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The gastrointestinal mucosa has proven to be an
interesting tissue for which to investigate disease-related
metabolism. In this review, we outline some evidence that
implicates metabolic signaling as important features of
barrier in the healthy and disease. Studies from cultured cell
systems, animal models and human patients have revealed
that metabolites generated within the inflammatory
microenvironment are central to barrier regulation. These
studies have revealed a prominent role for hypoxia and
hypoxia-inducible factor (HIF) at key steps in adenine
nucleotide metabolism and within the creatine kinase
pathway. Results from animal models of intestinal
inflammation have demonstrated an almost uniformly
beneficial influence of HIF stabilization on disease outcomes
and barrier function. Studies underway to elucidate the
contribution of immune responses will provide additional
insight into how metabolic changes contribute to the
complexity of the gastrointestinal tract and how such
information might be harnessed for therapeutic benefit.

Introduction

Ongoing inflammatory responses are associated with pro-
found shifts in tissue metabolism.1 These changes include local
depletion of nutrients, increased oxygen consumption and the
generation of large quantities of reactive nitrogen and oxygen
intermediates.2 Such shifts in tissue metabolism result, at least in
part, from profound recruitment of inflammatory cell types, par-
ticularly myeloid cells such as neutrophils (PMN). The vast
majority of inflammatory cells are recruited to, as opposed to res-
ident at inflammatory lesions.3 By stark contrast, adaptive
immune responses are characterized by high rates of local T and
B cell proliferation and have significantly different metabolic
demands.4,5 Herein, it is important to understand the interac-
tions between microenvironmental metabolic changes (e.g.

glucose, oxygen, ATP) as they relate to metabolic triggers and
molecular mechanisms of immune cell recruitment / activation
into these areas. Additionally, it is imperative to define whether
mechanisms initiated by such metabolic shifts might serve as rele-
vant therapeutic targets.

The intestinal mucosae are characterized by a uniquely
dynamic oxygenation profile, experiencing multiple profound
fluctuations in blood perfusion and metabolism per day.2 Even
in the basal state, component epithelial cells lining the mucosa
exist in a relatively low oxygen tension environment, described as
‘physiologic hypoxia’. Classically, in the small intestine, this has
been attributed to a countercurrent oxygen exchange mechanism,
whereby oxygen from arterial blood supplying the villi diffuses to
adjacent venules, traveling from villous tip to base, resulting in
graded hypoxia.6 However, a steep oxygen gradient has also been
documented in more distal, colonic regions of the gastrointestinal
(GI) tract, spanning from the anaerobic lumen, across the epithe-
lium to the richly vascularized sub-epithelial mucosa. Given the
high-energy requirement of the gut and the integral role of the
epithelium in maintaining intestinal homeostasis, it is pertinent
that these cells have evolved a number of molecular mechanisms
to cope with such challenging metabolic conditions. Indeed, the
intestinal epithelium has proven to be remarkably resistant to
hypoxia, and even very low levels of oxygenation within this cell
layer may provide a regulatory adaptation for maintenance of
barrier function and integrity.7

A role for epithelial barrier dysregulation in inflammatory
bowel disease (IBD) is supported by observations of increased
intestinal permeability in a subset of first-degree relatives of
patients with Crohn’s disease (CD).8 Barrier function of the epi-
thelial monolayer is mediated by a number of specialized ana-
tomical features that confer selective permeability to luminal
contents.9 Epithelia are polarized, with apical surface functions
optimized for luminal interaction and enteric bacterial exclusion
(e.g., intercellular junctions, vectorial membrane transport sys-
tems and mucus secretion) and basolateral surfaces adapted for
interface with the underlying mucosa and immune cell repertoire.
Notably, both absorptive and barrier epithelial functions are
physiologically regulated by oxygen.10 Intestinal epithelia also
actively participate as innate immune sensors of microbial patho-
gens and commensal organisms.11,12 In fact, a state of low-grade
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inflammation at the GI mucosal surface is sustained by omnipres-
ent luminal antigens, and is central both to development of oral
tolerance and to priming of the mucosal immune system should
antigenic material penetrate the epithelial barrier. Studies with
gnotobiotic mice have further revealed that enteric microbiota
themselves influence epithelial cell metabolism, barrier function
and survival.13 As increased epithelial permeability and resultant
mucosal inflammation underlie2 the pathology of IBD, a funda-
mental understanding of microenvironmental metabolic factors
that influence initiation, perpetuation and resolution of overt dis-
ease is central to defining potential therapeutic targets. Here, we
will discuss how such barrier is dynamically regulated, particu-
larly related to metabolic changes associated with inflammation.

