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Abstract

Adequate oxygen supply is essential for maintaining the body's normal physiological function. In chronic inflammatory conditions
such as inflammatory bowel disease (IBD), insufficient oxygen reaching the intestine triggers the regulatory system in response to
environmental changes. However, the pathogenesis of IBD is still under investigation. Recent research has highlighted the significant
role of hypoxia in IBD, particularly the involvement of hypoxia-inducible factors (HIF) and their regulatory mechanisms, making
them promising therapeutic targets for IBD. This review will delve into the role of hypoxia, HIF, and the associated hypoxia-
inflammatory microenvironment in the context of IBD. Potential interventions for addressing these challenging gastrointestinal
inflammatory diseases will also be discussed within this framework.
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Introduction

Crohn's disease (CD) is characterized by transmural inflamma-
tion and skip lesions, which are distributed from the mouth to
the anus, whereas ulcerative colitis (UC) is generally a luminal in-
flammatory disease with continuous inflammation limited to the
colon [1]. Although the etiology of inflammatory bowel disease
(IBD) remains unclear, the most widely held hypothesis is that
exaggerated aggressive acquired (T-cell) immune responses to a
subset of commensal enteric bacteria occur in genetically sus-
ceptible hosts [2]. IBD is a complex disease characterized by per-
sistent infection, dysbiosis (an abnormal ratio of beneficial to
detrimental commensal microbial agents), defective mucosal
barrier function, defective microbial clearance, and aberrant im-
munoregulation in the hypoxic-inflammatory gastrointestinal
microenvironment. Hypoxia is a pathological process in which
the supply of oxygen to tissues in various parts of the body is in-
sufficient or not fully utilized, resulting in abnormal tissue me-
tabolism and impaired function. Hypoxia-inducible factors (HIFs)
are core regulators of the body's adaptation to a hypoxic environ-
ment and are pivotal for maintaining homeostasis in the body's
internal environment [3]. Many studies have shown that hypoxia
is associated with numerous diseases, such as cancer [4], chronic
kidney disease [5], coronary heart disease [6], and diabetes [7]. An
increasing amount of evidence suggests that hypoxia exacerbates

intestinal inflammatory damage and that HIFs play an important
role in this pathological process [8]. Here, we discussed the roles
of hypoxia and HIFs in IBD and suggested new approaches for the
treatment of IBD.

Hypoxia and IBD

Hypoxia is defined as a reduction in O, tension below critical val-
ues. Ischemia results from insufficient arterial perfusion of tissues,
resulting in hypoxia, decreased oxidative phosphorylation, and ATP
depletion. Hypoxia/ischemia is dangerous; therefore, several path-
ways are critical for the cell/tissue response to hypoxia/ischemia,
including the generation of reactive oxygen species (ROS) [9], dis-
ruption of Ca?" homeostasis [10], hypoxia-inducible factors [11], un-
folded protein response following endoplasmic reticulum stress
[12], and inflammation (at the organ level).

ROS are highly bioactive and participate in several biochemical
processes. They act as secondary messengers in signal transduction
and gene regulation [13]. When ROS levels exceed the cellular anti-
oxidant capacity, oxidative stress is induced. ROS rapidly increases
following hypoxia, mainly due to insufficient oxygen in the mito-
chondria to accept the available electrons [14]. ROS mediates
cell damage, activates 5 adenosine monophosphate-activated
protein kinase and pancreatic endoplasmic reticulum kinase-like
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endoplasmic reticulum kinase, and increases the levels of hypoxia-
inducible factor (HIF)-1 and nuclear factor kB (NF-xB) [15]. Activate
5" adenosine monophosphate-activated protein kinase plays a role
in glucose uptake and glycolysis and activates HIF-1; HIF-1 plays a
role in transcription, translation, and stability [16]; NF-xB induces
cytokines, chemokines, and HIF-1 [17]; and protein kinase RNA-like
ER kinase induces unfolded protein response and inhibits protein
synthesis [18]. An increase in free cytosolic Ca®* is a general media-
tor of cell death. Hypoxia is associated with the influx of extracellu-
lar Ca?*. Increased cytosolic Ca’* in hypoxia is caused by increased
influx, release of Ca®' in mitochondria, and decreased Ca*"
efflux secondary to ATP depletion. A critical link exists between
ROS generation and Ca*". In mitochondria, Ca®" accumulation is
associated with ROS generation. In addition, AMP accumulates
when ATP is depleted and is an early and sensitive indicator of met-
abolic deficiency.

