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The gastrointestinal tract is a highly proliferative and regen-
erative tissue. The intestine also harbors a large and diverse
microbial population collectively called the gut microbiome
(microbiota). The microbiome—intestine cross-talk includes a
dynamic exchange of gaseous signaling mediators generated by
bacterial and intestinal metabolisms. Moreover, the micro-
biome initiates and maintains the hypoxic environment of the
intestine that is critical for nutrient absorption, intestinal bar-
rier function, and innate and adaptive immune responses in the
mucosal cells of the intestine. The response to hypoxia is medi-
ated by hypoxia-inducible factors (HIFs). In hypoxic conditions,
the HIF activation regulates the expression of a cohort of genes
that promote adaptation to hypoxia. Physiologically, HIF-de-
pendent genes contribute to the aforementioned maintenance
of epithelial barrier function, nutrient absorption, and immune
regulation. However, chronic HIF activation exacerbates disease
conditions, leading to intestinal injury, inflammation, and colo-
rectal cancer. In this review, we aim to outline the major roles
of physiological and pathological hypoxic conditions in the
maintenance of intestinal homeostasis and in the onset and pro-
gression of disease with a major focus on understanding the
complex pathophysiology of the intestine

The primary functions of the intestine are absorption and
processing of nutrients, fluid homeostasis, removal of waste,
and the maintenance of oral tolerance toward luminal antigens
(1). The intestine is a highly unique tissue that is adjacent to
a diverse and dense microbial population, called the micro-
biota. The microbiota is essential in the breakdown of dietary
nutrients and regulation of intestinal and systemic immune
responses. Microbiota also produce small molecules critical for
intestinal metabolism. In addition, bacterial metabolism gener-
ates several gasses that can modulate cellular function. The
microbiota mostly consists of anaerobes that decrease environ-
mental O,, and therefore the intestine is highly hypoxic com-
pared with most issues. Due to the central role of O, in our biol-
ogy, the intestine is highly dependent on the adaptive pathways
activated by hypoxia. This is a rapidly evolving and changing
field at the intersection between physiology and biological
chemistry. Recent studies demonstrate a central role of oxygen
dynamics in regulating intestinal homeostasis and disruption of
the oxygen gradient is responsible for many intestinal diseases,
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including inflammatory bowel disease (IBD) and colorectal
cancer (CRC) (2). Currently, several new drugs that target oxy-
gen-sensing pathways have been approved or are in clinical tri-
als. In this review, we summarize the unique gas exchange and
metabolic cross-talk of the microbiota and intestine that are
critical in maintaining a hypoxic response in intestinal health
and disease.

Regulation of oxygen tension in the intestine by the
microbiota

In an adult humans, the intestinal epithelium forms a mono-
layer of cells that covers an area of ~250-300 m? (3). The small
intestine is organized into crypt-villus units. Villi are finger-like
projections that are essential in the absorption of nutrients. At
the base of each villus, invaginations form the crypt where in-
testinal stem cells reside. The colon is distally localized along
the gastrointestinal tract to the small intestine and is comprised
only of crypts. The small intestinal and colonic epithelium con-
sist of highly specialized post-mitotic cells, including entero-
cytes that help in absorption and goblet, Paneth, and enteroen-
docrine cells that aid in secretion of intestinal hormones,
mucus, and anti-bacterial peptides. The small intestinal and co-
lonic epithelium renew after every 5-6 days from mitotic stem
cells and early progenitor transit-amplifying cells. Underneath
the epithelium, there resides a vascular and lymphatic network
critical for nutrient transport and tissue oxygenation. More-
over, intestinal tissue oxygenation is regulated by luminal oxy-
gen sources, local metabolism due to the high cell turnover,
and intestinal vascularization.

A unique oxygen gradient exists within the human intestinal
tract. A vertical oxygen gradient has been documented in more
distal, colonic regions of the gastrointestinal (GI) tract, from
the anaerobic lumen across the epithelium to the richly vascu-
larized subepithelial mucosa (4). The partial pressure (pO,) of
air at sea level is ~145 mm Hg (~21% O,). In contrast, at base-
line, epithelial cells lining the intestinal mucosa exist in a rela-
tively low-pO, environment. Noninvasive techniques such as
EPR oximetry that measures pO, of tissues estimate 42—71 mm
Hg (7-10%) across the colonic muscle wall to around ~42 mm
Hg (~6%) in the vascularized submucosa, 5-10 mm Hg near
the crypt-lumen interface, and 11 (~2%) and 3 mm Hg (~0.4%)
in the lumen of ascending and sigmoid colon, respectively (5).
EPR oximetry estimates pO, of 59 mm Hg (8%) in the small
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intestinal wall to around 22 mm Hg (3%) at the villus tip and
<10 mm Hg (2%) in the small intestinal lumen (Fig. 14) (6). In
comparison, the healthy lung alveoli have a pO, of 100-110
mm Hg, and 60—65 mm Hg is observed in the periportal area of
the liver (7). Lymphoid tissues such as bone marrow and spleen
have a lower oxygen concentration of 50 mm Hg (8) and 25-35
mm Hg (9), respectively. The pO, drops precipitously along the
radial axis from the intestinal submucosa to the lumen, which
is home to trillions of anaerobic microbes.

