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Purpose: Primary human corneal endothelial cells (HCEnCs) cultured in room air are
exposed to significantly higher O2 concentrations [O2] than what is normally present
in the eye. We evaluated the growth andmetabolism of HCEnCs cultured under physio-
logical [O2] (2.5%; [O2]2.5) and room air ([O2]A).

Methods: Primary cultures of HCEnCs from normal donors and donors with Fuchs
dystrophy were grown at [O2]2.5 and [O2]A. Growth and morphology were compared
using phase-contrast microscopy, zonula occludens (ZO-1) localization, cell density
measurements, and senescence marker staining. CD44 (cell quality) and HIF-1α
(hypoxia-inducible factor-1α) levels were evaluated byWestern blotting. Cell adaptabil-
ity to a reversal of [O2] growth conditionswasmeasuredwith cell viability assays, and cell
metabolism was assessed via oxygen consumption and extracellular acidification rates.

Results: HCEnCs grown at [O2]A and [O2]2.5 displayed similar morphologies, ZO-1 local-
ization, CD44 expression, and senescence. Cells from donors with Fuchs dystrophy grew
better at [O2]2.5 than at [O2]A. HIF-1α was undetectable. Cells displayed greater viabil-
ity at [O2]2.5 than at [O2]A. HCEnCs showed significantly greater proton leak (P < 0.01),
nonmitochondrial oxygen consumption (P < 0.01), and spare capacity (P < 0.05) for
oxygen consumption rates, and greater basal glycolysis (P < 0.05) with a decreased
glycolytic reserve capacity (P < 0.05) for extracellular acidification rates.

Conclusions: Primary HCEnCs show unique metabolic characteristics at physiologic
[O2]. The effect of [O2] for optimization of HCEnC culture conditions should be consid-
ered.

Translational Relevance: With the advance of cell-based therapeutics for corneal
endothelial diseases, [O2] should be considered an important variable in the optimiza-
tion of HCEnC culture conditions.

Introduction

Corneal endothelial disease from conditions such
as Fuchs endothelial corneal dystrophy (FECD)
and pseudophakic bullous keratopathy is a leading
cause for corneal blindness, accounting for more
30,000 corneal transplants in the United States
annually.1,2 Although corneal endothelial transplan-
tation techniques have improved tremendously over

the past two decades, new therapies involving ocular
injections of cultured human corneal endothelial
cells (HCEnCs) and tissue-engineered constructs with
cultured HCEnCs are emerging.3–5 The success of
these new therapies entails the development of proper
HCEnC culture conditions that maintain normal in
vivo characteristics.

Cell-based therapeutics require the in vitro culture
of HCEnCs from donor corneal tissue followed by
cell expansion, and selection. In vivo, HCEnCs have
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limited proliferative capacity and accumulate markers
of cell stress with age and disease.6–12 With cell-based
therapeutics, additional stress from suboptimal culture
conditions could further limit the health and longevity
of transplanted cells. This underscores the impor-
tance of optimizing the culture conditions forHCEnCs
intended for transplantation to minimize the cell stress
response.

HCEnC primary cultures for cell injection therapy
and laboratory studies are cultured under room air
with 5% CO2 at 37°C in humidified cell culture incuba-
tors. However, mammalian cells in vivo are not exposed
to the high levels of O2 present in room air incuba-
tors (∼18%).13 Many cell types, particularly stem cells,
demonstrate improved metabolism, increased prolif-
eration, decreased senescence and enhanced differen-
tiation when cultured at physiological O2 (physioxic)
conditions compared to those at ambient air.14–16 In
addition, O2-dependent and O2-regulated enzymes,
organelles, and signaling pathways are affected by
alterations in the O2 concentration ([O2]) of the cell
culture.17 Thus the culture of HCEnCs under routine
laboratory culture conditions may be suboptimal for
cell-based therapeutics.

The physioxic partial pressure of O2 at the endothe-
lial surface of the central human cornea is approxi-
mately 21mmHg (∼2.8%).18 This is substantially lower
than the ∼18% O2 that is present in most ambient
air tissue culture incubators. We hypothesized that the
culture of primaryHCEnCs at 2.5%O2 ([O2]2.5), which
more closely mimics the in vivo condition, would be
more favorable to cell growth and metabolism than
culture under ambient room air ([O2]A) conditions.
In this descriptive study, we compared the growth
and metabolism characteristics of normal and FECD-
derivedHCEnCs cultured at ambient and physiological
[O2].

Methods

Corneal Tissue

This study was approved by the University at
Buffalo and VA Western NY Healthcare System Insti-
tutional Review Boards and the VA Western NY
Research andDevelopment Committee and adhered to
the tenets of the Declaration of Helsinki.

Whole human globes were obtained from the
University at Buffalo Anatomical Gift Program within
24 hours of the death of the donors and used immedi-
ately to initiate experiments. Data available about the
donors included age and cause of death. Diabetes
status was not known. Corneoscleral buttons were

dissected from the eyes and were examined for the
presence of guttae. Corneas from the Anatomical Gift
Program with guttae were not used in these experi-
ments. Globes were examined for lens status.

Descemet’s membrane samples from patients with
FECD were obtained at the time of Descemet’s strip-
ping endothelial keratoplasty surgery. All patients
provided written informed consent. Samples obtained
at the time of surgery were immediately placed into
15 mL conical tubes containing 10 mL minimal
medium (Human Endothelial Serum Free Medium,
Gibco, Gaithersburg, MD, USA; 2% charcoal stripped
fetal bovine serum; and 1× antibiotic/antimycotic;
Supplementary Table S1) and were transported to the
laboratory at room temperature.

