants demonstrated
that this response was primarily associated with
adventurous motility, whereas type IV pilus-
dependent social motility showed weaker stiffness
dependence [100]. The response of M. xanthus was
also influenced by substrate surface chemistry,
indicating that bacterial adaptation can integrate both
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mechanical and chemical properties of the
extracellular environment [100]. Although substrate
stiffness sensing has not been directly demonstrated in
intestinal microbial communities, these studies
broaden the known range of bacterial
mechanobiological responses beyond fluid-derived
forces. Further investigations are required to
determine whether similar mechanisms contribute to
bacterial adaptation within mechanically complex
host-associated environments.

4. Intestinal mechanics and microbial
spatial organization

Intestinal mechanics contributes to microbial
spatial organization by modifying physical constraints
on microbial transport and habitat accessibility
[15,19,31-33]. Motility-driven flow and intestinal
deformation [15,63], mucosal architecture [19,31,32],
and mucus organization [18,35] collectively generate
heterogeneous physical environments that influence
microbial retention and community assembly
[15,19,31-33,63]. Mechanical influences do not act in
isolation. Their effects are shaped by nutrient
conditions, host-derived signals, and interactions
among microbial populations [19,33,34]. Microbial
distribution in the gut is therefore more appropriately
understood as the outcome of interacting physical and
biological processes, with mechanics representing
only one part of this system [19,33,34].

4.1 Geometry- and motility-dependent
microbial retention

Intestinal geometry can generate spatial
heterogeneity in microbial distribution by modifying
local transport pathways and bacterial escape
dynamics [15,31-33]. In larval zebrafish, motile E. coli
preferentially accumulated within intestinal folds, and
biomimetic microfluidic systems further
demonstrated that fold-like geometries could promote
bacterial retention by restricting escape from confined
regions [31]. Computational work reached a similar
conclusion,  identifying  both  hydrodynamic
confinement and steric interactions as contributors to
bacterial persistence in groove-like geometries [32].
These studies provide direct evidence that geometric
features can influence bacterial localization in defined
systems, although the resulting spatial patterns also
depend on bacterial motility, chemotaxis, and
adhesion properties.

Mucosal structures do not simply generate
uniformly protected microbial niches. Villi, folds, and
wall motion continually alter the local flow field, so the
mechanical environment near the mucosal surface is
spatially and temporally variable [24,25,28,82]. The
effect of mucosal geometry depends on contraction
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kinematics, fluid rheology, and anatomical scale
[20,23-25,28]. Although intestinal crypts have been
proposed as potential microbial habitats [19], direct
evidence that human crypt geometry functions as a
hydrodynamic reservoir remains limited. In the
healthy colon, the dense inner mucus layer also
restricts bacterial access to the epithelial surface [18,35]
and may counteract geometry-driven accumulation.

Bacterial motility further determines the balance
between retention and washout. In gut-like
microfluidic systems, flow velocity and peristaltic-like
deformation altered bacterial distribution and growth
patterns [15]. In larval zebrafish, intestinal motility
affected competition between Aeromonas and Vibrio;
when motility was reduced, coexistence between the
two became more likely [63]. These findings suggest
that host-generated motion can modify microbial
community structure in simplified or tractable model
systems. Whether the same type of mechanical control
operates in complex mammalian microbiomes
remains uncertain.

4.2 Mucus-associated spatial segregation

Mucus influences how readily intestinal bacteria
can reach the epithelial surface through both its
mechanical properties and chemical composition
[14,16,35]. In the healthy colon, the dense inner Muc2-
dependent mucus layer largely excludes bacteria from
direct contact with epithelial cells, while the outer
layer is more accessible to microbial colonization
[18,35]. This organization differs across intestinal
regions, as mucus thickness, attachment, composition,
and rheological properties vary between the small
intestine and colon [16,29,35].

Microbial transport within mucus cannot be
explained solely by physical exclusion based on pore
size [14,16]. Bacterial movement depends on cell size
and shape, motility, adhesin-mediated interactions,
mucus composition, and local viscoelastic properties
[14,16,30]. This complexity is important when
interpreting in vitro studies. Purified mucins and
artificial mucus formulations reproduce selected
features of the native material, but they do not
necessarily capture its full structural heterogeneity or
its continual remodeling in vivo [16,87,88].

