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ABSTRACT

Corneal endothelium (CE) is among the most metabolically active tissues in the body. This elevated metabolic
rate helps the CE maintain corneal transparency by its ion and fluid transport properties, which when disrupted,
leads to visual impairment. Here we demonstrate that glutamine catabolism (glutaminolysis) through TCA cycle
generates a large fraction of the ATP needed to maintain CE function, and this glutaminolysis is severely disrupted
in cells deficient in NH;:H™ cotransporter Solute Carrier Family 4 Member 11 (SLC4A11). Considering SLC4A11
mutations leads to corneal endothelial dystrophy and sensorineural deafness, our results indicate that
SLC4A11-associated developmental and degenerative disorders result from altered glutamine catabolism. Over-
all, our results describe an important metabolic mechanism that provides CE cells with the energy required to
maintain high level transport activity, reveal a direct link between glutamine metabolism and developmental
and degenerative neuronal diseases, and suggest an approach for protecting the CE during ophthalmic surgeries.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(CHED)
Fuchs' endothelial corneal dystrophy (FECD)

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Corneal Endothelium (CE) is a cell monolayer on the posterior
surface of the cornea that is essential for maintaining corneal hydration,
thickness, and transparency. CE is one of the most metabolically active
tissues in the body with the highest mitochondrial density, second
only to photoreceptors (Hogan et al., 1971), and corneal endothelial
dystrophies are the most common indication for corneal transplants
worldwide (Dorrepaal et al., 2007; Ghosheh et al., 2008). One major
function of CE is to generate an outward osmotic driving force that
counteracts an inward imbibition pressure generated by corneal stro-
mal glycosaminoglycans (Barfort and Maurice, 1974). Maintenance of
the osmotic force is dependent on primary active transport (Na™-K*-
ATPase activity) and numerous secondary membrane ion transporters
(Bonanno, 2012; Geroski and Edelhauser, 1984; Li et al,, 2016). Together
this is generally referred to as the CE pump function. Failure of the CE
pump results in corneal swelling, loss of transparency, and in turn, visual
impairment.
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The robust ion and fluid transport activity of the CE imposes heavy
metabolic demands on these cells (Bourne, 2003). Consistent with
this, in addition to having a high mitochondrial density, CE dysfunction
is a common symptom associated with mitochondrial disorders, such as
Pearson Syndrome, Kearns-Sayre syndrome and Leigh's syndrome
(Boonstra et al., 2002; Chang et al., 1994; Hayashi et al., 2000;
Kasbekar et al., 2013). However, despite the intense energetic demands
imposed by the CE pump function, the metabolic mechanisms required
for maintaining high levels of energy remain largely unexplored. In this
regard, understanding CE metabolism is of particular interest for
cataract surgeries and corneal transplants, as CE pump function may
be impaired for a time following these procedures, resulting in visually
significant corneal edema. Currently, there is no way to clinically restore
or augment CE pump function. Therefore, metabolic therapies that
maximize available energy represent a potential means to improve CE
pump function and surgical outcomes.

The membrane transporter SLC4A11 has recently emerged as an im-
portant player in CE pump function. Not only is this gene highly
expressed in the CE (Chng et al.,, 2013), but mutations in SLC4A11 also
cause a collection of developmental and/or degenerative corneal disor-
ders such as Congenital Hereditary Endothelial Dystrophy (CHED),
Harboyan Syndrome, Fuchs Endothelial Corneal Dystrophy (FECD), and
Peters anomaly (Siddiqui et al., 2014; Vithana et al., 2006, 2008; Weh
et al., 2014), as well as sensorineural deafness (Harboyan Syndrome,

2352-3964/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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CHED plus perceptive deafness) (Siddiqui et al., 2014). Intriguingly,
SLC4A11 was recently found to function as an NH3:2H™ co-transporter
(Zhang et al,, 2015), indicating that ammonia metabolism plays an unex-
pected role in CE development, function, and degeneration. Since ammo-
nia is a common waste product of amino acid catabolism, especially
glutamine (Yang et al.,, 2009), these observations suggest that the CE
may actively use glutamine to maintain Na™-K*-ATPase activity. In ad-
dition, the steady-state concentration of glutamine in human aqueous
humor (0.6-0.8 mM) (Langford et al., 2007) is similar to plasma, further
supporting the potential for glutamine metabolism.

Here we use rabbit, mouse, and human CE to investigate the link be-
tween CE metabolism and ammonia production. Strikingly, our findings
reveal that the CE produces ammonia due to high levels of glutaminolysis.
However, unlike stem cells and cancer cells that use glutamine to support
biosynthesis (Le et al., 2012), we demonstrate that the non-proliferating
CE uses glutamine to produce ATP for Na™-K*-ATPase activity to support
physiological pump function. And this glutaminolysis is disrupted in
SLC4AT11 transporter deficient CE resulting in inhibition of pump function
and significant pathology. This work sheds light on clinical metabolic
therapies to facilitate CE function, pathogenesis of CHED, FECD and
Harboyan syndrome, and suggest that the ammonia handling capacity
offered by NH3:H™ transporter SLC4A11 is essential for cells actively
metabolizing glutamine.

