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PURPOSE. The insulin-like growth factor binding protein-3 (IGFBP-3) is a multifunctional
secretory protein with well-known roles in cell growth and survival. Data in our labora-
tory suggest that IGFBP-3 may be functioning as a stress response protein in the corneal
epithelium. The purpose of this study is to determine the role of IGFBP-3 in mediating
the corneal epithelial cell stress response to hyperosmolarity, a well-known pathophysi-
ological event in the development of dry eye disease.

METHODS. Telomerase-immortalized human corneal epithelial (hTCEpi) cells were used
in this study. Cells were cultured in serum-free media with (growth) or without (basal)
supplements. Hyperosmolarity was achieved by increasing salt concentrations to 450
and 500 mOsM. Metabolic and mitochondrial changes were assessed using Seahorse
metabolic flux analysis and assays for mitochondrial calcium, polarization and mtDNA.
Levels of IGFBP-3 and inflammatory mediators were quantified using ELISA. Cytotoxicity
was evaluated using a lactate dehydrogenase assay. In select experiments, cells were
cotreated with 500 ng/mL recombinant human (rh)IGFBP-3.

RESULTS. Hyperosmolar stress altered metabolic activity, shifting cells towards a respira-
tory phenotype. Hyperosmolar stress further altered mitochondrial calcium levels, depo-
larized mitochondria, decreased levels of ATP, mtDNA, and expression of IGFBP-3. In
contrast, hyperosmolar stress increased production of the proinflammatory cytokines
IL-6 and IL-8. Supplementation with rhIGFBP-3 abrogated metabolic and mitochondrial
changes with only marginal effects on IL-8.

CONCLUSIONS. These findings indicate that IGFBP-3 is a critical protein involved in hyper-
osmolar stress responses in the corneal epithelium. These data further support a new
role for IGFBP-3 in the control of cellular metabolism.

Keywords: corneal epithelial cells, mitochondria, respiration, glycolysis, hyperosmolarity,
inflammation

Dry eye disease is one of the most common ocular condi-
tions worldwide.1 One of the central pathophysiologi-

cal features of dry eye is hyperosmolarity of the precorneal
tear film.2–4 An increase in tear osmolarity occurs when the
lacrimal gland fails to produce enough aqueous to bathe
the eye or when there is a deficiency in the lipids that
are required to stabilize the tear film, leading to evapora-
tion of the watery aqueous.2,5 This increase in osmolarity
activates toll-like receptors along with water and ion chan-
nels that drive activation of mitogen-activated protein kinase
pathways.6–11 This in turn triggers a circuitous cascade of
proinflammatory mediators and matrix metalloproteinases,
leading to ocular surface damage.7, 12–19 Using various cell
culture models, previous studies have shown that hyperos-
molar culture is also associated with an increase in oxidative
stress, mitochondrial dysfunction, and apoptosis.15,16,20–23

Moreover, recent studies have suggested that autophagic flux
may be altered in dry eye disease.24

The insulin-like growth factor binding protein-3 (IGFBP-
3), is a multifunctional protein with known roles in cell
growth and programmed cell death.25–31 IGFBP-3 is one of
six IGFBPs in the insulin-like growth factor (IGF) super-

family. IGFBP-3 is the most predominant binding protein
in serum.32 As such, the canonical function of IGFBP-3
is to extend the half-life of IGF-1 in circulation and to
inhibit binding of IGF-1 to the type 1 IGF receptor (IGF-
1R).32,33 IGFBP-3 can also function independently of IGF-1
and potential cell surface receptors for IGFBP-3 have been
reported.33–36 Our laboratory identified IGFBP-3 in human
tear fluid and found that it was increased almost 3 fold in
patients with type 2 diabetes mellitus.37–39 We have also
found that IGFBP-3 is upregulated by corneal epithelial
cells in response to stress induced by growth factor with-
drawal.40 More recently, we identified a novel role for IGFBP-
3 in mediating mitophagy and mitochondrial biogenesis,
key mitochondrial quality control mechanisms in corneal
epithelial cells (Stuard WL, Titone R, and Robertson DM,
manuscript in review, 2021).