The microbiota is critical in establishing the hypoxic intesti-
nal microenvironment. Newborn intestines are relatively better
oxygenated compared with those of adults. Recent data demon-
strate that maternal microbiota seeds the offspring microbiota
at birth. Diversity and density of the microbiota increases and
stabilizes to adult-like by the first 3 years of life (10, 11). Studies
demonstrate that the initial bacterial community is composed
of aerobic and facultative anaerobic bacteria that consume oxy-
gen in the intestine and thus provide an optimal niche for an-
aerobic bacteria (12). The number and diversity of commensals
increase down the intestinal longitudinal axis from the small
intestine to the colon (12). Moreover, the utilization of oxygen
by aerobic bacteria near the epithelium and rise in tissue oxy-
genation lead to an increase in the population of aerotolerant
microbes at the epithelia-lumen interface and renders the cen-
tral portion of the lumen deficient in oxygen (13). The variation
in luminal oxygen concentration in intestinal disease and the
consequent effects on hosts are not currently known. However,
many GI diseases are thought to have high oxidative stress,
which can influence luminal oxygen levels and lead to dysbiosis
(2). In addition, some studies show that the use of antibiotics
can also alter the intestinal oxygen gradient and the microbiota
(14).

Hypoxia and HIF signaling
Oxygen and metabolic regulation of HIFs

The adaptation to hypoxia at the cellular level in the intestine
is regulated primarily by hypoxia-inducible factors (HIFs) (2).
In hypoxic conditions, HIF stabilization drives the expression
of genes that aid in the adaptation to hypoxia, which primarily
includes regulators of erythropoiesis (erythropoietin; EPO),
angiogenesis (vascular endothelial growth factor; VEGEF), and
metabolism (glycolytic enzymes) (15-17). HIFs are a hetero-
dimer of an a- and B-subunit. The HIF-a subunit belongs to
the basic helix-hoop-helix Per-Arnt-Sim (bHLH-PAS) family
of transcription factors (18). Vertebrates have three a-subunits:
HIF-1a, HIF-2«, and HIF-3a. This review primarily focuses on
HIF-1a and HIF-2q; very little has been done to assess the role
of HIF-3a in the intestine.

The N-terminal region of HIF-a subunit contains a domain
that is required for DNA binding and heterodimerization (19).
HIF-a subunit contains a highly conserved oxygen-dependent
degradation domain (ODD). The ODD domain contains two
prolines that are hydroxylated, 402 and 562 on HIF-1a and pro-
lines 405 and 531 on HIF-2«a (20). Hydroxylation of HIF-« leads
to the proteasomal degradation. The enzymes that hydroxylate
HIF-q, the prolyl hydroxylase domain enzymes (PHDs), consist-
ing of PHD1 (EGLN2), PHD2 (EGLN1), and PHD3 (EGLN3),
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Figure 1. Intestinal O, and metabolic regulation. A, countercurrent blood
flow reduces local pO, along the crypt-villus axis and the microbiome alters
pO, from small intestine to the colon. B, transit-amplifying cells of the proxi-
mal small intestine rely on fatty acid oxidation (FAO) transcriptionally regu-
lated by PRMD16 to support the differentiation of intestinal epithelial cells.
Colonocytes rely on SCFAs for fuel. Increased utilization of SCFAs increases
oxygen consumption and activates HIF activity, contributing to the basal
hypoxic tone of the intestine. During high ATP demand in the intestine, HIF-
1a can replenish the ATP pool via the PCr/CK system. C, Lgr5+ stem cells are
dependent on lactate exchange from neighboring Paneth cells. Paneth cells

fuel oxidative phosphorylation to maintain stemness and diets high in fat
fuel fatty acid oxidation to increase the stemness of Lgr5 stem cell cells.
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Figure 2. Intestinal gas exchange and hypoxic signaling. In the presence
of O,, a-ketoglutarate (a-KG), and Fe2*, PHD enzymes hydroxylate the two
proline residues on HIF, enabling the binding of VHL, a tumor suppressor pro-
tein, to the HIF-a subunit. VHL binding is coupled with E3 ubiquitin ligase ac-
tivity, which degrades HIF-a subunits under normoxic conditions. As oxygen,
iron, or a-ketoglutarate levels decrease in a cell, PHDs are no longer active. In
addition, if succinate, fumarate, or ROS levels are elevated, PHD activity is
decreased. HIF-« is stabilized and binds to ARNT to activate transcription of
target genes. The intestinal cells, diet, and microbiome generate numerous
gaseous signaling mediators that cross-talk with HIF signaling. NO, H,S, and
CO, inhibit HIF activity, whereas carbon monoxide and NH; activate HIF (red
lines indicate inhibitory mechanism, and blue lines denote activation).

are the major oxygen sensors in a cell. PHDs are a-ketogluta-
rate—dependent dioxygenases. PHDs use O, to hydroxylate
the HIF-« subunit on the prolines in the ODD. Hydroxylation
enables the binding of the Von Hippel-Lindau (VHL) tumor
suppressor protein, which is an E3 ubiquitin ligase (21-23).
In low-oxygen conditions, the PHD enzymes can no longer
utilize O, for HIF-a hydroxylation (Fig. 2). HIF-« is stabilized
and heterodimerizes with a constitutively expressed HIF-f3
subunit also known as aryl hydrocarbon receptor nuclear
translocator (ARNT) (24). This heterodimerization enables
binding to HIF response elements (HREs) in the promoters of
target genes (25, 26).