2. Materials and Methods
2.1. Animals

All mice were housed and maintained in pathogen-free conditions
and used in the experiments in accordance with institutional guidelines
and the current regulations of the National Institutes of Health, the
United States Department of Health and Human Services, the United
States Department of Agriculture and Association for Research in Vision
and Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research.

2.2. RNA Extraction

Total RNA, from human corneal endothelial tissue, mouse endothelial
tissue, immortalized HCEC cell line, and FECD patient corneal endothelial
tissue were extracted and purified via RNeasy mini kit (#74104, Qiagen)
with DNase digestion (#79254, Qiagen).

Healthy human corneal endothelium: Human donor cornea were
obtained from Indiana Lion Eye Bank in 4 °C Optisol® GS medium.
Corneal endothelium with Descemet's membrane was peeled off in
Corneal Viewing Chamber (Stephens Instruments) using Submerged
Cornea Using Backgrounds Away (SCUBA) technique. Peeled corneal
endothelium sheet was processed immediately or stored in RNAlater®
(AM7020, Ambion) at 4 °C. Corneal endothelium sheet was rapidly
frozen in liquid nitrogen and grinded followed by RNeasy column
(Qiagen) purification.

Mouse corneal endothelium: Mouse cornea with sclera skirt was
dissected from the globe. Corneal endothelium with Descemet's
membrane was peeled off followed by RNA extraction similarly as
described above.

FECD corneal endothelium: Patients diseased cornea endothelium
samples were collected during Decrements Membrane Endothelial Ker-
atoplasty (DMEK) surgery, and shipped on ice overnight in Optisol® GS
medium. Corneal endothelium sheet was put into RNAlater® in 4 °C till
RNA extraction or processed immediately upon arrival. RNA extraction
steps were the same as described above.

Immortalized HCEC cell line: HCEC cells were cultured in OptiMEM
complete medium to confluent, RNA extraction steps were the same
as described above.

2.3. PCR, qRT-PCR and Nested PCR

Complementary DNA was generated with High Capacity RNA-to-
cDNA Kit (Applied Biosystems) at 10 ng RNA/pL reverse transcription.
Sequences of human and mouse gene primers used are listed in Table
S1 and Table S2, respectively. Conventional PCR was performed with
MyCycler Thermal cycler (Bio-Rad) following the AmpliTaqg® 360 DNA
Polymerase protocol (Applied Biosystems). Real-time qPCR reactions
were set up in triplicate using SYBR Green PCR Master Mix (Agilent
Technologies). All assays used the same PCR conditions. A 2~ 24 exper-
imental design was used for relative quantification and normalized to
ACTB (mouse) or GAPDH (human) for differential expression levels of
target genes. Nested PCR was conducted for genes with no CT value in
real-time qPCR. An additional 40 cycles of PCR were conducted on re-
verse transcription PCR product using the same gene primers.

24. Immortalized HCEC Culture

Immortalized HCEC (Schmedt et al., 2012) were cultured at 37 °C, 5%
CO, in appropriate plates or flasks coated with undiluted FNC Coating
Mix® (AthenakES). Complete medium (OptiMEM-I®; Invitrogen) con-
tains 8% FBS (Hyclone Laboratories Inc.), EGF 5 ng/mL (Millipore),
pituitary extract 100 pg/mL (Hyclone Laboratories), calcium chloride
1.8 mM, 0.08% chondroitin sulfate (Sigma-Aldrich), gentamicin 50 pg/mL,
and antibiotic/antimycotic solution diluted 1:100 (Invitrogen).

2.5. Immunofluorescence Staining

Excised mouse eyes or human donor cornea button were fixed in 4%
paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4) at 4 °C over-
night and paraffin embedded. Five-micrometer sections were then
mounted on Super Frost slides (Fisher Scientific). The sections were
de-paraffinized and hydrated in a graded ethanol series (100%, 95%
and 70% and 50% ethanol and ddH,0 for 5 min each) and subject to an-
tigen retrieval in 10 mM Na-citrate, then blocked with 2% BSA in PBS
and incubated overnight at 4 °C with 1st antibodies. After washes in
PBS, slides were incubated with Fluor-conjugated 2nd antibody for
one hour and washed. Sections were mounted with prolong anti-fade
mounting reagent with DAPI (Molecular Probes, Life Technologies)
and imaged with Axiolmager M1 microscope with AxioCam MRm cam-
era (Zeiss).

The following antibodies were used: Rabbit polyclonal anti-Gluta-
minase (GLS1) antibody 1:200 (ab93434, Abcam); Rabbit anti-GLS2 an-
tibody 1:200 (ab113509, Abcam); Mouse monoclonal anti-GGT1
antibody 1:200 (ab55138, Abcam); Rabbit anti-ZO1 1:200 (402200,
Life Technologies); Mouse anti-ZO1 1:200 (339100, Invitrogen); Rabbit
anti-Nitrotyrosine 1:200 (A-21285, Thermo Scientific); Secondary
Alexa-488 and Alexa-568 antibodies (Molecular Probes) were used at
1:200 concentrations. Mean intensity (MFI) quantification of endotheli-
um was conducted using Image].