Inhibition of protein synthesis is a common adaptation
employed by hypoxic cells to survive Oo/ATP depletion [19]. The
initial decrease is mediated by activation of the unfolded protein
response, a set of pathways activated in response to endoplasmic
reticulum stress [12, 20]. Unfolded protein response is activated
by Ca®* depletion in the endoplasmic reticulum or by the deple-
tion of ATP. Activation of the endoplasmic reticulum transmem-
brane protein pancreatic endoplasmic reticulum kinase-like
endoplasmic reticulum kinase is mediated by ROS. Hypoxia also
inhibits the mechanistic target of rapamycin activation, thereby
halting protein synthesis [21]. Due to increased metabolic activity
and disrupted perfusion at sites of inflammation, hypoxia also
contributes to inflammation through the regulation of gene ex-
pression via key oxygen-sensitive transcriptional regulators, in-
cluding HIF and NF-xB [22]. It has been suggested that the effects
of NF-xB during hypoxia induce a number of cytokines and che-
mokines and promote the adhesion of inflammatory cells [23].
Peroxisome proliferator-activated receptors (PPARs), including
PPARa, PPARB/S, and PPARy, are nuclear hormone receptor super-
family members [24, 25]. PPARa and PPARy agonists inhibit iNOS
and TNF-a, while negatively regulating NF-«B [26].

The intestinal mucosa actively participates as an innate im-
mune sensor against microbial pathogens and commensal organ-
isms. It undergoes multiple large fluctuations in blood perfusion
and metabolism daily with a dynamic oxygenation profile [27].
Because of the high energy requirements of the gastrointestinal
tract and the integral role of the epithelium in maintaining intes-
tinal homeostasis, these cells have evolved many molecular
mechanisms to match the challenging metabolic conditions [28,
29]. Furthermore, the intestinal epithelium is remarkably resis-
tant to hypoxia, and the lower levels of oxygen within this cell
layer can be altered to regulate mucosal integrity and barrier
function. During active mucosal inflammation, nutrients and lo-
cal oxygen are rapidly depleted, resulting in hypoxia, hypoglyce-
mia, lactate accumulation, and acidosis [30]. Gut bacteria are
critical for intestinal immunity. IL-22 is an important anti-
inflammatory cytokine in the gut. Yang et al. [31] found that
microbiota-derived short-chain fatty acids promote IL-22 produc-
tion to maintain intestinal homeostasis. Another study reported
that intestinal ischemia/reperfusion injury induces gut microbial
alterations, such as an increase in the relative abundance of
Bacteroidetes and Firmicutes, leading to epithelial damage [32]. It
has recently been shown that melatonin can alleviate chronic in-
termittent hypoxia-induced intestinal barrier dysfunction by reg-
ulating flora dysbiosis [33].

Inflammatory mucosal lesions observed in mouse models of
colitis are highly hypoxic or anoxic. Moreover, additional data

indicate that microvascular deficits in inflammatory bowel dis-
ease (IBD) may cause mucosal hypoxia [34]. Based on available
evidence, integration of intestinal epithelial and mucosal im-
mune cells within the hypoxic inflammatory microenvironment,
and the effect of hypoxia and HIF signaling on immune cell me-
tabolism and effector function in IBD seem to be probable mech-
anisms [35, 36]. ROS, nitric oxide (NO), NF-xB, and cytokines in
immune cell and microenvironment are also major players
[37-39].

HIF-transcriptional regulators in response to
hypoxia in IBD

Hypoxia-inducible factor (HIF) is a member of the Per-ARNT-Sim
family of basic helix-loop-helix transcription factors that bind to
hypoxia response elements at target gene loci under hypoxic
conditions [40]. They are heterodimers, consisting of HIF-a (hyp-
oxia-inducible a component) and HIF-B (constitutive subunit).
The stabilization of the a-subunit is regulated by a family of
oxygen and iron-dependent prolyl hydroxylases and asparaginyl
hydroxylase [41, 42]. Three a-subunits have been identified and
characterized: HIF-1a, HIF-2a, and HIF-3a [43]. Although there is
a high level of conserved sequence homology between HIF-la
and HIF-2a, HIF-1 and HIF-2 have non-redundant functions in ge-
netic mouse models, despite their concurrent expression in
many cell types, including intestinal epithelial cells [44]. For ex-
ample, transcriptional regulation of genes encoding glycolytic
enzymes appears to be more specifically mediated by HIF-1 [45],
whereas HIF-2 selectively regulates the gene expression of fac-
tors involved in iron homeostasis and early erythropoiesis [46].

