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Good bug, bad bug: in the case of enteric inflammatory disease
does the epithelium decide?

Derek M McKay

Intestinal Disease Research Programme, McMaster University, HSC-3N5C, 1200 Main Street West,
Hamilton, L8N 3Z5 Ontario, Canada

Many studies demonstrate that intestinal inflammation is either initiated or exaggerated by a component of the
normal microbiota, most likely commensal bacteria or products derived from these organisms. \We review the nature
of human inflammatory bowel disease, the evidence for the involvement of the normal bacterial flora in these
disorders and the relevance of maintaining the integrity of the epithelial barrier. Moreover, we, and others, have
shown abnormal mitochondria structure in tissue resections from patients with inflammatory bowel disease and
tissues from rodents that demonstrated psychological stress-induced increases in epithelial permeability. Thus, we
also consider the possibility that a defect in epithelial mitochondrial function would predispose an individual to
respond to their commensal bacteria flora — no longer considering them as a beneficial passive inhabitant, but
rather perceiving them as a threatening and pro-inflammatory stimulus. In support of this postul ate, we discuss our
recent findings from an in vitro model showing that the human colon-derived T84 cell line exposed to the metabolic
stressor, dinitrophenol, and the non-pathogenic, non-invasive, Escherichia coli (strain HB101) display a loss of
barrier function, increased signal transduction and increased production of the chemokine, interleukin 8.
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Theinterplay with microbiotaisapivotal determinant
of human health and well-being. Bacteria have been
implicated in a myriad of disorders ranging from auto-
immune conditions to myocardial infarction to in-
flammatory and functional diseases. Nowhereisthis bet-
ter illustrated than in the gut, where bacteria have been
implicated asinitiating or exaggerating factorsinidiopathic
inflammatory bowel disease (IBD) and irritable bowel
syndrome (IBS). Inthiscommentary wereview the central
hypothesisrelating to IBD, such that with the appropriate
genetic background disease is manifest via an inap-
propriateimmune responseto an element of the commen-
sal flora. We will introduce the reader to gut form and
function, highlight our cell of interest —the epithelial cell
—and then reflect upon therole of altered barrier function,
stress and commensal bacteria in the induction of IBD.
Finally, we present for the readers’ consideration a new
model that integrates many of thekey finding intheanaly-
sisof enteric inflammation into aunifying schema.

Gut form and function

The mammalian gut is a tremendously complicated
organ. It contains approximately the same number of
neurones as the brain (Wood 1991), is the single largest
repository of immune cells (Brandtzaeg et a. 1999) and
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houses a complex microbiota, which out-number host
eukaryotic cells ten-fold (Shanahan 2002). The gas-
trointestinal tract is responsible for nutrient absorption
and digestion, excretion of non-digestible material and,
seemingly paradoxically, excluding the entry of lumen-
derived unprocessed dietary or microbial antigen and mi-
croorganisms into the mucosa. The efficient functioning
of the gut requires the coordinated activity of structural/
stromal cellsand regulatory elements(i.e. neuroendocrine
and immune-derived factors) (Perdue & McKay 1994).
Similarly, whileitisinstinctiveto consider the microbiota
as inherently bad and potentially pathogenic, the former
isnot trueasit isquite clear that anormal intestinal flora
is arequirement for normal intestinal function (Rook &
Stanford 1998). For instance, intestinal morphology of
gnotobiotic-raised animalsisdifferent from animals main-
tained under conventional housing, and bacteria-liberated
short-chain fatty acids are an important energy sourcefor
colonocytes.

The single cell thick epithelial lining of the small and
large intestines is composed of columnar transporting
enterocytes, mucus-producing goblet cells, entero-
endocrine cells, and defensin-producing Paneth cells
(Madara1994). Thesecdllsoriginate fromacommon stem
cell inalower-mid crypt position and migrate down to the
base of the crypt (i.e. the Paneth cells) or up along the
villus (or tothe apex of thecryptinthecolon). A specidized
and enigmaticimmunecell, theintra-epithelial lymphocyte,
resides above the basement membranethat the enterocytes
rest on and may migrate in and out of the epithelial
compartment. This diversity of cell types indicates that
the epithelial layer is a multifunctional tissue, and the
dynamic nature of this tissue is aptly demonstrated by
the 3-5 day lifespan of the average transporting ente-
rocyte. Theasymmetrical distribution of channels, trans-
portersand ion pumpsin the polarized epitheliumiscriti-
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cal for it's ability to vectorially move nutrients, electro-
lytes and water between the two compartments that it
separates—namely, the gut lumen and the mucosaor body
proper (Barrett & Dharmsathaphorn 1991).