The Contribution of HIF and Barrier Function

Given the significant shifts in metabolism and oxygen avail-
ability during inflammation, a number of studies have shown
that hypoxia-inducible factor (HIF) triggers the expression of
genes that enable intestinal epithelial cells to function as an effec-
tive barrier.14,17 HIF is a member of the Per-ARNT-Sim (PAS)
family of basic helix-loop-helix (bHLH) transcription factors and
is considered one of the central regulators of tissue metabolism.18

HIF activation is dependent upon stabilization of an O2-depen-
dent degradation domain (ODD) domain of the a-subunit and
subsequent nuclear translocation to form a functional complex
with HIF-1b and cofactors such as CREB-binding protein and
its ortholog p300.19 Under conditions of adequate oxygen sup-
ply, iron and O2-dependent hydroxylation of 2 prolines (Pro564
and Pro402) within the ODD of HIF-a initiates the association
with the von Hippel-Lindau tumor suppressor protein (pVHL)
and rapid degradation via ubiquitin-E3 ligase proteasomal target-
ing.20,21 A second hypoxic switch operates in the carboxy termi-
nal transactivation domain of HIF-a( Here, hypoxia blocks the
hydroxylation of Asp80, thereby facilitating the recruitment of
CBP/p300.22

The importance of HIF to epithelial barrier function was orig-
inally shown by microarray analysis of intestinal epithelial cells
cultured in hypoxia.16 These studies have subsequently been vali-
dated in animal models of intestinal inflammation23,28 and in
inflamed human intestinal tissues.29,31 The functional proteins
encoded by hypoxia-induced, HIF-dependent mRNAs localize
primarily to the most luminal aspect of polarized epithelia.
Molecular studies of these hypoxia-elicited pathway(s) have
shown a dependence on HIF-mediated transcriptional responses.
In extension of these original studies to the in vivo setting, Kar-
hausen, et al. generated mice expressing either mutant Hif1a
(causing constitutive repression of Hif1a) or mutant von Hippel-
Lindau (causing constitutive overexpression of HIF) targeted to
the intestinal epithelial cells.25 Loss of epithelial HIF-1a resulted
in a more severe colitic phenotype than wild-type animals, with
increased weight loss, decreased colon length and importantly,
increased intestinal permeability. Conversely, constitutively
active intestinal epithelial HIF was protective for each of the
parameters studied. These findings were model-dependent, since

epithelial HIF-based signaling has also been shown to promote
inflammation in another study.28 However, the findings con-
firmed that intestinal epithelial cells can adapt to hypoxia and
that HIF may contribute such adaptation.

It is noteworthy that epithelial barrier protective pathways
driven by HIF tend not to be the classical regulators of barrier
function, such as the tight junction proteins occludin or claudins.
Rather, the HIF-regulated pathways are more to do with overall
tissue integrity, including increased mucin production,32 mole-
cules that modify mucins (e.g. intestinal trefoil factor,14) xenobi-
otic clearance by P-glycoprotein,15 nucleotide metabolism /
signaling (by ecto-5’-nucleotidase and CD73)16,17 and most
recently creatine metabolism33 (see later).

