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Hypoxia is a key mechanism for regulating inflammation in ulcerative colitis
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Abstract: Intestinal bowel diseases (IBD), including ulcerative colitis (UC), is the group of difficult to diagnose widespread among the
population diseases. Pathogenesis of the disease is associated with a complex interaction of the genetic factors, the environment, the
microbiome and the unpredicted reaction of the immune system, and the existing treatment methods are not effective enough. It is
known, that hypoxia plays a key role in both system and local inflammatory reactions, mainly due to microcirculatory disorders and
disseminated intravascular coagulation. Therefore a lot of studies have demonstrated that severity of any inflammatory diseases, including
Crohn's disease (CD) and UC depends on hypoxia resistance. In this review we discussed microcirculation of blood and physiological
hypoxia in the intestine, the role of hypoxia-inducible factors in the development of IBD and UC, as well as their influence on the severity of
the inflammatory process. Authors described the protective effect of various PHD inhibitors and its benefits and disadvantages, so as new
approaches of searching of very specific low molecular weight substanses as drugs for the control of IBD and UC.
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Introduction The factors contributing the IBD development include

Hypoxia, on the one hand, can lead to the development of environmental influence, tobacco smoke, oral contraceptives,
inflammation, but on the other hand, any inflammatory process titanium dioxide in toothpastes, microplastics particles etc. [4-5].
especially with pronounced system manifestations is accompanied However accurate evidences about relation of these factors with
by oxygen deficiency [1-2]. It is known, that hypoxia plays a key mortality have not been revealed. It is currently believed, that the
role in both the system and local inflammatory reactions, mainly onset of IBDs associates with genetic predisposition [5]. The key
due to microcirculatory disorders and disseminated intravascular loci associated with UC and CD development were identified; this
coagulation [3]. In this regard a number of studies have shown is nucleotide-binding oligomerization domain containing 2 (NOD2),
that severity of any inflammatory diseases, including inflammatory which is an intracellular receptor of immune cells involved in
diseases of the gut such as Crohn's disease (CD) and ulcerative innate immunity reactions [11], macrophage-stimulating protein-1
colitis (UC) depends on hypoxia resistance [4-7]. (MST1), that regulates expression of Foxp3 and, therefore, the

expression and development of regulatory T-lymphocytes (Tregs)
[12], and finally the major histocompatibility complex (MHC),
which is central for the presentation of peptide antigens to T-cells
[13]. Mutations in loci of NOD2, 3p21 (MST1) and MHC are also
detected in patients with such immune related diseases as
ankylosing spondylitis and psoriasis [8].

UC, CD and other intestinal diseases of unknown etiology on
the clinical manifestation, mechanisms of their development and
treatment approaches are combined into the group of
inflammatory bowel diseases (IBD) [4,5,8]. In CD, all parts of the
gastrointestinal tract may be affected, while in UC, pathological

process develops first in the rectum and then spread proximally,
affecting all part of the colon [9]. During the last few years, important roles in the development

of IBD play the changes in microflora composition. It was
demonstrated that Clostridium difficile lead to a fulminant course
of pseudomembranous colitis in humans, because they produce
toxins, such as A-enterotoxin, which disturbed the barrier function
of the intestinal mucosa, and B-cytotoxin [14]. Due to the increase
in mucosal permeability, obligate and conditionally pathogenic
microflora translocates to the intestinal wall, lymph nodes and
other organs, which results in the increase of lipopolysaccharides
level, which are the classic pro-inflammatory endotoxins and,
which through TLR4 and NF-kB increase the production of pro-

IBD is widespread throughout the world, and UC happens
more often than CD. According to the statistic, the highest rate of
UC cases is in North Europe and North America, where they range
from 156 to 291 on 100,000 people [10]. The lowest rate is
determined in African and Asian countries. In Russia frequency of
UC is 20 cases per 100,000 people, CD is 3.5 per 100,000 people. In
IBD the risk of colorectal cancer increases and its frequency is 0.4-
0.8% [4].
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inflammatory cytokines, so that the cellular and humoral immune
responses are activated [15].