Access to mucus-associated habitats depends on
both physical transport and the ability of bacteria to
interact with and adapt to their local environment
[14,16,35]. Flagella, pili, adhesins, mucus-degrading
enzymes, and resistance mechanisms can contribute to
mucus-associated colonization in selected species
[16,35], but no single appendage-mediated mechanism
explains microbial positioning across the intestinal
microbiota. Mucus is better understood as a dynamic
and selective habitat that continually shapes microbial
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localization, rather than as an inert barrier separating
bacteria from the epithelium [14,16,35].

4.3 Flow-mediated metabolic exchange and
community assembly

Intestinal flow affects more than bacterial
transport and retention. By changing the local
distribution of nutrients, metabolites, and extracellular
signaling molecules, it can also alter the conditions
under which microbial populations interact [15,33,34].
Representative experimental systems illustrating how
mechanical conditions influence microbial surface
residence, spatial distribution, and community
interactions are summarized in Figure 3. Flow may
wash out weakly retained cells and dilute extracellular
products, while also facilitating metabolite exchange
between spatially separated populations [15,33].

In defined gut microbial communities, flow
altered the spatial organization of metabolic
interactions and influenced community composition
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by redistributing extracellular metabolites and shared
resources [33]. Under specific experimental
conditions, intermediate transport rates have been
reported to facilitate metabolic interactions between
neighboring populations, whereas stronger removal
can reduce local metabolite availability [33]. Flow can
therefore reorganize metabolic interactions rather than
simply wash microorganisms out of the system.

The relationship between flow and microbial
attachment is similarly context dependent. As
described in Section 3, force-responsive adhesion and
mechanically regulated surface-associated responses
vary among bacterial species, strains, and molecular
systems [38-40,43]. A change in shear rate therefore
does not predict attachment or dispersal in a uniform
way. Surface structures, adhesion mechanisms,
environmental chemistry, physiological state, and the
surrounding microbial community can all influence
the outcome. In surface-colonization models, flow has
also been shown to affect growth and population
heterogeneity within attached communities [102].
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Figure 3. Representative experimental evidence linking intestinal mechanical conditions to microbial spatial organization. (A) Flow-dependent surface residence of Pseudomonas
aeruginosa mediated by type IV pili. Microfluidic flow experiments showed that hydrodynamic loading opposed pilus-driven cell tilting and influenced surface retention versus
departure behavior. Adapted with permission from [103], copyright 2024 American Physical Society. (B) Spatial redistribution of motile Escherichia coli Nissle in a mechanically
dynamic three-dimensional gut-on-chip model. Cyclic shear flow and epithelial expansion altered bacterial localization relative to epithelial structures and mucus-like regions.
Adapted with permission from [64], copyright 2025 Wiley-VCH GmbH. (C) Motility-dependent microbial competition in the larval zebrafish intestine. Host intestinal motility
influenced the spatial interaction and competitive dynamics between Aeromonas and Vibrio populations. Adapted with permission from [63], copyright 2016 Public Library of
Science. Together, these studies provide representative evidence that mechanical conditions can influence microbial residence, spatial distribution, and ecological interactions
in defined experimental systems. However, they do not establish a universal mechanical rule governing intestinal microbial organization across species or communities.
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Regional patterns in the intestinal microbiota are
likewise shaped by more than local mechanics. Transit
and luminal flow operate alongside nutrient
availability and local chemical conditions [34,36],
oxygen gradients [37], mucus organization and host-
derived factors [19,35], and microbial interactions
[19,33]. The microbial patterns observed along the
gastrointestinal tract emerge from these processes
acting together, with mechanical conditions
representing only one part of the local ecological
environment.

4.4 Evidence gaps in mechanically mediated
microbial organization

Altered motility and transit dynamics [4,9],
mucus organization [35], and tissue mechanics [104]
are associated with inflammatory and functional
gastrointestinal disorders. These changes may
influence  microbial residence and washout
[15,17,31,32] and mucosal accessibility [16,18,35].
However, their specific contributions are difficult to
separate from concurrent alterations in diet,
medication exposure, inflammation, epithelial
permeability, and immune activity [19,105,106].
Mechanical dysregulation should therefore be
considered as a potential modulating factor in
microbial imbalance rather than a general initiating
mechanism [106].