Nucleotide Metabolism in Barrier Regulation

As depicted in Figure 1, circulating or locally released nucleo-
tides are rapidly metabolized by ecto-enzymes localized on the
cell surface. Sources of extracellular nucleotides are numerous,
and include the active release of nucleotides in the form of ADP
and ATP by most any cell type and bystander release from dying
or apoptotic cells.34 During mucosal inflammation, neutrophils
and platelets are rich sources of adenine nucleotides,35 which
when delivered to the luminal surface are enzymatically hydro-
lyzed to adenosine and function to promote electrogenic chloride
secretion (and concomitant water transport) as well as barrier
restitution.

Ecto-50-nucleotidase (CD73) is a glycosyl phosphatidylinosi-
tol (GPI)-linked, membrane-bound glycoprotein that hydrolyzes
extracellular nucleoside monophosphates into bioactive nucleo-
side intermediates.36 Surface-bound CD73 metabolizes adeno-
sine 50-monophosphate (AMP) to adenosine, which when
released can activate one of 4 types of G-protein coupled, 7 trans-
membrane spanning adenosine receptors (AdoR) or can be inter-
nalized through dipyridamole-sensitive carriers.37 Adenosine
receptors are expressed on a wide variety of cells, and many cell
types have been shown to express more than one isoform of the
receptor. Likewise, activation of surface AdoR has been shown to
regulate diverse physiologic endpoints. In the recent years, our
understanding of nucleotide metabolic pathways has benefited
from the development of genetically manipulated animals, partic-
ularly mice deficient in Cd73 or a second nucleotide metaboliz-
ing enzyme, Cd39 (ecto-apyrase), that catalyzes the
phosphohydrolysis of ATP and ADP to AMP.

A number of studies have implicated CD39 and CD73 in the
control of tissue barrier function, particularly in during hypoxia.
Successful transmigration of leukocytes, especially polymorpho-
nuclear (PMN, neutrophil) leukocytes across endothelia and epi-
thelia is accomplished by temporary self-deformation with
localized widening of the inter-junctional spaces,38 a process with
the potential to disturb endothelial and epithelial barrier
function. Original studies by Lennon et al. revealed that the
prominent signaling pathway for closing inter-endothelial gaps
during neutrophil transmigration involved adenosine-induced
“restitution” of barrier.39 Until recently, only limited
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information existed regarding the biochemical events that regu-
late cellular barriers in the setting of either PMN activation or
transmigration.40,41 These studies showed that inhibition of
CD73 using either APCP or anti-CD73 monoclonal antibody
1E9 inhibited the resealing of endothelial and epithelial barriers
by as much as 85%,39 suggesting the necessity for extracellular
nucleotide metabolism in this pathway. Subsequent studies
revealed that adenosine produced from neutrophil-derived AMP
was responsible for enhanced barrier function via activation of
the adenosine A2B receptor (AA2BR) coupling to cytoskeletal
links.42 More recently, it was shown that in addition to (or rather
than) releasing AMP, neutrophils actively release ATP following
receptor-mediated stimulation.43 Such ATP is hydrolyzed to
adenosine at the endothelial cell surface through the coordinated
actions of CD39 and CD73. It is not clear exactly how neutro-
phils and / or endothelial cells release ATP, although several
mechanisms have been proposed, including direct transport
through ATP-binding cassette (ABC) proteins, transport through
connexin hemichannels, as well as vesicular release.44