HIF has a protective role in promoting intestinal
epithelial barrier function in IBD

HIF-1 is expressed focally (epithelial cells, stromal fibroblasts,
and myocytes) in both UC and CD, whereas HIF-2a is expressed
focally in UC and diffusely in CD. The role of hypoxia in the path-
ogenesis of UC is different from that in CD. Crawling fat is a spe-
cific feature of CD. Inhibition of HIF-1a was found to alleviate
adipose tissue fibrosis in mice models of CD; however, the exact
mechanism is not clear [47]. It has also been reported that the
deleterious effects of hypoxia on T helper 17 cells (Th17) in CD
can be ameliorated by inhibiting HIF-1a [48]. However, it has also
been shown that hypoxia reduces intestinal inflammation in CD
by inhibiting the mechanistic target of the rapamycin/NLRP3
pathway and promoting autophagy [49]. A recent study showed
that hypoxia enhances the pathogenicity of Th1 and Th17 cells
and increases intestinal inflammation in mice models of UC [S0].
Xue et al. [51] discovered that vitamin D signaling prevents colitis
by inhibiting HIF-1 activation in colonic epithelial cells. In con-
clusion, hypoxia appears to have two opposite effects, detrimen-
tal or protective, depending on the circumstances. However, for
the time being, hypoxia is considered the most damaging ele-
ment. Hypoxia-inducible factors play various roles in UC and CD
owing to their distinct pathogenic characteristics.

HIF-regulated signaling promotes overall tissue integrity,
influencing functions that range from increased mucin produc-
tion [52] by intestinal trefoil factor [53], to xenobiotic clearance
by P-glycoprotein, to nucleotide metabolism by 5’-ectonucleoti-
dase (CD73) [54], and nucleotide signaling through the adenosine
A,B receptor [55].

HIF-1 induces the integrin #; subunit, which regulates fibro-
blast contraction, epithelial migration, and mediates restoration
of the damaged mucosal barrier [56]. Experiments using a chemi-
cal model of colitis revealed that the loss of HIF-1 correlated with
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Figure 1. Summary diagram of the protective role of HIF-1 in IBD. NO enhances HIF-1 synthesis and hence integrin #; subunit production in hypoxic
environments, which regulate fibroblast contraction, and epithelial migration and mediate restitution of the mucosal barrier. HIF-1 = hypoxia-

inducible factor-1; IBD = Inflammatory bowel diseases; NO = nitric oxide.

more severe clinical symptoms, including intestinal epithelial
permeability [57]. Nitric oxide synthase inhibitors attenuate
HIF-1 stabilization and accumulation. The induction of nitric ox-
ide synthase by pro-inflammatory cytokines may contribute to
the protection of the mucosal barrier (Figure 1). The overall role
of HIF-1 in epithelial wound responses is complex and variable,
and is associated with nitric oxide (NO) signaling and pre-existing
O, conditions. HIF-2a regulates duodenal iron uptake through
the apical iron uptake pathway, via discrete regulation of
Duodenal cytochrome b (Dcytb) and divalent metal transporter 1
(DMT1), rather than via basolateral iron transport [58].

HIF regulates inflammatory response of immune
cells in IBD by nitric oxide

Naive T cells activated by antigen-presenting cells can be differ-
entiated into at least four major types: Thi1, Th2, Th17, and in-
ducible regulatory T cells. HIF-1 is associated with Th1, and
Th17, whereas HIF-2 is associated with Th2 and regulatory T cells
(Figure 2). Increased synthesis of NO by the induction and activa-
tion of nitric oxide synthase is a common hallmark of inflamma-
tory diseases, including IBD.

Nitric oxide (NO) is a versatile mediator of inflammatory im-
mune responses. Owing to its considerable similarities to O,, NO
also interferes with O, distribution, and senses and regulates the
HIF downstream signaling pathways. NO can affect HIF-1 func-
tions at multiple levels through various mechanisms [59]. Many
studies have indicated that these regulatory networks of NO are
complex and depend on the local NO concentration, variable
effects of different NO metabolites or bioactive forms, and oxy-
gen availability. NO can readily react with iron in proteins
because it can inhibit prolyl hydroxylases by coordinating its
non-heme Fe?* and thereby stabilize HIF. NO and related reactive

nitrogen species are involved in these activation mechanisms.
Within the range of biological partial arterial oxygen pressure
(PaO5) (20-70mmHg), biological NO can be produced by nitric ox-
ide synthase. It reveals that the ability of nitric oxide synthase to
affect HIF-1 activation is greater during relative normoxic condi-
tions and may be diminished during hypoxia. Under hypoxic con-
ditions, NO readily interacts with cytochrome C oxidase,
modulates its activity, and decreases O, consumption [60]. When
02 concentrations are low and cytochrome C oxidase levels are
reduced, competitive binding of NO inhibits cytochrome C oxi-
dase activity, resulting in decreased consumption and redistribu-
tion of cellular O,, leading to increased O, availability for prolyl
hydroxylation of HIF-1a.