Crohn’s disease-associated adherent-invasive E.
coli isolates exhibit strain-dependent FimH-mediated
adhesion responses under flow conditions. The LF82
strain, a widely used AIEC reference isolate, showed
limited shear-dependent changes in adhesion across
the tested shear conditions [99]. Force-responsive
adhesion clearly varies among E. coli strains, but the
available data do not show that these phenotypes
arose directly from inflammatory mechanical
conditions [99]. Differences in host receptor
presentation, inflammation, pre-existing bacterial
variation [99], and other selective pressures may also
contribute to pathobiont expansion [105].

Tissue stiffening adds another possible
mechanical connection. Increased intestinal stiffness
associated with fibrosis has been reported in
inflammatory bowel disease [104]. Luminal bacteria,
however, are physically separated from the
extracellular matrix by the mucus layer, epithelium,
and basement membrane [18,35,36]. Changes in tissue
mechanics are therefore more likely to affect microbial
communities indirectly, for example by altering
epithelial deformation, mucus organization, host
signaling, inflammation, or intestinal motility, rather
than through direct sensing of matrix stiffness by
luminal bacteria [26,104].

A major limitation of the current literature is that
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most experimental systems reproduce only part of the
mechanical and microbial complexity of the intestine
[59,60,72,73]. Models that more closely resemble the
native environment will need to account for segment-
specific flow, native mucus properties, anaerobic
conditions, host-derived signals, and interactions
among multiple microbial species [59,60,62,64,65,72].
Combining these models with bacterial-scale force
measurements and genetic perturbation could help
distinguish direct responses to mechanical cues from
indirect effects associated with host pathology.

Intestinal mechanics can affect microbial
retention, washout, mucus-associated segregation,
and metabolite exchange, but the magnitude and
direction of these effects vary with bacterial traits,
community composition, and local physicochemical
conditions [19,106]. A simple distinction between low-
and high-shear environments is therefore not
sufficient to explain microbial organization in the gut.
Section 5 examines the opposite direction of this
relationship by considering how microbial activity can
modify intestinal mechanical properties.

5. Reciprocal host-microbiota influences
on the intestinal mechanical environment

Host-generated mechanical conditions regulate
microbial  transport, retention, and spatial
organization, whereas microbial activity and
inflammatory responses can modify the physical
properties of the intestinal habitat. These reciprocal
interactions involve changes in mucus organization,
epithelial barrier function, intestinal motility, and
tissue remodeling. However, current evidence
remains heterogeneous across microbial taxa, host cell
types, and experimental models. This section discusses
how host responses to mechanical stimuli influence
microbial habitats and how microbial and
inflammatory signals reshape intestinal mechanical
properties.

5.1 Host mechanosensation modulates
microbial habitats

Host mechanosensation can influence microbial
habitats by regulating mucus integrity [57] and
intestinal motility and inflammatory homeostasis [58].
Among identified mechanosensitive pathways,
PIEZO1 provides direct evidence linking mechanical
sensing with habitat-relevant intestinal functions
[57,58]. In mice, goblet-cell-specific PIEZO1 deficiency
reduced goblet-cell abundance, Muc2 expression, and
inner mucus-layer integrity, accompanied by
alterations in fecal and mucosa-associated microbiota
[57]. Enteric-neuronal PIEZO1 also contributes to
force-dependent regulation of intestinal motility and
inflammatory homeostasis [58]. These findings
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indicate that host mechanosensing can modify
microbial = habitats  through  cell-type-specific
regulation of mucus organization and intestinal
physiology. However, microbiota alterations
following PIEZO1 perturbation may result from
multiple downstream changes, including altered
mucus properties, antimicrobial defense, epithelial
function, and inflammation, rather than from
mechanical sensing alone [57]. Direct evidence
connecting individual host mechanotransduction
pathways with microbial spatial organization remains
limited [59,60]. Representative evidence linking host
mechanosensation with mucus-barrier remodeling
and microbiota-associated changes is summarized in
Figure 4A.