CD73 lies central to the regulation of tissue barriers during
episodes of hypoxia (Fig. 1). Studies have revealed that CD73 is
a strongly HIF-regulated gene and is critically important for the
generation of extracellular adenosine in hypoxia.16 Studies in
mouse models of increased intestinal permeability revealed that
oral delivery the CD73 inhibitor APCP promotes movement of
inert tracers, such as FITC-labeled dextran, across the intestinal

epithelium.16 Likewise, to investigate hypoxia-induced changes
in tissue permeability in Cd73¡/¡ mice,45 we have used Evan’s
blue dye, which binds tightly to plasma albumin.46 Quantifica-
tion of formamide-extractable Evan’s blue from individual tissues
can then be interpreted as a function of vascular leak.47 In gen-
eral, hypoxia increases vascular permeability 2- to fold4- over
normoxia, depending on the tissue.17 Pharmacologic interven-
tions have suggested that CD73 is protective under such circum-
stances, and most studies have implicated a protective role for
adenosine AA2AR and AA2BR in maintaining barrier func-
tion.48,49 These studies have defined CD39 and CD73 as the
pacemakers for the fine-tuning of epithelial and endothelial per-
meability. These innate protective pathways share the common
strategy of increasing extracellular adenosine concentrations and
promoting adenosine signaling from the cell surface through the
cytoskeleton and ultimately to dynamic regulation of tight
junctions.

Mechanisms of Barrier Regulation by Adenosine

Tight junctions (TJs) constitute the backbone for the struc-
tural integrity of the barrier and provide a physical basis for the
epithelial barrier to ions and solutes. Contributing to the polar-
ized phenotype of epithelia, they furthermore prevent lipid diffu-
sion between apical and basolateral membrane domains, the so

Figure 1. Sources of adenine nucleotides and metabolic steps to adenosine formation in the mucosa. During active inflammation, sources of adenine
nucleotides include the active release of ATP from both PMN and platelets as well as epithelial cells. In areas of ongoing inflammation, diminished oxy-
gen supply (inflammatory hypoxia) coordinates the metabolism of nucleotides to adenosine and subsequent signaling to adenosine receptors. ATP is
selectively metabolized to adenosine by a 2-step enzymatic reaction involving ecto-apyrase (CD39) and ecto-nucleotidase (CD73). Adenosine binding to
apical adenosine A2B receptors results in activation of intracellular cyclic AMP, the phosphorylation of VASP and the resealing junctions following PMN
transmigration.
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called “fence function” of tight junctions.50 The tight junction is
comprised of both transmembrane and peripheral membrane
proteins, which are linked to the actin-based cytoskeleton50

where both complex assembly and transcriptional control of its
components is tightly regulated by a variety of physiological and
pathophysiological stimuli. Ischemia dramatically affects TJ
integrity resulting in loss of transepithelial electrical resistance
which has been observed both in ATP depletion models51 and in
vitro hypoxia models.14,52,53 Some of the permeability changes
are attributed to a alterations in distribution of occludin, zonula
occludens-1 (ZO-1), ZO-2 and cingulin.51,54 Furthermore, vas-
cular endothelial growth factor (VEGF) is a generally accepted to
be a hypoxia compensatory mechanism initiating increased
angiogenesis in regions of reduced oxygen supply. The underly-
ing mechanism involves the loss of occludin organization appar-
ently through the activation of extracellular signal regulated
kinases (ERK1/2)55 and through nitric oxide (NO)-dependent
mechanisms.56 Furthermore, TJ integrity is influenced by pertur-
bations of the interaction with the actin-based cytoskeleton57,58

and by the degradation of such membrane-cytoskeletal proteins

as ankyrin and fodrin both in ATP depletion models59 and in
endothelial hypoxia.60

Prompted by the observation that hypoxic cells have a lessened
capacity to generate cyclic nucleotides,61 a number of studies
have addressed the role of cyclic adenosine monophosphate
(cAMP) on TJ permeability. In general, changes in cAMP do not
significantly impact TJ permeability of the intact epithelium.62

