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To develop new and safe approaches to protect and preserve
the function of the human corneal endothelium (HCE), we have
established an in vitro model of cell loss using an HCE cell line
and have examined the potential for hypoxia conditioning to
protect HCE from death induced by two ROS generating
cytotoxins (tertiary butyl hydroperoxide [tBHP] and paraquat
[PQ]). Cell death was assessed by flow cytometric analysis of
Annexin-V (An) and propidium iodide (PI) double staining and
oligonucleosome production. Mitochondrial membrane poten-
tial (MMP) was measured with JC-1 fluorescent dye to determine
possible associations between MMP preservation and cell
survival. PQ and tBHP both induced HCE cell death in a dose-
dependent manner, with 48% and 32% of An™ cells observed
with 60 p/M tBHP and 500 pM PQ, respectively. In addition, this
level of tBHP and PQ resulted in 66% and 49% decreases in
MMP, respectively. Hypoxia (0.6% = 0.1% oxygen) pretreatment
(8 hrs) significantly reduced An™ cells caused by 60 n/M tBHP to
15%, whereas hypoxia had no effect on the decreased MMP.
Hypoxia pretreatments (24 hrs) slightly reduced An* cells
caused by 500 pM PQ to 25% and completely prevented the
induced MMP reduction. Conversely, hypoxia posttreatment (24
hrs) resulted in a greater inhibition of cell death than pretreat-
ment and yet failed to prevent the PQ-induced MMP collapse. In
conclusion, these results suggest that hypoxia can sufficiently
protect HCE cells against cell death caused by tBHP and PQ,
although no direct link between hypoxia cell protection and
MMP preservation was observed. Exp Biol Med 232:445-453,
2007
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Introduction

Human corneal endothelium (HCE) is a monolayer cell
structure that plays an essential role in corneal nutrient
uptake, waste removal, and fluid transport (1). The average
adult HCE cell density is approximately 2500 cells/mm?,
which gradually decreases with age. When the corneal
endothelial cell density reaches approximately 1000 cells/
mm? or less, the fluid transport function is unable to
maintain corneal hydration, which then leads to corneal
stromal edema, loss of corneal transparency, and finally
impaired vision. The precise cause of endothelial cell loss
with normal aging is unknown, but there is evidence to
suggest that light-induced reactive oxygen species (ROS)
formation has an important role (2, 3).

Although it can take over 100 years for HCE cells to
reach the decompensation threshold via normal aging, this
cell loss can be significantly accelerated by eye surgery (4),
transplantation (5), inflammation (6), and abnormal oxida-
tive stress caused by certain eye diseases (7, 8). For
example, increased formation of peroxynitrite, an oxidant
produced by nitric oxide and superoxide, was detected in
corneas with Fuchs’ endothelial dystrophy (9), a disease
characterized by an accelerated loss of corneal endothelial
cells (7). This loss is associated with an increased incidence
of apoptotic cells (10, 11).

Whereas preventing or slowing HCE cell death caused
by aging or diseases such as Fuchs’ may require genetic
approaches, reducing cell death associated with surgery or
corneal transplantation is likely to be more amenable to
pharmacologic approaches. For example, antioxidants,
including vitamins C and E, were able to reduce the
induced oxidative damage in corneal endothelial cells, so
that cell death was attenuated in vitro (8). Rather than
reducing the formation of ROS, another approach is to
condition cells so that they can survive the ROS insult.
Adaptation to nonlethal hypoxia has been reported to protect
cells against cell death induced by oxidative stress (12, 13).
Although the molecular mechanisms are not fully under-
stood, mild levels of hypoxia exposure often lead to
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upregulation of cell survival genes and signaling pathways
(14). During the past few years, a considerable number of
studies have investigated the genes or proteins specifically
regulated by hypoxia. The hypoxia-inducible factors (HIF)
were the first identified family of transcription factors that
were rapidly induced by hypoxia through inhibition of their
ubiquitin-dependent degradation (15). Recently, the impor-
tant role of HIF-lo in cellular oxygen sensing was
demonstrated by identifying that upregulation of 89% of
genes induced by hypoxia is HIF-1a dependent (16). These
genes include those involved in energy conservation,
increased energy production through glycolysis, and
production of growth factors such as vascular endothelial
growth factor (VEGF), all of which function to enhance cell
survival. In the eye, hypoxia protection against cell death
has been reported for corneal stromal cells (17) and retina
(18, 19). The cornea is particularly suitable for hypoxia
conditioning because it can easily be delivered to corneas in
vivo during contact lens wear (20, 21) and could be
incorporated, for example, prior to or following corneal
surgeries.