In nonocular tissues, enhanced expression of IGFBP-3
has been shown to exert an anti-inflammatory effect.41–43

On the basis of these findings and the novel role for IGFBP-
3 in mediating mitochondrial homeostasis, we posited that
IGFBP-3 may function as a critical stress response protein
in the corneal epithelium. Here we show that hyperosmolar
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culture induces significant metabolic abnormalities that are
associated with a loss of IGFBP-3. We further demonstrate
that the addition of exogenous IGFBP-3 can abrogate these
metabolic effects, supporting a new role for IGFBP-3 in the
control of cellular metabolism.

METHODS

Cell Culture

A human telomerized corneal epithelial (hTCEpi) cell line
previously developed and characterized by our laboratory
was used for these studies.44 hTCEpi cells were cultured
in serum-free keratinocyte basal medium (KBM) contain-
ing 0.06 mM calcium supplemented to 0.15 mM (VWR,
Radnor, PA, USA), 6 mM glucose, and additional supple-
ments: bovine pituitary extract (0.0004 mL/mL), recom-
binant human epidermal growth factor (0.125 ng/mL),
recombinant human insulin (5 μg/mL), hydrocortisone
(0.33 μg/mL), epinephrine (0.39 μg/mL), and human holo-
transferrin (10 μg/mL, PromoCell; VWR). Media with supple-
ments is defined as keratinocyte growth media (KGM). For
all experiments, cells were cultured at 37°C in 5% CO2.
Based on manufacturer data, osmolarity of KGM is approx-
imately 330 mOsM. Hyperosmolar stress was induced by
the addition of NaCl (Thermo Fisher, St. Louis, MO, USA) to
culture media to reach 450 mOsM and 500 mOsM. In select
experiments, cells exposed to hyperosmolar culture were
co-treated with 500 ng/mL recombinant human (rh)IGFBP-3
(Sino Biological, Wayne, PA, USA).

Determination of Cell Number

hTCEpi cells were seeded in KGM or KBM at 70-80% conflu-
ence in 6-well tissue culture plates and cultured overnight.
Media was then removed and replaced with isotonic KGM
or KGM supplemented with each concentration of NaCl as
described and cultured for an additional 24 hours. Cells were
imaged by phase contrast microscopy using a Leica DM
inverted microscope equipped with a DFC3000 G camera
(Leica Microsystems, Heidelberg, Germany). Cell counts
were obtained using a Celigo imaging cytometer (Nexcelom,
Lawrence, MA, USA). All cell counts were performed in trip-
licate and repeated a minimum of two additional times.

Cell Proliferation Assay

To assess cell proliferation, hTCEpi cells were seeded in
KGM or KBM at 3 × 104 cells per well in a 96-well, black-
walled tissue culture plate and grown overnight. Media was
subsequently removed and replaced with isotonic KGM,
KBM, or either media supplemented with NaCl to 450 or
500 mOsM. Cells were incubated in hyperosmolar conditions
for six or 24 hours, as indicated. Cellular DNA content was
measured via fluorescent dye binding using a CyQuant NF
Cell Proliferation Assay Kit (Invitrogen, Carlsbad, CA, USA).
Fluorescent signals were detected using a Synergy 2 Multi-
Mode Microplate Reader (BioTek, Winooski, VT, USA) with
excitation at 485 nm and emission at 530 nm. All samples
were plated in eight replicate wells. Each experiment was
repeated a minimum of two additional times.