2.6. Hematoxylin and Eosin (H&E) Staining

Deparaffinized sections (5 pm) were stained with Hematoxylin and
Eosin (H&E), and imaged with Axiolmager M1 (Zeiss).
2.7. Alizarin Red Staining of Corneal Endothelium

As previously described (Park et al., 2012), rabbit and/or human cor-
nea button was briefly immersed and rinsed with pH 4.2 0.9% saline,

then stained with pH 4.2 0.2% Alizarin Red 0.9% saline for 2 min, and
rinsed with pH 7.2 0.9% saline.
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2.8. Ammonia Assay

HCEC seeded at 2 x 10°/mL in 12-well plates were cultured to con-
fluence, then incubated with DMEM (phenol red free, glucose free, glu-
tamine-free, pyruvate-free, Gibco #A1443001) for 24 h with 10%
dialyzed FBS, glucose 1 g/L, and glutamine at concentrations of 0.1,
0.5, 1, 2 and 4 mM. Medium supernatant after centrifugation was mea-
sured for ammonia concentration with a colorimetric assay kit (K370-
100, Biovision).

2.9. Intracellular ATP Assay

HCEC seeded at 1.5 x 10%/mL in 12-well plate were cultured to
sub-confluent, then put under serum-free conditional DMEM medi-
um (glucose free, glutamine-free, pyruvate-free, Gibco #A1443001)
with glucose and/or glutamine supplementation for 12 h before
measurement. ATP is extracted by a boiling water method (Yang et
al., 2002), and measured by luciferin-luciferase based ATP assay kit
(A22066, Molecular Probes).

2.10. Isotope Labeling, Metabolite Extraction and Measurement in HCEC

HCEC cells were cultured with either U-'3Cs-L-Glutamine or
U-'3Cg-p-glucose for 12 h. Intracellular metabolite extraction was
performed using a published protocol (Sellick et al., 2011). In brief,
HCEC seeded at 5 x 10° cells/T75 flask in 8% FBS OptiMEM-I were
grown to confluent for 4 days then switched to serum-free
OptiMEM-I for 12 h. Then the cells were labeled with serum-free DMEM
conditional medium with 4 mM U-'Cs-L-Glutamine (CLM-1822-H, Cam-
bridge Isotope Laboratories) and 13.9 mM (2.5 g/L) p-glucose, and
incubated for 12 h. Serum-free DMEM conditional medium was made
using DMEM (glucose free, glutamine-free, pyruvate-free, GIBCO®
#A1443001) supplemented with calcium chloride 1.8 mM, 0.08% chon-
droitin sulfate (Sigma-Aldrich), and the corresponding isotope-labeled
glucose and/or glutamine. An experiment with 2.5 g/L U-'3Cg-D-glucose
(CLM-1396-0, Cambridge Isotope Laboratories) and 4 mM L-glutamine
was also performed as verification. Labeled cells were washed three
times with ice-cold 0.9% NaCl, and quenched with 2 mL ice cold 100%
methanol. Cells were scraped off the T75 flask pellet and removed togeth-
er with 2 mL methanol into centrifuge tube, vortexed thoroughly, centri-
fuged at 8000 g for 2 min. Supernatants were collected and the cell
pellet was resuspended with 900 L of 90% methanol, vortexed thorough-
ly, centrifuged and supernatant collected. The procedure was repeated for
a second time with 750 pL of 90% methanol. Total supernatant of two
tubes (1500 L each) was kept stationary at —20 °C for 1 h, then centri-
fuged at 15,000 g for 5 min at 4 °C and the supernatant (1000 L each)
was collected to two new tubes. Then the sample was dried in a
centrifugal evaporator at room temperature about 1 h, then the
supernatant in the two tubes was pooled together and dried overnight.

The abundance of each isotopologue was detected using GC-MS. The
fraction of each isotopologue and the contribution of C to the total car-
bon pool of each metabolite were calculated as previously reported
(Nanchen et al., 2007). In brief, the isotopologue distributions were
corrected based on the natural abundance of elements, and the fraction
is the contribution of each isotopologue to the total abundance of all the
isotopologues. The contribution of '3C to the total carbon pool of each
metabolite is the weighted average of all the labeled isotopologues ac-
cording to the fraction distribution.

2.11. Fresh Rabbit Corneal Perfusion

Rabbit cornea perfusion followed the protocol as described previ-
ously (Li et al., 2016). Ringer's solutions contain (mM): 153.5 Na™,
4K", 1.4 Ca%t, 0.6 Mg?™, 113.2 CI~, 1 HPO3 ~, 16.4 gluconate™ and
28.5 HCO3'. All solutions were equilibrated with 5% CO,, pH adjusted
to 7.5 and osmolarity adjusted to 295 mOsm/L with sucrose. 5 mM

glucose and/or 1 mM glutamine were added. BR Glc/— contains 5 mM
glucose, while BR Glc/GIn contains 5 mM glucose and 1 mM glutamine.
Perfusion solutions were maintained at 37 °C in a water bath during
experiment.

