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1 | INTRODUCTION

Abstract

The corneais an avascular, transparent tissue that is essential for visual function. Any
disturbance to the corneal transparency will result in a severe vision loss. Due to the
avascular nature, the cornea acquires most of the oxygen supply directly or indirectly
from the atmosphere. Corneal tissue hypoxia has been noticed to influence the struc-
ture and function of the cornea for decades. The etiology of hypoxia of the cornea
is distinct from the rest of the body, mainly due to the separation of cornea from the
atmosphere, such as prolonged contact lens wearing or closed eyes. Corneal hypoxia
can also be found in corneal inflammation and injury when a higher oxygen require-
ment exceeds the oxygen supply. Systemic hypoxic state during lung diseases or high
altitude also leads to corneal hypoxia when a second oxygen consumption route from
aqueous humor gets blocked. Hypoxia affects the cornea in multiple aspects, includ-
ing disturbance of the epithelium barrier function, corneal edema due to endothelial
dysfunction and metabolism changes in the stroma, and thinning of corneal stroma.
Cornea has also evolved mechanisms to adapt to the hypoxic state initiated by the
activation of hypoxia inducible factor (HIF). The aim of this review is to introduce
the pathology of cornea under hypoxia and the mechanism of hypoxia adaptation, to

discuss the current animal models used in this field, and future research directions.
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systemic hypoxic status? are also the focus of hypoxia adaptation
research. The eyes, being a unique and important sensory organ,

Hypoxia is a state when the oxygen supply does not meet the tissue's
needs. Organisms, including mammals, have developed defense
mechanisms to survive hypoxia, known as hypoxia adaptation. The
hypoxia adaptation process has been studied in numerous tissues
and diseases, including ischemia of the heart, brain, and nearly every
maijor organ. Besides ischemia, aggressively malignant tumor?® and

impact greatly on a person's quality of life. The core concept of any
visual system is refraction of the light into a photosensitive array
(retina) and further processing into electrochemical signals for the
brain neural networks to process and interpret. The eye developed
a precise regulatory mechanism for each component to accomplish

the visual cycle, a complex and energy-demanding function in a
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volume of the organ less than 6 cm®. While efficient, the eye system
is vulnerable to hypoxic injury.

The cornea is the second refractory media along the visual
pathway (the first being the tear film). It is a transparent dome-like
structure located in the very front of the eye, with the anterior
chamber and iris behind it. The cornea comprises 5 layers, namely
from the outside to the inside: epithelium, Bowman's membrane,
stroma, Descemet's membrane, and endothelium (Figure 1). With
maintaining transparency as the major function, the cornea devel-
oped several mechanisms: (1) being avascular; (2) maintaining a hy-
droponic status by keeping the water from leaking in and actively
pumping the water out; (3) maintaining an organized structure of
the matrix in the stroma.® Any disturbance of one of the three
mechanisms will cause corneal opacity and consequential visual
loss. As an avascular tissue, the cornea is unique in oxygen con-
sumption by acquiring oxygen from the atmosphere. Therefore,
any condition separating the cornea from the air will cause cor-
neal hypoxia. In physiological state, corneal oxygen decreases to
one third of the original concentration when closing the eyes*; soft
contact lens wear is a common etiology of corneal hypoxia. Corneal
hypoxia also occurs in pathologies such as infectious keratitis,>¢

FIGURE 1 lllustration of an anterior
segment of an eyeball (sagittal plane) and
detailed illustration of the cornea (bottom
panel). The cornea is located at the very
front of the eyeball (the arched light blue
structure); the darker blue structure next
to the cornea on the left is the anterior
chamber filled with aqueous humor.

The cornea has 5 layers (bottom panel),
organized with the top being the outside
surface and the button is the inside
surface in the illustration. The epithelium
is comprises of 5-7 layers of squamous
cells at the outside and a monolayer of
columnar cells at the inside; the Bowman's
membrane is the basement membrane for
epithelial cells; the stroma makes up most
of the corneal thickness and is composed
of highly organized collagen fibers and
keratocytes; the Descemet's membrane
is the basement membrane of endothelial
cells; the endothelium is a monolayer

of hexagonal-shaped endothelial cells,
which does not have the potential for
proliferation or regeneration [C
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limbal stem cell deficiency,* and systemic hypoxia such as chronic
lung disease.’

Herein, we reviewed the current animal model used in cornea
hypoxia research and the molecular basis of hypoxia and associated

adaptation.