Hypoxia is the best-studied mechanism leading to the activa-
tion of HIFs. However, PHDs use both O, and a-ketoglutarate
as substrates, leading to protein hydroxylation, succinate, and
CO, as products of the reaction. a-Ketoglutarate is an interme-
diate metabolite of the TCA cycle. In intestinal epithelial cells,
a-ketoglutarate is not limiting and is required for succinyl-CoA
production. The requirement of a-ketoglutarate for PHD activ-
ity thus links HIF stability to cellular metabolism. Isocitrate de-
hydrogenase 1 (IDH1) and IDH2 are enzymes that generate
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a-ketoglutarate, and mutations in these enzymes show a robust
HIF gene signature (27). IDH mutations lead to decreased IDH
activity and lower conversion of isocitrate to a-ketoglutarate
and a gain of neomorphic enzyme activity, resulting in high lev-
els of 2-hydroxyglutarate (28). 2-Hydroxyglutarate is a compet-
itive inhibitor of a-ketoglutarate that decreases PHD activity
(28). In addition, other metabolites important in cell metabo-
lism can also alter HIF-« stability. Succinate is generated fol-
lowing HIF-o hydroxylation. Tumors with elevated succinate
levels due to mutations in succinate dehydrogenase increase
HIF-1« stability (29). Succinate levels are also elevated in LPS-
treated macrophages, resulting in activation of HIF-la and
a glycolytic phenotype (30). Because succinate is generated
following HIF-a hydroxylation, succinate can directly inhibit
PHD activity by product inhibition. PHDs require Fe** as an
essential co-factor for enzymatic activity (31). Therefore, limit-
ing intracellular Fe>" levels potently activate HIFs. Last, mito-
chondrial reactive oxygen species (ROS) are critical for the acti-
vation of HIFs (32, 33). The exact mechanism of ROS-mediated
HIF-1« stabilization is unknown. But it is shown that hypoxia
increases mitochondrial ROS generation at Complex III, which
causes accumulation of HIF-1«a protein. This response is lost in
cells depleted of mitochondrial DNA (p° cells) (32). Several mi-
tochondrial intermediates, such as succinate and fumarate,
result in ROS production and can indirectly activate HIF-1a
(34, 35). Succinate can drive reverse electron transport through
complex II, which is a major source of ROS (36). Fumarate
directly binds the antioxidant GSH in vitro and in vivo to pro-
duce a novel metabolite that can decrease NADPH levels and
increase mitochondrial ROS (34). The mechanisms by which
redox balance alters HIF-1la stability have not been clearly
defined, but ROS can induce nonenzymatic decarboxylation of
a-ketoglutarate and/or oxidize Fe** to Fe*".

Studies assessing the role of mitochondrial intermediates
and/or ROS cross-talk to HIF pathways have not assessed the
role of these pathways iz vivo in the intestine. Moreover, the
majority of studies have focused on HIF-1a. Although HIF-1«
and HIF-2« share 48% overall amino acid identity and can bind
to the same response elements, they exhibit considerable differ-
ences in their expression pattern and function. They can regu-
late both distinct and overlapping genes. HIF-1« is ubiquitously
expressed in all cell types (37). HIF-2« expression is selective
(38—42), but it is highly expressed in intestinal epithelial cells
(43, 44). HIF-1a regulates 80% of the glycolytic-related genes,
including phosphofructokinase, pyruvate dehydrogenase ki-
nase, and lactate dehydrogenase A. HIF-2a selectively regu-
lates EPO, and iron-regulatory genes, such as DMT1 and
CYBRD1 (which encodes DCYTB) (45). In addition, both
HIF-1a and HIF-2a induce a large battery of genes that
are up-regulated during injury, inflammation, and cancer.
Thus, studies are needed to demonstrate the interplay of re-
dox balance and mitochondrial metabolism on HIF-2«
expression and activity. It will be critical to define how mito-
chondrial metabolism and redox balance integrate and con-
tribute to regulate HIF-1a and HIF-2a expression in the
hypoxic intestinal environment.
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Hypoxia and intestinal cellular metabolism

During low-oxygen conditions, cells adapt to hypoxic stress
by inducing the expression of several genes involved in energy
metabolism. Many of the metabolic responses to hypoxia are
orchestrated by HIFs. The roles of HIF-1a and/or HIF-2« in
the induction of genes encoding for enzymes involved in glyco-
lytic, carbohydrate, fatty acid, mitochondrial, and peroxisomal
metabolism have been reviewed extensively elsewhere (46, 47).
HIFs fulfill the high cellular metabolic demands for glucose,
protein, and lipids in oxygen starved cells, and this function is
conserved in many cell types and tissues. Moreover, in tissues
the cellular metabolic pathways utilized for growth and func-
tion largely depend on the proliferative nature of the cell type.
As mentioned above, the colon and small intestine contain
both highly proliferative stem cells and transit-amplifying pro-
genitor population and post-mitotic differentiated cells (48).
The post-mitotic differentiated cells have a high rate of energy
expenditure due to energy-consuming digestive, secretory, and
absorptive processes (49). Recent work identified PRDM16 as a
central transcription factor that regulates intestinal fatty acid
oxidation. The deletion of PRDM16 in mice triggered apoptosis
in the transit-amplifying progenitor cells (50). This led to a
decrease in epithelial cell differentiation (50). The critical role
of PRMD16-induced fatty acid oxidation was localized to the
proximal small intestine and was dispensable for the distal
small intestine or colonic metabolism (Fig. 1B).