ELISA

The levels of intracellular and secreted IGFBP-3 were
measured using ELISA. To measure intracellular levels, cells
were lysed using radioimmunoprecipitation buffer contain-
ing a protease and phosphatase inhibitor cocktail (Thermo
Fisher). Lysates were then spun in a centrifuge at 12,000
rpm for five minutes at 4°C. To measure secreted protein,
conditioned media was concentrated using iCON protein
concentrators (MW cutoff 3K; Millipore, Burlington, MA,
USA). Total protein was measured using a QuBit 3.0 Fluo-
rometer (Thermo Fisher). A solid phase sandwich ELISA was
used to quantify IGFBP-3 levels (human Quantikine ELISA;
R&D Systems, Minneapolis, MN, USA). Recombinant human
IGFBP-3 protein was used as a standard control. ELISA plates
were imaged using a BioTek Synergy multi-mode plate
reader (BioTek). The concentration of IGFBP-3 in condi-
tioned media was normalized to total cell lysate protein. The
concentration of IGFBP-3 in cell lysates was normalized to
β-actin measured by densitometry on a western blot. ELISA
was also used to measure levels of IL-6 and IL-8. Conditioned
media was concentrated as above. Human IL-6 and human
IL-8/CXCL8 Quantikine ELISAs (R&D Systems) were used to
quantify levels in media. All experiments were performed in
triplicate and repeated a minimum of two additional times.

Cell Cycle Determination

For cell cycle assays, 6 × 105 cells were seeded onto 6-
well tissue culture plates and cultured in KGM or KBM
with increasing concentrations of salt. Cells were fixed using
ice cold ethanol for 15 minutes at 4°C and then stained
with 300 μg/mL propidium iodide containing RNase (Cell
Signaling, Danvers, MA, USA). After washing with PBS, cells
were imaged using a Celigo imaging cytometer (Nexcelom).
Cell cycle analysis was performed using the manufacturer
provided software. Each experiment was performed in trip-
licate and repeated a minimum of two additional times.

Real-Time Metabolic Studies

Real-time measurements of cellular oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) were
performed simultaneously using a Seahorse Metabolic Flux
Analyzer XFp (Agilent Technologies, Santa Clara, CA).
hTCEpi cells were seeded in KGM at 30,000 cells per well
in Seahorse mini-plates containing 8 wells (Agilent Tech-
nologies) and cultured overnight. Media was subsequently
removed from each plate and replaced with isotonic KGM
(330 mOsM), or KGM supplemented with NaCl to an osmo-
larity of 450 mOsM and 500 mOsM. Cells were then incu-
bated for 24 hours under isotonic or hyperosmolar condi-
tions. After 24 hours, hyperosmotic media was removed and
replaced with Seahorse XF DMEM medium containing 1 mM
sodium pyruvate, 2 mM glutamine, 10 mM glucose, and
5 mM HEPES without phenol red (pH 7.4, Agilent Tech-
nologies). Cells were incubated in this medium for one hour
at 37°C in a standard non-CO2 incubator, after which this
medium was replaced with fresh Seahorse XF medium just
before analysis. OCR, a marker for mitochondrial respiration,
and ECAR, a marker for glycolysis, were analyzed using a
Seahorse XFp Cell Mito Stress Test Kit or a Seahorse XFp
Real Time ATP Rate Assay (Agilent Technologies). All assays
were performed according to manufacturer instructions,
as briefly described below. For quantitation of metabolic
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activities using the Seahorse XFp Cell Mito Stress Test Kit,
10 μM oligomycin was injected to inhibit ATP synthase
at 20 minutes, allowing for measurement of mitochon-
drial respiration associated with cellular ATP production.
At 50 minutes, 5 μM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone was injected to disrupt the mitochon-
drial membrane potential by collapsing the proton gradient,
allowing for measurement of maximal oxygen consumption
because of uninhibited electron flow through the electron
transport chain. At 80 minutes, 5 μM rotenone/antimycin A
was injected to completely inhibit mitochondrial respiration,
allowing for measurement of non-mitochondrial respiration.
Measurements were obtained every six to seven minutes for
a total of 94 minutes. For the Seahorse XFp Real-Time ATP
Rate Assay Kit, only two injections were performed, the first
injecting 15 μM oligomycin at 20 minutes and the second
injecting 5 μM rotenone/antimycin A at 40 minutes. Similarly,
measurements were obtained in real time every six to seven
minutes for a total of 74 minutes. Data were analyzed using
the manufacturer provided Wave software, version 2.3.0. The
ratio for OCR/ECAR was calculated for each experiment. All
samples were plated in 6 replicate wells. OCR, ECAR, and
ATP levels were all normalized to total cell number using a
Celigo imaging cytometer (Nexcelom). Each experiment was
repeated a minimum of two additional times.