2 | HYPOXIA IN CORNEA
2.1 | Etiology

Hypoxia is a prominent feature of pathological states encountered
in inflammation, wounds, and infections (bacteria, fungi, virus, etc.)
of the cornea.>®’ As mentioned above, the cornea requires oxygen
primarily from the atmospheric air and secondarily from the aqueous
humor for normal metabolic function when eyes are open. In closed
eyes, the oxygen is mainly provided by the connecting conjunctiva
and the aqueous humor.'° Due to the avascular nature, a localized

t'112 or corneal edema in-

oxygen impediment from the embedmen
duced by trauma or infection that restricts the availability of the air

to the cornea will lead to significant localized corneal hypoxia.*® In

escemet's membrane
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turn, corneal hypoxia induces stroma swelling by increasing the an-
aerobic metabolism and changing the concentrations of metabolites
at the endothelium that regulate water flux into/out of the cornea.!?

Besides the lack of oxygen supply to the cornea, localized hy-
poxia can also happen in conditions with a sudden increased oxygen
demand. For example, hydrogel contact lenses were found to induce
acidosis, which increases the corneal oxygen consumption rate by
up to 1.8 times that found in normal pH, and in consequence the
pH-regulatory mechanism.’®* The acute and chronic inflammation
induced by mechanical trauma, chemical burn, infection, etc., in cor-
neal tissue often causes the development of hypoxia. Rao et al. re-
ported that inflammatory hypoxia developed in the Herpes stromal
keratitis lesions,® which is consistent with another study that cellular
hypoxia appeared in the acute stage of the alkali burn tracked by
pimonidazole staining, a 2-nitroimidazole, which gets reductively ac-
tivated in hypoxia cells in vivo and forms stable adducts with thiol
groups in proteins, and amino acids.®*> Depletion of neutrophils sig-
nificantly reduced the pimonidazole staining cells.®

Another important cause of corneal hypoxia is systemic hypoxia
of the body. In a clinical study involving 114 eyes, hypoxia induced
by obstructive sleep apnea (OSA) leads to the reduction of central
corneal thickness and endothelial cell density.” The stomal acidosis
induced by hypoxia may be a cause of corneal thinning. A study re-
ported a significant corneal stromal thinning and loss of keratocytes
in hemifacial spasm (HFS) patients with the presence of chronic
hypoxia.t® Noticeably, systemic hypoxia causes the thinning of the
stroma, while in the contact lenses wear model, corneal edema is
more often observed. Hence, different cellular mechanisms are in-
volved in local corneal tissue hypoxia versus corneal hypoxia sec-
ondary to systemic hypoxia of the body.

In summary, corneal hypoxia happens solely or as a complication
in multiple corneal pathologies. A better understanding of the pro-
cess of hypoxia affecting the cornea and the cornea compensating
for the lack of oxygen is important for disease prevention and treat-
ment. In the next sections we will discuss the cellular mechanisms of

corneal hypoxia.

2.2 | Cellular reaction to hypoxia

Cellular hypoxia (0.5%-2% oxygen) can be transient due to the un-
balance between the supply and cellular metabolic demands, or
chronic due to unresolved tissue edema and inflammation.® The
cornea comprises the following types of cells: epithelial, endothelial,
stromal, and dendritic (Figure 2), and hypoxia damages each cell type

differently.

2.2.1 | Epithelial cells

Corneal epithelial cells form a multilayered epithelium with 5-7
layers of squamous cells at the outside and a monolayer of colum-

nar cells at the inside (Figure 2). The epithelial cells are constantly

undergoing mitosis to strengthen the barrier between the cornea
and the outside environment. Therefore, oxygen is highly demanded
by the epithelium for maintaining the barrier function and homeo-
static renewal. Studies have demonstrated that overnight restric-
tion of the oxygen supply from the atmosphere disturbs the renewal
homeostasis by increasing the surface cell damage and decreasing
the replication of the basal cell layer in both human and rabbit mod-
els.118 Contact lens wear for 24 h in rabbits induces stem cell mark-
ers, ANp63a and Kié7, not only in limbal stem cells but also in basal
cells throughout the cornea.'’