Primary Culture of HCEnCs

Corneoscleral buttons were briefly rinsed with
minimal medium. A Sinskey hook and jewelers’ forceps
were used to strip Descemet’s membrane with the
adherent endothelial cells taking care to avoid stromal
fibers. The Descemet’s membrane samples were placed
into 15-mL conical tubes containing 10 mL minimal
medium and incubated overnight at 37°C in a humidi-
fied 5% CO2 tissue culture incubator.

The following day, tubes containing stripped
membrane in minimal medium were centrifuged,
and supernatant was aspirated. Pelleted stripped
membranes were resuspended in 0.02% ethylenedi-
amine tetra-acetic (E8008; Sigma-Aldrich, St. Louis,
MO, USA) and incubated for one hour at 37°C. A
flame-polished Pasteur pipette with a rubber bulb was
used to agitate the sample to dissociate the HCEnCs.
Cells were pelleted by centrifugation. The supernatant
was removed, and the cell pellet was resuspended in
growth medium (Opti-MEM1, Gibco; 8% fetal bovine
serum; 200 mg/L CaCl2; 0.08% chondroitin sulfate;
20 μg/mL ascorbic acid; 1× antibiotic/antimycotic;
100 μg/mL pituitary extract; 5 ng/mL epidermal
growth factor; 50 μg/mL gentamicin; Supplementary
Table S2). HCEnCs were distributed into culture
plates coated with FNC coating mix (Athena Enzyme
Systems, Baltimore, MD, USA). HCEnCs from each
cornea were distributed equally between plates placed
in either a 37°C, 5% CO2 humidified incubator ([O2]A
environment), or an environmental chamber ([O2]2.5
environment; 2.5% O2, 5% CO2, balance N2, humid-
ified; Billups-Rothenberg, Inc., Del Mar, CA, USA).
The [O2] during flushing of the environmental chamber
was monitored with the GMS-5002 oxygen sensor
(Billups-Rothenberg, Inc.). The stability of the low O2
environment over time was verified with a co-incubated
oxygen sensor probe (Wireless Oxygen Gas Sensor;
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PASCO, Roseville, CA, USA). The GMS-5002 oxygen
sensor was also used to note [O2]A (18.7%). The size of
the plates and number of wells were determined by the
individual experimental protocols. For all experiments,
HCEnC were expanded in growth medium for one to
two weeks to confluence. HCEnCs were subsequently
transitioned to stable mature phenotype by culturing
in minimal medium (Supplementary Table S1) for an
additional one to two weeks before experiments were
performed (unless otherwise indicated).

Culture of FECD Corneal Endothelial Cells

Within six hours of surgery, the FECD specimen
tube was placed in the [O2]A tissue culture incuba-
tor overnight. After incubation, cells were cultured as
detailed in “Primary Culture of HCEnCs.” Cells were
distributed equally into one well each in two 12-well
plates (FNC-coated), with one plate incubated at [O2]A
and the other at [O2]2.5.

PC3 Cell Culture

PC3 cells were obtained from a colleague who
had purchased them directly from ATCC (Ameri-
can Type Culture Collection, Manassas, VA, USA).19
Cells were grown in RPMI 1640 medium (Invitrogen,
Carlsbad, CA) with 10% fetal bovine serum and 1×
antibiotic/antimycotic (Corning, Corning, NY, USA).
Cells were maintained in a 5% CO2, humidified, room
air, 37°C incubator for propagation. For experimen-
tal protocols, cells between passages 11 to 13 (capil-
lary immunoassays) and 26 to 34 (Western blots) were
placed in [O2]A and [O2]2.5 environments alongside
HCEnC experiments.

Endothelial Cell Density (ECD)Measurements

ECD measurements were obtained from wells
seeded with primary HCEnC at [O2]A and [O2]2.5 for
Seahorse XFe24 analyzer experiments as described
below. Nuclei were stained with 4ʹ,6-diamidino-2-
phenylindole (DAPI) and digital fluorescence images
acquired for cell count analysis (ImageJ; National Insti-
tutes of Health, Bethesda, MD) with conversion to
ECD (cells/mm2). Positive cell growth for eachwell (i.e.,
increase in cell number greater than the number of cells
initially seeded) was considered ECD >50 cells/mm2

and only wells with positive growth were included in
analyses of ECD.

Statistical Analysis
The mean ECDs from each condition were

compared with unpaired two-tailed Student’s t-tests.

Percentage of wells with growth under each analysis
condition were compared with two-tailed Fisher exact
tests. Results were considered significant at a P < 0.05.

Immunofluorescence Localization

Immunofluorescence localization was performed
according to previous protocols.20 Briefly, HCEnCs
were grown on glass coverslips and cells were fixed
for 10 minutes with 3% paraformaldehyde. Cells were
rinsed three times with phosphate-buffered saline
solution (PBS) and then permeabilized with 0.1%
Triton X-100 for five minutes and washed two times
with PBS. Cells were blocked by incubating for 30
minutes at room temperature with 10% goat serum
(Invitrogen). Goat serum was then removed, and
ZO-1 antibody conjugated to Alexa Fluor 488 was
added (1:250; Invitrogen, catalog no. 339188), and
the cells were placed on an orbital shaker for two
hours at room temperature. Antibody solution was
then removed, and cells were washed three times with
PBS for five minutes with continuous gentle agita-
tion on an orbital shaker. Coverslips containing cells
were carefully placed cell-side down onto microscope
slides containing a drop of Vectashield with DAPI
(Vector Laboratories, Burlingame, CA, USA). Cover-
slips were sealed with nail polish and incubated at
4°C overnight. Samples were imaged by fluorescence
microscopy with a Keyence scanner (Keyence BZ-
X810; Keyence, Osaka, Japan) with identical exposure
and acquisition settings.

