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SM COLLINS, I KHAN, B VALLANCE, C HOGABOAM, G BAR-

BARA. Role of smooth muscle in intestinal inflammation. Can J
Gastroenterol 1996;10(4):249-253. The notion that smooth mus-
cle function is altered in inflammation is prompted by clinical ob-
servations of altered motility in patients with inflammatory bowel
disease (IBD). While altered motility may reflect inflammation-
induced changes in intrinsic or extrinsic nerves to the gut,
changes in gut hormone release and changes in muscle function,
recent studies have provided in vitro evidence of altered muscle
contractility in muscle resected from patients with ulcerative coli-
tis or Crohn’s disease. In addition, the observation that smooth
muscle cells are more numerous and prominent in the strictured
bowel of IBD patients compared with controls suggests that in-
flammation may alter the growth of intestinal smooth muscle.
Thus, inflammation is associated with changes in smooth muscle
growth and contractility that, in turn, contribute to important
symptoms of IBD including diarrhea (from altered motility) and
pain (via either altered motility or stricture formation). The in-
volvement of smooth muscle in this context may be as an inno-
cent bystander, where cells and products of the inflammatory
process induce alterations in muscle contractility and growth.
However, it is likely that intestinal muscle cells play a more active
role in the inflammatory process via the elaboration of mediators
and trophic factors, including cytokines, and via the production of
collagen. The concept of muscle cells as active participants in the
intestinal inflammatory process is a new concept that is under in-
tense study. This report summarizes current knowledge as it relates
to these two aspects of altered muscle function (growth and con-
tractility) in the inflamed intestine, and will focus on mechanisms
underlying these changes, based on data obtained from animal
models of intestinal inflammation.
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Rôle du muscle lisse dans l’inflammation
intestinale

RÉSUMÉ : L’hypothèse selon laquelle la fonction du muscle lisse est alté-
rée en présence d’inflammation découle d’observations cliniques portant
sur les anomalies de la motilité chez des patients atteints de maladies in-
flammatoires de l’intestin (MII). Les anomalies de la motilité peuvent être
le reflet de changements provoqués par l’inflammation dans les nerfs in-
trinsèques ou extrinsèques qui innervent l’intestin, de changements du
taux de libération hormonale dans l’intestin et de changements de la fonc-
tion musculaire. De récentes études ont mis au jour des anomalies in vitro de
la contractilité musculaire dans les muscles provenant de patients atteints
de colite ulcéreuse ou de maladie de Crohn. De plus, l’observation de cel-
lules musculaires lisses en plus grand nombre et prépondérantes dans l’in-
testin rétréci des patients atteints de MII, en comparaison avec des
témoins, donne à penser que l’inflammation peut modifier la croissance du
muscle lisse intestinal. Ainsi, l’inflammation est associée à des change-
ments de la croissance du muscle lisse et de la contractilité, qui en retour
contribuent à l’apparition des importants symptômes des MII, notamment
la diarrhée (due à l’altération de la motilité) et la douleur (due soit à l’alté-
ration de la motilité ou à la formation de strictures). L’atteinte musculaire
lisse dans ce contexte peut être simplement marginale, alors que les cellules
et les produits du processus inflammatoire provoquent des altérations de la
contractilité et de la croissance musculaire. Toutefois, les cellules muscu-
laires lisses jouent probablement un rôle plus actif dans le processus inflam-
matoire par l’élaboration de médiateurs et de facteurs trophiques, y compris
les cytokines et par la production de collagène. Le concept selon lequel les
cellules musculaires participent activement au processus inflammatoire in-
testinal est nouveau et fait l’objet d’études approfondies. Ce rapport résume
les connaissances accumulées à ce jour au sujet de ces deux aspects de l’alté-
ration de la fonction musculaire (croissance et contractilité) dans l’intestin
enflammé et s’attardera sur les mécanismes sous-jacents de ces anomalies
selon les données tirées d’expériences sur l’inflammation intestinale men-
ées chez les animaux.
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Intestinal inflammation not only produces mucosal dam-
age but also alters gut physiology. Traditionally this has

been studied in the context of epithelial cell function, but it
is becoming increasingly apparent that deeper tissues of the
gut wall are also involved and include the neuromotor appa-
ratus, namely enteric nerves, interstitial cells of Cajal and
smooth muscle cells. This review focuses on changes that oc-
cur in smooth muscle following mucosal inflammation in
the gut.