2.12. Alternate Corneal De-Swelling Experiments

Four different Ringer's solutions were used: 1) BR Base; 2) BR Glc/
Gln; 3) BR Glc/— and 4) BR —/GIn. BR Base contains (mM): 148.5
Na‘t,4K*, 1.4 Ca®*, 0.6 Mg?*, 103.2 C1~, 28.5 HCO5 . The addition of
5 mM glucose and/or 2 mM glutamine was made to BR base to get BR
Glc/GIn, BR Glc/—, and BR —/GIn. All solutions were adjusted to
pH 7.5 with 1 N HCl and osmolarity 295 mOsm/L with mannitol.

For rabbit cornea: rabbit eye balls stored on ice were shipped over-
night from a regional supplier (Pel-Freez Biologicals). Corneal thickness
was measured immediately before dissecting as data point of time zero
by Optical Coherence Tomography (OCT) with anterior segment attach-
ment (OptoVue iVue SD-OCT). Then eye balls were assigned to experi-
mental groups 1) Glc/Gln 2) Glc/— and 3) —/GIn and dissected to
cornea button with sclera skirt, rinsed and mounted with corresponding
Ringer's solution. Cornea with sclera skirt was mounted onto a Barron®
artificial anterior chamber (K20-2125, Katena Products, Inc.) and anteri-
or chamber was filled with 350 pL Ringer's solution corresponding to
the assigned group. Corneal thickness was measured every 15 min. Ar-
tificial tears (Refresh®) were applied on the epithelial surface every
15 min after OCT measurement, and Barron Chamber with mounted
cornea is put in 37 °C incubator when not being measured. The corneal
thickness was measured for 150 min. After the experiment, Ringer solu-
tion (~350 pL) is collected and prepared for GC-MS analysis for residual
glutamine and glucose. Then cornea button was stained with Alizarin
Red for corneal endothelium visualization and cell density was counted
under light microscope (Park et al., 2012).

For human donor cornea: De-identified human donor cornea with
sclera skirt was obtained from the Indiana Lions Eye Bank, stored in
4 °C Optisol® GS medium until experiments. Cornea with sclera skirt
was rinsed with ice-cold BR base solution, then soaked in ice-cold BR
base solution for 1 h to let it swell. Then the human cornea was mounted
as for rabbit cornea with 300 pL BR Glc/Gln or BR Glc/—, and monitored
for central corneal thickness with OCT every 15 min for 165 min. Artifi-
cial tears (Refresh®) were applied after each measurement, and
Barron® Chamber with mounted cornea was put in 37 °C incubator be-
tween measurement. After the experiment, Ringer (~300 pL) is collect-
ed and prepared for GC-MS analysis for residual glutamine and glucose.
Then cornea button was stained with Alizarin Red for corneal endothe-
lium visualization and cell density was counted under light microscope
(Park et al., 2012).

2.13. Metabolite ex vivo Consumption Rate Estimation

The Ringer solutions in the Barron® chamber after the ex vivo de-
swelling experiment were collected and prepared for GC-MS analysis
of residual glutamine and/or glucose. In brief, the Ringer's solution in
the artificial anterior chamber was collected with a 1 mL syringe through
the connecting tubing of the chamber. A 10 pL sample was mixed with
5 uL of 5 mM U-'3Cg-glucose and 5 L of 2 mM U-'3Cs-glutamine
(which serve as internal standards), and 500 pL of 90% methanol.
The sample was kept stationary at —20 °C for 1 h, then centrifuged at
15,000 g for 5 min at 4 °C. The supernatant (500 pL) was collected to a
new tube and dried in a centrifugal evaporator at room temperature
overnight. The levels of residual glucose and glutamine were measured
using gas chromatography-mass spectrometry (GC-MS) as reported
previously (Tennessen et al., 2014). Quantification was achieved
using the '3C-labeled internal standards. Fresh Ringer's solutions
(BR Glc/GIn, BR Glc/— and BR —/GIn) were measured in parallel as
control.
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Total glucose or glutamine consumption per cornea was calculated
by subtracting residual glucose and/or glutamine measured after the
de-swelling experiment from glucose and/or glutamine concentration
measured in fresh Ringer's solution. Consumption per corneal endothe-
lial cell was calculated by dividing the total consumption with total cor-
nea endothelial count of each cornea. Total number of corneal
endothelial cells per cornea was calculated as the product of corneal en-
dothelial density measured from Alizarin Red visualization and cornea
dome surface area. The glucose and/or glutamine consumption rates
per cell per hour were further calculated by dividing consumption per
cell by time elapsed in each experiment.

For surface area calculation, rabbit cornea diameter 13.2 mm and ra-
dius of curvature 7.26 mm were used (Bozkir et al., 1997), and human
cornea diameter 11.5 mm and radius of curvature 7.75 mm were used
(Ganguli et al., 1975). Rabbit and human corneal endothelium density
and total cell count are shown in Table S3.

Equation used for surface area calculation was

A= 2nr<r—m>

in which A is the surface area of a corneal endothelium sheet formed
partial sphere, r is the radius of curvature, and a is the cornea diameter.

2.14. Statistical Analysis

Statistical analysis was performed using SPSS Statistics v21 (IBM
Corporation) and GraphPad Prime 6.0c (GraphPad Software, Inc.). Stu-
dent t-test was used for two-group comparison. One-way ANOVA
with post-hoc Tukey was used for data with more than two groups.

