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Abstract Inflammatory bowel disease (IBD) is a common chronic intestinal disorder
characterised by a loss of epithelial barrier function leading to the unregulated movement of
luminal antigenic material into mucosal tissue with resultant inflammation. In IBD, multiple
components of the inflammatory response lead to tissue hypoxia. Mucosal hypoxia leads to
the inactivation of prolyl hydroxylase domain-containing (PHD) enzymes, which in turn leads
to the stabilisation of the hypoxia-inducible factor (HIF), which induces the expression of
barrier protective genes. Furthermore, pharmacological hydroxylase inhibition has been shown
to be protective in colitis, at least in part through enhancing intestinal epithelial barrier
function through HIF-1-dependent barrier-protective gene expression. Therefore, targeting
hypoxia-sensitive pathways represents a new and promising therapeutic approach in IBD.

Eric Brown is a Postdoctoral Research Fellow at the School of Medicine and Medical Science, University
College Dublin, Ireland. Current research being conducted in the laboratory of Cormac Taylor is
investigating HIF pathway regulation in ulcerative colitis patients. Previous doctoral research, carried
out at University College Dublin, investigated the influence of the immune system on serotonin signalling
in the central nervous system. Cormac Taylor holds an appointment as Professor of Cellular Physio-
logy at the School of Medicine and Medical Science, Systems Biology Ireland and the Conway Institute,
University College Dublin, Ireland. Current research in his laboratory is directed towards developing
our understanding of the physiological and pathophysiological mechanisms by which changes in micro-
environmental oxygen levels regulate gene transcription in eukaryotic cells. A key focus of this work is the
identification of new therapeutic targets in inflammatory disease.
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Abstract figure legend Regulation of hypoxia-inducible factor (HIF) by prolyl hydroxylase domains (PHDs) 1–3. PHDs
hydroxylate HIF protein leading to its degradation. The PHD isoforms (PHD1–3) differ in selectivity for hydroxylation
of HIF-1α or HIF-2α. Greater selectivity is indicated by a continuous line and lesser selectivity is indicated by a dashed
line. PHD2 has a greater influence on HIF-1α than HIF-2α while PHD1 and PHD3 have a greater influence on HIF-2α

than HIF-1α. The differing outcomes of HIF-1α or HIF-2α dominant signalling are indicated.

Introduction

Inflammatory bowel disease (IBD) is a chronic infla-
mmatory condition affecting the gastrointestinal tract.
The core pathology of IBD involves a loss of intestinal
barrier function and associated exposure of cells of the
mucosal immune system to the antigenic and microbial
contents of the gut lumen. This drives inflammation which
further compromises intestinal barrier integrity resulting
in progressive and cyclical inflammatory disease. The two
principal forms of IBD are ulcerative colitis (UC), in
which inflammation is restricted to the mucosal tissue of
the colon, and Crohn’s disease (CD) where inflammation
can be transmural and may occur throughout the gastro-
intestinal tract (Cummins et al. 2013). The prevalence of
IBD is highest and rising in Europe and North America.
The annual prevalence of IBD in Europe is 505 per
100,000 people for UC and 322 per 100,000 people for CD
(Molodecky et al. 2012). The cause(s) of IBD is thought to
involve a complex combination of genetic predisposition
and exposure to microbial and environmental factors.
Symptoms include, but are not limited to, abdominal pain,
weight loss, diarrhoea and fatigue (Fakhoury et al. 2014).
These symptoms can be debilitating for patients and IBD
is associated with a number of comorbidities including
increased risk of cardiovascular disease (Wu et al. 2017),
inflammation driven tumour development (Axelrad et al.
2016) and associated psychological conditions including
depression and anxiety (Bannaga & Selinger, 2015).
In a bid to better understand IBD and develop new
therapeutic strategies, a number of animal models have
been developed. These models vary in their mechanism
of action and include chemically induced colitis (e.g.
DSS or TNBS colitis) as well as genetically modified
mice with increased susceptibility to spontaneous disease
(e.g. MDR-1 knockout mice) (Wirtz & Neurath, 2007).
Due to the limitations in the relevance of each of
these individual models to human disease, putative new
therapeutic approaches to IBD need to be confirmed in
multiple model systems.

Of interest, multiple pre-clinical models of infla-
mmatory bowel disease have demonstrated that the
microenvironment of the inflamed mucosa is hypoxic.
This is likely a result of a combination of increased
oxygen consumption by infiltrating immune cells and
resident cells of the inflamed mucosa and decreased

perfusion due to microthrombosis in chronically inflamed
tissue. Therefore, mucosal hypoxia is a common micro-
environmental feature in the inflamed mucosa during IBD
(Taylor & Colgan, 2017).