Restitution, the re-establishment of disrupted epithelia, is how-
ever, significantly dependent on adequate generation of cAMP.
For example, it was shown that post-hypoxic epithelia fail to nor-
mally re-develop barrier following either physiologic disruption
(e.g., neutrophil migration, see Fig. 1) or modeled disruption
(e.g. calcium depletion), and that such defects were at least in
part attributed to diminished cAMP generation.53 At present, it
is unclear why cAMP may be so critical to restitution. Recent
studies have suggested that increases in intracellular cAMP levels
may promote barrier function through different mechanisms
including increased expression of TJ proteins ZO-1 and
occludin63 and an increase of mean number of TJ strands.64

Furthermore increases in cAMP levels are accompanied by an
increase in polymerized actin and increased phosphorylation of

intermediate filaments, suggesting that
cAMP-mediated changes in permeability
may be due to alterations in cellular cyto-
skeleton.65 Because of the actin-binding
and cross linking functions of vasodilator-
stimulated phosphoprotein (VASP), its
protein kinase A (PKA) mediated phos-
phorylation may be crucial in this pathway.
This work revealed that VASP localizes
with ZO-1 at the TJ and appears as phos-
pho-VASP at the junction following adeno-
sine simulation (Fig. 2).66 Apart from the
increasing insights that link cAMP signal
transduction to tight junctional organiza-
tion, cAMP affects permeability through
modulation of the junctional expression
of adherens junction proteins VE-cad-
herin and PECAM-163 and through
cAMP-dependent phosphorylation of
VE-cadherin.67 Finally, compelling evi-
dence indicates that oxidative stress,
commonly associated with hypoxia-reoxy-
genation, directly influences the structure
of the endothelial55 and epithelial
TJ.68,69

Creatine Metabolism and Barrier
Regulation

HIF has been implicated as the master
regulator of metabolism.18 Given the
strong association between HIF and coli-
tis,23,27,70-76 we recently examined the con-
tribution of HIF to metabolic changes in

Figure 2. VASP localization at epithelial tight junctions. In the upper panels, ZO-1 (red) and VASP
(green) were stained and analyzed by confocal microscopy. Staining at the level of the TJ for ZO-1
was observed as the characteristic “chicken-wire” staining pattern. Staining for VASP resulted
in a nearly identical staining pattern, with specific co-localized areas shown in yellow. The
lower panels depict localization of phospho-VASP at TJs in response to adenosine receptor
stimulation. Epithelial cells were stimulated with the adenosine analog NECA for indicated
periods of time (range 0–10 min) and stained with anti-phospho-VASP. Phospho-VASP is
prominently localized to the TJ under conditions in which cAMP is elevated (arrows). Adapted
from Lawrence, et. al.66
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intestinal epithelia. For these purposes, we performed chromatin
immunoprecipitation (ChIP) with HIF-1a and HIF-2a antibod-
ies followed by hybridization to a promoter microarray.33 The
log2 ratio (input-Cy3/HIF-ChIP-Cy5) was analyzed to identify
sequences specific for HIF-1a and HIF-2a binding in hypoxia.
Highly enriched subsets in the HIF-1a ChIP hits included multi-
ple enzymes of the glycolytic pathway and jumonji domain
(JmjC) containing histone demethylases. In addition, this analy-
sis revealed prominent changes associated with autophagy,
immunity, transcription and metabolism. Notably, promoter
sequences for the cytosolic creatine kinase (CK) genes CKB
(brain) and CKM (muscle) emerged as high fidelity HIF-2 spe-
cific targets. Likewise, 2 mitochondrial isoforms of CK (MTA1
and MT2) were significantly enriched in HIF-2 ChIP. Morpho-
logic analysis revealed that both the CKM and CKB isoforms
prominently localize to junctional regions of confluence intestinal
epithelia (Fig. 3).