A critical regulator of tissue homeostasis is crypt base colum-
nar (CBC) stem cells (51). CBC stem cells represent a popula-
tion of rapidly dividing cells at the base of a crypt in the small
intestine (52). CBC stem cells are responsible for all terminally
differentiated intestinal epithelial cells (enterocytes, Paneth,
goblet, enteroendocrine, tuft, and M cells) (53). There is an
increasing demand for mitochondrial oxidative phosphoryla-
tion in CBCs to sustain the immense amount of cell turnover in
the small intestine (54). To fuel the oxidative phosphorylation
of CBCs, Paneth cells that intercalate between CBCs are
involved in continuous metabolic exchange with CBCs in
which lactate from Paneth cells fuels oxidative phosphorylation
in CBCs (Fig. 1B). Inhibition of glycolysis led to a decrease in
lactate production in Paneth cells and subsequently altered
Lgr5+ CBC function and a decrease in crypt maturation (55).
Consistent with these data, the promotion of fatty acid oxida-
tion to fuel oxidative phosphorylation enhances small intestinal
stem cell function (56, 57). The colon is relatively more hypoxic
than the small intestine and largely relies on commensally
derived fuel sources in the form of short-chain fatty acids
(SCFAs) (58). The SCFA butyrate can reach up to 30 mwm in the
colon, and it serves as an ideal metabolic substrate for colonic
epithelial cells as acetyl-CoA derived from butyrate is readily
made accessible for oxidative phosphorylation (59). A healthy
colon derives about 30% of energy from butyrate (Fig. 1B) (60).
Butyrate via fueling oxidative phosphorylation (O,-consuming
process) is critical for initiating and sustaining a hypoxic/HIF
gradient in the intestine (Fig. 1B) (61). A recent report by Kelly
et al. (61) highlights the importance of butyrate in influencing
colonic epithelial cell growth through the regulation of physio-
logic hypoxia. Butyrate increases colon epithelial O, consump-
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tion via driving oxidative phosphorylation and stabilizes HIF
(61, 62). Depleting microbiota by antibiotics reduced butyrate
levels in the colon and decreased HIF expression, which could
be restored by supplementing butyrate. Regulation of cellular
metabolism is a well-conserved HIF transcriptional program.
However, the disruption of HIF-1a or HIF-2« in the intestinal
epithelial results in no major basal phenotype in mice. There-
fore, extensive work in this area is needed to understand
whether HIF-1a and HIF-2« play overlapping roles in regulat-
ing intestinal epithelial cellular metabolism or if additional HIF-
independent pathways regulate intestinal metabolism. During
stress conditions, such as in intestinal injury, the injured foci is
highly hypoxic, attributable to several factors that disrupt the
oxygen gradient that is established in the normal intestine.
Inflammatory tissue injury leads to vascular injury, which
diminishes the countercurrent circulatory exchange in the
intestine. Moreover, the influx of highly active immune cells
that are dependent on continuous glycolysis to fuel rapid ATP
production can consume local oxygen and drive local intestinal
hypoxia (63). Moreover, wound repair is a highly energy-
demanding process that requires increased ATP to maintain
hemostasis, inflammation, proliferation, and remodeling that
occurs for the tissue to fully heal (64). HIFs are critical in the in-
testinal wound repair response by sustaining ATP pools through
regulation of the creatine/creatine kinase (Cr/CK) axis. HIF-2«
regulates and coordinates the expression of CKs, an essential
metabolic enzyme for ATP generation. Cr can be phosphoryl-
ated by CK, resulting in phosphocreatine (PCr) and ADP. Thus,
PCr is a stable readily accessible substrate of high-energy phos-
phate for the replenishment of the ATP pool during high energy
demand (65) (Fig. 1B).

Hypoxic cross-talk with gaseous signaling mediators

The intestinal microenvironment due to both microbiome and
host metabolism leads to high levels of biological gases and pro-
vides a unique microenvironment, where many gaseous mole-
cules interact with HIFs. This complex interaction plays a central
role in health and disease. The small, endogenous, and diffusible
gaseous mediators nitric oxide (NO), carbon monoxide (CO),
hydrogen sulfide (H,S), and ammonia (NH4) play numerous
physiological roles. We summarize what is known about these
gasotransmitters and cross-talk to hypoxic signaling.