The hypoxia inducible factor

The hypoxia-inducible factor (HIF) is a transcription
factor which governs the cellular transcriptional response
to hypoxia. Under conditions of normoxia (where oxygen
supply exceeds demand), HIF is generated at a high
level but is targeted for immediate, oxygen-dependent
degradation in a manner dependent upon the activity
of the HIF PHDs (Fig. 1). There are two HIFα isoforms
associated with increased gene expression in hypoxia,
termed HIF-1α and HIF-2α, which have differential
tissue expression patterns and which regulate discreet
but overlapping gene cohorts (Kaelin & Ratcliffe, 2008).
In hypoxia, PHDs are inhibited and HIF degradation
is thereby reduced, allowing HIFα subunits to rapidly
accumulate and dimerise with HIF-1β proteins.
These HIFαβ dimers act as transcription factors at
hypoxia-response elements (HRE) and regulate a wide
programme of gene transcription to increase cellular
oxygen levels but also affecting processes such as
metabolism, angiogenesis, proliferation, apoptosis and
inflammation (Kaelin & Ratcliffe, 2008). Therefore, HIF
has been termed a master regulator of the cellular adaptive
response to hypoxia (Semenza, 2012).

Humans express three prolyl hydroxylase isoforms and
siRNA-based interference experiments have demonstrated
that these isoforms (termed PHD1–3) have differential
selectivity in relation to the hydroxylation of HIF-1α
and HIF-2α (Appelhoff et al. 2004). In this study, it was
demonstrated that while PHD2 had a greater influence
on HIF-1α than HIF-2α levels, PHD1 and PHD3 in
combination or singly had a greater effect on HIF-2α levels
than HIF-1α levels. Another study also demonstrated that
PHD1 inhibits HIF-1α accumulation and transcriptional
activity (Erez et al. 2003). A caveat in interpreting these
data is that different cell types have different expression
profiles. Furthermore, PHD2 and PHD3 mRNA levels are
inducible by hypoxia while PHD1 is not regulated by such
a feedback mechanism (Marxsen et al. 2004). Therefore
in designing targeted prolyl hydroxylase inhibitors,
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consideration must be given to the PHD being targeted
as well as the unique PHD expression profile and hypoxic
context of the cell or tissue being targeted.

In a murine dextran sulphate sodium (DSS) colitis
model it was demonstrated that PHD1 knockout was
protective against the disease while PHD3 knockout or
PHD2 heterozygous knockout was not (Tambuwala et al.
2010). Furthermore, using a murine DSS model, it was
demonstrated that deletion of PHD1 in haematopoietic
cells is protective. Similarly to the previously mentioned
study, deletion of PHD3 or heterozygous deletion of PHD2
in haematopoietic cells was not protective (Van Welden
et al. 2017). Further support for the involvement of PHD1
in IBD is the finding that in human colonic biopsies PHD1
protein levels are elevated in both UC and CD patients
(Van Welden et al. 2013). These results imply that PHD1 in
particular is associated with colitis in both animal models
and the human disease.

In support of the concept that PHD inhibition may be of
therapeutic benefit in human colitis, it was demonstrated
that the pan-hydroxylase inhibitor dimethyloxalylglycine
(DMOG) is protective against DSS-induced colitis
(Cummins et al. 2008). In a simultaneous report,
another pan-hydroxylase inhibitor (FG-4497) was shown
to be protective in 2,4,6-trinitrobenzenesulfonic acid
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Figure 1. The hypoxia-inducible factor pathway
Under conditions
where cellular oxygen supply exceeds demand (normoxia), HIF
is hydroxylated by PHD enzymes leading to its ubiquitination by the
von Hipple Lindau protein and its subsequent degradation. Under
conditions where oxygen demand exceeds supply, hydroxylases
are inhibited leading to the stabilisation of HIF-1α subunits which
dimerise with HIF-1β to form a transcriptionally active transcription
factor which governs the cellular transcriptional response to hypoxia.

(TNBS)-induced colitis (Robinson et al. 2008). Since
then, these results have been reproduced in a variety
of colitis models (Cummins et al. 2013). A common
factor among these studies has been the finding that
compounds which inhibit prolyl hydroxylase enzymes and
stabilise hypoxia-inducible factor (HIF) are therapeutic
in pre-clinical models of colitis (Hindryckx et al. 2010;
Hirota et al. 2010; Keely et al. 2014). Therefore, in
multiple pre-clinical models of colitis, genetic PHD1
or pharmacological pan-hydroxylase inhibition has been
shown to be protective. This has led to interest in the use of
prolyl hydroxylase inhibitors to manipulate HIF pathway
activity as a therapeutic strategy in IBD.

HIF-1α or HIF-2α dominant signalling – a determinant
of disease progression?