Thus, IBD is a group of difficult to diagnose widespread among
the population disorders. Now there are about 1-1.4 million
people with IBD in the USA. Pathogenesis of the disease is
associated with a complex interaction of the genetic factors, the
environment, the microbiome and the uncontrolled reaction of the
immune system, and the existing treatment methods are not
effective enough.

Hypoxia-inducible factor

During hypoxia, to prevent the lack of oxygen in the organism,
a complex repertoire of transcriptional changes is being realized,
which, on the one hand, is targeted to the reduction of oxygen
consumption, and on the other hand, to enhancement its delivery
to cells or tissue. Hypoxia-inducible transcription factor (HIF) has a
central role in the regulation of this transcriptional response to a
decrease in oxygen content. HIF consists of an a-subunit sensitive
to oxygen (HIF-1a, HIF-2a, HIF-3a) and a constitutive co-activator
HIF-1B. HIF-1a and HIF-2a can regulate both common genes and
also have pro- and anti-inflammatory effects on the expression of
different genes [16]. HIF is responsible for the activation of more
than 200 genes involved in erythropoiesis, angiogenesis, intestinal
barrier integrity, iron homeostasis and glycolysis [17].

Under normoxic conditions, mRNA of HIF-a is expressed
constitutively, but the HIF protein is rapidly and efficiently
disintegrates due to the activity of the prolyl hydroxylase (PHD)
related to the 2-oxoglutarate-dependent dioxygenase family. If
there is a sufficient level of oxygen, PHDs hydroxylate specific
proline residues in the oxygen-dependent domain of HIF-a [18-19],
directing the protein to VHL-dependent (tumor suppressor Von
Hippel- Linda) ubiquitination and proteasome degradation [20].

During hypoxia, the ability of PHD to hydroxylate HIF-a is
impaired, since atomic oxygen is used in the reaction. Then HIF-a
can accumulate and translocate into the nucleus, where it
activates gene expression as a result of stabilization with HIF-1
and p300.

Microcirculation of blood in the intestines

Oxygenated blood enters the intestine from the celiac trunk,
the upper and lower mesenteric arteries which makes up 20-25%
of cardiac output in fasting conditions, but increases dramatically
in response to food intake. Nutrients such as glucose, peptides and
lipids can increase total intestinal blood flow by more than 200%.
However the partial pressure of oxygen (pO,) in the perivascular
zones at the apex of the villus can be reduced by about half under
the same conditions [21]. The intestinal mucosa is well
vascularized, however, the villi of the small intestine and the crypt
of the large intestine receive a disproportionate amount of blood
flow — 60% in the villi of the small intestine, 40% in the colon
crypts [22].

The villi of the small intestine are perfused by the bringing and
outflowing vessels, which form a capillary loop at the top of the
villi, before blood enters the venule. Considering the size of the
villus (<20 um in diameter) and the combination of arterial and
venous blood flow in this small physical space, there is a possibility
for a backflow of oxygen shunt between vessels running in
opposite directions. This includes the oxygen diffusion in the villus,
directly into the venule, thus bypassing the normal vascular

contours of the villi [23]. The consequence of this is a high pO,
gradient in the villi in the zone of the crypts and the apex of the
villi. The blood supply decrement of the mucosa may contribute to
a more pronounced decrease in pO, on the surface of the
intestine.

Physiological hypoxia of the intestine

The epithelial barrier is located on the border between the
internal and external environment of the organism and consists of
the mucus layer, the glycocalyx and the epithelial lining [24]. The
epithelial lining is formed by a single layer of cylindrical cells
represented by colonocytes or columnar absorptive cells, the
apical part of which forms the lining of the luminal surface of the
intestine, by the goblet cells, enteroendocrine and M-cells [25].
Intestinal epithelial cells (IECs) are interconnected by a complex of
intercellular contacts that maintain the integrity of the epithelial
lining and prevent the paracellular transport of bacteria and
macromolecules [24]. |IECs are covered with mucus, which
provides protection from physical and chemical damage.

IECs are supplied with oxygen from the vessels of the
microvasculature, depending on their localization on the surface of
the villus or crypt. In addition, the oxygenation of ESCs is
depended on their location relative to the oxygen environment of
the intestinal lumen.