Accordingly, we investigated whether transient suble-
thal hypoxia could protect HCE against cell death induced
by external oxidative stress by two ROS-producing
cytotoxins, tertiary butyl hydroperoxide (tBHP) (22) and
paraquat (PQ) (23). ROS production by these agents is
associated with collapse of the mitochondrial membrane
potential (MMP) and plays an important role in cell death,
since antioxidants are able to attenuate the loss of MMP as
well as reduce cell killing (24, 25). Therefore, in the current
study, we asked if MMP protection was also a factor in
inhibiting cell killing by hypoxia conditioning. To deter-
mine if hypoxia could be effective, we developed an in vitro
model of HCE cell death using a partially immortalized
human corneal endothelial cell line (26). Using annexin-V
(An) and propidium iodide (PI) double staining followed by
flow cytometry, we found that tBHP and PQ were able to
induce HCE cell death in a dose-dependent manner, and
hypoxia treatments significantly protected cells from the
induced cell death. This finding was also confirmed by
measuring cellular oligonucleosome levels, another bio-
marker for apoptosis (27). In addition, our results revealed
that cell death caused by tBHP and PQ was accompanied by
MMP collapse; however, no direct link between cell
protection by hypoxia and MMP preservation was observed.

Materials and Methods

Human Corneal Endothelial Cell Culture and
Chemicals. The partially immortalized human corneal
endothelial cell line, previously characterized in engineered
corneas (26), was kindly provided by Dr. M. Watsky
(Department of Physiology, University of Tennessee Health
Science Center, Memphis, TN). Cells were cultured with
Dulbecco’s modified Eagle’s medium (DMEM)/F12
(11330032, Invitrogen Corp., Carlsbad, CA) containing

20% bovine calf serum (HyClone, Logan, UT), 1%
antibiotic-antimycotic (Invitrogen), and 1% ITS (insulin-
transferrin-selenium; BD Biosciences, San Jose, CA) in 5%
C0O,-95% air, 37°C humid incubator. Tertiary butyl hydro-
peroxide and paraquat were both purchased from Sigma-
Aldrich (St. Louis, MO).

Hypoxia Exposure. The hypoxic condition was
achieved in a Hypoxia Glove Box (COY Laboratory
Product Inc., Grass Lake, MI), 37°C, humidified, gassed
with 5% CO,/95 % N,, and partial pressure of the box was
controlled using a microprocessor-based oxygen controller
(COY Laboratory Product Inc.). In all cases of hypoxia
exposure, the partial pressure of oxygen was 0.6% = 0.1%.
Considering that the oxygen tension in aqueous humor is
5.6% (28), this hypoxic condition is about 9% of the usual
oxygen tension.