ZO-1 Image Analysis

ZO-1 images were analyzed using FIJI (ImageJ,
National Institutes of Health) using methods similar
to those previously described by others.21 Contrast
and brightness of the images were adjusted to enhance
endothelial cell borders and the green channel (ZO-1)
was isolated. Binary conversion was performed using
Minimum’s thresholding (Image->Adjust->Auto
Threshold). Manual noise removal was performed
followed by binary operations of “dilation” and
“erosion” to create a skeletonized matrix of endothe-
lial borders. Cell count, individual cell size, and total
area occupied by cells was calculated using “Parti-
cle Analyzer,” excluding cells that bordered the edge
of the region of interest. ECD was calculated by
dividing cell count by the total area occupied by
the cells. Coefficient of variation was calculated
by dividing the standard deviation of cell size by
the average cell size. Cells with six adjacent neigh-
bors were identified using the “Neighbor Analysis”
function of the BioVoxxel Toolbox plugin for FIJI
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(http://imagej.net/BioVoxxel_Toolbox; National Insti-
tutes of Health). The number of six-sided cells was
divided by the total number of cells to return a hexag-
onality index.

β-galactosidase Stain

Dissociated primary HCEnCs were seeded into
12- or 24-well plates at [O2]A and [O2]2.5, with cells
from one donor cornea divided into one well per
O2 condition in 12-well plates and two wells per O2
condition in 24-well plates. Cells were expanded and
matured as described above. Cell senescence testingwas
performed using Senescence β-Galactosidase Stain-
ing Kit (9860S; Cell Signaling Technology, Danvers,
MA, USA) according to the manufacturer’s protocol.
Briefly, minimal medium was aspirated from the wells.
Cells were rinsed one time with PBS at 37°C followed
by addition of 250 μL 1× dilution of manufacturer-
supplied fixative solution. Cells were incubated with
fixative solution for 15 minutes at room temperature
followed by three washes with PBS. Cells were stained
by adding 250 μL β-galactosidase staining solution
and incubating overnight at 37°C in a nonhumidi-
fied room air incubator. Positive cells were counted
manually by direct visualization using phase-contrast
microscopy. The β-galactosidase staining solution was
then removed, and DAPI solution was added. Digital
images of the DAPI-stained nuclei were obtained
(Keyence) and analyzed (similarly to ECD analysis) for
total cell count determination.

Statistical Analysis
The percentage of positive cells under the [O2]A and

[O2]2.5 conditions were compared using unpaired, two-
tailed Student’s t-tests.

Cell Viability Assay

HCEnC cultures were initiated in 96-well plates,
with cells from one cornea seeded into 14 wells divided
between two plates, with one plate at [O2]A and one
at [O2]2.5 and two wells with medium only in each
plate as negative controls. The cells were grown and
matured as per the “Primary Culture of HCEnCs”
protocol above. In the maturation phase, at predeter-
mined time points, the cell culture plates were placed
into the opposite [O2] culture conditions to assess the
response of the cells to the altered O2 conditions.
Cell viability was measured with the RealTime-Glo
Cell Viability Assay (Promega, Madison, WI, USA).
Briefly, MT Cell Viability Substrate and NanoLuc
Enzyme diluted 1:2000 in 100 μL culture medium
was added to each well, including those serving as

negative controls. Metabolically active cells produced
quantifiable luminescent signal, which was measured
with a Synergy HT plate reader (BioTek, Winooski,
VT, USA). Because the assay is not a terminal assay
and the substrate luminescence can be monitored for
up to 72 hours, measurements were taken every 24
hours without any additional substrate addition for
that time frame.

Statistical Analysis
Because of the large differences between data from

cells at [O2]A vs. [O2]2.5, raw data were normalized with
log2 transformation, and means were compared using
paired, two-tailed Student’s t-tests with significance set
at a P value <0.05.

Measurement of Oxidative and Glycolytic
Metabolism

Mitochondrial respiration (O2 consumption rate
[OCR]) and glycolysis (extracellular acidification rate
[ECAR]) were measured with the Seahorse XFe24
(Agilent Technologies, Inc., Santa Clara, CA, USA).
Dissociated primary HCEnCs (as per the protocol
above) were seeded directly into FNC-coated Seahorse
XFe24 culture plates, with cells from one cornea
seeded into 10 wells equally distributed in two plates,
with one plate incubated at [O2]A and one at [O2]2.5.
Cells were expanded in growth medium and matured
in minimal medium. The evening before the exper-
iment, two Seahorse XFe24 sensor cartridges were
hydrated by adding 1mLSeahorse Calibration solution
to each of the wells. Cartridges were placed back
in their original packaging, which was taped shut,
and incubated overnight in a non-CO2 37°C incuba-
tor. Assay medium was prepared on the day of the
experiment and consisted of Seahorse XF Dulbecco’s
modified Eagle medium (DMEM), with 1.2 mM
glutamine, 7.0 mM glucose, and 0.45 mM pyruvate.
These substrate concentrations were selected to be
approximately double the aqueous humor concentra-
tions but in similar ratios to each other.22–24 Drug stock
solutions were prepared as follows: 10 mM oligomycin
in 100% ethanol (O4876, Sigma-Aldrich), 10 mM
carbonyl cyanide 4-(trifluoromethoxy) phenylhydra-
zone in 100% ethanol (FCCP, C2920; Sigma-Aldrich),
10 mM rotenone in dimethyl sulfoxide (R8875; Sigma-
Aldrich), 10 mMantimycin A in 100% ethanol (A8674;
Sigma-Aldrich), 500 mM 2-deoxy-D-glucose (2-DG)
in Seahorse XF DMEM (D8375, Sigma-Aldrich).
Drugs, diluted in Seahorse XF DMEM, were loaded
into ports of the calibration plate. Cells were washed
with PBS warmed to 37°C and then filled with