5.2 Microbial and inflammatory regulation of
intestinal mechanical properties

Microbial activity and inflammatory signaling
can modify host properties that help shape the
intestinal mechanical environment, including mucus
organization, epithelial integrity, smooth-muscle
activity and tissue stiffness [35,104,107-109].
Inflammatory disorders are frequently accompanied
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by altered mucus production and organization [35],
which can change the material properties [16,30,86]
and protective function of the mucus layer [35,57]. In
epithelial models and experimental colitis, tumor
necrosis factor-like cytokine 1A (TL1A) promotes
bacterial internalization and transcytosis through
myosin light chain kinase 2 (MLCK2), the shorter
splice variant of long MLCK, contributing to epithelial
barrier dysfunction [110]. Although this pathway does
not directly represent bacterial sensing of mechanical
cues, it illustrates how inflammatory signaling can
remodel host structures that regulate microbial
accessibility. Inflammation-associated tissue
remodeling can also modify the solid mechanical
properties of the intestine. Fibrotic remodeling in
inflammatory bowel disease is associated with
increased intestinal  stiffness [104]. Luminal
microorganisms are separated from the extracellular
matrix by mucus, epithelium and basement membrane
[18,35,36]. Changes in tissue mechanics are therefore
more likely to affect the microbiota indirectly through
epithelial deformation, mucus organization, immune
signaling, or altered motility than through direct
sensing of matrix stiffness by luminal bacteria.
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Figure 4. Representative evidence linking host mechanosensation and intestinal mechanical alterations with microbiota-associated phenotypes. (A) Direct evidence from goblet-
cell-specific PIEZO | -deficient mice. Loss of goblet-cell PIEZOI altered goblet-cell abundance, mucin 2 expression, and colonic mucus barrier integrity, accompanied by changes
in fecal and mucosa-associated microbiota. Adapted with permission from [57], copyright 2022 Frontiers Media SA. (B-C) Disease-model-associated changes in intestinal
metabolites and microbiota. In a loperamide-induced constipation mouse model, altered intestinal transit was associated with changes in cecal short-chain fatty acid profiles (B)
and correlations between bacterial taxa, constipation-related phenotypes, gastrointestinal transit, and enteric nervous system indices (C). These findings represent associations
between altered intestinal function and microbial/metabolic profiles rather than direct evidence of mechanical causality. Adapted with permission from [115], copyright 2023
Frontiers Media SA. Together, these examples illustrate different levels of evidence linking intestinal mechanical regulation with microbiota-associated changes, ranging from
mechanistic host genetic perturbation to disease-associated correlations.
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Microbial metabolites can also regulate intestinal
motility through interactions with the enteric nervous
system [107-109]. Short-chain fatty acids and other
microbially derived signals influence enteric neural
activity and smooth-muscle function, although these
effects depend on metabolite concentration, receptor
distribution, intestinal region and host state [107-109].
What is still poorly defined is how individual
microbial signals translate into measurable changes in
luminal flow, mucus rheology, or intestinal wall
mechanics [59,60].

5.3 Causal uncertainty of mechanical-
microbial alterations in gastrointestinal
disorders

Altered intestinal motility and microbial
composition frequently coexist in gastrointestinal
disorders, including irritable bowel syndrome, chronic
constipation, and small intestinal bacterial overgrowth
[4,59,111,112]. Irritable bowel syndrome is also
associated with barrier dysfunction and altered
sensory signaling [111]. The temporal relationship
among these abnormalities is difficult to resolve.
Mechanical dysfunction may precede changes in the
microbiota, arise as a consequence of them, or develop
alongside microbial alterations through shared
inflammatory and metabolic processes [9,111].

In irritable bowel syndrome, altered bowel
habits, microbial composition, immune activity, and
sensory signaling may occur simultaneously [111]. In
mice, enteric-neuronal PIEZO1 regulates
gastrointestinal ~ motility and  inflammatory
homeostasis [58], but a comparable mechanistic link
has not yet been established in human irritable bowel
syndrome. In a post-infectious irritable bowel
syndrome mouse model, reduced interstitial cells of
Cajal and increased intraepithelial lymphocytes were
associated with small intestinal bacterial overgrowth
[113]. The model connects inflammation, impaired
motor regulation, and microbial expansion, but it does
not clarify which event occurs first or which process
drives the others.

A similar problem applies to chronic
constipation. Slower transit prolongs luminal
residence time and is associated with differences in
microbial composition [4,9]. Changes in metabolites
and microbiota-associated features have also been
reported in constipation models (Figure 4B-C), but
these observations do not establish the direction of
causality. Fecal microbiota transplantation has
improved bowel symptoms and modified microbial
profiles in selected patients with functional
constipation [114]. However, whether these effects
arise from restoration of intestinal mechanics,
microbial metabolites, immune modulation, or other
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mechanisms remains unclear.