A key question which remains is the relative roles of
the HIF-1 and HIF-2 isoforms in the protective effects
of hydroxylase inhibition in colitis. HIF-1α and HIF-2α
share 85% sequence identity in their DNA binding
basic helix-loop-helix domain which allows them to
bind identical HRE consensus sequences (Tian et al.
1997). Their N-terminal transactivation domain is what
confers target gene specificity by recruiting different trans-
criptional cofactors (Hu et al. 2007). As a result of
this regulatory system both HIF-1α and HIF-2α act as
transcription factors for a number of common, as well as
many unique, target genes (Keith et al. 2011).

In the context of IBD, HIF-1α is widely regarded
as a protective factor as it regulates the expression of
barrier protective proteins such as intestinal trefoil factor
and CD73 (Karhausen et al. 2004), as well as anti-
microbial proteins such as β-defensin-1 (Kelly et al.
2013). Further evidence for the protective role of HIF-1α
in IBD is the finding that DSS-induced colitis is more
severe in mice with a dendritic cell HIF-1α knockout
compared to wild types (Fluck et al. 2016). Another
study using Cre-loxP-mediated deletion or constitutive
activation of HIF-1α in the intestinal epithelial cells of mice
demonstrated that the absence of HIF-1α results in more
severe TNBS-induced colitis while constitutive activation
of HIF-1α was protective against TNBS-induced colitis
(Karhausen et al. 2004).

HIF-2α also plays a critical role in maintaining intestinal
barrier homeostasis, and is involved in regulation of
pathways involved in proliferation and metabolism
required for intestinal injury repair, an essential function
for such a highly regenerative tissue (van der Flier &
Clevers, 2009). HIF-2α has been shown to promote the
expression of creatine kinases, which are key metabolic
enzymes required to maintain epithelial cell adherens
junctions and so barrier integrity (Glover et al. 2013).
HIF-2α is also a positive regulator of vascular endothelial
growth factor (VEGF) (Rankin et al. 2008), an angiogenic
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growth factor. However, in some cases, HIF-2α has been
reported to promote deleterious effects in IBD disease
models (Xue et al. 2013). In a moderate DSS model of
colitis (3% DSS in drinking water) HIF-2α deletion was
reported to be protective, which suggests that HIF-2α is
actively involved in the pathogenesis of the disease. In the
same study, the previous finding was further supported
by demonstration that overexpression of HIF-2α in
the intestinal epithelial cells exacerbated symptoms of
DSS-induced colitis and chronic overexpression could
also induce spontaneous intestinal inflammation. Using
immunohistochemical staining of human IBD patient
biopsies and mouse colitis model tissue samples, a marked
increase in HIF-2α staining was observed to co-localise
with the epithelial specific marker E-cadherin. Further
evidence for the detrimental influence HIF-2α has in IBD
is that HIF-2α promotes colorectal cancer progression
(Xue et al. 2012) while HIF-1α does not (Xue et al.
2014). Therefore, while most studies to date concur with
HIF-1 being protective in colitis, the role of HIF-2α is
less clear. Importantly, however, multiple studies to date
investigating the effects of pharmacological HIF activation
through pharmacological hydroxylase inhibition have
shown both isoforms to be protective against mucosal
inflammation.

Concluding remarks

Hypoxia is a microenvironmental feature of chronic
mucosal inflammation which activates HIF-dependent
adaptive gene expression through the inhibition of
PHD enzymes. Furthermore, multiple studies have
now demonstrated that pharmacological hydroxylase
inhibition is protective in multiple models of colitis.
Notably, the PHD1 isoform is emerging as a key target
in this protective response, although associated roles for
PHD2 and PHD3 cannot be ruled out at this stage.
Furthermore, while the HIF-1 isoform is associated with
protection against disease progression, the role of HIF-2 is
more ambiguous. Pharmacological hydroxylase inhibition
has been recently introduced to clinical trials for the
treatment of chronic kidney disease-associated anaemia,
and initial studies demonstrate that this approach is well
tolerated by patients and the inhibitors provide clinical
efficacy. Therefore the potential for re-purposing hydro-
xylase inhibitors for the treatment of IBD is a realistic
possibility. However, systemic administration of hydro-
xylase inhibitors raises the possibility of unwanted side
effects in IBD patients such as erythropoeisis. Therefore,
targeted delivery approaches are being developed which
allow local administration of drugs to diseased areas of
the intestine with minimal systemic exposure (Tambuwala
et al. 2015).

In summary, tissue hypoxia is a powerful stimulus
for inducing adaptive gene expression through the

hypoxia-inducible factor. Since the elucidation of the
role of prolyl hydroxylases in the signalling mechanisms
linking tissue hypoxia to HIF activation, the possibility
of pharmacological interference with this pathway for
therapeutic benefit has arisen. The years ahead will be
an exciting time for the field of hypoxia-related research
as the clinical efficacy of this approach is tested in multiple
disease models including (but not limited to) IBD.
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