CHANGES IN SMOOTH MUSCLE
CONTRACTION

Regional differences in muscle responses to inflammation:
The observation that active ulcerative colitis is accompanied
by a reduction in motor activity in the distal colon (1-3) sug-
gests that the contractility of colonic smooth muscle may be
impaired as a result of inflammation. This has been con-
firmed in an in vitro study of human colonic circular muscle
in which contraction induced by either bethanechol or po-
tassium chloride was significantly reduced compared with
muscle obtained from patients without inflammatory bowel
disease (IBD) (4), suggesting that the underlying mechanism
is located at the postreceptor level in the excitation-
contraction coupling of the muscle cell. Similar observations
have been made in animal models of colitis (5).

In our study (5), a similar decrease in colonic smooth
muscle contractility was observed in colitis induced by
chemical injury (acetic acid or trinitrobenzene sulphonic
acid [TNB]), as well as by infection (Trichinella spiralis).
These results also illustrate that inflammation-induced
changes in smooth muscle are nonspecific in that they do
not appear to be influenced by the manner in which colitis is
induced.

There are no reports of small bowel motility in Crohn’s
disease patients upon which to speculate about the nature of
any underlying change in muscle contraction. However, an
in vitro study from this laboratory demonstrated that both
circular and longitudinal muscles from the inflamed ileum of
patients with Crohn’s disease exhibited increased contractil-
ity compared with muscle from patients without IBD (6).
The increased contractility occurred following stimulation
with either carbamylcholine or histamine, suggesting that
the underlying mechanism was not exclusively at the recep-
tor level, although differences in the dose-response relation-
ships between control and inflamed tissues suggested that
some alterations in the ligand-recognition properties of re-
ceptors may contribute to the observed changes.

Taken in conjunction with the results obtained in the in-
flamed human colon, the results imply that the nature of
inflammation-induced changes in intestinal muscle is
region-specific. This is supported by results from animal
studies in which inflammation induced in either the small
intestine or colon by the same stimulus (T spiralis) resulted
in a similar profile of altered contractility; there was in-
creased tension development by muscle from the inflamed
small intestine (7) and a reduction in tension development
by muscle from the inflamed colon (5).

Mechanisms underlying altered muscle contraction in the
inflamed intestine: Information regarding the mechanisms
underlying altered smooth muscle function in the inflamed
intestine is primarily derived from studies of animal models of
acute intestinal inflammation. It should be emphasized that
these models are not of IBD per se, but are paradigms for test-
ing the impact of inflammation on tissue function and to ex-
plore underlying mechanisms. This laboratory has focused its
efforts on primary nematode infections of rodents since these
models have been in longstanding use for the study of im-
munophysiological interactions in the gut (8) and there is
extensive literature regarding the immunological responses
of the rodent host to nematode infection.