Nitric oxide

In the gastrointestinal tract, NO production is regulated via
nitric oxide synthase or by bacterially mediated mechanisms
(66). The constitutively expressed and inducible isoforms of
nitric oxide synthase are responsible for the enzymatic produc-
tion of NO. Nitric oxide can also be formed from dietary ni-
trate, which in the oral cavity is reduced by bacterial reductases
to nitrite, yielding NO gas after acidification in the gastric
lumen (67). Nitric oxide production from the reaction of hydro-
gen peroxide with arginine is another example of nonenzymatic
NO production (68). NO can readily interact with cytochrome
¢ oxidase (CoX), the terminal enzyme in the mitochondrial
electron transport chain and the primary site of cellular O, con-
sumption in mammals (69). Many factors, including local NO
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and O, concentrations and also the redox state of CoX, regulate
NO binding to CoX (70, 71). Under certain instances, which are
not completely understood, NO can bind to CoX in the pres-
ence of O,, leading to increased O, availability for prolyl
hydroxylation of HIF-1a in HEK293T cells (72, 73). Moreover,
multiple studies have shown that NO attenuates HIF-1a accu-
mulation and DNA binding during hypoxia via promoting free
cellular iron and/or restoring PHD activity (72, 74—78). During
hypoxic conditions, when O, concentrations are low and CoX
is reduced, competitive binding of NO inhibits CoX activity,
resulting in decreased O, consumption and redistribution of
cellular O, (79). Under normoxic conditions, NO is also
found to antagonize iron chelator—induced HIF-1a accumu-
lation, which was ascribed to increases in intracellular free
iron (80). These data demonstrate that NO directly alters
hypoxic sensing.

A study in HEK293 cells has established the mechanism
through which NO activates PHD enzymes and destabilizes
HIF-1a. Damage of cellular mitochondria increases 3-nitrotyr-
osine and formation of peroxynitrite in cells. These byproducts
increase cellular concentration of a-ketoglutarate and iron,
which are essential to activate prolyl hydroxylases (22, 81).

Hydrogen sulfide

Like NO, H,S is produced in abundance in the intestine from
microbiota as well as host epithelial cells (82, 83). In the colon
lumen, several bacterial species, including Clostridium, Fuso-
bacterium, Escherichia, Salmonella, Klebsiella, Streptococcus,
Enterobacter, and Desulfovibrio, can convert cysteine into H,S
(84). In fact, numerous bacterial groups convert cysteine to
H,S, pyruvate, and ammonia by cysteine desulthydrase activity
(84). HyS measured in the colonic lumen varies from high
micromolar to low millimolar concentrations (85, 86). The pro-
duction of H,S is also influenced by diet; for example, increased
protein consumption leads to higher production of H,S, as
shown in rat studies (87). In eukaryotic cells, cystathionine
B-synthase, cystathionine y-lyase, and 3-mercaptopyruvate sul-
furtransferase regulate H,S production (88-90). The first evi-
dence of a functional cross-talk of H,S and hypoxia was demon-
strated in Caenorhabditis elegans, as the knockdown of HIF
alters organismal survival under 50-ppm H,S exposure (91). In
mammalian vascular smooth muscle cells, a 300 uMm concentra-
tion of the H,S donor sodium hydrosulfide (NaHS) induced the
up-regulation of HIF-1a mRNA and protein (Fig. 2) (92). How-
ever, lower concentrations of about 10 um NaHS significantly
lowered HIF-1a protein levels under both hypoxia and iron
chelation (93). In a study utilizing HCT116, HeLa, and
HEK293T cells, both HIF-1« ubiquitination and HIF-1« degra-
dation were not changed by H,S treatment. To further eluci-
date the mechanism, cycloheximide, a translation inhibitor,
was assessed. Cycloheximide abrogated the effect of H,S on
HIF-1a expression, demonstrating that H,S inhibits HIF-1a
translation (94).

Ammonia

Intestinal ammonia is derived via two major routes. Ammo-
nia is liberated from urea in the intestinal lumen by enzymes
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known as ureases (95). Ureases are products of bacteria that
convert urea to ammonia and carbon dioxide. The breakdown
of amino acids also generates free ammonia. Ammonia is con-
sidered a toxic byproduct of metabolism that leads to cellular
stresses. Ammonia is known to inhibit cell growth and cellular
metabolism (96). Several studies have reported that increased
concentrations of ammonia in cell culture medium may
induce cellular apoptosis by increasing levels of ROS (97-99).
There exists a negative feedback loop via HIF-1a to mitigate
the cellular toxicities of ammonia. In a study on ovarian can-
cer cells, ammonia blunted PHD activity by unidentified
mechanisms and thus stabilized HIF. Several studies demon-
strate that ammonium donors such as ammonium chloride
lead to increased levels of NO, which may be responsible for
inhibition of PHD enzymes and subsequent activation of
HIF-1a (100, 101). HIF-1« activation is critical for decreasing
ammonia-induced toxicity by modifying cellular energy me-
tabolism and cellular stress response through up-regulation
of glycolytic target genes such as PFKFB3 and GLUT-1 (glu-
cose transporter) via HIF (102).