Small intestinal bacterial overgrowth is
associated with impaired intestinal clearance, but also
with anatomical abnormalities, altered antimicrobial
defenses, medication exposure, and underlying host
diseases [5,112]. Impaired motility alone is therefore
insufficient to explain microbial accumulation in the
small intestine. Across these disorders, the available
evidence points to close interaction between microbial
and mechanical alterations, while the direction of
causality is often difficult to establish [4,5,9,112].

5.4 Causal boundaries and research priorities

Establishing causal relationships between
intestinal mechanics and microbiota requires evidence
that defined mechanical perturbations produce
specific host or microbial responses [43,46,57,58] and
lead to reproducible changes in microbial organization
or function. Few studies currently integrate these
processes within the same experimental system
[59,60,72,73].

Future studies should integrate mechanical,
microbial, and molecular measurements, including
intestinal motility, regional transit, mucus rheology
[88], tissue mechanics, microbial spatial organization
[64,65], and metabolite profiles. Cell-type-specific host
perturbations [57,58], microbial genetic approaches
[43,46], anaerobic multispecies models [62], and
longitudinal human studies will be required to
distinguish direct mechanical effects from those
mediated by inflammation, diet, medication, and host-
derived factors [59,60,62]. Such integrated approaches
will clarify when host-microbiota mechanical
interactions represent causal regulatory mechanisms
rather than secondary consequences of intestinal
dysfunction.

6. Frontier technologies and models for
intestinal mechanical-microbial research

6.1 Reductionist epithelial and mucus models

Enteroids and colonoids derived from adult
intestinal stem cells, and human intestinal organoids
derived from pluripotent stem cells, retain distinct
epithelial, regional and donor-associated properties
and should not be treated as interchangeable model
systems [81,116,117]. Air-liquid interface and mucus-
producing epithelial cultures enable investigation of
mucus secretion and in situ rheology [88,118]. These
reductionist systems are well suited to epithelial and
mucus mechanisms but generally lack physiological
luminal flow, vascular and neural components,
immune complexity and stable multispecies microbial
communities [81,116,117]. Native mucus, collected
mucus and mucus surrogates should also be
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distinguished because sample origin, collection and
preparation substantially affect measured rheological
properties [16,29,30,87].

6.2 Coupled microphysiological systems

Microphysiological systems permit controlled
manipulation of luminal flow, cyclic deformation,
oxygen availability, epithelial geometry and microbial
exposure [61,62,64,89,119]. Representative examples of
mechanodynamic gut-on-chip applications are shown
in Figure 5, illustrating how controlled mechanical
inputs can regulate epithelial organization and host-
microbe interactions. Anaerobic intestine-on-chip
systems can maintain human intestinal epithelium
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together with complex aerobic and anaerobic
microbial communities under controlled oxygen
gradients [62]. Mechanodynamic chips have been used
to examine epithelial differentiation [119], single-cell
transcriptional responses [66] and pathogen invasion
under peristalsis-like deformation [61,66,119,120].
Tunable-flow microbiome chips and bioprinted
intestinal models extend these approaches to microbial
spatial  organization and geometry-dependent
transport [64,65,121]. Model relevance nevertheless
depends on epithelial source, mucus production,
oxygen control, microbial complexity, surface material
and the imposed flow or deformation waveform
[60,72,73].
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Figure 5. Representative mechanodynamic gut-on-chip models for studying host mechanical responses and microbial interactions. (A) Flow- and strain-dependent epithelial
remodeling in a gut-on-chip model. Caco-2 intestinal epithelial cells cultured under dynamic flow and cyclic strain exhibited distinct morphological organization compared with
static Transwell cultures, demonstrating that mechanical cues influence epithelial architecture. Adapted with permission from [66], copyright 2022 Elsevier Inc. (B) Peristalsis-
like mechanical regulation of Entamoeba histolytica invasion in a three-dimensional intestinal model. Three-dimensional reconstructions demonstrate altered parasite invasion
patterns under different mechanical deformation conditions and protease inhibition treatments, indicating that host mechanical states can influence pathogen—epithelium
interactions. Adapted with permission from [61], copyright 2022 American Association for the Advancement of Science. Together, these examples illustrate the capability of
mechanodynamic gut-on-chip systems to dissect how controlled mechanical perturbations influence host epithelial states and microbial interactions. These models nevertheless
reproduce only selected features of the native intestinal environment.
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6.3 In vivo models and longitudinal imaging