In keeping with the postulate that the mechanisms un-
derlying changes in smooth muscle contractility in the in-
flamed intestine are, for the most part, receptor-independent
is the finding of suppressed sodium pump activity in muscle
from the inflamed jejunum of T spiralis-infected rats (9). In
that study, we showed that ouabain-sensitive 86Rb uptake by
longitudinal muscle was reduced by more than 80% com-
pared with control, and that this was accompanied by a cor-
responding decrease in activity PNPPase (p-nitrophenyl-
phosphatase) activity – an enzyme marker of sodium pump
activity. The molecular mechanism underlying this change
was also explored, and suppression of sodium pump activity
likely occurs at the level of gene transcription of the �-I iso-
form of the sodium pump protein (10). Because this pump
is electrogenic, its suppression during inflammation would
lead to hyperexcitability of the muscle as membrane poten-
tial would be reduced to a level closer to the threshold for
contraction. However, it is plausible that the increased con-
tractility of muscle in the inflamed gut is multi-factorial be-
cause others have shown in this model that there is an
increase in the contractile protein content of muscle (11).
Trophic changes in muscle from the inflamed intestine: In
Crohn’s disease strictures, there is profound thickening of
both the muscularis mucosae and propria and muscle cell pro-
liferation (12,13). Furthermore, there are preliminary data
suggesting that intestinal muscle cells from IBD patients ex-
hibit altered growth patterns compared with controls (14).
The mechanisms underlying the hyperplasia of smooth mus-
cle in the inflamed intestine remain to be determined but
studies in animal models indicate that both hyperplasia and
hypertrophy of the muscularis externa occur during intestinal
inflammation (15). Subsequent studies have indicated that
these trophic changes are determined by different mediators
potentially involved in the inflammatory response. For ex-
ample, interleukin-1� (IL-1�) and platelet-derived growth
factor have calcium-dependent mitogenic effects on human
(16) and rodent intestinal smooth muscle growth in vitro.
Furthermore, in a similar system, we have preliminary data
suggesting that the constitutive release of nitric oxide modu-
lates intestinal smooth muscle proliferation. Studies are on-
going to explore the relative impact of pro-inflammatory and
anti-inflammatory substances to intestinal smooth muscle
proliferation.
Inflammatory basis for altered muscle contraction and
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growth: Changes in muscle contraction are absent from
corticosteroid-treated, nematode-infected rats in whom the
inflammatory response has been suppressed (17). In addition,
the changes are absent from congenitally athymic rats fol-
lowing T spiralis infection (18). Moreover, the changes in
muscle contraction are restored following successful recon-
stitution of T lymphocyte function before infection (18).
These findings, taken in conjunction with the demonstra-
tion of T cell infiltration of the muscle layer within the first
48 h of infection (19), support the hypothesis that the in-
creased contraction of smooth muscle from the inflamed in-
testine of T spiralis-infected rats is T lymphocyte-dependent.
Similar observations have been made in nematode-infected
mice (20). In addition, it is well known that certain inbred
mouse strains develop a greater or more effective immune re-
sponsiveness to nematode infections than other strains (21-
23). Our preliminary studies using inbred mice indicate that
changes in muscle contractility may also be genetically deter-
mined and that there is a positive correlation between the in-
creased contractility of muscle and the ability of the animal
to expel the parasite from the gut. This correlation is poten-
tially important because the process of worm expulsion is also
T lymphocyte-dependent and a series of studies have indi-
cated that CD4+ helper cells are likely responsible (24). This
has prompted our ongoing investigation of the role of CD4+

cell subpopulations and their cytokine products as mediators
of the observed changes in muscle contraction.

Space prohibits an exhaustive review of factors that affect
intestinal smooth muscle growth but suffice it to say that the
phenomenon of intestinal smooth muscle proliferation
during inflammation is mediated by immune cells and the
mediators they produce. For example, the hyperplasia of in-
testinal muscle in T spiralis-infected rats is T lymphocyte-
dependent (25). Whether this reflects a direct or indirect in-
teraction between lymphocytes and muscle cells is currently
being investigated. Furthermore, during TNB-colitis in rats
(another model of intestinal inflammation characterized by
profound smooth muscle hyperplasia), the presence of prolif-
erating smooth muscle cells in the external muscle layers was
abolished by oral administration of a nitric oxide synthase
inhibitor (26). Although its source(s) in the muscle layer is
currently speculative, nitric oxide also appears to play a role
in smooth muscle hyperplasia during intestinal inflamma-
tion. Studies are ongoing into other potential immune
mechanisms of regulation of smooth muscle growth during
inflammation.

MUSCLE CELLS AS ACTIVE PARTICIPANTS IN
INTESTINAL INFLAMMATION

Collagen production by intestinal muscle cells: Several ob-
servations prompt consideration of an active role by muscle
in the inflammatory process in the gut. In IBD, ultrastruc-
tural studies have shown changes in muscle suggestive of ac-
tive protein synthesis (27). In addition, some muscle cells are
surrounded by collagen and it is known that human intesti-
nal smooth muscle cells in culture synthesize and secrete col-
lagen types I, III and V (28). Transforming growth factor-

beta (TGF-�) stimulates collagen synthesis by muscle cells
(29), and preliminary studies from this laboratory indicate
that TGF-� induced stimulation of collagen synthesis by
muscle cells involves the influx of extracellular calcium
through verapamil-sensitive channels.

Collagen synthesis by muscle is not only clinically impor-
tant in the context of stricture formation, but also illustrates
two important concepts. First, muscle cells engage in non-
contractile activities that contribute to the inflammatory
process, and second, muscle cells are receptive to immune
modulation, as illustrated by their responsiveness to the cyto-
kine TGF-�. Further examples of these concepts will be dis-
cussed.
Cytokine production by muscle cells: A study by Kao et al
(30) showed that inflammatory mediator production in the
gut is not restricted to cells of the mucosa and lamina propria;
these authors showed that there was exaggerated production
of prostaglandin E2 (PGE2) in the muscularis externa of the
colon, inflamed following the administration of formalin and
immune complexes to rabbits. In the absence of a discernible
inflammatory cell infiltrate in the muscularis externa, the
production of PGE2 was attributed to muscle cells, which
have been known for some time to produce prostaglandins.