3. Results

3.1. Corneal Endothelium Expresses Glutamine Metabolic Enzymes and
Glutamine Transporters

The NH5:2H™ cotransporter SLC4A11 (Zhang et al., 2015) is highly
expressed in CE (Chng et al., 2013). This discovery led us to hypothesize
that CE processes ammonia and is likely to metabolize glutamine.
Therefore, we examined if glutaminolysis enzymes and glutamine/glu-
tamate transporters are expressed in human and mouse CE. Consistent
with our hypothesis, both human and mouse CE express mRNAs that
encode phosphate-activated glutaminase type 1 (GLS1, kidney-type)
and type 2 (GLS2, liver-type) (Fig. 1A). In addition, we observed a sim-
ilar expression profile for gamma-glutamyl-transpeptidase (GGT),
which has membrane glutaminase activity (Fig. 1A) and functions to-
gether with membrane glutamate excitatory amino acid transporters
(EAATs) (Zhang et al., 2005). The expression of GLS1, GLS2 and GGT in
human CE tissue was verified by immunostaining of healthy human
donor cornea sections (Fig. 1B). Consistent with these observations,
we also determined that immortalized human corneal endothelium
cell line (HCEC) also expressed GLS1, GLS2, and GGT (Fig. 1C, D). Fur-
thermore (Fig. 1D), GLS1 immunostaining shows a punctate perinuclear
staining pattern consistent with mitochondrial localization of GLS1 re-
ported in other tissues (Kvamme et al., 2000), and GGT immunostaining
exhibits a pericellular staining indicating plasma membrane localization
as reported in other cell types (West and Hanigan, 2010).

In addition to our analysis of metabolic enzymes, we also screened
eleven putative glutamine transporters for expression in HCEC
(Fig. 1C). Our analysis revealed that HCECs express 10 of these trans-
porters, including the Na*-glutamine/neutral amino acid antiporter
(SLC1A5), Na*-glutamine co-transporter (SLC6A19). Furthermore
(Fig. 1D), GLS1 immunostaining shows a punctate perinuclear staining
pattern consistent with mitochondrial localization of GLS1 reported in
other tissues (Kvamme et al., 2000), and GGT immunostaining exhibits
surface staining indicating plasma membrane localization as reported in

other cell types (West and Hanigan, 2010) (SLC38A1, SLC38A2), gluta-
mine/large neutral amino acids antiporter (SLC7A5), glutamine/small
neutral amino acids antiporter (SLC7A8), Na™-glutamine/H™ antiporter
(SLC38A3, SLC38A5, SLC38A7) and Na™-neutral amino acid transporter
(SLC38A8). For glutamate transport (EAATs), both human CE tissue
(Fig. 1A) and HCEC (Fig. 1C) express EAAT1, EAAT2 and EAAT3. Overall,
these results demonstrate that CE metabolism is capable of utilizing glu-
tamine as energy source.

3.2. Glutamine is a Major Source of TCA Cycle Intermediate Pool in Corneal
Endothelium

Given the high expression of enzymes and transporters involved in
glutamine metabolism, we propose that CE utilizes aqueous humor glu-
tamine via active uptake through glutamine transporters as well as con-
version of glutamine to glutamate by GGT/EAATs complex. Glutamine
and glutamate could then be actively metabolized in mitochondria
into the TCA cycle to support energy production (Fig. 2A). To test our
hypothesis, we first examined glutamine-derived ammonia release in
HCEC. As expected, we observed a dose-dependent increase of ammo-
nia production as glutamine concentration increases (Fig. 2B), suggest-
ing that corneal endothelium can utilize glutamine efficiently. To
further investigate if the glutamine is metabolized by GLS1/GLS2 in mi-
tochondria, HCEC cells were fed 4 mM U-'3Cs-glutamine in the presence
of 13.9 mM (2.5 g/L) glucose, and gas chromatography mass spectrom-
etry (GC/MS) was used to measure '>C incorporation into TCA cycle in-
termediates. Fig. 2C (schematic diagram), shows U-'3Cs-glutamine
(m + 5 isotopologue, all 5 carbons are 3C) metabolism in mitochon-
dria. First, conversion to glutamate and then to '*Cs-c-ketoglutarate
(m + 5 isotopologue). The unlabeled fraction of a-ketoglutarate
(m + 0, all 5 carbons are '°C) originates from unlabeled glucose or
other unlabeled sources. Further oxidation of '*Cs-a-ketoglutarate
(m + 5) in the TCA cycle produces >C,-fumarate (m + 4), >C4-malate
(m + 4) and '3C,-citrate (m + 4) labeling. The 3C,-citrate (m + 4) is
synthesized from '3C,-oxaloactetae (derived from labeled glutamine
in the first turn) and acetyl-coA (derived from unlabeled glucose). The
m + 3 a-ketoglutarate isotopologue peak observed is the product
from '3C,-citrate, indicating '>Cs-glutamine originated carbon chain
stays in the TCA cycle for a second turn. The sum of all labeled interme-
diates is ~50% of each intermediate indicating that glutamine contrib-
utes ~50% of the TCA cycle intermediate pool (Fig. 2C). The results
were verified with glucose labeling (Fig. S1A), in which HCEC were fed
with 13.9 mM U-"3Cs-glucose in the presence of 4 mM glutamine. Fur-
ther experiments verified that 5.6 mM (1 g/L) and 13.9 mM (2.5 g/L)
U-13Cg-glucose did not change the percentage distribution of the la-
beled TCA cycle intermediates (Fig. S1B), suggesting that HCECs prefer
metabolizing glutamine via the TCA cycle even in the presence of excess
glucose.