In addition to NO, it has also been reported that carbon diox-
ide and carbon monoxide modulate the production of hypoxia-
inducible factors. It has been shown that high carbon dioxide
concentrations counter-regulate HIF pathway activation by low-
ering intracellular pH and promoting lysosomal degradation of
the HIF-a subunit [61]. Further, carbon monoxide promotes the
expression of HIF-1a [62].

HIF-1-mediated inflammatory response in
myeloid cells

Myeloid cells such as neutrophils and macrophages are recruited
to inflammatory sites and act as the front line of defense during
immune responses. Upon arrival at the inflammatory site, they
facilitate microbial killing through the release of antimicrobial
peptides and granule proteases, production of reactive oxygen
species/reactive nitrogen species, and phagocytosis. Through the
release of pro-inflammatory cytokines [63, 64], macrophages re-
cruit more cells to the inflammatory site and, together with
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Figure 2. Schematic diagram of the interaction between HIFs and immune cells. M; macrophages respond primarily to Th1 cytokines, while the
induction of HIF-1a by Th1 cytokines mediates the upregulation of NOS, resulting in increased NO synthesis. M, macrophages respond to Th2
cytokines, while the induction of HIF-2 by Th2 cytokines mediates the upregulation of arginase 1, resulting in decreased NO synthesis. HIF-1 is
associated with Th1 and Th17; HIF-2 is associated with Th2 and Treg. HIF-1a knockout reduces DC marker CD11c expression, exacerbating intestinal
damage. HIF-1 could induce §, integrin, inhibiting neutrophil apoptosis. CD11c, integrin alpha X; DC, dendritic cell; HIF, hypoxia-inducible factor; NO,
nitric oxide; NOS, nitric oxide synthase; PMN, polymorphonuclear leukocytes; Th1, T-helper 1 cells; Th2, T-helper 2 cells; Th17, T-helper 17 cells; Treg,

regulatory T cell.

dendritic cells, participate in antigen presentation, which plays
an important role in connecting innate and adaptive immune
responses. As mentioned above, inflammatory sites also present
the additional challenge of hypoxia; therefore, myeloid cells
recruited to these sites must adapt to survive in hypoxia-
inflammatory microenvironments.

HIF-1 could widely impact myeloid cell functions [65], includ-
ing glycolysis, recruitment, migration, phagocytosis, cytokine se-
cretion, neutrophil expression of the anti-microbial molecules
(cathepsin G, cathelicidin-related antimicrobial peptide, and neu-
trophil elastase), and induction of §, integrin, which promotes
neutrophil epithelial binding and inhibits neutrophil apoptosis
(Figure 2). Additionally, dendritic cells play an important role in
maintaining intestinal immunity and clearing pathogens. In
patients with IBD, the number of dendritic cells in injured intesti-
nal tissue increases, secreting large amounts of inflammatory
factors and compromising the intestinal mucosal barrier [66].
Fluck et al. [67] claimed that HIF-1 promoted gene expression in
dendritic cells. In mice with dextran sulfate sodium-induced coli-
tis, knocking down HIF-1 in dendritic cells resulted in a consider-
ably greater loss of body weight and more severe intestinal
inflammation with elevated levels of proinflammatory cytokines
than in control mice [67]. However, Backer et al. [68] found that
the knockdown of myeloid cell HIF-1a ameliorates the acute pa-
thology in dextran sulfate sodium-induced colitis, and reduced
markers for dendritic cells. I believe that the underlying differen-
ces should be further investigated.

Interaction between HIFs and nitric oxide
in macrophage

The dynamic crosstalk between nitric oxide (NO) and hypoxia
signaling has been extensively studied. Recent studies have indi-
cated diverse roles for HIF in macrophage polarization and NO
homeostasis [69]. M; macrophages respond primarily to Thl
cytokines, whereas M, macrophages respond to Th2 cytokines.
While induction of HIF-1a by Th1 cytokines was found to mediate
upregulation of nitric oxide synthase, induction of HIF-2 by Th2
cytokines was found to mediate upregulation of arginase
1 (Figure 2).