Carbon monoxide

The major cellular mechanism by which carbon monoxide is
produced is through heme breakdown by heme oxygenases.
Heme degradation results in hydrogen peroxide, Fe**, and CO
(103). Roughly 40-60% of dietary iron is in the form of heme
iron, and the intestine expresses several heme oxygenases to
liberate iron from heme and produce CO. CO is critical in
smooth muscle membrane potential, allowing mechanical con-
tractile responses in the gut (104). CO activates HIF-1« via an
indirect mechanism of altering redox balance. In a study in pri-
mary cells of human bronchial smooth muscle, CO via mito-
chondrial oxidases leads to an increase in the production of
superoxide and hydrogen peroxide (105). As discussed above,
mitochondrial ROS activates HIF-1¢, by inhibiting O, sensors
such as PHD enzymes, most likely by oxidation of the Fe(II)
that is necessary for PHD function (Fig. 2) (106).

Carbon dioxide (CO5)

CO, is a major intestinal gas (107). CO, is a waste metabolite
produced by cellular metabolism in glycolysis and the TCA
cycle. Moreover, CO, can be produced following food intake
and is the major gas generated in distal small intestine and co-
lon due to bacterial fermentation (107). Although the physio-
logical levels of CO, produced in the intestine are not thought
to have a major role in HIF signaling, hypercapnia (increased
CO, levels) is associated with several diseased states, such as re-
spiratory disorders, which can lead to altered HIF signaling
(108). Several studies have established increased localization
and subsequent degradation of HIF-1a in lysosomes, which are
central hubs for protein degradation via high acidity and pro-
teolytic enzyme activity (109, 110). Although the mechanisms
are still not clear, a study utilizing HEK293, A549, HeLa, and
HCT116 cells demonstrates that CO, increases HIF-1a degra-
dation in lysosomes (108) (Fig. 2).
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Physiological hypoxia in regulation of barrier function
and nutrient absorption

Barrier function

The intestine serves as a crucial barrier between the external
(luminal) and internal (vascular) compartments. This barrier is
dynamic in nature and maintained mostly by the presence of a
mucus layer, intercellular tight junctions, and adherens junc-
tions. Numerous studies have revealed that HIF provides a bar-
rier-protective program in the intestine (111-114). Mouse
models disrupted for HIF-1a specifically in intestinal epithelial
cells or cell models with a knockdown of HIF-1a demonstrate
major defects in the mucosal barrier integrity. A major line of
defense to the commensal population is the production of mu-
cus. Goblet cells are specialized intestinal epithelial cells that
secrete mucus. HIF-1a directly regulates the transcription of
several mucins, which are the major glycoproteins in mucus
(115, 116). Moreover, the mucus layer contains a battery of
anti-microbial peptides. B-Defensin-1 is secreted by the epithe-
lium into the mucin layer to protect against commensal over-
growth and pathogen infiltration. B-Defensin-1 expression
requires HIF-1la activation (117). In addition to the mucus
layer, the tight junctions form the core mechanism regulating
intestinal barrier integrity. A major tight junctional protein
claudin-1 is directly regulated by HIF-1a. Cell models in which
HIF-1« is knocked down demonstrate a defect in forming a
tight barrier, which can be completely rescued by claudin-1
expression (Fig. 3) (118).

In addition to direct regulation of the barrier, HIF-1a medi-
ates several indirect mechanisms to maintain barrier integrity.
Trefoil factor-3 is a direct target gene of HIF-1a and plays a
critical role in the repair of epithelial surfaces. HIF-1« also reg-
ulates the expression of two important membrane-bound pro-
teins, CD39 (ecto-apyrase) and CD73 (ecto-5'-nucleotidase).
CD39 is required for enzymatic conversion of ATP/ADP to
AMP, and CD73 degrades AMP to adenosine (119). The degra-
dation of ATP by CD39 and CD?73 is critical for restoring the
barrier (113). Adenosine binding to adenosine 2B receptor acti-
vates a signaling cascade initiated by cAMP, resulting in reor-
ganization and increase expression of tight junctions to repair
barrier function following injury (120). Last, as mentioned
above, injury repair is a highly energy-demanding process, and
HIFs are critical in regulating intestinal energy metabolism via
the creatine kinase/PCr axis (Fig. 3) (65, 111).

Nutrient absorption

Apart from being a critical barrier, the intestinal epithelium
is required for nutrient absorption. Approximately 9 liters of
fluid from consumed liquids and secreted digestive fluids per
day are absorbed by the epithelium. The function of transport-
ing fluid is carried out through highly coordinated events of ion
transport following the regulation of salt and water transport
between the lumen of the intestine and the bloodstream. One
of the major roles of the intestinal epithelium is in iron absorp-
tion, which supports the production of red blood cells or eryth-
ropoiesis. HIF-2a is a key regulator in iron absorption (Fig. 3).
Iron absorption is locally regulated via the apical expression of
a ferric reductase (Dcytb) that reduces iron to Fe?". Fe** s

10498 J Biol. Chem. (2020) 295(30) 10493-10505

Mucosal W‘
barrier
® oy

AED o

[

Microbiome °
Mucus oo°O l
Defensins s Fe2+

Barrier
protective < ~
pathway

Iron

r .
Tight import
junctional 7<% 2
proteins

Chemokines]