Larval zebrafish provide optical access to
intestinal motility, bacterial localization, aggregation
and competition at high spatial and temporal
resolution [31,63,67,122]. These studies have directly
demonstrated motility-dependent redistribution and
competitive exclusion [63], but quantitative translation
to the mammalian intestine remains limited by
anatomical and physiological differences [122]. Mouse
models enable cell-type-specific genetic perturbation
and whole-organism analysis. Goblet-cell and enteric-
neuronal PIEZO1 models have linked host
mechanosensation to mucus-barrier properties,
motility, inflammation and microbiota-associated
changes [57,58]. Laboratory mouse microbiota and
immune phenotypes are also influenced by housing
and microbial history, and microbiota-depleted or
transplantation models should therefore be treated as
perturbation systems rather than neutral physiological
baselines [108].

Live and four-dimensional imaging provide
longitudinal information on tissue deformation,
bacterial localization, aggregation and pathogen
invasion [61,63,67]. However, local forces, stresses and
pressure fields are commonly inferred from observed
deformation or computational reconstruction rather
than measured directly.

6.4 Computational and data-integrated
models

6.4.1 Flow and transport models

Flow and transport models quantify how wall
motion, mucosal geometry, luminal rheology and
absorption influence velocity fields, mixing, shear and
solute transport [17,23-25,76,78,82,123,124]. These
approaches range from idealized active-wall and
peristaltic-tube models to villi-resolved and multiscale
transport simulations [24,25,76,82]. Their predictions
are sensitive to constitutive equations, boundary
conditions, contraction waveforms and parameter
values, many of which are obtained from simplified,
animal or non-physiological systems [59,124].
Geometry-resolved microfluidic and computational
models provide evidence for bacterial retention within
idealized fold- or groove-like structures [31,32], but
these findings do not establish that human intestinal
crypts function as hydrodynamic microbial reservoirs
in vivo.

6.4.2 Microbial population and community models

Microbial population models couple
hydrodynamic transport with bacterial growth,
nutrient utilization, taxis, diffusion and washout
[17,68,69,71]. In a zebrafish intestinal model, biological
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taxis generated Dbacterial aggregation, whereas
intestinal peristalsis reduced aggregation through its
mixing effect [71]. This result illustrates that microbial
activity and hydrodynamics must be modeled jointly
rather than treating flow as the sole determinant of
spatial organization. Colon-scale models further show
that dietary substrate input, microbial growth and
luminal transport interact to generate longitudinal
community structure [69].

6.4.3 Hybrid multiscale and data-driven models

Hybrid models combine continuum transport
equations, agent-based representations and genome-
scale metabolic networks to examine microbial spatial
organization and metabolic interactions. MetaBiome
integrates agent-based modeling, finite-volume
transport and genome-scale metabolic models to
simulate mucosal microbial communities [70].
Machine-learning methods may assist parameter
inference, model reduction and integration of multi-
omics data, but prospective validation, uncertainty
quantification and direct incorporation of patient-
specific mechanical measurements remain limited
[125,126].

Medical digital-twin concepts provide a prospective
framework for integrating imaging, motility and
pressure measurements, microbial profiles, molecular
data and clinical observations [127-130]. A patient-
specific intestinal mechanical-microbial twin would
require multimodal inputs spanning organ-scale to
microscale physiology, potentially including high-
resolution intestinal manometry for pressure and
contractile patterns [131], dynamic magnetic
resonance imaging for intestinal wall kinematics and
regional transit [132], ex wivo microrheological
characterization of mucus or tissue samples [30,87,88],
and spatially resolved metagenomic profiling of
microbial communities [133]. A major computational
challenge is the coupling of continuum-scale
descriptions of luminal flow and intestinal wall
mechanics with discrete agent-based representations
of individual microbial cells and communities [134].
The wide separation in spatial and temporal scales,
together with the large number of microbial agents
required for physiologically relevant simulations,
creates substantial demands for parameterization,
computation, and cross-scale validation [134]. To our
knowledge, no prospectively validated patient-
specific ~ intestinal = mechanical-microbial  twin
currently predicts microbiota responses to a
predefined mechanical intervention. Digital twins
should therefore be presented as a long-term research
objective rather than an established intestinal research
or clinical platform [127-130]. The applications and
major limitations of current experimental and
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computational models are summarized in Table 3.