The role of the intestinal microbiota in the conditions of the
physiological norm and in the mechanisms of the development of
a wide range of diseases, such as IBDs, autism, obesity, Alzheimer's
disease and others, is being actively studied [25-28]. The main
functions of the intestinal microbiota include competition with
pathogenic bacteria (for example, Clostridium difficile), synthesis
of vitamins (for example, vitamin K), modification of bile acids, and
the production of short-chain fatty acids (SCFA), such as butyrate,
propionate and acetate [26]. According to the literature, butyrate
increases the microbiota's oxygen consumption and HIF
stabilization in mouse I|ECs, while HIF expression in IECs of
gnotobiotic mice is reduced and hypoxia-sensitive dyes in these
mice are delayed [29]. All of these indicates the important role of
microbiota in the establishment of "physiological" hypoxia,
depending on the content of butyrate. F. Rivera-Chavez et al. [30]
observed an increase in colonocyte oxygenation in response to
depletion of producing butyrate Clostridia pool. Surprisingly the
elimination of commensal anaerobic Clostridia with antibiotics
contributes to the enhanced growth of Salmonella in the intestine
[30].

Thus, the intestinal mucosa appears to be in conditions of
"physiological hypoxia". The degree of intestinal oxygenation is
influenced by the oxygen diffusion from subepithelially located
capillaries, the localization of IECs in the villi and crypts, the
change in the anaerobes and aerobes ratio, and the production of
SCFA (for example, butyrate) by microorganisms.

HIF and ulcerative colitis

There is a disturbance of the tight junctions integrity in IBDs,
that increases the permeability of the epithelial barrier, and a
destruction of the mucins, forming the biofilm in which the
commensal microflora is located, leads to the pronounced
antigenic stimulation of the intestinal mucosa immune cells. HIF-
la directly regulates the activation of several protective genes in
response to the damage to the epithelial barrier integrity, reduces
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the production of cytokines and leads to the increase in
production of B-defensins (Figure 1), that play a key rolein
antimicrobial immunity [31]. HIF-2a directly regulates the
production of some pro-inflammatory cytokines, including tumor
necrosis factor-a, which leads to HIF-2a-induced inflammation
[32]. In addition, a prolonged increase in the level of HIF-2a results
in a high turnover of tight junction proteins, such as occludin,
which leads to a decrease in the integrity of the epithelial barrier
[33] (Figure 1). It was shown that HIF-2a plays an important role in
reparative processes in wound inflammation [32-33]. It is
important to note that overexpression of both HIF-1a and HIF-2a
genes enhances the inflammatory response, which suggests that
activation of HIF-la does not prevent the pro-inflammatory
response, induced by HIF-2a [32].

According to the literature, in patients with CD and UC,
expression of HIF-1a and HIF-2a is increased in colonocytes [32].
Moreover, a positive correlation was detected between the
expression of HIF-1a and the severity of the disease course in
patients with UC during remission and in the acute phase of
diseases [34].

The most comprehensive study of the expression of HIF-1a
and HIF-2a, as well as the effect on the organism of PHD inhibitors
in connection with systemic disorders in humans, is difficult for
several reasons; therefore, these studies are widely conducted in
experimental models.

The so-called “chemical” models of IBD are most often used in
experimental studies. Oral or rectal administration of specific
chemical agents results in intestine inflammation that is similar in
clinical and morphological manifestations to UC or CD. Such
chemical agents are, for example, sodium dextran sulfate (Dextran
Sodium Sulfate, DSS), TNBS (2,4,6-Trinitrobenzenesulfonic acid),
oxazolone [35].

The role of hypoxia-inducible factors in the development of
IBD and UC, as well as their influence on the severity of the
inflammatory process, is primarily investigated in experimental
models. HIF-1a knockout mice have been shown to be more
susceptible to TNBS colitis [36], but knockout of this gene does not
affect the severity of DSS colitis. The low expression of HIF-2a
reduces the severity of the DSS colitis, despite the increase in the
production of pro-inflammatory cytokines [32]. While
overexpression of HIF-2a leads to a more severe course of UC,
spontaneous inflammation of the intestine [32], as well as
progression of cancer in experimental models [37]. An increase in
the severity of DSS colitis was shown in mice with the deficiency of
VHL that stabilizes HIF-1a and HIF-2a [38].