3.3. Glutamine Supplies ATP for Corneal Endothelium Pump Function

Given the physiological function of the CE, we hypothesize that glu-
tamine-derived ATP is required to supply energy for CE fluid transport.
To test this hypothesis, we first measured intracellular ATP content in
HCEC with conditional DMEM medium: 1) Glc/Gln: 27.8 mM (5 g/L)
glucose +4 mM glutamine; 2) —/GIn: 4 mM glutamine; 3) Glc/—:
27.8 mM (5 g/L) glucose; 4) —/—: neither glucose nor glutamine.
While ATP content was the highest in Glc/GIn medium and only slightly
lower in —/GIn, ATP production was severely impaired in Glc/— and
—/— conditions (Fig. 3A). These results indicate that glucose can only
sustain half of the CE energy supply and are consistent with GC-MS
data that only half of the TCA intermediates were derived from glucose
(Fig. S1A).

In order to determine if the CE exhibits a similar reliance on gluta-
mine metabolism in vivo, we examined the effect of glutamine supple-
mentation on perfused freshly dissected ex vivo rabbit corneas. If
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Fig. 1. Expression of glutaminase, glutamate transporters and glutamine transporters in corneal endothelium. (A) RT-PCR of human and mouse corneal endothelial tissue for glutaminase

(GLS1, GLS2, GGT), glutamate dehydrogenase (GDH) and glutamate transporters (EAAT1-5); ACTB: beta actin. (B) Immunofluorescence staining of human cornea section showing GLS1,
GLS2 and GGT expression in cornea endothelium; (C) RT-PCR of HCEC showing expression of GLS1, GLS2, GGT, EAAT1-3, ten glutamine transporters as well as SLC4A11. Glutamine
transporters expressed: SLC1A5, Na*-glutamine/neutral amino acid antiport; SLC6A19, Na*-glutamine co-transport; SLC7A5, glutamine/large neutral amino acid antiport; SLC7AS,
glutamine/small neutral amino acid antiport; SLC38A1, Na™-glutamine cotransport; SLC38A2, Na™-glutamine cotransport; SLC38A3, Na™-glutamine/H™" antiport; SLC38A5,
Na*-glutamine/H™ antiport; SLC38A7, Na™-glutamine/H™" antiport; SLC38A8, Na*-Neutral Amino Acid Transporter. GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

(D) Immunofluorescence staining of GLS1 (upper) and GGT (lower) in HCEC.

glutamine is beneficial for energy production, the corneal thickness will
be better maintained (i.e., thinner) over a prolonged perfusion period as
a result of better pump activity. Indeed, central corneal thickness (CCT)
was 2.5 um less in glutamine supplemented corneas after 3.5 h perfu-
sion (Fig. 3B). We then estimated the rate of glutamine consumption
by corneal endothelium in vivo by performing a modified version of
the classic corneal de-swelling experiment with ex vivo 4 °C stored rab-
bit and human corneas (Maurice, 1972). Briefly, the Ringer's solution
with glucose and/or glutamine supplementation filled an artificial ante-
rior chamber in contact with the CE apical surface (Fig. S2A). The cold
cornea is swollen because the endothelial pump is inactive. When
warmed up to 37 °C, the cornea will deswell due to re-activation of me-
tabolism and in turn ion and fluid transport activity. The deswelling rate
is a measure of CE pump efficiency. If glutamine metabolism enhances

energy production, one would expect a faster de-swelling rate with glu-
tamine addition. Indeed, in both rabbit and human cornea, glutamine
supplementation facilitated a faster deswelling rate (Fig. 3C, E). At the
end of the experiments, the Ringer's solution was collected and residual
glucose and glutamine was measured by GC-MS. The glucose and/or
glutamine consumption rate per cell was estimated from the total con-
sumed glutamine/glucose and total corneal endothelial cell count deter-
mined from Alizarin Red staining (Fig. S2B). For rabbit CE, 0.48 + 0.06-
0.71 4 0.08 pmol/cell/h glucose and 0.33 £ 0.01-0.60 = 0.02 pmol/cell/h
glutamine was consumed (Fig. 3D). For human CE, 0.77 + 0.01-0.82 +
0.06 pmol/cell/h glucose and 0.39 + 0.04 pmol/cell/h glutamine was
consumed (Fig. 3F). There is a close consistency between rabbit and
human CE here, as well as to previous report of glucose consumption
0.2 pmol/cell/h (7.4 pg/cm?/h, 2000 cell/mm? density assumed) in
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cultured rabbit CE (Zurawski et al., 1989). Taken together, these data
show that glutamine enhances endothelial pump function by sustaining
ATP production in both rabbit and human CE.