Rhod-2 Calcium Assay

To assess levels of mitochondrial calcium, hTCEpi cells were
seeded in KGM or KBM at a concentration of 3 × 104

cells/well in a 96-well, black-walled tissue culture plate and
grown overnight. Media was then removed from each well
and replaced with standard isotonic KBM (330 mOsm), or
KBM with increasing osmolarity. Cells were incubated for
24 hours. Calcium levels were measured using a fluorescence
assay containing the cell permeable mitochondrial calcium
indicator rhod-2 (Thermo Fisher). Rhod-2 was dissolved in
dimethyl sulfoxide (Sigma, St. Louis, MO, USA) to a concen-
tration of 2 mM and then diluted in KGM to a final working
concentration of 2 μM. N,N,N′,N′-tetrakis-2-Pyridylmethyl-
ethylenediamine (Sigma, St. Louis), a heavy metal-selective
chelator, was also added at a final concentration of 50 μM to
prevent rhod-2 nonselective binding of heavy metal cations.
Cells were incubated in this solution for 30 minutes at 37˚C,
washed, and subjected to a second incubation in hyperosmo-
lar culture for an additional 30 minutes at 37˚C. Fluorescence
was then measured using a Synergy 2 Multi-Mode Microplate
Reader (BioTek) with excitation at 552 nm and emission at
581 nm. Data was then normalized for cell number using
a K2 Cellometer (Nexcelom). Eight wells were plated for
each sample per experiment. Each experiment was repeated
a minimum of two additional times.

JC-1 Staining

To determine the effects of hyperosmolarity on mitochon-
drial polarization, 9 × 104 hTCEpi cells were plated on cover-
slip bottom MatTek dishes (MatTek Corporation, Ashland,
MA, USA) and allowed to attach. Cells were cultured in
growth media with increasing concentrations of salt and
incubated for 24 hours. Cells were then labelled with
10 μg/mL of tetraethyl-benzimidazolylcarbocyanine iodide
(JC-1) dye (Invitrogen/Molecular Probes, Eugene, OR, USA).
For a positive control for depolarization, cells were treated
with the oxidative phosphorylation uncoupler, carbonyl
cyanide m-chlorophenyl hydrazine (CCCP, 50 nM), in

dimethyl sulfoxide for 10 minutes at 37°C. Cells were then
washed with PBS. JC-1 staining was visualized using a Leica
SP8 laser scanning confocal microscope (Leica Microsys-
tems, Heidelberg, Germany) with a 63 × oil objective. The
microscope is equipped with an environmental chamber to
maintain cells at 5% CO2 and 37°C during imaging. JC-1
monomers were scanned using a 488 nm excitation laser
and JC-1 aggregates were scanned using a 561 nm excitation
laser. Sequential scanning was performed to prevent spectral
crosstalk. Imaging experiments were repeated an additional
two times.

Western Blotting

Intracellular levels of IGFBP-3 were measured using west-
ern blotting. Cell lysates were harvested as described above
and measured using a QuBit 3.0 Fluorometer (Thermo
Fisher). After centrifugation of cell lysates, supernatants
were boiled in 2× sample buffer containing 65.8 mM Tris-
HCL, 26.3% (w/v) glycerol, 2.1% sodium dodecyl sulfate,
5.0% β-mercaptoethanol and 0.01% bromophenol blue, pH
6.8 (Bio-Rad, Hercules, CA, USA). Samples were then elec-
trophoresed in a 4% to 15% precast linear gradient poly-
acrylamide gel (Bio-Rad) and then transferred to a polyvinyl
difluoride membrane (Millipore). After blocking in 5% non-
fat milk (Bio-Rad), membranes were incubated at 4°C in a
primary antibody against IGFBP-3 (mouse monoclonal; R&D
Systems) overnight, followed by one hour in anti-mouse
secondary antibody. β-actin (mouse monoclonal; Sigma) was
used as a loading control. Proteins were visualized using ECL
Prime Detection Reagent (Amersham Biosciences, Piscat-
away, NJ, USA) and imaged using an Amersham Imager 600
(Amersham Biosciences).