Cell Death Detected by An and Pl Double
Staining. For tBHP treatments, 2.8 X 10° cells were
seeded on 10-cm tissue culture plates with 9.7 ml medium
for at least 28 hrs before any chemical treatments. For
hypoxia samples, plates were placed in the hypoxia chamber
at fixed time points (424 hrs) before chemical treatments.
tBHP treatments were started by replacing culture medium
with fresh medium containing various concentrations of
tBHP (20-100 pM). Exactly 16 hrs after beginning tBHP
treatments, medium with tBHP was removed and cells
attached to the culture plates were trypsinized using 0.05%
trypsin, at 37°C for 5 mins. These cells were then combined
with the removed medium (containing floating cells) and
spun at 470 g for 5 mins at 4°C. The cell pellet was divided
roughly into two portions, one of which was used for An
and PI double staining using an annexin-V-fluorescein
isothiocyanate (FITC) Apoptosis Detection Kit (Biovision,
Mountain View, CA), and the other portion was used for
JC-1 staining (see the following section for description).
Cells were stained with 2 pl annexin-V-FITC reagent in 0.5
ml annexin-V-binding buffer in the dark for 5 mins at room
temperature. Cells were then spun at 470 g for 5 mins at
4°C, and the supernatant was discarded. Subsequently, 1 ml
of binding buffer was added to wash the cells, and the cell
suspension was spun at 470 g for another 5 mins at 4°C. The
supernatant was discarded and 0.5 ml binding buffer
containing 2 pl PI reagent was added, and this cell
suspension was incubated in the dark for 5 mins at room
temperature. Cells were then placed on ice until flow
cytometry analysis. For PQ treatment, procedures were
exactly the same except for the following modifications:

1. 1 X 10° cells were seeded on each 10-cm tissue
culture plate.

2. After PQ exposures, old medium was removed and
cells on the plates were washed with 4 ml fresh medium
with PQ three times. After this, cells were allowed to
recover in 9.7 ml fresh medium for exactly 48 hrs before
flow cytometry analysis.

3. Hypoxia posttreatment was achieved by placing
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samples in the hypoxia chamber during the first 24 hrs of the
recovery period.

4. Cell death induced by PQ ranging from 100 to 500
pM was assessed. For all experiments, at least three
independent replicates were conducted.

MMP Measurement Using JC-1 Staining. The
second portion of cells (see preceding section) was stained
with 0.5 ml 1 pg/ml JC-1 (T3168, Molecular Probes,
Invitrogen Corp., Carlsbad, CA) in phosphate-buffered
saline (PBS) with 0.2% bovine serum albumin (BSA).
The staining was conducted at 37°C for 15 mins. Cells were
spun at 470 g for 5 mins at 4°C, and the supernatant was
discarded. Subsequently, 1 ml PBS with 0.2% BSA was
added to wash the cell pellet, and the cell suspension was
then spun at 470 g for 5 mins at 4°C. This wash was
repeated once. Finally, the cell pellet was suspended in 0.5
ml PBS with 0.2% BSA, and the cell suspension was placed
on ice until flow cytometry analysis.

Flow Cytometry. Cells were analyzed by a FACS-
Calibur flow cytometer (BD Immunocytometry System, BD
Biosciences, San Jose, CA) using CellQuestPro (BD
Biosciences) software. In all cases, at least 10,000 cells
were analyzed for each independent experiment. Bandpass
emission filters of 530:30 and 585:42 nm were used for
detecting An and PI staining, respectively. PI nuclear
staining indicates a damaged cell membrane, whereas the
ability of An to specifically bind to phosphatidylserine (PS)
allows the detection of translocation of PS from the inner
face of the cell membrane to the cell surface, a biomarker
for early apoptosis.

Depending on the mitochondrial inner membrane
potential, mitochondria take up the free form of JC-1,
which results in accumulation of JC-1 within the inner
membrane leading to formation of JC-1 aggregates (29). As
a result, the fluorescence emission of JC-1 shifts from 525
nm to 590 nm. Therefore, the fluorescence emission ratio
(590:525 nm) can be used to quantify MMP. The same
filters as used for An and PI detections were also used for
analyzing JC-1-stained cells. The geometric means of cell
fluorescence was calculated by CellQuestPro for each
wavelength and used to determine the 590:525 ratio.