Besides maintaining the renewal homeostasis, another import-
ant factor of corneal epithelial barrier function is the tight junction
between epithelial cells. A study using Simian virus 40-immortalized
human corneal epithelial (HCE) cells demonstrated a decreased bar-
rier function under 24 h of hypoxia treatment measured by transep-
ithelial resistance. Zonular occludin-1 (ZO-1), a cytoplasmic protein
associated with tight junctions, the localization of which was dis-
turbed during 24 h of hypoxia.20 Similar results were demonstrated

in a rabbit lens wearing model.?*

Moreover, hypoxia downregulates
the expression of Toll-like receptor (TLR) 4, an important receptor to
pathogen damage, weakening the biological barrier function to de-
feat microbial infections.?? These results indicate that a short-term
exposure to hypoxia disturbs the epithelium barrier function by dis-
turbing the tight junctions between epithelial cells.

Hypoxia also delays the wound healing process of the cornea ep-
ithelium.?®* Wound healing is a more complex process involving (1)
the crosstalk between corneal nerves to epithelial cells; (2) the reac-
tion to mediators from injured cells (nucleotides and glutamate); (3)
cell migration and proliferation and the reassembly of extracellular
matrix. Exposure to hypoxia for 24-48 h exposure to hypoxia atten-
uates the crosstalk between the corneal nerves and epithelial cells
by reducing the transmitter released into the extracellular space.?®
In the same study, acute hypoxia also impairs the cell response to
adenosine triphosphate (ATP) and glutamate released by the injured
cells,?® and inhibits migration by decreasing the phosphorylation of
a protein paxillin which is crucial for cell adhesion.” To summarize,
short-term hypoxia impairs the corneal epithelium function by many
mechanisms (Table 1). However, when we trace the source of these
affected pathways, they all lead to one core pathogenesis: the al-
tered metabolism pathways.

One of the fundamental responses of cells to the lack of oxygen is
to decrease the portion of aerobic metabolism and increase anaero-
bic metabolism. Take glucose, the major energy source of the corneal
epithelial cells, for example, reactions of the tricarboxylic acid cycle
(TCA) will decrease while glycolysis will increase during hypoxia. Since
the efficiency of ATP production differs between the two pathways
(34-36 mol ATP per 1 mol of glucose for aerobic reaction; 2 mol ATP
per 1 mol of glucose for anaerobic reaction), switching to anaerobic
metabolism results in a decreased ATP production, as observed by
Lee et al. in epithelial cells.?® The decreased ATP production leads to
the impairment of numerous cellular functions that require energy,
including ion transportation, Ca?* homeostasis, and protein synthe-

sis. The imbalance between glycolysis and the TCA cycle also causes
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Disturbed fluid
pump function,
leading to corneal
edema

Increased varibility
in cell size

/— Disturbed tight junction
Decreased renewal rate

Altered componants of
the ECM

Decreased
myofibroblast
tranformation

FIGURE 2 A summary of hypoxia effects on cornea. Hypoxia exposure affects each cell type of the cornea. In epithelial cells, hypoxia
disturb the tight junction and decrease the renewal rate of the basal cell layer. In cornea stroma, hypoxia alters the components of the
extracellular matrix, and decreases the myofibroblast transformation of the keratocytes. In the endothelium, exposure to hypoxia disturbs
the fluid pump function leading to corneal edema; increased variability in cell size has also been observed [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Effect of hypoxia on corneal epithelial cells

Author Models

Robertson, et al.¥? Rabbit contact lens wear and telomerase-

immortalized human corneal epithelial cells

(hTCEpi)

Simian virus 40-immortalized human corneal
epithelial (HCE) cells

Teranishi, et al.?®

Rabbit lens wear

SV40-HCEC

Yanai, et al.?t

Hara, et al.??

Cultured rabbit and human cornea tissue and
primary cells

Zaidi, et al.?

Lee, et al.?®

Safvati et al.?”

Kosaku et al.?®

accumulation of the product of glycolysis pyruvate acid, which gets
further converted to lactic acid. The pH of the cornea tissue could drop
from 7.55 + 0.02 to 7.15 + 0.04 with 80 min of contact lens wear in
early studies, from the accumulated lactic acid and C02.24‘25 The lack
of ATP and acidosis processes also cause function deficiency in stromal

cells and endothelial cells, which will be reviewed in the next sections.