Barrier function of theepithelium

In the absence of lesions in the epithelium, material
can enter the mucosa via three routes. Specialized
microfold “M” cells that overly Peyers patches in the
small bowel take up particulate antigen and passit to the
underlying immune aggregate; a portal of entry that can
be exploited by microbial pathogens (Neutraet al. 1996).
Given the significant increase in surface area of the
transporting enterocytes compared to that of M cells, the
magjority of lumen-derived antigen should gain accessto
the mucosa via either transcytosis, negotiating the
epitheliums’ apical and badlolateral membranes, or passing
between adjacent enterocytes, the paracellular permeation
pathway. Enteric epithelial cellsarejoined at their apical
(i.e. luminal) marginsby tight junctions(TJ). Thecurrent
model of thetight junction isone of membrane spanning,
inter-digitating occuldin and claudin molecules that are
integrated with the actin cytoskel eton viaadaptor proteins
such as zonaoccludens-1 (ZO-1) (Cereijido et al. 2000).
Thetight junction actsa“ molecular fence” and maintains
cell polarity by ensuring that proteins are inserted in the
correct membrane — e.g. basolateral membrane com-
ponents such asthe N*/K* ATPase pump do not locate to
theapical membrane. TheTJisalsotherate-limiting struc-
ture controlling paracellular permeability. Once consid-
ered static, fixed structuresit isnow clear that the TJisa
dynamic “organelle” that functions in an energy-depen-
dent manner, and that paracellular permeability is con-
trolled by extrinsic and intrinsic factors, such as bacterial
toxins, nutrients, medications, cytokines and growth fac-
tors(McKay & Baird1999). Thiscontrol of the paracellular
pathway can act via altering the epithelial cytoskeleton,
the molecular composition of the TJ, or the number of TJ
strands that comprise the junction. For example, entero-
pathogenic Escherichia coli infection disrupts the peri-
junction F-actin (Philpott et al. 1996), loss of claudin ex-
pression isassociated with aleaky epithelial barrier (Mitic
et al. 2000), and in tissues from patients with ulcerative
colitis, wherethereisincreased epithelial permeability, TJ
density can bereduced (Schmitz et al. 1999).

Awareness of transcellular passage of antigen across
the epithelium is gaining momentum. The perspective
that all antigens entering the epithelium would be degraded
(or processed) is being eroded by an increasing number
of studies showing that intact protein antigen can cross
theepithelium (Marcon-Genty et al. 1989, Berinet al. 1999,
Schurmann et al. 1999). If the gut is sensitized to the
antigen the antigen can cross surprisingly quickly, within
minutes of exposure to the jejunal epithelium (Yu et al.
2001). Theimpact of thiscould be of paramount importance
in mucosal immunity and the tenuous balance that exists
between health and disease.

I nflammatory bowel disease

TheIBD, Crohn’s disease (CD) and ulcerative colitis
(UC), have different clinical presentations and sym-
ptomatology but share the distinction of unknown aeti-

ologies (Fiocchi 1998). Corticosteroids and broad spec-
trum immunosuppressive agents reduce the severity of
the disease and can manage disease relapse, but thereis
no cure for either condition (with the exception of colec-
tomy for UC). The development of safer, more effective
therapiesand ultimately acurefor IBD still requiresexten-
sive research to define the full significance of the magjor
playersin these multi-faceted conditions.

Is1BD a consequence of loss of epithelial barrier func-
tion? - There is no doubt that IBD is associated with
increased epithelial permeability and over a decade ago
Hollander (1992) proposed that reduced barrier function
was a primary defect in CD. A postulate supported by
assessment of the IL-10 deficient mouse, which showed
increased epithelial permeability prior to the onset of the
spontaneous overt inflammation (Madsen et al. 1999).
However, itisfeasiblethat low gradeinflammation or im-
mune activation that may go undetected by conventional
assays preceded the barrier defect in these mice. Equally
provocative has been the repeated demonstration of in-
creased gut permesability in first-degree relatives of pa-
tientswith CD and preliminary datashowing that spouses
of patients with CD can also have increased intestinal
permesbility (May et a. 1993, Soderholm et a. 1999, Bredin
etal. 2001, Thjodleifsson et al. 2003). Whether suchindi-
viduals go on to develop IBD or other enteropathies is
unknown. Anintriguing casereport did show that ayouth
with increased intestinal permeability wasdiagnosed with
CD anumber of yearslater (Irvine& Marshall 2000). How-
ever, the debate continues as to whether the obviously
increased gut permeability setsthe stage for the devel op-
ment of inflammatory disease or if the barrier defect isa
consequence of an existing immune or inflammatory re-
sponse — certainly a number of studies have shown the
potential for immune mediators to directly increase epi-
thelial permeability (McKay & Baird 1999).