7. Translational opportunities for
mechanics-informed microbiota
modulation

Direct clinical evidence for mechanics-guided
microbiota modulation remains limited; the following
sections therefore distinguish established associations,
preclinical evidence, and design hypotheses.

7.1 Motility and transit as modifiable physical
variables

Motility and transit influence microbial
residence, washout, nutrient access and competitive
dynamics in theoretical, gut-like channel and animal
models [9,15,17,63]. Slower transit is associated with
constipation-related microbial alterations [4], whereas
impaired migrating motor activity and small-intestinal
clearance are recognized contributors to SIBO risk
[5,75,79,112,140]. These findings identify motility and
transit as plausible intervention variables, but clinical
studies rarely quantify regional transit, luminal
mechanics, microbial engraftment and ecological
outcomes within the same intervention. FMT in
functional constipation has been associated with
improvements in bowel symptoms and changes in
microbial profiles [114], whereas Saccharomyces
boulardii reduced breath-test-defined SIBO in patients
with decompensated cirrhosis [141]. Neither study
established that the observed benefit resulted from
restoration of intestinal mechanical conditions.

7.2 Mechanics-informed delivery of
microbiota-based therapies

The survival, regional exposure and engraftment
of probiotics, engineered microorganisms and
transplanted communities may be influenced by
transit, luminal mixing, mucus interactions and
hydrodynamic washout [16,20,77,87,88,142].
Mechanics-informed delivery should therefore be
regarded as a design hypothesis that accounts for
segment-specific transit and mucus properties.
Candidate variables include formulation viscosity,
release kinetics, mucus adhesion or penetration,
carrier disintegration and resistance to advective
removal [16,77,87,88]. However, evidence from drug-
carrier and mucus studies cannot be directly
extrapolated to microbial engraftment, and clinical
evidence that matching formulation properties to
regional intestinal mechanics improves colonization
remains limited [142]. Strategies that enhance mucus
penetration must also preserve the native barrier and
avoid  increasing  epithelial  exposure  to
microorganisms [14,16,18,35].
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7.3 Host mechanosensors as experimental and
preclinical targets

The cell-specific evidence summarized in Section
51 identifies host mechanosensors as potential
experimental targets [57,58]. Therapeutic modulation
would nevertheless require compartment-specific
target engagement and safety evaluation because
PIEZO1 signaling is strongly dependent on cell type
and tissue context [56-58]. Available PIEZO1-
modulating compounds and mechanosensitive-
channel inhibitors remain primarily experimental
tools, and their selectivity, cell-type specificity,
systemic effects, and gastrointestinal safety require
careful evaluation [56]. Yodal and Dookul remain
pharmacological probes rather than clinically
validated therapeutics. Yodal has limited aqueous
solubility, and its apparent potency can vary with
formulation and experimental conditions [143].
Possible off-target and context-dependent effects also
remain a concern [143]. Dookul antagonizes Yodal-
evoked PIEZO1 activation [144], but its poor solubility
in body fluids and incompletely characterized
pharmacological profile limit its translational
application [145]. More importantly, neither
compound provides cell-type-specific modulation of
PIEZO1, which is broadly expressed across multiple
tissues and cell populations [56,143]. Systemic
administration may therefore alter PIEZO1 activity
outside the intended intestinal compartment.
Localized or cell-targeted delivery strategies may be
required to improve tissue specificity and reduce
systemic effects before host mechanosensors can be
considered viable therapeutic targets.

7.4 Requirements for clinical translation

Translational =~ studies  should  measure
mechanical, microbial and clinical endpoints within
the same prospective design. Mechanical endpoints
may include regional transit, contractile activity,
pressure patterns and, where feasible, mucus or tissue
properties; microbial endpoints should include
engraftment, spatial localization, community
composition and metabolite profiles. Studies targeting
host mechanosensors should additionally
demonstrate cell- or tissue-specific target engagement,
dose-response relationships, reversibility and safety.
Mechanistic claims will require evidence that
modification of a predefined mechanical variable
precedes and mediates a reproducible microbial
outcome after major confounders, including diet,
medication, inflammation and host secretion, have
been measured and controlled. Intestinal organ chips,
anaerobic multispecies systems and tunable-flow
models provide platforms for preclinical testing, but
prospective human validation remains necessary
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[59,60,62,64,65,72,73]. Future digital-twin approaches
will additionally require prospective integration and
validation of such multimodal mechanical, microbial

and clinical inputs at the individual-patient level [127-
130].