2.2.2 | Stroma

The corneal stroma is the thickest layer of the cornea, composed

of highly organized collagen fibers (mainly type Il and type V) and

human corneal limbal epithelial (HCLE) cell line

Systemic low oxygen (10%) environment in mice

Duration
Findings of hypoxia
Reduction of a stem cell marker ANp63a in basal 24 h
cell layer
Decreased transepithelial electrical resistance, 24 h
decreased ZO-1 and KGF
Disruption of ZO-1 localization 24 h
Decreased expression of TLR4 and cytokine 48 h
expression
Increased cystic fibrosis transmembrane 24-72 h
conductance regulator leading to
Pseudomonas aeruginosa binding
Decreased ATP production; attenuated crosstalk 24 or48 h
between epithelium and cornea nerve; delays
wound closure
Increased expression of numerous angiogenesis Review
mediators
Maintain normal epithelium structure 140 days

keratocytes (also known as fibroblasts). The keratocytes are lo-
cated in between the layers of collagen fibers. In healthy cornea, the
keratocytes secrete collagen and crystallins, a protein that keeps the
corneal transparency?’; upon injury, the keratocytes either undergo
cell death or get activated to regenerate or induce scar formation.°

Hypoxia is associated with the thinning of the stroma.®! Studies
have shown that hypoxia exposure reduces the production of colla-
gen |, collagen IV, and laminin,* while increasing the production of
matrix metalloproteinase (MMP)-1 and MMP-2.%2 Lee et al. demon-
strated that increasing exposure to hypoxia decreased both the sul-
fation proteoglycans and the expression of sulfatase | mRNA.% In a

disease that mainly affects the corneal stroma named keratoconus,
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the alteration of the extracellular matrix is more profound.3? The
level of collagen | and Il reduction and the level of MMP-1/MMP-2
increase are both significantly more severe compared with normal
human corneal stromal fibroblasts.?

As mentioned above, the keratocytes under stress have two
fates: one is undergoing apoptosis, the other is activated to a fu-
siform shape or transformed to a myofibroblast phenotype.34
Myofibroblast keratocytes are observed in injured cornea charac-
terized by the expression of alpha smooth muscle actin (¢SMA).%>
These cells act as contractors in wound healing and are also respon-
sible for extracellular matrix organization; both processes are crucial
for corneal wound healing and transparency. This transformation
is believed to be induced by the transforming growth factor beta
(TGFB) released by corneal epithelial cells.® Evidence shows that a
transient hypoxia exposure for 4 h inhibited the TGFp1-induced cor-
neal myofibroblast transformation and «SMA expression.3¢ Further
analysis showed that hypoxia inhibited the activation of a GTP bind-
ing protein RhoA, which is relatively upstream of the TGFp induced
cell signaling pathway.*® The reduction of myofibroblast transforma-
tion has two sides: on one side, it delays the corneal wound healing;
on the other side, it may protect the cornea from scarring, which
is counter intuitive. In fact, more scarring is observed in conditions
when corneal hypoxia is present. Therefore, the relationship be-
tween hypoxia, myofibroblast, and corneal scarring needs further
investigation (Table 2).

2.2.3 | Endothelial cell

The endothelium is a single cell layer located at the inner side of the
cornea, characterized by a uniformly hexagonal structure. The major
function of the endothelial cells is to pump out the water from the
cornea stroma, which is crucial for corneal transparency. The fluid
pump function is facilitated by ion transportation and carbonic an-
hydrase (CA). H,0 and CO, in the stroma turn into HCO; by CA12;
then HCOj gets passively transported into the endothelial cells by
the Na/HCO; co-transporter (NBC1) down the chemical-potential
gradients created by a 3Na*/2K*-ATPase on the endothelial cell
membrane. The HCOj then breaks down to CO, and H,0 by the
enzyme CAll, and the CO, is diffused back to the stroma or anterior
chamber. The remaining HCO; is transported to the anterior cham-

ber via HCO;3 /CI™ exchanger. This HCOj transportation lowers the

TABLE 2 Effect of hypoxia on corneal stroma

osmolarity at the basolateral/stromal interface relative to that in the
aqueous humor. Thus, the H,O gets released to the anterior cham-
ber down the osmolarity gradient*? (Figure 3). When hypoxia occurs,
the ion transportation function gets inhibited due to the lack of ATP;
and the accumulation of CO, and lactic acid alters the conversion
of HCOj to CO,, thus disturbing the fluid pump function of the en-
dothelium, leading to corneal edema. The free water entering the
stroma from the damaged corneal epithelium barrier also contrib-
utes to the hypoxia-induced corneal edema.?