Increased gut permeability is afacet of IBD. Many
insults such as acohol consumption and the use of non-
steroidal anti-inflammatory drugs (NSAIDs. wewill return
tothislater (Zamoraet a. 1999)) increase gut permeability,
at least transiently, but not al usersdevelop IBD. Clearly,
inindividualsthat develop IBD other factorsarein play.

Is1BD a consequence of reacting to bacteria and/or
bacterial products? - An infectious cause of IBD has
aways found favour amongst a cadre of investigators
(McKay 1999). A variety of potential pathogens have
been proposed as the cause of CD (e.g. Myobacterium
paratuberculosis), but despite extensive efforts identifi-
cation of a single species responsible for CD or UC has
not been forthcoming. The recognition of Helicobacter
pylori as a cause of gastric ulceration suggests that aban-
doning the research for an infectious agent behind IBD
could be premature, however, the pendulum has swung
away from bacterial pathogens towards a consideration
of onesown commensal floraasthedriving forceinIBD.
Numerous studies can be cited in support of this postu-
late. Some of the most graphic are the almost universal
descriptions of reduced disease severity in animal models
of enterocolitiswhen the animals are maintained in germ-
freeconditions(Khun et al. 1993, Bouma& Strober 2003).
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Patient studiesreveal increased serum antibodies against
gut microbes (MacPherson et a. 1996), that fecal diver-
sion and bowel rest canimprove CD (D’Haenset al. 1998),
and that some patients with CD can generate immune re-
sponses against components of their own flora
(Duchmann et a. 1996). Thelatter study led the authors
to suggest that the tolerogenic mechanisms that prevent
individualsfrom responding to their commensal florahad
been lost in this cohort of patients.

As an adjunct to the concept that an exaggerated re-
sponse against the commensal microfloraisimportant in
the pathogenesis of IBD, we, and others, have suggested
that inflammation could be evoked or exacerbated by bac-
terial products such as peptidoglycan (PG-PS), li-
popolysaccharide and superantigens (Sartor et al. 1985,
Zareieet al. 2001, Lu et al. 2004). Additional credenceis
given to this hypothesis by the increasing awareness of
the importance of the innate immune response and dem-
onstrations of altered expression of, and mutations in,
intracellular sensor/receptor proteins for bacterial prod-
ucts in some patients with CD and in cells exposed to
inflammatory mediators (Hugot et al. 2001, Bonen et al.
2003, Girardinet a. 2003).

Is IBD a consequence of stressful life events in sus-
ceptibleindividuals? - Relapsein IBD iscommonly coin-
cident with periods of stress. Data from animal studies
have convincingly shown that both acute and chronic
stressepisodeswill increase small and large bowel perme-
ability (Saunderset a. 1994, Castagliuolo et al. 1996, Santos
et al. 1999). The barrier defect involves both the
paracellular and the transcellular pathways, and cholin-
ergic nerves, mast cellsand corticotrophin releasing hor-
mone (CRH) have been implicated in these stress re-
sponses. Soderholm et al. (2002b) showed that intestine
from rats exposed to achronic, but mild, stress paradigm
not only had a significant increase in gut permeability,
but also displayed increased numbers of bacteriaattached
to and penetrating the epithelium.  Observations that
werevery reminiscent of those reported from studieswith
tissues obtained from patients with CD, were increased
bacterial attachment to the epithelium was reported
(Swidsinski et al. 2002). Sdderholm et al. (2002b) also
noted the presence of numerous swollen and irregular
mitochondriain the epithelium of colonic segmentsfrom
the stressed rats.

Human studies, although lessnumerous, arein general
agreement that stress can increase epithelial permeability
(Santoset d. 1998, Hart & Kamm 2002).

Epithelial energy balance and gut form and function
- Regions of inflamed hamster intestine that are heavily
infected with Campylobacter jejuni have swollen and ir-
regular epithelial mitochondria (Humphrey et al. 1986).
Similar ultrastructural mitochondrial abnormalities have
been found intissuesfrom patientswith UC and CD (Delpre
et a. 1989, Sdderholm et al. 2002a) and also following
surgical stress (Ramachandran et al. 2001). Given that
maintenance of the epithelial TJ seal is an energy-
dependent process, it is not surprising that infective or-
ganisms or toxins that directly disrupt the epithelial bar-
rier can do so by damaging the mitochondria (Dickman et

207

al. 2000, Heet a. 2000). Moreover, and presumably more
of a concern for the physician, medications such as
NSAIDs or formulations with sodium caprate (C10, a
component of suppositories) can increase epithelial
permeability and there is a concomitant disruption of
mitochondrial structure and function (Somasundaram et
al. 1997, 2000, Soderholm et al. 1999, Zamoraet al. 1999,
Basivireddy et al. 2002). These findings from a diverse
series of studies can be interpreted to indicate that an
epithelial mitochondria defect (i.e. perturbed epithelial
energy balance) can be apredisposing factor for increases
in epithelial permeability and subsequent enteric
inflammation.