HIF modulates angiogenesis in IBD

An abnormal microcirculatory system has also been implicated
in IBD pathogenesis. A high degree of mucosal vascularization
was found in active IBD, which did not support an obvious link
between HIF upregulation and prolonged hypoxia of vascular ori-
gin. The pathological relevance of HIF-a overexpression in IBD
should be examined in relation to the lack of vascular
endothelial-derived growth factor (VEGF) reactivity; however,
HIF-1a and HIF-2a are inducers of VEGF gene expression [70]. The
rather focal expression of HIF-1a in the intestinal mucosal and
submucosal cells is compatible with the lack of VEGF upregula-
tion. The diffuse expression of HIF-2a by all cellular components
in Crohn's disease (CD), including the muscular layer and serosa,
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conforms with an intensively activated HIF-2a, which fails to in-
duce VEGF. Therefore, the disruption of the HIF-2a-VEGF path-
way is probably part of the pathogenesis of CD. Unlike CD,
overexpression of HIF-2a in UC affects mainly the inflammatory
component and not the intestinal cell population. Constantly, al-
though low, VEGF production may be essential to maintain tissue
integrity by regulating the delicate balance between proliferation
and apoptosis, and is required to facilitate tissue regeneration
and repair.

In 2014, Bakirtzi et al. [71] found that neurotensin (NT) and its
receptor (NTR1) were required for colitis-associated neovascula-
rization. NT signaling promotes HIF-la stabilization, transcrip-
tional activity, and stimulates VEGFa expression. In addition,
they claimed that NT signaling increases miR-210 expression by
activating HIF-1a, which plays a crucial role in colitis-induced co-
lonic angiogenesis [72].

Conclusions

The etiologies of IBD are complex and still to be fully elucidated.
In this review, we aim to establish the axis of the hypoxic-
inflammatory microenvironment to model the pathogenesis of
IBD. HIF is known to mediate the hypoxic response. HIF-la
reduces intestinal inflammation and does not increase the risk of
colon cancer. Based on the pivotal role of HIF, targeting HIF has
become an effective therapeutic strategy for IBD.

Authors’ Contributions

F.H. and X.B. drafted the manuscript and designed the figures. D.
J. revised the manuscript. H.G. and F.Z. conceived the topic. All
authors have read and approved the final version of
the manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China [grant number 82200591].

Conflicts of Interest

The authors declare that there are no conflicts of interest in
this study.

References

1. Ordille AJ, Phadtare S. Intensity-specific considerations for exer-
cise for patients with inflammatory bowel disease. Gastroenterol
Rep (0xf) 2023;11:g0ad004.

2. Hemmer A, Forest K, Rath J et al. Inflammatory bowel disease: a
concise review. S D Med 2023;76:416-23.

3. KimK, Lee SB. Regulation of CMGC kinases by hypoxia. BMB Rep
2023;56:584-93.

4. Jayaprakash P, Vignali P, Delgoffe GM et al. Hypoxia reduction
sensitizes refractory cancers to immunotherapy. Annu Rev Med
2022;73:251-65.

5. Xu P, Chen C, Zhang Y et al. Erythrocyte transglutaminase-2
combats hypoxia and chronic kidney disease by promoting oxy-
gen delivery and carnitine homeostasis. Cell Metab 2022;34:
299-316.e6.

6. Jia D, Zhang J, Nie ] et al. Cardiolipin remodeling by ALCAT1
links hypoxia to coronary artery disease by promoting mito-
chondrial dysfunction. Mol Ther 2021;29:3498-511.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Catrina SB, Zheng X. Hypoxia and hypoxia-inducible factors in
diabetes and its complications. Diabetologia 2021;64:709-16.

Lun J, Zhang H, Guo ] et al. Hypoxia inducible factor prolyl
hydroxylases in inflammatory bowel disease. Front Pharmacol
2023;14:1045997.

Eaton L, Wang T, Roy M et al. Naked mole-rat cortex maintains
reactive oxygen species homeostasis during in vitro hypoxia or
ischemia and reperfusion. Curr Neuropharmacol 2023;
21:1450--61.

Liu'Y, Wang XC, Hu D et al. Heat shock protein 70 protects PC12
cells against ischemia-hypoxia/reoxygenation by maintaining
intracellular Ca(2+) homeostasis. Neural Regen Res 2016;
11:1134-40.

Wang ZY, Liu Y, Li SP et al. Hypoxia inducible factor 1« promotes
interleukin-1 receptor antagonist expression during hepatic
ischemia-reperfusion injury. World ] Gastroenterol 2022;
28:5573-88.

Kokott-Vuong A, Jung J, Fehr AT et al. Increased post-hypoxic
oxidative stress and activation of the PERK Branch of the UPRin
Trapl-deficient drosophila melanogaster is abrogated by met-
formin. Int ] Mol Sci 2021;22:11586.

ZhangH, Wang Z, Liu R et al. Reactive oxygen species stimulated
pulmonary epithelial cells mediate the alveolar recruitment of
FasL(+) killer B cells in LPS-induced acute lung injuries. J Leukoc
Biol 2018;104:1187-98.

Smith K, Swiderska A, Lock MC et al. Chronic developmental
hypoxia alters mitochondrial oxidative capacity and reactive
oxygen species production in the fetal rat heart in a sex-
dependent manner. J Pineal Res 2022;73:e12821.