Measurement of Cellular Oligonucleosome
Levels. To measure the cellular oligonucleosome levels,
an enzyme-linked immunoabsorbent assay (ELISA) (Cell
Death Detection ELISAPMYVS kit; Roche Corp., Basel,
Switzerland) was used. Oligonucleosome formation can be
induced during the apoptotic process due to an increase of
endonuclease activity (30) and used as a hallmark for
apoptotic cells. To mimic conditions used for cell death and
MMP measurements, the procedures used were the same as
used previously in MMP measurement except for the
following modifications: (i) 1 X 10° cells were seeded on 6-
cm plates for tBHP treatments and only 4.5 X 10* cells were
used for PQ samples; (ii) the volume of medium used for
each 6-cm plate was 3.5 ml. After the chemical treatments,
old medium was removed and spun at 470 g for 5 mins at

room temperature. This cell pellet, together with cells
attached to the culture plate, was then lysed with 1 ml lysis
buffer, supplied by the kit. Next, the manufacturer’s
instructions were followed and absorbance at 405 nm was
determined using a FLUOstar Galaxy microplate reader
(BMG Labtechnologies GmbH., Offenburg, Germany).

Statistics. SPSS software Version 14.0, 2004 (SPSS
Inc., Chicago, IL) was used for statistical analysis. A ¢ test
was performed in Figures 1, 2, 3, and 4, and one-way
ANOVA in Figure 5 using the least significant difference
(LSD) test. A P value less than 0.05 was considered to be
significant.

Results

tBHP- and PQ-Induced Cell Death and De-
creased MMP. Annexin V and PI double staining was
originally developed to distinguish the early stage of
apoptosis (An'/PI") from necrosis and late stage of
apoptosis (An*/PI") (31). However, since clear definitions
of different types of cell death are unsettled (32), we decided
not to use the terms “apoptosis” and “necrosis” in this
study. Instead, the results were presented as percentage of
cells with An positive and PI negative staining (An"/PI")
and total percentage of cells that were An positive (An™),
which includes An"/PI~ plus Ant/PI" cells.

tBHP treatments increased the percentage of An" cells
in a dose-dependent manner and reached 78.9% at 100 pM
(Fig. 1A). However, tBHP treatment only slightly increased
the percentage of An"/PI™ cells up to 60 pM tBHP (12.1%)
and decreased to less than 2% at 100 pM (Fig. 1A). tBHP
also induced a decrease in cell MMP in a dose-dependent
manner (Fig. 1B). Compared with control cells, 66% and
94% reductions in MMP were observed at 60 and 100 uM
tBHP, respectively (Fig. 1B).

In contrast to tBHP, a slow process may be required for
PQ-induced cellular damage and cell death. Indeed, in the
current study, no cell death was detected immediately after
the 16-hr PQ exposure (data not shown), and significant cell
death was only observed 48 hrs later. Similar to tBHP,
increasing PQ caused an increase in the percentage of cells
that were An" with 32% at 500 uM (Fig. 1C). On the other
hand, the percentage of cells that were An'/PI " increased to
16% at 200 pM and remained steady up to 500 uM of PQ
(Fig. 1C). PQ also reduced cell MMP. The reduction was
significant at 100 pM (P < 0.05) and reached 49% at 500
pM PQ compared with control cells (Fig. 1D).

tBHP- and PQ-Increased Cellular Oligonucleo-
some Levels. No significant oligonucleosome production
was observed at 20 pM tBHP treatment. However, beyond
20 uM tBHP, a significant (P < 0.01) dose-dependent
oligonucleosome production was seen up to 60 pM tBHP
(Fig. 2A). From 60 to 100 uM tBHP, the oligonucleosome
levels remained steady (Fig. 2A). For PQ-treated cells, a
significant oligonucleosome level was detected at 100 puM
(P < 0.05), and this level stayed unchanged up to 300 pM
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Figure 1. Tertiary butyl hydroperoxide (tBHP)- and paraquat (PQ)-induced cell death and decrease of mitochondria membrane potential (MMP)
in human corneal endothelium (HCE) cells. Cells were treated with various concentration of either tBHP or PQ for 16 hrs. For tBHP-treated cells,
percentage of cells with An*/PI” or An" and their MMP were analyzed immediately after the treatments using flow cytometry, whereas the
analysis of PQ-treated cell were conducted after a 48-hr recovery under normal oxygen conditions in PQ free medium. (A) tBHP-induced
percentage of cells with An/PI~ or An™. (B) tBHP-decreased MMP. (C) PQ-induced percentage of cells with An/PI~ or An™. (D) PQ-decreased