Surprisingly little is known about CK function in the
mucosa. The creatine kinase pathway is often neglected in
energy metabolism, as it is assumed that high-energy phos-
phate transport between sites of ATP production (mitochon-
dria / glycolysis) and ATP consumption (ATPases) relies
solely on the diffusion of ATP and ADP. While this may
hold true in tissues devoid of CK and PCr (such as the liver),
it is clearly inadequate for CK-containing tissues with high
and fluctuating energy demands (e.g., skeletal and cardiac
muscle, brain, retina, and spermatozoa).77 In these latter tis-
sues, 4 distinct types of CK subunits are expressed in a devel-
opmental, species and tissue-specific manner.77 Our studies

demonstrated that each of these CK subunits are expressed in
cultured intestinal epithelial cell lines as well as murine
colonic epithelial cells in vivo.33 All CK isoenzymes catalyze
the reversible transfer of the g-phosphate group of ATP to
the guanidino group of Cr to yield ADP and PCr (Fig. 3).
In high CK expressing tissues, a large pool of PCr is available
for rapid regeneration of ATP hydrolyzed during high energy
expenditure. During periods of high energy demand, CK
reaction remains in a near-equilibrium state, keeping the con-
centrations of ATP and ADP constant, and thus, CK
“buffers” the cytosolic phosphorylation potential that seems
to be crucial for the proper functioning of a variety of cellu-
lar ATPases.77

An excellent example of high-energy expenditure within
the mucosa (and therefore a need for an ATP buffering sys-
tem such as Cr-PCr) is the restitution of intestinal epithelial
cells following insult. Indeed, the dynamic regulation of
epithelial junctions is tightly linked to the circumferential
F-actin belt.78 Such F-actin contractility is highly dependent
on adequate availability of high-energy phosphates and a
ready supply of ATP. The dynamic nature of this F-actin-
ATP interaction has been elegantly demonstrated using epi-
thelial models of ATP depletion,78 mutagenesis of myosin
light chain kinase79 as well as pharmacologically targeting
actin polymerization (e.g. phalloidin).80 G-actin monomers
assemble into filaments with distinct ends, a barbed, fast
growing end and a pointed, slow growing end.78 Each mono-
mer contains one nucleotide binding cleft where ATP is
transformed into ADP and inorganic phosphate (Pi) via 2

Figure 3. Localization of creatine kinase at epithelial junctions. In the upper panels, creatine kinase (muscle isoform) and E-cadherin were co-stained and
analyzed by confocal microscopy. Staining at the level of the adherens junction revealed nearly complete co-localization (merged image). The lower
reaction depicts the enzymatic reaction catalyzed by creatine kinase. Adapted from Glover et al.33
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processes: ATP cleavage, which produces ADP D Pi-actin,
and Pi release, which leads to ADP-actin. ATP cleavage is
extremely slow for actin monomers but is strongly increased
after the monomer has been incorporated into a filament and
turned into a protomer (or filament subunit). This process
requires a surprisingly large amount of cellular energy. For
example, it is estimated that endothelial cells expend nearly
20%81 and platelets expend as much as 50% of cellular
ATP82 in actin-myosin-related regulation of the cytoskeleton.
From this perspective, it is not surprising that Cr-PCr may
well be critical for energy homeostasis and tissue barrier func-
tion during episodes of mucosal inflammation.

HIF Prolyl-Hydroxylase Inhibitors as a Common
Target for Metabolic Barrier Regulation

In the past decade, the mechanisms of HIF stabilization have
been clarified. Three HIF prolyl hydroxylases (PDH), termed
PHD1–3, have been demonstrated to be important in the hyp-
oxic regulation of the HIF pathway.83 Each of these hydroxylases
are encoded by different genes and their gene product enzymes
demonstrate tissue specific expression patterns.83 All 3 PHD’s are
found in the intestinal epithelium.23,27,84 Significantly, different
phenotypes in mice genetically lacking individual isoforms of the
hydroxylases exist. Studies in PHD1¡/¡ mice, for example,
have revealed a reprogrammed basal metabolism, decreased exer-
cise performance85,86 and increased intestinal barrier function
due to decreased epithelial apoptosis.87 PHD2 homozygous
knockout is embryonic lethal due to abnormal developmental
angiogenesis.88,89 PHD2 heterozygous knockout animals show
enhanced tumor angiogenesis but decreased metastasis.88 PHD3
homozygous knockout mice demonstrate reduced neuronal apo-
ptosis, abnormal sympathoadrenal development and reduced
blood pressure.90. These diverse phenotypes strongly suggest dis-
tinct isoform-specific functions in vivo.