Corneal edema has long been observed clinically in corneal
hypoxia, and the relationship between hypoxia-induced cor-
neal edema and the corneal metabolism rate has been well pro-
filed.3%*% Interestingly, in circumstances when only increased
glycolysis and lactic acid accumulation are present but not hy-
poxic (an ultramarathon), the corneal edema also happens.41 This
finding further indicates that the edema caused by hypoxia is due
to the increase in glycolysis. Besides edema, clinicians have also
observed variation in cell size within the endothelial monolayer
(termed polymegathism) in patients with contact lens wear.*? The
polymegathism may be transient or permanent and is believed to
be caused by the pH change from lactic acid /CO, accumulation
and the lack of ATP.*?

Another clinical finding of hypoxic endothelial cells is the ‘Belb
phenomenon,” meaning a transient loss of the specular reflection in
some endothelial cells during hypoxia exposure.43 A potential cause
of the belb is also believed to be lactic acid accumulation,** and
the belb is associated with less oxygen transmissibility of contact
lenses.*® Currently, the mechanism of the belb formation is unclear.
A possible explanation is that the nuclear area of some endothelial
cells becomes edematous during hypoxia, causing the light that re-
flected from those edematous cells to be shifted to a different di-
rection that the camera/observer could not catch it, leading to the
dark appearance of blebs under specular image.** However, this hy-
pothesis does not explain why only certain cells undergo the belb
phenomenon, and the mechanism of the belb still needs further
investigation.

In corneal dendritic cells (DCs), clinical studies have observed an
increased number of DCs associated with contact lens wear,*> but
little is known for the hypoxia-induced cellular function alteration of
DCs. As an important player of the innate immune response of the
cornea, DCs are responsible for corneal homeostasis. Further stud-

ies are required to understand the response of DCs to hypoxia to

Duration of
Author Models Findings hypoxia
Tina, et al.®? 3D in vitro culture of corneal fibroblasts isolated from Reduction of collagen | and Ill; Elevation of 1 week
healthy cornea stroma and keratoconus in hypoxic MMP-1 and -2 expression
environment
Pramod, et al.%” Human corneal fibroblasts cultured in lower oxygen Highest extracellular matrix deposition in 2% 14 days
conditions (2%, 0.5%) oxygen tension groups
Xing, et al.®® Bovine corneal stromal cells in hypoxia condition Upregulation of HIF-1ax and VEGF 4 h

(0.5%)
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FIGURE 3 The transportation of free water and ions of the cornea under physiological state. The epithelial cells and the tight junction
prevent free water of the tear film from entering the cornea; the endothelial cells create an osmolarity gradient towards the anterior
chamber, which allows the free water from the stroma to be “pumped” into the anterior chamber. The osmolarity gradient is facilitated by a
group of enzymes and ion channels (left panel). Firstly, the carbonic anhydrase (CA) 12 expressed in the stroma synthesizes HCO3, which is
then passively transported into the endothelial cells by the Na/HCOj co-transporter (NBC1) down the chemical-potential gradients created
by a 3Na*/2K*-ATPase. In the cytoplasm of endothelial cells, the HCO; breaks down into CO, and H,O by CAll, then the CO, diffuses

back to the stroma or anterior chamber. The remaining HCOj is transported to the anterior chamber via aHCOS /CI™ exchanger. This HCOy
transportation lowers the osmolarity at the basolateral/stromal interface relative to that in the aqueous humor, allowing the free water to
flush into the anterior chamber, possibly via the water channel aquaporin (AQP) 1 [Colour figure can be viewed at wileyonlinelibrary.com]

help understand the reduced barrier function during hypoxia, such
as contact lens-induced infections.

To conclude the sections above, decreased aerobic metabolism
and increased anaerobic metabolism is a common pathogenesis
shared by almost all types of cells, but leads to cell type-specific

responses.

2.3 | Hypoxia-induced signaling pathways

Although exposure to hypoxia affects the cornea via multiple mech-
anisms, a study has found that a mild long-term lack of oxygen (10%)
does not affect the normal epithelium structure of the cornea.?® This
result brings up an interesting question: how does the cornea cope
with hypoxia?