MMP. * P < 0.05, ** P < 0.01 comparing with the negative controls.
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Figure 2. tBHP- and PQ-induced cellular oligonucleosome levels in HCE cells assessed using a Cell Death Detection ELISAP-US kit. Identical
cell culture conditions as those used in Figure 1 were used. (A) Effects of tBHP on cellular oligonucleosome levels. (B) Effects of PQ on cellular
oligonucleosome levels. Optical density values reflect values after subtracting the negative control. * P < 0.05, ** P <0.01 comparing with the

negative controls.
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Figure 3. Effects of hypoxia pretreatments on 60 pM tBHP and 500 M PQ induced cell death and decrease of MMP. Cells were exposed to
hypoxia for various time periods before the tBHP or PQ treatments. After the chemical treatments, effects of hypoxia pretreatments on 60 pM
tBHP (A) and 500 pM PQ (C) treated cells were assessed. In addition, effects of hypoxia pretreatments on 60 M tBHP (B) and 500 uM PQ (D)
induced decreases in MMP were determined. # P < 0.1, * P < 0.05, ** P < 0.01 comparing with the values of 60 uM tBHP or 500 pM PQ.

(Fig. 2B). Beyond this point, a dose-dependent increase of
PQ-induced oligonucleosome level was observed (Fig. 2B).

Effects of Hypoxia Pretreatments on tBHP- and
PQ-Induced Cell Death and MMP. Compared with the
negative controls, no significant increase in An*/PI~ or An*
cells was observed in any of the hypoxia-only treated
controls, indicating that the hypoxia itself was sublethal. We
also tested effects of long hypoxia exposure (up to 72 hrs)
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on HCE cells, and no obvious induction of cell death was
detected (data not shown). Figure 3A shows that 8 hrs of
hypoxia pretreatment reduced the percentage of cells that
were induced by 60 uM tBHP to become An" from 42% to
15% (P < 0.05). A similar decrease was also detected with
18 or 24 hrs hypoxia pretreatment. On the other hand,
hypoxia pretreatment failed to reduce the percentage of cells
that were An'/PI~ at any time point tested. Furthermore,
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Figure 4. Hypoxia decreased the (A) 60 pM tBHP-induced and (B) 500 uM PQ-induced oligonucleosome levels. Optical density values reflect
values after subtracting the negative control. * P < 0.05, ** P < 0.01 comparing with the values of 60 uM tBHP or 500 pM PQ.
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Figure 5. The comparison between hypoxia pretreatments and
posttreatments on 500 pM PQ-treated cells. Cells were exposed to
hypoxia for 24 hrs before and after the 500 pM PQ treatment. The
induced (A) An* cells and (B) MMP levels were determined. Note that
500 uM PQ induced a greater percentage of An™ cells than what was

observed in Figure 1C, possibly due to a different lot of PQ obtained
from supplier. * P < 0.05, ** P < 0.01.

hypoxia pretreatment (up to 24 hrs) had no effect on the
dramatic reduction in MMP induced by 60 uM tBHP (Fig.
3B), despite the reduction in the percentage of cells that
were An" under the same hypoxia pretreatment conditions
(Fig. 3A).

Figure 3C shows that hypoxia pretreatment only
slightly (P < 0.1) reduced the percentage of An' cells
induced by 500 uM PQ from 32% to 25% at 24 hrs.
Similarly, no significant decrease in percentage of cells that
were An'/PI~ was detected. In addition, hypoxia pretreat-
ments significantly (P < 0.05) inhibited the decrease in
MMP caused by 500 pM PQ at 4 hrs and reached the control
level at 24 hrs hypoxia (Fig. 3D).

Effects of Hypoxia Pretreatment on tBHP- and
PQ-Induced Cellular Oligonucleosome Levels. Hy-
poxia pretreatment resulted in a significant (P < 0.05)
decrease in cellular oligonucleosome levels induced by 60
pM tBHP as early as 4 hrs (Fig. 4A). A reduction of 56%
was seen at 8 hrs, and a similar decrease was also observed
at 18 and 24 hrs. Similarly, the cellular oligonucleosome
level induced by 500 pM PQ was also significantly (P <

0.05) reduced by hypoxia pretreatment (Fig. 4B) at 8 hrs
and beyond.