http://imagej.net/BioVoxxel_Toolbox
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450 μL assay medium. Cells were incubated for one
hour in a non-CO2 37°C incubator before loading
the plate into the Seahorse XFe24 analyzer. OCR and
ECAR measurements were performed at baseline (B)
and after additions of oligomycin (O, 1 μM), FCCP
(1.5 μM), rotenone/antimycin A (RA, 0.5 μM), and 2-
DG (50 mM). We calculated basal respiration (B-RA
for OCR and B-2DG for ECAR), adenosine triphos-
phate (ATP) linked respiration (B-O), proton leak
(O-RA), max respiration (FCCP-RA), spare capacity
(FCCP-B), non-mitochondrial O2 consumption (RA),
and glycolytic reserve capacity (O-B). After complet-
ing the assay, cells were stained with DAPI and imaged,
and cell nuclei were counted to normalize OCR and
ECAR to cell density.

Statistical Analysis
Mean values were compared between [O2]A and

[O2]2.5 conditions using unpaired two-tailed t-tests.

Protein Preparations

Confluent matured cultures were lysed on ice with
buffer containing 50 mM Tris (pH 7.4), 250 mM
NaCl, 2 mM ethylenediaminetetraacetic acid (pH 8.0),
and 10% Protease Inhibitor Cocktail (Sigma-Aldrich),
10% Triton X-100. Lysed cells were scraped from the
dish, incubated on ice for 60 minutes, and spun in a
centrifuge to pellet cell debris. The supernatant was
collected, and protein concentration was measured
with the Pierce BCA kit (Thermo Fisher Scientific,
Waltham, MA, USA).

Western Blot

Proteins were separated on Mini-PROTEAN
TGX Precast Gels (Bio-Rad Laboratories, Hercules,
CA, USA) and transferred to PVDF membranes.
Membranes were blocked (10% goat serum for CD44
blot or 5% nonfat milk [Blotting-Grade Blocker,
Bio-Rad] for HIF-1α blot) for one hour followed by
incubation overnight at 4°C in primary antibodies
(CD44 [E7K2Y] XP Rabbit monoclonal antibody,
diluted 1:1000, Cell Signaling Technology, Danvers,
MA, USA; HIF-1α [D1S7W] XP Rabbit monoclonal
antibody diluted 1:1000, Cell Signaling Technology).
Membranes were then washed in tris-buffered saline-
Tween 20 (TBST) three times and incubated for one
hour at room temperature in secondary antibody
(Alkaline Phosphatase–conjugated Anti-Rabbit IgG
[A9919]; Sigma-Aldrich) diluted at 1:3000. After three
washes in TBST, ECF substrate (Cytiva Amersham,
Marlborough, MA, USA) was applied, and the blot
was imaged with a ChemiDoc MP Imaging System

(Bio-Rad).Membranes were then incubated twice (first
for 10 minutes then for five minutes) with stripping
buffer (1.5% glycine, 0.1% SDS, 1% TWEEN 20, pH
2.2) followed by four washes with TBST. Membranes
were blocked one hour in 10% goat serum, then
incubated for two hours at 4°C with alpha-tubulin
mouse monoclonal antibody (1:1500, DM1A; Cell
Signaling Technology). The membrane was washed
with TBST three times and was incubated for one
hour at room temperature with alkaline phosphatase-
conjugate anti-mouse IgG secondary antibody (1:3000;
A4312; Sigma-Aldrich). After three washes in TBST,
ECF substrate was applied, and the blot was again
imaged. Bands were quantified and normalized to the
alpha-tubulin signal using Image Lab software (version
6.0.1; Bio-Rad).

Capillary Immunoassay

Capillary immunoassay was performed using the
Jess Simple Western system (ProteinSimple; Bio-
Techne, San Jose, CA, USA) per manufacturer instruc-
tions. Protein samples were prepared at 0.3 μg/μL and
separated using the 12–230 kDa separation module.
HIF-1α antibody was used at 1:20 dilution, and α-
tubulin antibody was used at 1:150 dilution. The
anti-rabbit and anti-mouse chemiluminescent detec-
tion modules (ProteinSimple) were used with antibod-
ies diluted 1:2. Data were analyzed with Compass for
Simple Western (ProteinSimple).

Results

Growth and Cell Markers of HCEnCs at [O2]A
and [O2]2

HCEnCs grown at [O2]A and [O2]2.5 were observed
by phase-contrast microscopy and demonstrated no
differences in morphology (Fig. 1A). We used ZO-1
immunolocalization to assess tight junction integrity
and evaluatemetrics of cell density, coefficient of varia-
tion, and hexagonality under both growth conditions
(Fig. 1B). We found a range of values for these metrics
that we attribute to the wide age range and decreased
growth of cells from older donors (n = 4 corneas,
donor ages 60–93 years). Data are thus presented for
individual corneas. Overall, ECD values were consis-
tently higher in cultures grown at [O2]2.5 compared to
[O2]A. Metrics for coefficient of variation, a measure
of variability in cell size, and percentage of hexagonal
cells (6A) did not show consistent differences between
the culture conditions.
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Figure 1. Human corneal endothelial cells cultured at [O2]2.5 demonstrate similar growth characteristics to cells grown at [O2]A. (A) Phase-
contrast microscopy of HCEnC cultures shows similar cell morphology under both culture conditions. (B) Immunofluorescence imaging
for zonula occludens (ZO-1, green) with DAPI-stained nuclei (blue) demonstrates similar integrity of tight junctions under both conditions
(representative images from HCEnC cultures from n = 4 corneas). Quantification of cell characteristics for the data from four corneas. ECD,
coefficient of variation (COV), and hexagonality (6A). (C) Western blot comparing CD44 expression in HCEnCs from three different donors
grown at the different oxygen concentrations. CD44 expression levels were normalized to α-tubulin expression, showing the variability
between donor corneas. (D) Senescence-associated β-galactosidase staining (black) with DAPI-stained nuclei (blue) shows similarities in
percentage of senescent cells (mean ± SD: [O2]A 58.3% ± 15.8%, and [O2]2.5 53.8% ± 21.4%).