8. Conclusions and Outlook

Intestinal mechanics constitutes an important but
incompletely characterized regulatory layer of
microbial ecology. Motility, luminal flow, mucosal
geometry, mucus rheology and tissue deformation can
influence microbial transport, residence, adhesion,
metabolite exchange and host responses. These
physical processes operate together with nutrient
availability, oxygenation, bile acids, immune activity,
microbial metabolism and interspecies interactions
rather than acting independently or hierarchically
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[9,15,59]. Most mechanistic evidence currently comes
from controlled flow systems, selected bacterial or
animal models, and engineered intestinal platforms.
Much less is known about the mechanical conditions
experienced locally within the human intestine, and
direct evidence linking these conditions to changes in
microbial behavior is still scarce.

Future studies will need measurements of
intestinal mechanics at defined anatomical sites
together with experiments in anaerobic, multispecies
microbial communities. Collecting mechanical and
microbial data from the same subjects over time may
also help determine whether relationships identified
in experimental models are reproduced in humans.
This would provide a clearer basis for assessing

whether mechanical measurements add useful
information to microbiome-based diagnosis or
treatment.

Table 3. Comparison of models for intestinal mechanical-microbial research.

Method Applications Main Limitations References
Intestinal epithelial and organoid ~ Analysis of epithelial and mucus Conventional organoids lack physiological ~ [81,87,116,117,135]
models mechanisms and defined host-microbe flow, neural and vascular components,
interactions systemic immunity, and stable multispecies
communities; collected mucus and mucus
surrogates may differ from native mucus
Native and model mucus systems  Characterization of mucus rheology and Collection and purification can disrupt [16,29,87,88]

interactions among mucus, bacteria, and
delivery systems

Intestinal organ chips and related
microphysiological systems

spatial organization

Live and four-dimensional imaging
microbial interactions in organ chips and
transparent animal models

Larval zebrafish models Direct visualization and perturbation of
motility-dependent microbial spatial

dynamics

Mouse models, including
genetically modified and
microbiota-manipulated mice

and causal analysis of host-microbiota
interactions in vivo

Controlled study of mechanical effects on
epithelial differentiation, pathogen invasion,
anaerobic microbiota culture, and microbial

Longitudinal visualization of dynamic host-

Cell-specific mechanotransduction studies

Mechanistic flow, transport, and
microbial population models

Hybrid multiscale and data-
integrated models

Quantification of coupled wall motion, flow,
mixing, solute transport, bacterial growth,
taxis, and washout; testing mechanistic
hypotheses about microbial residence and
spatial organization.

Integration of agent-based dynamics,
microbial metabolic networks, multi-omics
data, and data-driven parameter estimation;
conceptual development of future patient-
specific modeling frameworks.

native mucus structure; mucus substitutes
do not fully reproduce native intestinal
mucus

Limited systemic regulation; results depend [60-62,64-66,136]
on epithelial source, mucus production,

oxygen control, device material, microbial

complexity, and applied mechanical

waveform

Local force and stress are usually inferred
rather than directly measured; imaging
depth, lower phototoxicity, higher
resolution, and longer observation times are
difficult to achieve simultaneously.

[61,63,67]

Major anatomical, physiological, immune,
and microbial differences limit quantitative
extrapolation to mammalian and human
intestines.

[31,63,67]

Anatomy, diet, motility, mucus properties,
and microbiota differ substantially across
species. Antibiotic treatment also alters host
physiology, so antibiotic-depleted animals
should not be regarded as a neutral
“pseudo-germ-free” model.

[18,57,58,104,137]

Model outputs are sensitive to assumptions
about geometry, material behavior,
boundary conditions, and parameter values.
Many of these inputs are derived from
simplified systems, animal studies, or in
vitro experiments.

[17,24,32,59,68,82,84]

Prospective validation, uncertainty
quantification, external testing, and
incorporation of patient-specific intestinal
mechanical measurements remain limited.

[70,126-128,138,139]
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A more realistic translational approach may be to
examine mechanical and microbial features together
rather than treating intestinal mechanics as an
independent therapeutic target. Regional
measurements of transit, mixing, mucus properties, or
tissue remodeling could be combined with spatial and
functional microbiome profiling to identify conditions
that favor or restrict microbial persistence. This type of
information may eventually help refine patient
stratification, treatment delivery, and monitoring of
therapeutic responses.
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