Effect of Hypoxia Pretreatment and Posttreat-
ment on PQ-Induced Cell Death and MMP. Since
hypoxia pretreatment only slightly reduced the 500 uM PQ-
induced cell death (Fig. 3C), PQ-induced oxidative damages
may largely occur during the recovery period, even though
it may be initiated during PQ exposure. Moreover, the
ability of hypoxia to prevent cell death may be dissipated
after 16 hrs of PQ treatment, resulting in less cell-death
inhibition. To test this hypothesis, the ability of hypoxia to
prevent PQ-induced cell death was tested by exposing cells
to hypoxia for 24 hrs after the PQ treatment. Consistent with
what was observed in Figure 3C, the increase in the
percentage of cells with An" caused by 500 uM PQ was
significantly (P < 0.01) reduced by 24-hr hypoxia pretreat-
ment from 53% to 38% (Fig. 5A). Compared with
pretreatment, a significantly (P < 0.01) greater decrease in
An" cells (20%) was observed when cells were exposed to
hypoxia for 24 hrs posttreatment. On the other hand, no
additional reduction was detected when cells were exposed
to hypoxia before and after the PQ treatment (Fig. SA).

Compared with control cells, MMP was significantly (P
< 0.01) reduced by 500 pM PQ, and this MMP decrease
was significantly (P < 0.01) inhibited by 24-hr hypoxia
pretreatment, as shown before (Fig. 5B). However,
compared with pretreatment and control, a significantly (P
< 0.05) lower MMP was observed in cells treated with 500
uM PQ followed by a 24-hr hypoxia posttreatment. In
addition, no comparable MMP values between control cells
and cells exposed to hypoxia before and after the PQ
treatment were detected (Fig. 5B).

Discussion

The ion transport and barrier properties of the corneal
endothelium are essential for maintaining normal corneal
hydration and transparency. Endothelial cell density inex-
orably declines with age. However, the normal rate of cell
loss is insufficient to affect endothelial function unless it is
accelerated by surgery, trauma, disease, or inflammation.
Slowing accelerated endothelial cell loss would reduce the
demand for corneal transplantation. Similarly protecting
donor corneal tissue during eye banking could increase the
longevity of transplantation. Therefore, interest in under-
standing the mechanisms for endothelial cell loss and
devising strategies to slow cell loss has increased. In this
study, we have used two toxins (tBHP and PQ), both of
which cause cell death by inducing cellular ROS, to
establish in vitro models of cell death, so that the ability
of hypoxia to protect the oxidative stress—induced cell death
can be tested.

tBHP is a short-chain alkyl hydroperoxide and mimics
the toxic effect of lipid hydroperoxides (33), a major
product of lipid peroxidation (34). Therefore, tBHP is able
to induce lipid oxidative damage, ROS formation, mito-



HYPOXIA CONDITIONING 451

chondrial depolarization (24), glutathione depletion (35),
and finally, cell death. In the present study, tBHP was
observed to induce An" cells in a dose-dependent manner
from 20 to 100 uM (Fig. 1A). However, the induced cellular
oligonucleosome level, a marker for apoptosis, peaked at 60
uM tBHP with no change at higher concentrations (Fig. 2A),
indicating that two types of cell death may be involved
below and beyond 60 pM tBHP. This result is consistent
with a previous study that suggested that two types of cell
death, apoptosis and necrosis, are responsible for tBHP-
induced cell death depending on its concentration (22). On
the other hand, PQ, a quaternary herbicide, does not directly
produce oxidative damage to macromolecules. Instead, it
induces the formation of the superoxide anion, which can be
further transformed to hydrogen peroxide and hydroxyl
radical by consequently adding a single electron to oxygen
(23). Any of these ROS can interact with surrounding
molecules, leading to oxidative damage and cell death.
Similar to tBHP, an increase in An" cells was detected with
an increase in PQ concentrations (Fig. 1C). These results
indicate that tBHP and PQ can be used as cytotoxins to
induce cell death in HCE cells.