A lot of articles were devoted to the understanding the role of
mechanisms of oxidative stress, in particular, PHD inhibitors, in
search for the new drugs for the IBD treatment. Chemical
inhibition of PHD, which both results in HIF-1at and HIF-2a subunits
stabilization, does not affect the severity of UC, but instead leads
to its remission through the HIF-la-dependent pathway [31].
These data may seem contradictory; we discussed above, the
activation of HIF-1la does not reduce the severity of the pro-
inflammatory response induced by HIF-2a [32]. However it is
possible to select a dose of dimethyloxalylglycine (DMOG),
sufficient to activate HIF-1a, but not inducing inflammation along
the HIF-2a-dependent pathway [32]. Also, usage of PHD inhibitors
leads to non-selective, temporary activation of HIF-1a and HIF-2a,
but not to prolonged overexpression of HIF-2a, that was

demonstrated the induces of a spontaneous inflammatory process
development in the intestine.

Thus, to sum up, HIF-1a is an anti-inflammatory agent in IBD
and it ensures the integrity of the epithelial barrier and
antimicrobial immunity by increasing the synthesis of B-defensins,
while HIF-2a activates pro-inflammatory cytokine production and
epithelial proliferation.

Perspectives for the treatment of ulcerative colitis

On the one hand, “physiological” hypoxia is a marker of the
normal functioning of the intestine and, on the other hand,
oxygen-dependent pathways and HIF play important role in the
development of IBDs. Obviously, the search for new molecular
targets for the pharmacological correction of oxygen-dependent
signaling pathways attracts the attention of researchers in terms
of developing new drugs for the treatment of IBDs.

Independent studies revealed the protective effect of various
PHD inhibitors in many experimental models of colitis in 2008. To
date, some pharmacological “hypoxia mimetics” have been
developed, used to activate the HIF pathway for therapeutic
effect. Many of these drugs today are non-specific hydroxylase
inhibitors structurally related to 2-hydroxyglutarate [8, 38]. PHD
inhibitors such as DMOG, FG-4497 and TRC160334, AKB-4924
were tested as therapeutic agents in colitis experimental models
[38]. DMOG and FG-4497 are panhydroxylase inhibitors capable of
inhibiting the activity of HIF-PHD and asparaginyl hydroxylase.

The authors first identified the protective effects of
hydroxylase inhibition in models of colitis, in which the HIF-
signaling pathways and the regulating inflammation nuclear factor
NF-kB, probably plays an important role [39-42]. These two factors
are interconnected, thus, on the one hand, in the proximal part of
the HIF-1a gene promoter is the NF-kB-binding site [43] and, on
the other hand, mRNA and HIF-1la protein levels increase
dependent on NF-kB activation (the data obtained on the system
inflammatory response induced by lipopolysaccharide) [44].

Inhibitors
(DMOG, FG-4497, TRC160334, AKB-4924)
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Figure 1. The role of HIFs in intestinal inflammation. PHDs — Prolyl
Hydroxylase Domain Proteins, Using of PHDs inhibitors leads to non-
selective, temporary activation of HIF-1a and HIF-2a.
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However therapeutic agents mentioned above are not specific
and the result of their action is not only in HIF-1la subunit
stabilization, but also in HIF-2a, which can enhance the
inflammatory response. Recently it was investigated that, unlike
HIF-1a, in the structure of the HIF-2a subunit there is a ligand-
binding cavity. Despite the fact that endogenous substrates have
not yet been identified, this difference in the structure of subunits
is considered as a promising line of research for highly specific low
molecular weight inhibitors as drugs for the control of IBDs in
general and in particular UC [45].

Conclusion

Thus, UC is a disease, characterized by the interraption of the
intestinal barrier, a disorder of immunity and microbial dysbiosis.
Hypoxia is a key feature of the normal physiology of intestine, and
in inflammatory conditions, such as UC, tissue hypoxia may be
aggravated. HIF plays a central role in the normal function of a
healthy intestinal mucosa, and using of PHD inhibitors are
protective in experimental models of colitis. However, they are not
specific and can enhance the inflammatory response in UC. In this
case, it is important to continue to develop additional therapeutic
strategies that use the protective potential of oxygen-sensitive
methods, taking into account differences in spatial organization of
HIF-1a and HIF-2a subunits.
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