Hypoxia triggers multiple signaling pathways to adapt cells to the
lack of oxygen. Overall, the activation of these signaling pathways
leads to altered metabolism, regulation of reactive oxygen species
(ROS), angiogenesis, cell cycle progression, or cell death.*® The key
protein facilitating these changes is the hypoxia inducible factor
(HIF), a transcription factor that activates upon sensing hypoxia.”’
HIF forms heterodimers composed of o and p subunits when acti-

vated.”

There are three paralogues of the a unit, HIF-1a, -2a, -3«;
and three isoforms of the f subunits, aryl hydrocarbon receptor

nuclear translocator (Arnt)1, -2, and -3 have been characterized.*®

HIF-1a and HIF-2a function synergistically, but each of them has its
preference in gene regulation: HIF-1a is more specific in inducing
enzymes involved in glycolysis,49 while HIF-2a favors the genes in-
volved in cell cycling and tumor growth.>%>! HIF-3« is believed to
play an autoregulatory role in the HIF pathway that gives negative
feedback to HIF1a and HIF2a.5

HIF accomplishes the oxygen sensing function with the help
of several enzymes, including a special group of prolyl hydroxy-
lases (PHDs) and factor inhibiting HIF (FIH-1). During non-hypoxic
state, PHDs hydroxylate the HIF-a subunit at the proline residues,
leading to proteasomal degradation of HIF-a subunit; FIH-1 pre-
vents the binding of an important coactivator p300/Creb-binding
protein (CBP/p300) to the HIF-a subunit, both of which prevents
the activation of the HIF complex.*®5% When exposed to hypoxia,
the low oxygen level inactivates PHDs and FIHs, thus the HIF-a
subunit binds to its p subunit and activates the signaling pathway*®
(Figure 4).

It has been observed that activated HIF-1 induces key enzymes
in the glycolysis pathway, including aldolase A (ALDA), phosphoglyc-
erate kinase 1 (PGK1), and pyruvate kinase M, all of which contain
HIF-1 binding site in the enhancer of their corresponding gene se-
quence.’* Moreover, the target genes of the HIF complex include
genes coding for a vascular endothelial growth factor (VEGF),>®
tissue inhibitor of metalloproteinases 1 (TIMP-1), angiopoietin

(ANGPT) that regulates angiogenesis,”>*® CD18 in inflammation
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© o Degraded

HIF-1a

Hypoxia

FIGURE 4 Theinhibition and activation of the HIF pathway at different oxygen concentrations. During nonhypoxic state, PHDs
hydroxylate the HIF-a subunit at the proline residues. The hydroxylated HIF-a binds to VHL, leading to proteasomal degradation of HIF-a
subunit; FIH-1 prevents the binding of an important coactivator p300/Creb-binding protein (CBP/p300) to the HIF-a subunit, both of
which prevents the activation of the HIF complex. When exposed to hypoxia, the low oxygen level inactivates PHDs and FIHs, thus the
HIF-a subunit binds to its p subunit and activates the signaling pathway. HIF, hypoxia inducible factor; PHD, prolyl hydroxylase; FIH, factor
inhibiting HIF (FIH-1); VHL, Von Hippel Lindau protein [Colour figure can be viewed at wileyonlinelibrary.com]

pathway, Bcl-2 and p21/p27 that regulates cell proliferation and cell
death, and many more.”’

The HIF signaling pathway was initially studied in erythrocytes
and was quickly broadened to other tissues of the body, includ-
ing the cardiovascular system, nerve system, respiratory system,
and cancer.’® Compared with these tissues, the role of the HIF
signaling pathway in cornea has yet to be clarified. To our current
knowledge, both HIF-1a and HIF-2a are expressed in the corneal
tissue.>>? Low oxygen culture conditions (1% O,) upregulates
the protein level of HIF-1a and VEGF in human corneal epithelial
cells.”” The HIF-1a signaling pathway was found to play a critical
role in regulating VEGF expression in corneal neovascularization,
which is a sight-threatening condition caused by new vessel for-
mation from the limbus and its invasion into the cornea. Silencing
Hifla by shRNA attenuated the corneal angiogenesis both in
a contact lens wearing mouse and a rabbit alkali burn model.®°
Intervening the combination between Hifla/Hif2a and Hifp by
acriflavine treatment decreased the neovascularization during the
clinical disease period.f"61 However, inhibition of HIF-1a did not

reduce the VEGF level in the bovine corneal stromal cells under

hypoxic culture conditions.®? Hence, the HIF-1a-dependent regu-
lation of VEGF might be cell type specific.