HIF-2 ﬁ
= Cytokines
ARNT
Iron
export
FPN1
Figure 3. The role of HIF-1« and HIF-2« in intestinal homeostasis. Acti-
vation of HIF-1« in the intestine induces a barrier-protective pathway by
increasing mucus, defensin, and tight junctional proteins and replenishing
the ATP pool during injury via the PCr/CK system. HIF-2c activation increases

the expression of iron-absorptive genes and pro-inflammatory cytokines and
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transported into an intestinal epithelial cell by divalent metal
transporter-1 (DMT-1; also known as Slcl1a2). Iron is either
stored in ferritin or exported out via a basolateral transporter
ferroportin (FPN; also known as Slc40al) (45). HIF-2a can
directly regulate the expression DcytB, DMT-1, and FPN in
conditions of increased iron demand (pregnancy, blood loss,
and iron-deficient diet) (121-123). Moreover, there is a liver-
derived peptide hormone, hepcidin, that regulates intestinal
iron absorption. Hepcidin binds to FPN, resulting in its inter-
nalization and degradation (124). Therefore, high hepcidin lev-
els result in degradation of FPN and reduced iron mobilization
into the plasma. In times when increased iron absorption is
needed (iron deficiency, bleeding, or pregnancy), hepcidin is
potently down-regulated, leading to FPN stabilization in the
intestine and increased iron export from the intestine to circula-
tion. Recent findings establish a molecular association between
liver hepcidin and intestinal HIF-2« (125). A decrease in hepcidin
expression results in high iron efflux from the intestinal epithe-
lium. This leads to an iron-deficient state in the epithelium. As
mentioned above, PHD enzymes require iron; thus, low hepcidin
can increase HIF-2« by decreasing PHD activity. This results in a
feed-forward cycle, increasing the expression of apical and baso-
lateral iron transporters. Therefore, in diseases such as hereditary
hemochromatosis (iron overload), B-thalassemia, and sickle cell
disease, where hepcidin expression is decreased, HIF-2« is essen-
tial in the hyperabsorption of dietary iron (126, 127). Last, micro-
biota cross-talk is crucial for regulating iron homeostasis (128).
A recent study identified two iron-responsive gut bacterial
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metabolites, 1,3-diamino propane and reuterin, as potent inhib-
itors of HIF-2« via inhibition of heterodimerization. HIF-1«a
and HIF-2a intestinal epithelial disruption is not associated
with major nutrition deficiencies outside of anemia due to the
lack of iron absorption. However whole-genome transcriptional
responses following HIF-1a and HIF-2« activation have shown
several nutrient transporters and/or associated proteins to be
highly altered (129, 130). This suggests that the hypoxic/HIF
response is essential for iron absorption but could play a modu-
latory role with respect to other nutrients, such as amino acids,
glucose, and fatty acids. Indeed, during nutrient excess, such as
a high-fat diet, intestinal HIF-2« is central in the regulation of
obesity and secondary pathological events such as liver steatosis
and glucose tolerance (131).

Pathological hypoxia in IBD and cancer

Chronic intestinal injury, such as in IBD, is associated with
chronic pathological hypoxia (132, 133). Chronic hypoxia can
contribute to disease development and progression through
the modulation of epithelial and immune responses. This sec-
tion will focus on intestinal epithelial roles of hypoxia/HIF.
However, it should be noted that as immune cells move from
the oxygen-rich vasculature to hypoxic inflamed foci, both
function and metabolism of immune cells are highly altered
and have been recently reviewed (134). IBD is categorized into
two major groups: ulcerative colitis (UC) and Crohn’s disease
(CD) (135). In UC patients, inflammation is localized in the co-
lonic region. In CD patients, inflammatory lesions are seen
throughout the GI tract, with ulcerated mucosa and granulo-
mas (136). Both HIF-1« and HIF-2« are expressed in the intes-
tinal epithelial cells of UC and CD patients and in mouse mod-
els of colitis (44, 65, 137). As mentioned above, HIF-1« plays a
critical role in the mucosal barrier, and conditional deletion of
HIF-1ee in many acute models of colitis leads to a profound
exacerbation of the disease (43). HIF-2« directly regulates a
chemokine/cytokine network critical for the recruitment of
neutrophils and activation of several pro-inflammatory media-
tors (2, 44, 129). Moreover, in radiation-induced intestinal tox-
icity models, HIF-2« is essential in restoring epithelial integrity
and decreasing apoptosis by inducing angiogenic gene expres-
sion (138). Together, HIF-1a and HIF-2« are critical in the in-
testinal response following injury, which requires both a neutro-
phil response to remove the injurious stimuli and restoration of
the mucosal barrier. However, in IBD or other chronic models,
constitutive HIF-2a but not HIF-1a activation can lead to spon-
taneous colitis or increase the susceptibility of intestinal injury
in acute models of colitis by activating pro-inflammatory genes
and decreasing barrier function (44, 65, 139, 140). In chronic hy-
poxia, HIF-1a expression can be decreased via a miRNA-155,
resulting in inhibition of HIF-1« translation (141). Therefore, in
chronic colitis that is associated with chronic hypoxia, unre-
stricted activation of HIF-2a with reduced expression of HIF-
la may potentiate inflammation and injury.