Hinchy EC, Gruszczyk AV, Willows R et al. Mitochondria-derived
ROS activate AMP-activated protein kinase (AMPK) indirectly. J
Biol Chem 2018;293:17208-17.

Klumpen E, Hoffschroer N, Zeis B et al. Reactive oxygen species
(ROS) and the heat stress response of Daphnia pulex: ROS-
mediated activation of hypoxia-inducible factor 1 (HIF-1) and
heat shock factor 1 (HSF-1) and the clustered expression of
stress genes. Biol Cell 2017;109:39-64.

ZhangL,Jin H, Wang Y et al. High glucose induces transdifferen-
tiation of HK-2 human renal tubular epithelial cells by activat-
ing reactive oxygen species-mediated NF-kappa B signaling
pathway. . Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 2019;35:313-9.
Deng Z, Sun R, Han X et al. Porcine circovirus 2 activates the
PERK-reactive oxygen species axis to induce p53 phosphoryla-
tion with subsequent cell cycle arrest at S phase in favor of its
replication. J Virol 2022;96:e127422.

Hettiarachchi GK, Katneni UK, Hunt RC et al. Translational and
transcriptional responses in human primary hepatocytes under
hypoxia. Am ] Physiol 2019;
316:G720-G734.

Tapella L, Dematteis G, Moro M et al. Protein synthesis inhibition
and loss of homeostatic functions in astrocytes from an
Alzheimer's disease mouse model: a role for ER-mitochondria
interaction. Cell Death Dis 2022;13:878.

Zhao R, Zhao X, Wang X et al. Fasting promotes acute hypoxic
adaptation by suppressing mTOR-mediated pathways. Cell
Death Dis 2021;12:1045.

Zhao B, Niu X, Huang S et al. TLR4 Agonist and Hypoxia
Synergistically Promote the Formation of TLR4/NF-xB/HIF-la
Loop in Human Epithelial Ovarian Cancer. Anal Cell Pathol
(Amst) 2022;2022:4201262.

Bian Z, Xu F, Liu H et al. Ursolic Acid Ameliorates the Injury of
H9c2 Cells Caused by Hypoxia and Reoxygenation Through
Mediating CXCL2/NF-xB Pathway. Int Heart ] 2022;63:755-62.

Gastrointest  Liver  Physiol



6

F. Hou et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sarre C, Contreras-Lopez R, Nernpermpisooth N et al. PPARB/S
priming enhances the anti-apoptotic and therapeutic properties
of mesenchymal stromal cells in myocardial ischemia-
reperfusion injury. Stem Cell Res Ther 2022;13:167.

Nakano Y, Arima T, Tobita Y et al. Combination of Peroxisome
Proliferator-Activated Receptor (PPAR) alpha and gamma ago-
nists prevents corneal inflammation and neovascularization in
a rat alkali burn model. IntJ Mol Sci 2020;21:5093.

Jiang XY, Yang PS, Xiao O et al. Effects of PPAR-y and RXR-a on
mouse meibomian gland epithelial cells during inflammation
induced by latanoprost. Exp Eye Res 2022;224:109251.

Onoe A, Muroya T, Nakamura F et al. Effects of 2-methyl-2-thia-
zoline on circulatory dynamics and intestinal vascular system
in rabbits with endotoxic shock. Shock 2022;58:341-7.

Han C, Sheng Y, Wang J et al. NOX4 promotes mucosal barrier
injury in inflammatory bowel disease by mediating macro-
phages M1 polarization through ROS. Int Immunopharmacol 2022;
104:108361.

Spalinger MR, Sayoc-Becerra A, Santos AN et al. PTPN2 regulates
interactions between macrophages and intestinal epithelial
cells to promote intestinal barrier function. Gastroenterology
2020;159:1763-77.e14.

Singhal R, Shah YM. Oxygen battle in the gut: hypoxia and
hypoxia-inducible factors in metabolic and inflammatory
responses in the intestine. J Biol Chem 2020;295:10493-505.

Yang W, Yu T, Huang X et al. Intestinal microbiota-derived
short-chain fatty acids regulation of immune cell IL-22 produc-
tion and gut immunity. Nat Commun 2020;11:4457.

Deng F, Zhao BC, Yang X et al. The gut microbiota metabolite
capsiate promotes Gpx4 expression by activating TRPV1 to in-
hibit intestinal ischemia reperfusion-induced ferroptosis. Gut
Microbes 2021;13:1-21.

LiX, WangF, Gao Z et al. Melatonin attenuates chronic intermit-
tent hypoxia-induced intestinal barrier dysfunction in mice.
Microbiol Res 2023;276:127480.