CD44 has been described as a marker for cell state
in HCEnCs with CD44+ status associated with cell
state transition and CD44− associated with mature
HCEnCs.3,25 Cells selected for cell injection therapy
for endothelial diseases are CD44−.3 We investigated
whether CD44 expression was altered by the [O2] of
the culture environment (Fig. 1C). Although there
were differences in CD44 expression among HCEnC
cultures from different donors, there was no consistent
trend with regard to CD44 expression between [O2]A
and [O2]2.5 cultures (n = 4 corneal donors).

We next evaluated whether cell senescence was
altered by the [O2] environment of the cells. β-
Galactosidase staining was evaluated in HCEnC
cultures from five donors. The percentages of β-
galactosidase positive cells were high but did not
differ significantly different between the [O2] culture
conditions (mean ± SD: [O2]A 58.3% ± 15.8%,
and [O2]2.5 53.8% ± 21.4%; P = 0.711; Fig. 1D).
We attribute the high overall percentage of positive
cells to the mean age of 81 years for these donor
corneas.

HCEnC Growth by Donor Characteristics

The growth characteristics of HCEnCs under the
two conditions were analyzed according to donor sex,
lens status of the eye (phakic natural crystalline lens
versus post cataract surgery with posterior chamber
intraocular lens), and donor age group (Table 1).
We hypothesized that cells with increased cumulative
stress, for example, those from older donors or after
cataract surgery, would have improved growth at [O2]2.5
compared to that at [O2]A as a result of less oxida-
tive stress from the lower, physiological [O2] environ-
ment.We did not find significant differences in HCEnC
growth for any of these categories. We did note a trend
toward improved growth at [O2]2.5 compared to that
at [O2]A for pseudophakic eyes; however, pseudophakic
eyes were from significantly older donors than phakic
eyes. There were no significant differences in ECDs
among any of the categories. The low ECD noted in
our cultures (mean donor age = 73 years) is consistent
with previously published observations of lower ECD
in older donors than in younger ones.11
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Table 1. Growth Characteristics of HCEnCs at [O2]A Versus [O2]2.5

Wells With Growth (%)
ECD ± SD (Cells/mm2) FromWells

With Growth

Attributes N [O2]A [O2]2.5 P Value [O2]A [O2]2.5 P Value Mean Age± SD P Value*

All Corneas 34 60% 72% 0.082 237 ± 127 209 ± 97 0.151
Sex 0.001
Female 16 59% 72% 0.178 210 ± 95 222 ± 100 0.980 64.1 ± 13.6
Male 18 61% 72% 0.378 269 ± 151 207 ± 93 0.056 80.1 ± 11.5

Lens Status <0.001
Phakic 16 76% 78% 0.829 258 ± 133 231 ± 99 0.239 63.8 ± 15.2
pcIOL† 18 43% 63% 0.090 186 ± 91 182 ± 82 0.877 80.5 ± 10.1

Age Group‡ <0.001
<72 years 17 77% 84% 0.370 257 ± 132 230 ± 91 0.608 61.3 ± 11.1
≥72 years 17 38% 54% 0.143 180 ± 82 166 ± 88 0.240 83.8 ± 8.0
*P value comparing mean age.
†Posterior chamber intraocular lens.
‡Divided by median age of 72.

We further evaluated the effects of [O2] culture
condition on HCEnCs cultured from patients with
FECD. Because of the role of oxidative stress in FECD
pathophysiology, we hypothesized that an [O2] closer to
physiological conditions ([O2]2.5) would be more favor-
able for growth than [O2]A. The effects of [O2] on
cell growth was readily apparent in cultures of FECD
cells (Table 2). Fifty percent (6/12) of FECD HCEnC
cultures grew better at [O2]2.5 than [O2]A.

Hypoxia-Inducible Factor-1α in HCEnC

Because of dramatic difference in [O2] between
[O2]A and [O2]2.5, we investigated whether our cells at
[O2]2.5 were hypoxic by assaying for hypoxia-inducible
factor-1α (HIF-1α) expression. We evaluated HIF-
1α expression by Western blotting after incubating
the cells at [O2]A (n = 5 corneas), [O2]2.5 (n = 7
corneas), or at 0% O2 (with 5% CO2, balance N2;
eight-hour exposure; n = 2 corneas; Fig. 2A) with
each set of hypoxia experiments performed on differ-
ent days. For positive control, we co-incubated PC3
cell cultures with our HCEnC cultures. We harvested
the cell lysates within minutes of opening the environ-
mental chambers because of the rapid degradation
of HIF-1α.26 We did not detect HIF-1α expression
in HCEnC at [O2]2.5 or at 0% O2. By contrast,
PC3 cells co-incubated with HCEnCs had increased
HIF-1α expression at 0% O2 compared with that at
[O2]A. We also tried to chemically increase HIF-1α
in HCEnCs by exposing the cells for 24 hours to

Table2. Growthat [O2]A and [O2]2.5 of PrimaryCultures
of Corneal Endothelial Cells From Individuals With
Severe FECD

Age (Years) Sex Lens Status FECD Grade* [O2]A [O2]2.5
71 F Phakic 6 − −
68 F Phakic 6 − +
69 M Phakic 5 − +
79 F pcIOL 5 − ++
70 F Phakic 6 − +++
77 F pcIOL 6 + ++
67 M Phakic 4 ++† +++
37 F pcIOL 5 +++ +++
64 M Phakic 6 +++ +++
67 M Phakic 4 +++ +++
75 F Phakic 6 +++ +++

pcIOL, pseudophakic posterior chamber intraocular lens.
*Modified Krachmer grade.51
†Cells demonstrated transformation from endothelial to

fibroblast morphology.
− No cell proliferation.
+Minimal cell proliferation.
++Moderate cell proliferation, but not to confluence.
+++Cell proliferation to confluence.