The HIF pathway also plays a protective role in cornea against
injuries. HIF-1a was found to protect stromal cells from apoptosis
induced by UV injury.38 Preconditioning with hypoxia or a PHD in-
hibitor protects corneal endothelial cells from mechanical injuries.63
The mechanism of this protective action is unclear, but is possibly
due to the expression of anti-apoptotic genes responsible for en-
hanced survival, growth, and metabolism of the cells that HIF-1a
promoted.64

HIF activation was also studied in corneal inflammation. In pro-
gressing herpes stromal keratitis lesions, HIF-1a protein stabilization
was observed in infiltrating immune cells, especially the neutrophils.®
Nuclear localization of HIF-2a protein was found in the epithelial
cells of the infected cornea during the chronic disease period, but
not in the naive and early stage of post-infection cornea.’ In addi-
tion, HIF-1a has also been suggested as a master regulator of innate
host defenses.®® Inhibition of HIF-1a was observed to exacerbate
the disease of bacterial keratitis and corneal destruction by compro-

mising the neutrophils functions of bacterial killing, apoptosis and
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antimicrobial peptides production and increasing pro-inflammatory
cytokine expression.®®

In summary, the HIF pathway has been observed in several
pathological processes of the cornea, mainly angiogenesis, injury,
and inflammation. However, the regulatory mechanism of the HIF
proteins remains fuzzy in the cornea, and the role of HIF in hypoxia
secondary to inflammation/injury requires further investigation. In
the next section, we are going to introduce the animal models that

are currently used in corneal hypoxia studies.

3 | CURRENT ANIMAL MODEL
3.1 | Contactlens wear model

Contact lens wear is a major model used for the hypoxia study on
the ocular surface due to its under-controlled oxygen transmissi-
bility. Simple as the name implies, this model is built by applying a
contact lens to experimental animals to eliminate the oxygen supply
from the atmosphere. Several species of contact lens wear models
that have been reported, mainly rabbits, mice, and a small number of

studies using rats.

3.1.1 | Rabbit

Rabbit models of ocular diseases are particularly useful for study-
ing of preclinical drug efficacy, contact lens wear, dry eye syndrome,
etc., due to the similar anatomical and biochemical features of hu-
mans and rodents, with long life span and larger eye size.®” In brief,
the rabbits were housed in individual cages at 19-23°C room tem-
perature under relative humidity of 30%-50%. To permit lens wear,
the nictitating membrane of each rabbits’ eye was excised first. After
anesthetization, the nictitating membrane was pulled away from
the eye globe with forceps and partially (30%-40%) cut with scis-
sors.®8¢? Antibiotic ointment and drops were applied to the eyes of
rabbits to prevent infection. After a minimum of 1-week postopera-
tive quarantine, rabbits were used for contact lens wear. This model
is used to evaluate the effects of lower oxygen transmissibility to
the corneal epithelium function and structure as well as the bacte-
rial infection (Pseudomonas aeruginosa, etc.). However, the duration
of the lens wear in most studies is 24 h or less due to the lens loss
in long-term observation. Hence, a long-term stable model should
be further investigated to observe how the lens affects the cornea

during long-term contact lens wear.

3.1.2 | Rodent

The rodent eye is smaller than the rabbit eye. However, due to its
lower price and high feasibility, rodent models are also commonly
used for ocular diseases, such as corneal neovascularization (NV),

corneal scar, corneal transplantation, etc. For example, to induce

ZI-L\A ~WI LEY-Y

ocular hypoxia, 3.5 mm lenses were applied onto the mouse's cor-

nea surface followed by a silk suture tarsorrhaphy.”® The corneal
NV scores increased in a time-dependent manner due to hypoxia.
However, the inflammation inflamed by the contact lens after the
tarsorrhaphy should be considered since the chronic inflammation
may also contribute to corneal NV.

There is no easy explanation of which model to choose when
planning a study on corneal hypoxia. Both rabbit and rodent mimic
the human cornea well, but other factors such as cost, efficiency,
feasibility, and, most importantly, the research question need to be

considered.