Langer V, Vivi E, Regensburger D et al. [IFN-y drives inflammatory
bowel disease pathogenesis through VE-cadherin-directed vas-
cular barrier disruption. J Clin Invest 2019;129:4691-707.
Takahashi Y, Sato S, Kurashima Y et al Reciprocal
Inflammatory Signaling Between Intestinal Epithelial Cells and
Adipocytes in the Absence of Immune Cells. EBioMedicine 2017;
23:34-45.

Van Welden S, Selfridge AC, Hindryckx P. Intestinal hypoxia
and hypoxia-induced signalling as therapeutic targets for IBD.
Nat Rev Gastroenterol Hepatol 2017;14:596-611.

Gardey E, Sobotta FH, Quickert S et al. ROS-sensitive polymer
micelles for selective degradation in primary human monocytes
from patients with active IBD. Macromol Biosci 2022;22:e2100482.
Rana T. Unravelling of nitric oxide signalling: a potential bio-
marker with multifaceted complex mechanism associated with
canine inflammatory bowel disease (IBD). Anaerobe 2020;
66:102288.

Tao JH, Duan JA, Zhang W et al. Polysaccharides from chrysan-
themum morifolium ramat ameliorate colitis rats via regula-
tion of the metabolic profiling and NF-x B/TLR4 and IL-6/JAK2/
STAT3 signaling pathways. Front Pharmacol 2018;9:746.
Bartoszewski R, Moszyniska A, Serocki M et al. Primary endothe-
lial cell-specific regulation of hypoxia-inducible factor (HIF)-1
and HIF-2 and their target gene expression profiles during hyp-
oxia. FASEB] 2019;33:7929-41.

Hu S, Zhang C, NiL et al. Stabilization of HIF-1a alleviates osteo-
arthritis via enhancing mitophagy. Cell Death Dis 2020;11:481.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Wang Y, Zhong S, Schofield CJ et al. Nuclear entry and export of
FIH are mediated by HIFla and exportinl, respectively. J Cell Sci
2018;131:jcs219782.

Li T, Mao C, Wang X et al. Epigenetic crosstalk between hypoxia
and tumor driven by HIF regulation. J Exp Clin Cancer Res 2020;
39:224.

Kerber EL, Padberg C, Koll N et al. The Importance of Hypoxia-
Inducible Factors (HIF-1 and HIF-2) for the Pathophysiology of
Inflammatory Bowel Disease. IntJ Mol Sci 2020;21:8551.

Hutami IR, Izawa T, Khurel-Ochir T et al. Macrophage motility
in wound healing is regulated by HIF-1a via S1P signaling. Int J
Mol Sci 2021;22:8992.

Renassia C, Peyssonnaux C. New insights into the links between
hypoxia and iron homeostasis. Curr Opin Hematol 2019;
26:125-30.

Sun K, Halberg N, Khan M et al. Selective inhibition of hypoxia-
inducible factor la ameliorates adipose tissue dysfunction. Mol
Cell Biol 2013;33:904-17.

Xie A, Robles RJ, Mukherjee S et al. HIF-1la-induced xenobiotic
transporters promote Th17 responses in Crohn's disease. J
Autoimmun 2018;94:122-33.

Cosin-Roger ], Simmen S, Melhem H et al. Hypoxia ameliorates
intestinal inflammation through NLRP3/mTOR downregulation
and autophagy activation. Nat Commun 2017;8:98.

Gamah M, Alahdal M, Zhang Y et al. High-altitude hypoxia exac-
erbates dextran sulfate sodium (DSS)-induced colitis by upregu-
lating Thl and Th17 lymphocytes. Bioengineered 2021;
12:7985-94.

Xue G, Gao R, Liu Z et al. Vitamin D/VDR signaling inhibits
colitis by suppressing HIF-1a activation in colonic epithelial
cells. Am ] Physiol 2021;
320:G837-G846.

Shukla SK, Purohit V, Mehla K et al. MUC1 and HIF-1alpha sig-
naling crosstalk induces anabolic glucose metabolism to impart
gemcitabine resistance to pancreatic cancer. Cancer Cell 2017;
32:71-87.e7.

Kim YI, Yi EJ, Kim YD et al. Local stabilization of hypoxia-
inducible factor-la controls
enhanced gut barrier function and immune regulation. Front
Immunol 2020;11:609689.

Eberhardt N, Sanmarco LM, Bergero G et al. HIF-1a and CD73 ex-
pression in cardiac leukocytes correlates with the severity of
myocarditis in end-stage Chagas disease patients. J Leukoc Biol
2021;109:233-44.

Kwon JH, Lee ], Kim J et al. HIF-1a regulates A2B adenosine re-
ceptor expression in liver cancer cells. Exp Ther Med 2019;
18:4231-40.