100 μM cobalt chloride. HIF-1α is degraded within
minutes of exposure to normoxia through the action
of prolyl hydroxylases. Cobalt chloride stabilizes HIF-
1α expression through binding to prolyl hydroxy-
lases, thus preventing HIF-1α degradation.26 Cobalt
chloride (100 μM) did not increase HIF-1α expression



Effect of Physiological Oxygen on HCEnCs TVST | February 2022 | Vol. 11 | No. 2 | Article 33 | 8

Figure 2. Cells grown at [O2]2.5 do not express HIF-1α. Western
blots for HIF-1α. (A) PC3 cells (prostate cancer cell line, lanes 1,
2) were grown to confluence at [O2]A. HCEnC were expanded and
matured at [O2]2.5 lanes (4, 5) and [O2]A (lanes 6, 7). Cells of lanes 1,
4, and 6 were then simultaneously incubated in a 0% O2 environ-
ment for eight hours. Ladder lanes 3, 8. 25 μg protein loaded per
well. (B) HCEnCs expanded andmatured at [O2]2.5 (lanes 1, 3, 6, 8) and
[O2]A (lanes 2, 4, 7, 9). Select cells were incubated for 24 hours with
100 μM cobalt chloride (lanes 3, 4, 7, and 9). 15 μg protein loaded per
well. (C) Simple Western capillary immunoassay for HIF-1α. HCEnCs
were expanded and matured at [O2]2.5 (lane 2) and [O2]A (lanes 1,
3–6). PC3 cells were grown to confluence at [O2]A. Cells of lanes 3
and 8 were then simultaneously incubated in a 0.5% O2 environ-
ment for four hours. Cells were incubated 24 hours at [O2]A with 0
(lanes 4 and 9), 100 (lanes 5 and 10) or 200 (lanes 6 and 11) μM cobalt
chloride. Contrast adjusted for HIF-1α signal to optimize view of the
weak HIF-1α signal in HCEnCs in the image indicated. Signal intensi-
ties based on areas of the HIF-1α signal peaks normalized to tubulin
and indicatedbelow theband.HIF-1α signalswith signal/noise ratios
<10 are noted as 0.

in HCEnCs (n = 4 corneas; Fig. 2B). Because of the
lack of a positive signal for HIF-1α in HCEnCs by
Western blotting, we performed additional experiments
(n = 4 corneas from two donors) with analysis by Jess
Simple Western capillary immunoassay (Fig. 2C). For
these experiments, in addition to HCEnC and PC3 cell
co-incubations at [O2]A and [O2]2.5, we evaluated 0.5%
O2 exposure for four hours (to alleviate concerns of
toxicity and cell death to cells at the 0% O2 condition)
and also tested both 100 and 200 μM concentrations of
cobalt chloride. We found robust expression of HIF-
1α in PC3 cells at 0.5% O2 and with 100 and 200 μM
cobalt chloride. There was no HIF-1α expression in
HCEnC at comparable levels to the PC3 cells. However,
compared to PC3 cells, HCEnC at 0.5% O2 (in one
of two donors) or with 200 μM cobalt chloride (in
both donors) showed a faint, positive signal for HIF-
1α at approximately 100-fold lower level. Low levels of
HIF-1α in normal compared to tumor cells has been
noted before and may account for this large expression
difference between PC3 cells and HCEnCs.27 No signal
was detected at [O2]2.5, thus confirming that the [O2]2.5
condition is not hypoxic for HCEnCs.

Viability of HCEnC at [O2]A Versus [O2]2.5
We investigated the viability of HCEnC at [O2]A

and [O2]2.5 over time using a nonterminal viability
assay (RealTime-Glo). This assay measures the reduc-
ing potential of cells as an indicator of cell viability.
Measurements were performed at multiple time points
including the growth phase, as well as measurements of
the matured HCEnC monolayer (Fig. 3A). With this
protocol, measurements were also performed on rever-
sal of [O2] culture conditions to assess the ability of the
cells to adapt. We found that cell viability was signifi-
cantly higher for cells in the [O2]2.5 environment at each
time point regardless of prior culture conditions, and
the cells adapted rapidly to changes in [O2] environ-
ment (Fig. 3B). Under steady [O2] conditions, HCEnCs
consistently showed significantly greater viability at
[O2]2.5 than at [O2]A (Fig. 3C).

Metabolism of HCEnC at [O2]A Versus [O2]2.5
The reducing potential of a cell, as measured by the

RealTime-Glo assay, is associated with cellular respi-
ration and oxidative phosphorylation.28, 29 To further
understand the basis for the increased viability of
HCEnC at [O2]2.5 versus that at [O2]A as measured with
the RealTime-Glo assay, we measured oxidative respi-
ration and glycolysis under these conditions with the
Seahorse Extracellular Flux Analyzer.
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Figure 3. HCEnCs are adaptable to O2 changes and can rapidly
switch metabolic phenotypes. (A) In the experimental timeline for
these experiments, HCEnCs were expanded and matured at [O2]A
and [O2]2.5 and exposed to periods of reversed [O2] conditions.
Chemiluminescent signal intensity (RLU) from metabolically active
cells was measured using RealTime-Glo Cell Viability Assay. Raw
signal data were normalized with log2 transformation and means
were compared using paired two-tailed Student’s t-test (*P < 0.05).
Data represent means ± SD, n = 5–7 corneas. (B) Data from experi-
mental samples exposed to reversing [O2] conditions. (C) Data from
control samples maintained under steady [O2] conditions.