3.2 | Systemic hypoxia models

In contrast to the local hypoxia models, scientists have built systemic
hypoxia models to study the corneal hypoxia caused by systemic
lack of oxygen. These models use hypoxia chambers of different ox-
ygen concentration to eliminate the oxygen consumption of the en-
tire body. Kosaku et al. put the mice under hypoxia conditions (10%
oxygen) to observe how the cornea tissue responds to the long-term
systemic hypoxia.?® According to their report, long-term hypoxia
caused a decrease in the glycogen granules in the epithelium.?®
However, in the same study, the layer structure and surface micro-
villi of the corneal epithelium were not disturbed after 140 days
(long-term hypoxia) observation.?® No obvious clinical manifesta-
tions were reported. Compared with obvious clinical manifestations
in the local corneal hypoxia models induced by contact lens wear,
the 10% oxygen concentration in this model might not be enough to
induce serious corneal hypoxia.

Attempts have also been made to build an acute systemic hy-
poxia model. Scientists created the acute hypoxia by pumping the
air from the pressure chamber for 1 min before reaching a pressure
of 180 mmHg. Rats were kept under these conditions for 3 min.”*
Apoptosis of both corneal and conjunctival epithelial cells has been
found in this model, but no long-term observation result was re-
ported.”* However, due to the suffocating nature of this model,
more observations need to be made in systemic changes of the body,
and whether these changes will affect the cornea. The fluctuation of
intraocular pressure should also be considered due to the pressure
decrease of the chamber.

To summarize this section, the idea of using a hypoxia chamber
to study corneal hypoxia is feasible and positive results have been
reported, however, more studies will need to be done to determine

the oxygen concentration and the time of exposure.

3.3 | Infectious keratitis models

Besides the embedment (contact lens wear, scleral contact lens,
etc.) and systemic hypoxia, the corneal inflammation induced by
various microbials is the other cause for the corneal hypoxia. For

example, Bai et al. established an experimental rat keratitis model
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induced using P. aeruginosa to detect whether reversing the hypoxia
microenvironment by oxygen delivery can improve the antibacterial
therapy.5 In brief, P. aeruginosa (20 pl) was inoculated onto the rat
corneas damaged by a needle. After 12 h of infection, the infected
rats were used for evaluation.’ Hypoxic microenvironment was ob-
served in these rats and oxygen supplementation accelerated the
healing process of the corneal damage.®

Another infectious agent commonly used by corneal studies is
the herpes simplex virus (HSV). Herpes simplex keratitis (HSK) is a
potentially blinding disease caused by HSV infection of the corneal.
The reactivation of the virus from latency leads to the recurrent
bouts of corneal inflammation and scarring, which cause progressive
loss of vision. Rao et al. developed a HSK model by applying 1 x 10°
PFU of virus in 3 pl 1 x PBS to the mouse eye and showed the de-
velopment of hypoxia with progressing HSK lesions. The magnitude
of hypoxia correlated with the extent of neutrophils infiltrating the
infected corneas.®

Besides the two models of infectious keratitis, there are a great
number of keratitis models related to corneal hypoxia, reviewed

by Fleiszig et al.”?

These models are good for studies focusing on
hypoxia-related corneal infection and allow researchers to observe

the effect of a longer period of hypoxia exposure.

4 | SUMMARY AND PROSPECTS

The cornea is unique in its oxygen supply, with most of the oxygen
coming from the atmosphere and the rest coming from the aque-
ous humor. This makes the etiology of cornea hypoxia different from
the rest of the body, where the main cause of hypoxia is due to the
lack of blood supply. The animal model of corneal hypoxia is difficult
to build due to the unique pathogenesis. The contact lens wearing
model has been widely used over the years, but with a better under-
standing of the relationship between hypoxia and inflammation, the
limitation of the contact lens model has become evident. Another
factor that should be taken into consideration is the eye-rubbing
behavior induced by ocular surface disturbance in experimental
animals. The discomfort in the eye will trigger stress and aggressive
behavior, and it is not uncommon to result in a failure of the model.
On the contrary, the systemic hypoxic model is a good solution to
the eye-rubbing, but it brings up other problems of exposing every
tissue of the body to hypoxia. Further work is required to build a bet-
ter cornea hypoxic model, and to understand how systemic hypoxia
could affect the cornea.

Among the pathologies of cornea under hypoxia, the mechanism
of corneal edema induced by hypoxia has been profiled, while other
important biological processes are still under-described. Many of
these processes, such as angiogenesis and scar formation, are critical
to visual function. A more complete understanding of the HIF path-
way and its downstream signal is required, thus enabling the discov-
ery of potential therapeutic targets. More importantly, establishing
proper animal models for different hypoxia conditions will accelerate

the progress of mechanistic research.
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