Recent work has extended this observation to address cy-
tokine production by muscle cells (30). Although the con-
cept of cytokine production by cells other than those of bone
marrow origin is not new, the application of this to intestinal
muscle is novel. Two observations in the nematode-infected
rat have prompted this investigation. First, we have observed
ultrastructural changes in muscle cells of the inflamed rat je-
junum that are similar to those observed in muscle from pa-
tients with IBD. These include enhancement of the Golgi
apparatus and prominence of the rough endoplasmic reticu-
lum suggestive of active protein synthesis. Second, we have
found evidence of cytokine gene expression and protein pro-
duction in the muscularis externa of the inflamed jejunum
following T spiralis infection in rats (31). Specifically, we
have shown that there is constitutive expression of IL-1�

mRNA and protein in the muscularis externa, and that this
increases within 12 h of infection. The increased expression
of IL-1� is followed by the expression of other cytokines, in-
cluding IL-6 and tumour necrosis factor-alpha (TNF-�).
These observations prompted an evaluation of the ability of
intestinal muscle cells to express cytokine genes and secrete
cytokine proteins. Since the expression of IL-1� was en-
hanced earliest in the muscularis externa, we suspected that
this cytokine might be the stimulus for the induction of other
cytokine genes in smooth muscle. Our results to date provide
clear evidence that muscle cells express cytokine genes and
secrete the corresponding proteins. First, IL-1� induces its
own gene expression in muscle cells and this is accompanied
by protein production (32). Second, IL-1� also induces IL-6
gene expression and this is also accompanied by protein se-
cretion (33). Ongoing studies are evaluating the ability of
muscle cells to produce other cytokines including TNF-�
and TGF-�.
Major histocompatibility complex on smooth muscle cells:

Smooth muscle and intestinal inflammation
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We have already demonstrated lymphocytic infiltration of
the muscularis externa in the intestine of T spiralis-infected
rats, and we have also shown the expression of major histo-
compatibility complex (MHC) II in this tissue during infec-
tion (19). The precise localization of the MHC II complexes
has yet to be determined. Similar observations have been
made in T spiralis-infected mice; in addition to MHC II ex-
pression, we have documented the expression of the adhe-
sion molecule ICAM-1 in the muscularis externa of infected
mice (34). The functional significance of these findings re-
main to be determined. Parallel studies using cultured muscle
cells isolated from the mouse intestine have shown that
MHC II and ICAM-1 expression can be induced following
exposure to interferon-gamma (IFN-�) and the IFN-� effect
was potentiated by TNF-� or IL-1� (34). These findings raise
the possibility that muscle may contribute to immune activa-
tion via MHC II-linked antigen presentation, and this specu-
lation is based upon the observation that antigen
presentation has been demonstrated in a variety of cell types
including human myoblasts (35) and vascular smooth muscle
(36). It is possible that increased intestinal permeability as
well as changes in vascular permeability in the gut wall dur-
ing nematode infection permit access of luminal as well as
parasite antigens to the muscularis externa (37). Cytokines
released by lymphocytes that infiltrate the muscle layer may
induce MHC II and ICAM-1 expression by muscle cells. If
this is accompanied by antigen processing and presentation,
together with the elaboration of co-stimulatory factors such
as IL-1 or IL-8, lymphocyte activation may occur followed by
clonal selection of the T cell population. Current research is

evaluating whether smooth muscle cells are capable of
activating lymphocytes via antigen presentation.

CLINICAL SIGNIFICANCE
The implications of inflammation-induced changes in

smooth muscle contractility and growth are obvious in the
context of symptom generation in intestinal inflammatory
conditions including IBD. The clinical consequences of a
more active role for muscle cells in immune activation are
perhaps more subtle but are nevertheless worthy of consid-
eration. For example, IBD in remission is often accompanied
by symptoms suggestive of irritable bowel syndrome (38) and
persistent functional abnormalities in the bowel (1,39).
These abnormalities persist in the face of a normal appear-
ance of the overlying mucosa. It is possible that the mucosal
injury and inflammation that characterize active IBD induce
changes in the muscularis externa that persist following reso-
lution of the mucosal changes; recent data from animal stud-
ies support this hypothesis (40). These persistent changes in
the neuromuscular layers could be maintained through the
elaboration of cytokines and other mediators by muscle cells.
This scenario requires that cytokines are able to alter the
physiology of neuromuscular tissues and evidence of this has
already been obtained (41,42).
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