OCRwasmeasured with the sequential additions of
oligomycin (to blockH+-ATPase), FCCP (to uncouple
the mitochondrial inner membrane H+ gradient), and
rotenone and antimycin A (to block complexes I and
III of the electron transport chain) (Fig. 4Ai). From the
generated data, we calculated basal respiration, ATP-
linked respiration, maximal respiration, spare capacity,
and nonmitochondrial oxygen consumption (Fig. 4Bi).

Experiments for each cornea were performed with
a minimum of two technical replicates and at least
five HCEnC cultures from different donors. We found
that there were no differences in basal respiration or
ATP-linked respiration between HCEnCs grown at
[O2]A and at [O2]2.5. However, significantly greater
OCR values at [O2]2.5 than at [O2]A were seen with
proton leak (OCR in pmol/min/cell: [O2]2.5 = 0.0224
± 0.00735; [O2]A = 0.00448 ± 0.00338; P = 0.002)
and nonmitochondrial oxygen consumption ([O2]2.5 =
0.134± 0.0504; [O2]A = 0.00527± 0.00506;P= 0.002).
A significant decrease was also noted with spare capac-
ity ([O2]2.5 = 0.0134 ± 0.0107; [O2]A = 0.103 ± 0.0429;
P = 0.015).

Glycolysis was measured as ECAR after additions
of oligomycin (mitochondrial ATP production is
blocked and glycolysis is enhanced when the H+-
ATPase is blocked by oligomycin) and 2-DG (to
block hexokinase in the glycolytic pathway; Fig. 4Aii).
As anticipated at lower [O2] levels, basal glycoly-
sis was significantly increased at [O2]2.5 (ECAR in
mpH/min/cell: 0.0135 ± 0.00515) compared to that at
[O2]A (0.00578± 0.00158;P= 0.019), but the glycolytic
reserve capacity was decreased (ECAR: [O2]2.5 =
0.00326 ± 0.00124; [O2]A = 0.00620 ± 0.00189; P =
0.015; Fig. 4Bii).

Discussion

In vivo, HCEnCs are in an aqueous environment
containing 2.8% O2. However, nearly all studies on
HCEnCs to date have used cultures under experi-
mental conditions in room air (∼18% O2). In this
study, we show that primary HCEnCs can success-
fully be cultured at [O2]2.5 and show considerable differ-
ences in cell metabolism including differences in reduc-
ing potential (viability assays), oxygen-consuming
reactions, and glycolytic metabolism. Because primary
HCEnCs are routinely used for experiments to address
questions related to corneal endothelial function and
dysfunction and are being investigated for use in
cell-based therapeutics for corneal diseases, our data
suggest that incorporating physiological O2 levels in the
culturing technique should be strongly considered.

Because of the closer approximation of [O2]2.5 to
in vivo physiological [O2], we hypothesized that cells
would demonstrate more favorable growth than in
room air incubators.18 Although their growth at [O2]2.5
was better, the difference was not significant. Although
prior studies in bovine corneal endothelial cells have
shown improved growth under 5% O2 conditions,30
our studies included corneal endothelial cells from



Effect of Physiological Oxygen on HCEnCs TVST | February 2022 | Vol. 11 | No. 2 | Article 33 | 10

Figure 4. HCEnC grown at [O2]A and [O2]2.5 have distinct metabolic phenotypes. Oxygen consumption rate (OCR) (Ai) and extracellular
acidification rate (ECAR) (Aii) data plotted over time with drug additions as indicated. Colored boxes based on [O2]2.5 data illustrating the
calculated values shown in panels Bi and Bii. [O2]2.5 (n = 6 corneas), [O2]A (n = 5 corneas). (*P < 0.05, **P < 0.01).

older humans, which may explain the discrepancy. For
example,>50% of the cells in our study were senescent,
which we attribute to the older age of the donors (mean
age 81 years). The trend toward improved growth of
primary FECD HCEnCs at [O2]2.5 versus that at [O2]A
suggests that FECD cells prefer the lower-O2 environ-
ment for survival and cell proliferation. Oxidative stress
is a central component to FECD pathophysiology,
hypothesized to be perpetuated by the exposure of the
cornea to UV light and a higher [O2] at the central
corneal endothelium.18,31,32 The physioxic [O2] levels
of [O2]2.5 may provide an environment with reduced
environmental oxidative stress compared to that at
[O2]A, which is more favorable for cultured FECD cells
and normal HCEnC cells. This suggests that the [O2]
environment of standard room air cell culture incuba-
tors may confound findings from prior in vitro studies
on the effects of oxidative stress on corneal endothelial
cells.

We assayed CD44 expression in our cultures, as
the CD44− subpopulation is targeted for corneal
endothelial cell injection therapies.3 CD44− cells are
less likely to demonstrate endothelial-mesenchymal
transition33 and have an oxidative metabolic pheno-
type.25,34 We wanted to know if the [O2] can alter
CD44 expression and thus the cellular phenotype.
Although we did not find a consistent up- or downreg-

ulation of CD44 according to the culture [O2] environ-
ment, our cells did significantly differ in their oxida-
tive and glycolytic metabolic phenotypes, suggest-
ing that CD44 may not be an independent pheno-
type marker. This is not surprising, because CD44
expression has also been noted to vary in different
cell types in response to cellular senescence, oxida-
tive damage, and epigenetic changes, which may also
account for the variable CD44 expression seen in our
cultures.9,34,35