Silva LM, Doyle AD, Greenwell-Wild T et al. Fibrin is a critical
regulator of neutrophil effector function at the oral mucosal
barrier. Science 2021:374:eabl5450.

Halligan DN, Khan MN, Brown E et al. Hypoxia-inducible factor

Gastrointest ~ Liver ~ Physiol

intestinal inflammation via

hydroxylase inhibition enhances the protective effects of cyclo-
sporine in colitis. Am J Physiol Gastrointest Liver Physiol 2019;
317:GS0-G97.

Jaskiewicz M, Moszynska A, Kréliczewski J et al. The transition
from HIF-1 to HIF-2 during prolonged hypoxia results from reac-
tivation of PHDs and HIF1A mRNA instability. Cell Mol Biol Lett
2022;27:109.

Wieroniska JM, Cieslik P, Kalinowski L. Nitric oxide-dependent
pathways as critical factors in the consequences and recovery
after brain ischemic hypoxia. Biomolecules 2021;11:



HIFandIBD | 7

60.

61.

62.

63.

64.

65.

Sarti P, Forte E, Mastronicola D et al. Cytochrome c oxidase and
nitric oxide in action: molecular mechanisms and pathophysio-
logical implications. Biochim Biophys Acta 2012;1817:610-9.
Selfridge AC, Cavadas MA, Scholz CC et al. Hypercapnia
Suppresses the HIF-dependent Adaptive Response to Hypoxia.
J Biol Chem 2016;291:11800-8.

CuiY, Guo C, Xia Z et al. Exploring the therapeutic potential of
a nano micelle containing a carbon monoxide-releasing mol-
ecule for metabolic-associated fatty liver disease by modulat-
ing hypoxia-inducible factor-la. Acta Biomater 2023;
169:500-16.

Zhang W, Li Z, Yang H et al. Aeromonas sobria induces proin-
flammatory cytokines production in mouse macrophages via
activating NLRP3 inflammasome signaling pathways. Front Cell
Infect Microbiol 2021;11:691445.

Shapouri-Moghaddam A, Mohammadian S, Vazini H et al
Macrophage plasticity, polarization, and function in health and
disease. ] Cell Physiol 2018;233:6425-40.

Dang B, Gao Q, Zhang L et al. The glycolysis/HIF-1a axis defines
the inflammatory role of IL-4-primed macrophages. Cell Rep
2023;42:112471.

66.

67.

69.

70.

71.

72.

Zaiatz BV, Jones F, Doherty G et al. Targeting immune cell me-
tabolism in the treatment of inflammatory bowel disease.
Inflamm Bowel Dis 2021;27:1684-93.

Flick K, Breves G, Fandrey J et al. Hypoxia-inducible factor 1 in
dendritic cells is crucial for the activation of protective regula-
tory T cells in murine colitis. Mucosal Immunol 2016;9:379-90.
Backer V, Cheung FY, Siveke JT et al. Knockdown of myeloid cell
hypoxia-inducible factor-1a ameliorates the acute pathology in
DSS-induced colitis. PLoS One 2017;12:€190074.

Wang CH, Liu HM, Chang ZY et al. Losartan prevents hepatic
steatosis and macrophage polarization by inhibiting HIF-1« in a
murine model of NAFLD. Int ] Mol Sci 2021;22:7841.

Zhang D, Lv FL, Wang GH. Effects of HIF-1a on diabetic retinopa-
thy angiogenesis and VEGF expression. Eur Rev Med Pharmacol Sci
2018;22:5071-6.

Bakirtzi K, West G, Fiocchi C et al. The neurotensin-HIF-1a-
VEGFa axis orchestrates hypoxia, colonic inflammation, and in-
testinal angiogenesis. AmJ Pathol 2014;184:3405-14.

Bakirtzi K, Law IK, Xue X et al. Neurotensin promotes the devel-
opment of colitis and intestinal angiogenesis via Hif-la-miR-
210 signaling. ] Immunol 2016;196:4311-21.

© The Author(s) 2024. Published by Oxford University Press and Sixth Affiliated Hospital of Sun Yat-sen University
Gastroenterology Report, 2024, 12, 1-7
https://doi.org/10.1093/gastro/goae030
Review Article



	Active Content List
	Introduction
	Hypoxia and IBD
	HIF-transcriptional regulators in response to hypoxia in IBD
	HIF-1-mediated inflammatory response in myeloid cells
	Interaction between HIFs and nitric oxide in macrophage
	HIF modulates angiogenesis in IBD
	Conclusions
	Authors&#x02019; Contributions
	Funding
	Conflicts of Interest
	References