Colon cancer

Due to the continuous growth of cancer cells and high meta-
bolic demand, hypoxia is a hallmark feature of all solid tumors
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(142, 143). Hypoxia is associated with increased growth, sur-
vival, proliferation, invasion, and metastasis and confers resist-
ance to chemo- and radiotherapies (144, 145). CRC remains the
second-leading cause of cancer-related deaths in the United
States (146). CRC can be either sporadic in nature or inflamma-
tion induced. Both sporadic CRC and colitis-associated colon
cancer (CAC) share similar genetic alterations; however, there
are heterochronic differences in key genes or pathways that dis-
tinguish the two types. More than 80% of sporadic CRCs are
linked with a loss-of-function mutation of a tumor suppressor
gene, adenomatous polyposis coli (APC) (147). Inflammation is
the major factor and important driver of tumorigenesis in CAC
(148). Compared with sporadic CRC, TP53 mutations occur at
an early stage in CAC and usually precede APC mutations in
the progression of CAC (149, 150). Studies have reported
increased protein expression of HIF-2« in both sporadic CRC
and CAC (2). According to the Cancer Genome Atlas, <4% of
colon cancers harbor mutations in Vhl, Hif-2a, or PHD
enzymes (PHD1-PHD3) (151, 152). Decreased oxygen concen-
tration or altered mitochondrial metabolism in colon cancer
are probable mechanisms for HIF activation. However, studies
have also reported the role of epigenetic mechanisms in HIF
activation (153). Alteration in the methylation pattern of the
Hif-2a gene is observed in CRC patients (154). A key role of
HIF-2a in colon cancer has been established by HIF-2a knock-
down studies on colon cancer—derived cell lines and mouse
models (155). These studies demonstrate a decrease in cell
growth following HIF-2a knockdown in colorectal cancer cell
lines. However, some studies point toward a contrasting anti-
tumor role of HIF-2a. Loss of HIF-2« in human SW480 cells
caused increased cell growth and proliferation and decreased
apoptotic activity (156). These differences may arise due to het-
erogeneity in different colon cancer—derived cell lines. In
mouse models of both sporadic CRC and CAC, activation of
HIF-2« increases tumor multiplicity and progression in intesti-
nal epithelial cells (129, 155, 157, 158). Activation of HIF-1« in
intestinal epithelial cells did not account for an increase in tu-
morigenesis in sporadic CRC or CAC mouse models (130).
However, it is still unclear whether the activation of HIF-1a in
CRC may play a role in response to therapy. Adenosine is a
highly immunosuppressive metabolite regulated by HIF-la
and is currently being targeted for cancer immunotherapies
(159). Furthermore, the administration of acriflavine, which
inhibits both HIF-1a and HIF-2a decreased tumor growth in
CAC mouse models significantly (160).

Conclusion and perspectives

The remarkable differences in baseline O, tension between
mucosal tissues in the gastrointestinal tract play a distinctive
role in intestinal homeostasis and inflammation. The roles of
HIFs in regulating tissue barrier function, metabolism, and
inflammatory and immune response in the intestine are areas
of active research. Many studies have highlighted the therapeu-
tic potential of targeting hypoxia signaling pathways in intesti-
nal disease. A battery of PHD inhibitors to stabilize HIF-1« has
proven to be protective in several models of IBD (132, 161,
162). Of the different inhibitors that are under investigation in
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clinical trials, the majority are competitive inhibitors of PHD
co-substrate 2-oxoglutarate (163). There are three known PHD
enzymes in the intestine as discussed above. Currently, the sub-
strate specificity and selectivity are not known for each PHD. A
detailed understanding of PHD selectivity in different intestinal
cells may help to envisage the effect of pan-hydroxylase inhibi-
tion. Recently, direct inhibitors of HIF-2« have been character-
ized and could be useful in IBD and CRC treatments (164—166).
Structural studies demonstrated a unique hydrophobic pocket
on HIF-2«, which subsequently has been used to target small
molecules to inhibit HIF-2« heterodimerization (165). These
are the first on-target inhibitors of HIF-2« and are in clinical tri-
als for studies of clear cell renal cell carcinomas (167, 168).
Additionally, inhibition of HIF-2a signaling is effective in
decreasing iron accumulation in iron overload models (169).
New pharmacological agents to target oxygen-sensing pathways
underscore the importance of characterizing how HIF-1a and
HIF-2a alter disease progression. The definition of precise
mechanisms by which HIF-1o and HIF-2« lead to overlapping
and distinct cellular responses is needed. This will be critical for
combinatorial treatment. In IBD, a HIF-1« activator in conjunc-
tion with HIF-2« inhibitors may provide the best treatment
response; however, anemia will be exacerbated. As we define
the specific roles of HIF-1a and HIF-2«, we will better be able
to monitor the beneficial versus deleterious effects of pharmaco-
logical targeting of the oxygen-sensing pathways. Last, an
understanding of how HIF-1a and HIF-2« are temporally regu-
lated and how this alters downstream response is needed. This
will be critical to better target HIF-1a and HIF-2« in chronic
diseases and cancer.
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