3.4. Loss of SLC4A11 Ammonia Transporter Impairs Glutaminolysis in
Corneal Endothelium

We hypothesize that the SLC4A11 ammonia transporter is needed to
remove the ammonia produced from active glutaminolysis. To test this
hypothesis, we looked for signs of potential ammonia toxicity and alter-
ations in glutaminolysis enzyme expression in the Sic4a11 ™~ mouse
corneal endothelium. The Slc4a11~/~ C57BL/6 mice (Han et al., 2013)
recapitulates the human CHED phenotype (Kirkness et al., 1987) show-
ing diffuse corneal edema (Fig. 4A), vacuolated CE, and thickened
Descemet's (basement) membrane (Fig. 4B). Consistent with the role
of Slc4a11 in ammonia transport, we observed that Slc4a11 '~ mouse
CE exhibits elevated levels of nitrotyrosine staining, which is commonly
used as a general marker of ammonia toxicity (Montoliu et al., 2011)

(Fig. 4C, D). qRT-PCR analysis also revealed that glutaminolysis was
disrupted in these mutant mice, as GIs1 expression is up-regulated by
3-fold whereas Gls2 expression is diminished in Slc4a11~~ CE at an
early age of 12 weeks (Fig. 4E). Furthermore, nested-PCR revealed no
GIs2 and Ggt expression could be detected in Slc4a11 ™/~ CE (Fig. 4F).
The Gls1 and Gls2 expression changes were further confirmed by im-
munofluorescence at 40 weeks of age (Fig. 4G).

Since SLC4A11 expression is down-regulated in Fuchs' Endothelial
Corneal Dystrophy (FECD) post-surgical CE samples (Gottsch et al.,
2003), we next examined the expression of GLS1, GLS2 and SLC4A11 in
post-surgical CE specimens from FECD patients via qRT-PCR. We ob-
served a similar trend of GLS1 upregulation and GLS2 downregulation
associated with underexpressed SLC4A11 in human FECD as was seen
in the Slc4a11~/~ CHED mouse model (Fig. S3). While SLC4A11 and
GLS1 changes did not show statistical significance possibly due to the di-
verse genetic background of FECD patients, GLS2 expression was signif-
icantly decreased. Overall, these results demonstrate that SLC4A11 is
required for normal glutaminolysis in the CE.



298 W. Zhang et al. / EBioMedicine 16 (2017) 292-301

A Immortalized HCEC B Fresh Rabbit Cornea
*kk 18+ 0.104
149 — v "
K kK
o ol T __ 161 — BRGlc/ 5
g E 141 -e- BRGIc/GIn £0.087
‘© 1.0 ~ 124
= G £ 0.061
5 0.8 O 10+ 5
£ £ g &
< 0.6 o o 0.04
& 2 6- =
< 0.4 S, 3
3 I 5 4 2002
'g 0.2+ 2+
0.0- 0 y oo 1 0 20 Glo- Gldl
: 0 30 60 90 120 150 180 210 cl/- c/Gin
Glc/GIn -/GIn  Glc/- -/~ Time (min)
C 4°C Stored Rabbit Cornea D Rabbit Cornea
9 T Glucose
=100 > 0.030- Bl Glutamine
£ ® BR Glc/GIn 3
c B BR Glc/-  __
2 A BR-/GIn B 00259 =
S g0+ K g BR Glc/GIn
5 T £0.020-
13) % E
= + 0.0154
c S
£ 80- e BR Glc/-
2 5 ©0.010-
3 'g 2
% 70- & *0.005 BR -/GIn
: 0 30 60 90 120 150 1530E 0- 0 02 04 06 08 1.
o . 00 02 04 06 08 1.0
o Time (min) Gle/GIn  Gle/ /Gln Consumption rate (pmol/cell/h)
E - 4°C Stored Human Cornea F Human Cornea
s > 0.0154 Glucose
2100 - BR GIc/GIn g . €
Glut:
2 -+ BRGlc/- 3e Bl Glutamine
5 St
5 90- £ 0.0104 H
o §-§ BR Glc/GIn
2 x 2
= 80+ ﬂ: 8
r 1l B N T P
5 § % 0.005
o Q= BR Glc/- F
8 701 1] —
— & e —
= 0 30 90 120 150 180 R 00 02 04 06 08 1.0
3 Time (min) Glc/GIn  Glc/- Consumption rate (pmol/cell/h)

Fig. 3. Glutamine supplies energy for corneal endothelial pump function. (A) ATP levels in cultured HCEC in conditional media (n = 23 in each); (B) Central corneal thickness (CCT) is
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4. Discussion

Here we report that glutaminolysis is a significant contributor to en-
ergy production in support of CE pump function. Before this work, glu-
cose was the only energy source known for CE pump (Laing et al,, 1992;
Zurawski et al., 1989). Our results demonstrate that glutamine is incor-
porated into TCA cycle intermediates, which augments ATP production,
and accelerates the physiological pump function of CE. Loss of the
NH3:H™ transporter disrupts expression of glutaminolysis enzymes
and produces a potential ammonia toxicity phenotype.