A newmodd

Thereissubstantial evidencein support of IBD being
amulti-factorial condition, in which the disease appears
as a consequence of an uncontrolled immune response to
the commensal microflora that may have unimpeded
accessto the mucosaby virtue of increased permeability.
All of the components of this hypothesis have been
examined, typically in apair-wise manner, e.g. stresscan
increase epithelial permesbility, patientswith IBD can have
altered gut permeability, some CD patientsarereactiveto
their own microflora, etc. Inan attempt to integrate these
findings we hypothesised that epithelia under metabolic
stress will become responsive to non-pathogenic com-
mensal bacteria, leading to altered barrier function and
the production of mediator molecules that could lead to
inflammatory disease. Ininitial proof-of-concept experi-
mentswe adopted aninvitro cell culture model inwhich
monolayers of the human T84 colonic epithelial cell line
were exposed to low-dose dinitrophenol (DNP, 0.1 mM,
uncouples oxidative phosphorylation) * the non-patho-
genic E. coli strain HB101 and epithelial function moni-
toredfor a24 h period (Nazli et a. 2004). Theexposureto
DNPor E. coli HB101 individually had negligible effects
on epithelial monolayers as gauged by barrier function
and production of the chemokine, interleukin-8 (IL-8),
when the epithelium was assessed 24 h post-treatment.

In contrast to this, simultaneous DNP+E. coli HB101
exposure resulted in dramatic changes in epithelial
function: epithelial permeability was markedly increased,
the non-pathogenic, non-invasive E. coli HB101 were
internalized and translocated across the epithelium, and
IL-8 release increased two-fold (although this was a
relatively small increase compared to that evoked by
tumour necrosisfactor a). Thus, the metabolically stressed
epithelium was now responsiveto acommensal bacterium!
Additional control experimentsreveal ed that the epithelial
response was not evoked by a bacterial product or killed
bacteria, and was not the consequence of DNP converting
the commensal organism into a“pathogen”. The loss of
epithelia barrier function andincreased |L-8 werethe net
effect of adynamic interaction between the viable bacteria
and the enterocyte that was under the additional pressure
of metabolic stress caused by disruption of mitochon-
drial structure and function (Nazli et al. 2004). Thisepi-
thelial response is reminiscent of that elicited by entero-
pathogenic E. coli (EPEC), and while changesin the epi-
thelial cytoskeletoninduced by DNP + E. coli HB101 did
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resemble those caused by EPEC infection, pharmacol ogi-
cal assessment of the drop in transepithelial resistance (a
marker of paracellular permeability) revealed significant
differences between DNP + E. coli HB101 and EPEC in-
fection (Nazli et al. 2004).

When the NSAID, indomethacin, was substituted for
DNP and coupled to E. coli HB101 exposure similar
changes were observed in the epithelial monolayers —
notably there was a significant increase in paracellular
permeability. The putative impact of these preliminary
findings are underscored by the previous discussion and
the widespread use of over-the-counter and prescribed
NSAIDs.

Our in vitro data suggest that such eventsin vivo —
loss of the epithelial barrier, bacterial translocation and
IL-8 production — could initiate or exaggerate enteric
inflammation. Thisconjectureissupport by datashowing
that direct instillation of DNP (or NSAIDS) intorat ileum
evoked the expected disruption of epithelial mitochon-
drial structure but also led to increased epithelial barrier
function, bacterial translocation and a subtle, but detect-
able, immune cell infiltrate 6-24 h post-treatment (So-
masundaram et al. 2000, Nazli et a. 2004).

Concludingremarks

The idiopathic IBD are insidious debilitating
conditions. Concerted research efforts are producing a
comprehensive picture of the cellsand moleculesinvolved
in the inflammatory process in the gut and the potential
trigger agents that initiate the process. Indeed this
knowledge is being converted into new therapies
involving biologicals (e.g. anti-TNFa antibody) and the
need for scientific evaluation of some neutraceuticalsand
traditional herbal medicines. However, many of thebasic
questionsrelating to IBD remain unanswered — Isthe bar-
rier defect primary or secondary to theinflammation? Why
do someindividuals becomereactiveto their own microf-
lora, if indeed thisis the common denominator in IBD?
What isthe fundamental difference in aetiology between
CD and UC? Isstress, of any kind, a predisposing factor
for the development of IBD or moreimportant in evoking
diseaserelapse? Clearly we have much let to learn about
IBD. In making a contribution to this field, our recent
studies demonstrate that epithelia under metabolic stress
now respond to non-pathogenic bacteria and elicit a
programme of eventsthat could result in inflammation —
data that could be pertinent to the initiation of 1BD, and
certainly to disease relapse in a cohort of patients.
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