The discovery of HIF-selective PHD’s as control points of
HIF expression has provided the basis for the development of
PHD-based molecular tools and therapies.91,92. Pharmacolog-
ical inactivation of the PHDs by 2-oxoglutarate analogs is
sufficient to stabilize HIF-1a,91 but is nonspecific for individ-
ual PHD isoforms. In vitro studies suggest some significant
differences in substrate specificity. For example, PHD3 does
not hydroxylate proline 564 on HIF-a, and comparison of
enzyme activity in vitro showed that the oxygen-dependent
degradation sequence is hydroxylated most efficiently by
PHD2.93,94 These observations have generated significant
interest in identifying enzyme-modifying therapeutics. Indeed,
a number of PHD inhibitors have been described, including
direct inhibitors of the prolyl-hydroxylases,95 analogs of natu-
rally occurring cyclic hydroxamates,96 as well as antagonists
of a-keto-glutarate.91 As such, we have hypothesized that
pharmacologic activation of HIF would afford protection in
murine colitic disease. For these purposes, we and others
have used prolyl hydroxylase inhibitors that stabilize HIF-1a
and induce the expression of downstream HIF target genes.

These results show that the PHD inhibition provides an over-
all beneficial influence on clinical symptoms (weight loss,
colon length, tissue TNF a / IFNg) in murine TNBS or
DSS colitis models, most likely due to their barrier protective
function.23,27

More recently, we and others have utilized a AKB-4924, a
relatively HIF-1-selective PHD inhibitor in mucosal inflam-
mation models.97,98 The basis for HIF-1 over HIF-2 selectiv-
ity is not known at the present time. Administration of
AKB-4924 in models of murine colitis augmented epithelial
barrier function and led to an approximately 50-fold reduc-
tion in serum endotoxin during colitis. AKB-4924 also
decreased cytokines involved in pyrogenesis and hypothermia,
significantly reducing serum levels of IL-1b, IL-6 and
TNF-a, while increasing IL-10. AKB-4924 offered no protec-
tion against colitis in epithelial-specific HIF-1a deficient
mice, strongly implicating epithelial HIF-1a as the tissue tar-
get for AKB-4924-mediated protection. Such findings empha-
size the role of epithelial barrier function during
inflammatory diseases in the colon and may provide the basis
for a therapeutic use of PHD inhibitors in inflammatory
mucosal disease.

Conclusion

The low baseline O2 tension and profoundly dynamic
energy demands of gastrointestinal mucosae provide a unique
setting to study metabolic signaling in health and disease.
Restitution of the epithelial barrier and assembly of apical
epithelial junctions defines a pivotal determinant of resolution
after inflammatory insult. Hypoxia, and specifically HIF-regu-
lated pathways, are strongly associated with barrier function
in colitis, wherein altered nucleotide signaling and cellular
bioenergetics contribute fundamentally to inflammatory reso-
lution. Studies in animal models of IBD have demonstrated
an overall protective and anti-inflammatory influence of HIF
stabilizing agents (esp. prolyl hydroxylase inhibition), identi-
fying this mucosal surface as a strong candidate for targeted
HIF-based therapy. Throughout these in vitro and in vivo
studies, the metabolism of adenine nucleotides, and more
recently creatine metabolism, have proven relevant to multi-
ple signaling pathways in the epithelium. Overall, the endog-
enous adaptive metabolic pathways activated in response to
hypoxia represent potentially important new windows of ther-
apeutic opportunity in mucosal inflammation.
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