The metabolic phenotype of corneal endothelial
cells may be intimately linked to their function of ion
transport and may play a central role in disease pheno-
type. Oxidative respiration via glutamine catabolism
supports the maintenance of corneal hydration via
the ion transporter SLC4A11 (Solute Carrier Family
Member 11), and energy deficiency is postulated to
play a role in the pathophysiology of SLC4A11-
associated endothelial diseases, such as congenital
hereditary endothelial dystrophy and FECD.36,37 We
therefore performed an overview of metabolic function
of HCEnCs under both [O2] conditions to assess their
oxygen use and dependence on glycolysis. We found
that under both conditions, cells had similar OCRs for
basal respiration, suggesting that the lower [O2] condi-
tion was not limiting for metabolism. Likewise, ATP-
linked respiration was also maintained under both
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conditions, suggesting that ATP is also not limited.
However, baseline glycolysis was increased in HCEnCs
grown at [O2]2.5 than in cells grown at [O2]A, with
a concurrent decrease in glycolytic reserve capacity.
Although we do not know the mechanism under-
lying the increase in glycolysis at [O2]2.5, it is not
an unexpected finding. The corneal endothelium has
strong glycolytic and oxidative metabolic capacities
and can rapidly increase glycolysis under anerobic
conditions to meet the energy needs of the cells to
maintain corneal hydration.38 We observed the ability
of HCEnC to rapidly adapt to their [O2] environment
in our viability assay and suspect a similar mechanism
is involved. [O2] conditions in the anterior chamber
vary in diseases of the corneal endothelium (FECD
and bullous keratopathy) but also with the common
condition of pseudophakia.18,39 The rapid adaptabil-
ity we observed for endothelial metabolism under [O2]A
and [O2]2.5 may serve to meet the energy needs of
the corneal endothelium under these different [O2].
However, because corneal endothelial cell metabolism
is associated with ion transport function, the long-term
effects on overall function and survival are not known
and could impact our approach towards endothelial
diseases (e.g., the timing of cataract surgery in endothe-
lial disease) and [O2] culture conditions for cell trans-
plantation.

Another significant difference observed between
HCEnC culture conditions was a lower spare capacity
at [O2]2.5 than at [O2]A. The spare respiratory capacity
represents the flexibility of the cell to increase oxida-
tive metabolism to meet an increased energy demand.
The value is dependent on suitable substrate avail-
ability and the health of the mitochondrial electron
transport chain.40 Although decreased spare capac-
ity is frequently attributed to the latter (mitochon-
drial dysfunction), our observed trends of improved
cell growth at [O2]2.5 versus that at [O2]A for both
FECD and normal HCEnCs would be unlikely in the
setting of mitochondrial dysfunction. We suspect that
differences in substrate use account for the decrease
in spare respiratory capacity, because substrate-specific
changes in spare capacity in corneal endothelial cells
have been described.41 In our data, at [O2]2.5, there was
an increase in basal glycolysis, with lactate generated
from pyruvate, as suggested by an increased ECAR.
This would limit the amount of pyruvate available
for the tricarboxylic acid cycle and thus downstream
oxidative metabolism, thereby potentially limiting the
substrate availability for spare respiratory capacity.
This mechanism for reduced spare respiratory capac-
ity has been demonstrated under hypoxic conditions
and with variations in substrate availability in cardiac
myocytes.42

Variation in substrate utilization under different
culture conditions for HCEnCs is also supported by
our observation of increased proton leak at [O2]2.5.
Increased proton leak can be associated with increased
SLC4A11 activity which may reflect a preference for
glutamine metabolism at physiologic [O2]. Proton leak
reflects dissipation of the proton gradient created by
the electron transport chain across the inner mitochon-
drial membrane.43 Reducing the proton gradient also
decreases the formation of reactive oxygen species by
the electron transport chain. SLC4A11, which is a H+-
transporting channel whose activity is increased in the
presence of glutamine catabolism, can regulate proton
leak inmitochondria of corneal endothelial cells.44 This
underscores the importance of matching metabolic
substrates to the [O2] condition for cell growth and
function.

Another prominent finding in our metabolic assays
was the significant increase in nonmitochondrial
oxygen consumption at [O2]2.5 compared to that
at [O2]A. Nonmitochondrial oxygen consumption
may reflect increased activity of NADPH oxidases
(NOX) to produce reactive oxygen species with both
protective and pathologic functions.45–47 Increased
NADPH production as a byproduct of glycoly-
sis has been hypothesized to favor NOX activ-
ity.46 Similarly, the increased basal glycolysis in our
cells at [O2]2.5 may have favored NOX activity
and thus explains the observed increase in nonmi-
tochondrial oxygen consumption. Nonmitochondrial
oxygen consumption can serve to maintain reactive
oxygen species signaling, which is paramount in
corneal endothelium. Indeed, antioxidant drugs such
as N-acetylcysteine and sulforaphane represent one
strategy investigated for treating corneal endothelial
diseases.32,48–50

Our study data must be interpreted with two partic-
ular points in mind. First, the corneas used in these
experiments were mostly from older donors (mean
age ∼70 years). Although this provides an excellent
comparison for studies of corneal diseases associated
with aging such as FECD, it may not be compa-
rable to other studies using HCEnC cultures from
young donors. The second point to consider when
interpreting these findings is the [O2] environment for
the assay procedures. Whereas cells were grown and
matured long term in their respective environments,
viability and metabolic assays were performed under
room air. Thus acute O2 stress may have been a factor.
Nevertheless, the chronic adaptive changes occurring
at both [O2] conditions are readily apparent in our
data.

The culture of cells under conditions that most
closely resemble their normal physiological environ-
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ment has many benefits. These include maintaining the
native phenotype and function and reducing external
stressors. The results of this descriptive analysis are an
initial step toward identifying and optimizing culture
conditions for in vitro mechanistic studies and emerg-
ing cell replacement therapies.
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