Glutamine is the most abundant free amino acid in plasma (Curthoys
and Watford, 1995). Mitochondrial glutamine metabolism was initially
studied in renal, skeletal muscular, intestinal and brain physiology as a
major player in nitrogen metabolism (Kovacevic and McGivan, 1983).
For example, kidney proximal tubular epithelium upregulates
glutaminolysis to extrude more NHZ as acid equivalent under patholog-
ical chronic metabolic acidosis (Alleyne et al., 1982). Recently, more
research has focused on the increased glutaminolysis activity in cancer
cells after metabolic reprogramming, as glutaminolysis provides an
additional source of biosynthetic precursors as well as energy for rapidly
dividing cancer cells (Jin et al., 2016). Glutaminolysis has also been
implicated in directing the differentiation of stem cells in neuronal and

hematopoietic tissue (Agostini et al., 2016; Oburoglu et al., 2014). Here
we report that glutaminolysis mainly sustains ATP production
supporting fluid transport in terminally-differentiated non-proliferating
corneal endothelium under physiological conditions. The generation of
ATP from glutaminolysis can also support other ATP consuming cellular
processes in CE, such as protein synthesis and RNA synthesis.

The capacity of a cell utilizing glutaminolysis not only provides the
cell with an additional energy source on top of glucose, the utilization
of glutaminolysis is as energy efficient as glucose oxidation, if not
more. Complete oxidation of one glucose produces 36 ATP. Theoretical-
ly, glutaminolysis generates a total of 12 ATP in one turn of the TCA cycle
with one carbon consumed, and the rest of the carbon chain stays in the
TCA cycle for further ATP generation. (Glutamine enters the TCA cycle
via a-ketoglutarate, and will generate 1 ATP by direct phosphorylation
of GDP, 2 ATPs from FADH, generated during succinate — fumarate re-
action, 9 ATPs from three NADHs generated from the a-ketoglutarate
dehydrogenase, malate dehydrogenase and malate decarboxylase reac-
tions.) One estimation shows that glutaminolysis can generate up to
17.5 mol ATP per mol of glutamine consumed (Le et al., 2012).

The presence of glutamine accelerated the CE pump function, indi-
cating the involvement of glutamine metabolism. Our estimates of this
involvement however, rely on cultured cells using supraphysiological
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corneal endothelium layer as region of interest (n = 3 in each group). (E) Real-time qPCR of 1
and non-detectable (N.D.) Gls2 in Slc4a11~/~. (F) Nested-PCR verification of Gls2 and Ggt

2-week Slc4a11™/* and Slc4a11~/~ mouse cornea endothelium shows upregulated Gls1
are not detectable in 12-week Slc4a11~/~ cornea endothelium. (G) Immunostaining

verification of Gls1 and Gls2 expression changes in 40-week Slc4a11*/* and Slc4a11~/~ mouse cornea endothelium are consistent with real-time qPCR results of 12-week mouse.

Data are presented as mean + s.e.m., *p < 0.05.

culture conditions, e.g. 4 mM glutamine versus the ~0.5 mM aqueous
humor glutamine concentration. Since the GC-MS data (Fig. 2 and Sup-
plemental Fig. 1) for estimating the percentage contribution of gluta-
mine and glucose into TCA cycle intermediates was obtained under
these conditions, the exact carbon contribution from these two energy
sources into the TCA cycle under physiological conditions will require
further investigation.

Currently in clinical practice, glutamine is not included in irrigation
solutions for ophthalmic surgeries. As such, our findings suggest that
glutamine supplementation for corneal endothelium protection and
functional support could be used clinically during and after ophthalmic
procedures. Glutamine supplementation may provide a way to increase
and possibly more quickly reactivate CE pump function after cataract
surgery and corneal transplant.

Here we also report that glutaminolysis is significantly impaired in
CE lacking the ammonia transporter SLC4A11, shedding some light on
the pathophysiological mechanisms that lead to the developmental
and/or degenerative diseases caused by SLC4A11 mutations. These dis-
orders include CHED: congenital developmental corneal endothelial
disease (Vithana et al., 2006); Harboyan Syndrome: degenerative pro-
gressive sensorineural deafness with CHED (Siddiqui et al., 2014);
Peters anomaly: developmental deficit of anterior segment of the eye
(Weh et al, 2014); and FECD: age-related degenerative corneal

endothelial disease (Vithana et al., 2008). In fact, SLC4A11 is widely
expressed in cornea, kidney, inner ear, salivary glands, thyroid, mam-
mary gland, testis, trachea, esophagus, pancreas, liver, spleen, and cere-
bellum (Damkier et al., 2007; Lopez et al., 2009; Park et al., 2004; Parker
et al., 2001), suggesting that this relationship between SLC4A11 and
glutaminolysis may be ubiquitous.

Interestingly, a recent report shows that SLC4A11 knock-down abol-
ishes p53-ser15 phosphorylation in response to physiological high os-
molality experienced by bovine nucleus pulposus intervertebral disc
cells (Mavrogonatou et al., 2015). This is consistent with our observa-
tion of GLS2 downregulation (Fig. 4C), because p53 is an enhancer of
GLS2 gene expression by direct binding to the response element BS2
(Suzuki et al., 2010). More interestingly, SLC4A11 was also shown to
be a target gene of p53, which is upregulated in response to DNA dam-
age in mouse and human fibroblasts (Younger et al., 2015). Taken to-
gether, these reports and our observations here, indicate that the
regulation of SLC4A11 and glutaminolysis goes hand in hand with
major metabolic regulators, such as p53, in a variety of cell types.
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