To test the ability of hypoxia to inhibit the induced cell
death, HCE cells were exposed to hypoxia prior to tBHP
treatment, whereas PQ-treated cells were exposed to
hypoxia before and after the PQ treatment. It was found
that tBHP- and PQ-induced cell death, as indicated by An
and PI staining and oligonucleosome formation, were
significantly inhibited by hypoxia. Since it has been shown
that re-oxygenation after hypoxia (36) is capable of
increasing the formation of superoxide anion and this
induction can play a role in hypoxia preconditioning
protection (37), it is unlikely that hypoxia prevents the
induced cell death by reducing the ROS formation.
Furthermore, the fact that a 48-hr recovery is required
before significant PQ-induced cell death was detectable
suggests that the cell death process caused by PQ may be
initiated during the 16-hr PQ treatment, but the lethal
damage occurred only during the recovery period. As a
result, hypoxia posttreatment inhibited PQ-induced cell
death more effectively than pretreatment, implying that it is
likely that hypoxia largely affects the PQ-induced cell death
process during the posttreatment rather than the initiation of
this cell death process.

Mitochondria play a central role in determination of cell
fate (38) by regulating the mitochondrial permeability
transition pore (PTP) and the release of a number of
apoptotic factors. In the current study, consistent with
previous reports (24, 25), the tBHP- and PQ-induced cell
death were accompanied by depolarization of MMP.
However, no association between reduced cell death by
hypoxia conditioning and MMP maintenance was observed
when cells were treated with tBHP (Figs. 3A and B). This
result differs from the previous reports (33, 39), in which
cell death inhibition was accompanied by MMP preserva-
tion. Similar to tBHP, hypoxia, especially posttreatment

hypoxia, was also observed to reduce PQ-induced cell
death. Although hypoxia pretreatment was accompanied by
a maintenance of MMP, no such MMP preservation was
achieved by hypoxia posttreatments (Fig. 5B), which were
more effective in protecting cells than pretreatment.
Although MMP collapse may be an important component
of the cell death cascade induced by these cytotoxins, these
results suggest that cell death can still be attenuated
downstream from MMP associated pro-apoptotic factors.

Hypoxia induces expression of a wide range of genes
involved in many physiological processes (40), including
several cell survival and death signaling pathways, such as
the PI-3kinase-Akt (41) pathway. The activation of this
pathway causes the phosphorylation and inactivation of the
pro-apoptotic factor BAD (42). Release of Apaf-1 and
cytochrome ¢ from the mitochondrial membrane, which is
needed for activation of caspase-9 (the initiating caspase in
the mitochondrial pathway), is prevented when BAD is
phosphorylated (42, 43). Moreover, a group of inhibitor of
apoptosis (IAP) proteins plays an important role in
regulation of caspase activity (44). For example, melanoma
IAP (ML-IAP) was found to inhibit caspase-9 activity as
well as the mitochondria-dependent cell apoptosis (45),
suggesting ML-IAP can inhibit apoptosis, although this
mitochondrial cell death pathway is already activated.
Indeed, hypoxia can upregulate the IAP2 gene and result
in resistance to cytochrome c—stimulated caspase activation
(46, 47). Therefore, to determine the molecular mechanisms
of hypoxia cytoprotection in HCE cells, the interactions
between hypoxia-induced genes, including HIF-1a, and cell
death proteins (e.g., Bcl-2 family and IAPs) and related
signaling pathways will need further study.

In conclusion, we have developed an in vitro model of
cell death using a human corneal endothelium cell line. Two
cytotoxins tBHP and PQ, which induce ROS formation,
killed HCE cells in a dose-dependent manner. The results
revealed that hypoxia treatment is able to reduce the tBHP-
and PQ-induced cell death, although no direct link between
MMP preservation and the induced cell death was found.
These in vitro cell culture results provide the preliminary
evidence to test hypoxia as a tool to protect corneal
endothelial loss during corneal storage, transplantation, or
surgery.
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