mtDNA Imaging

SYBR green (Thermo Fisher Scientific, Waltham, MA, USA)
was used to label mtDNA as described.45 In total, 9 × 104

hTCEpi cells were plated on coverslip bottom MatTek dishes
and allowed to adhere overnight. Cells were then cultured
in isotonic basal media or basal media supplemented to
450 mOsM with or without rhIGFBP-3. Cells were stained
with a 1:10,000,000 dilution of SYBR green for 10 minutes
at 37°C. MtDNA was visualized using a Leica SP8 laser scan-
ning confocal microscope with a 63 × oil objective inside
an environmental chamber. Cells were scanned using a
488 nm excitation laser. Imaging experiments were repeated
an additional two times.

Cytotoxicity Assay

Cytotoxicity was quantified using a CyQuant lactate dehy-
drogenase (LDH) cytotoxicity assay (Thermo-Fisher Scien-
tific, Waltham, MA). The assay was performed according to
manufacturer instructions. Briefly, cells were seeded in a 96-
well plate and incubated overnight. Cells were then treated
with ultrapure water to determine spontaneous LDH activ-
ity, lysis buffer to determine the maximum LDH release, or
nothing was added to determine the maximum LDH activity.
Cells were again incubated in each of the three conditions for
45 minutes. Samples were mixed with the reaction mixture
for 30 minutes, followed by the stop solution. Absorbance
was read at 490 nm and 680 nm. Cells were plated in tripli-
cate for each treatment condition and the entire experiment
was repeated at least two additional times.
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Statistical Analysis

All data are expressed as mean ± standard deviation.
Normality was assessed using a Shapiro-Wilks test. For
comparison between groups, a one-way ANOVA was used
with an appropriate post-hoc comparison (Holm-Sidak
method or Student-Newman Kheuls test). Statistical signif-
icance was set at P < 0.05.

RESULTS

To determine the effect of hyperosmolarity on cell division
in hTCEpi cells, cells were cultured in basal media subject
to increasing levels of hyperosmolar stress for 6 or 24 hours.
As shown in Figure 1A, six hours of hyperosmolar culture
had no effect on overall cell number compared to cells in the
isotonic condition (P = 0.093). In contrast, by 24 hours, cell
number was decreased in a stepwise fashion with increas-
ing osmolarity (Fig. 1B, P < 0.001). These findings were
consistent with the decrease in cell number observed by
phase contrast microscopy in growth media (Supplementary
Fig. S1A). Likewise, quantification of cell number in growth
media using a CyQuant assay confirmed the salt concen-
tration dependent effect, whereby each increase in hyper-
osmolarity further reduced the amount of measurable DNA
(Supplementary Fig. S1B, P < 0.001).

To determine how hyperosmolarity regulates cell prolif-
eration in hTCEpi cells, cell cycle was analyzed using propid-
ium iodide-stained cells. After six hours of hyperosmolar
culture, cells arrested in G2/M (Fig. 1C, P < 0.001 for
450 compared to KBM and 500 compared to KBM). There
was a slight, but significant increase in the percentage of
cells arrested in the 500 mOsM/kg condition compared
to 450 mOsM/kg (P = 0.044). The G2/M arrest was not
evident at 24 hours (Fig. 1D). Instead, there was a signif-
icant decrease in the percentage of cells in hyperosmolar
culture in the G2/M phase, while cells appeared to be accu-
mulating in the G0/G1 phase (P < 0.001 for 450 compared
to KBM and for 500 compared to KBM). At 24 hours, there
were no significant differences between the two hyperosmo-
lar conditions.

We next investigated metabolic changes in response to
hyperosmolarity in basal media. Using a Cell Mito Stress
test, we found a significant reduction in the extracel-
lular acidification rate in both hyperosmolar conditions
at the 6-hour time point (Fig. 2A, P < 0.021 for 450
mOsM compared to KBM and P < 0.001 for 500 mOsM
compared to KBM). Although mitochondrial respiration was
not significantly decreased after six hours of culture at
450 mOsM, it was decreased at 500 mOsM (P < 0.001). After
24 hours of culture in basal media, both glycolysis and respi-
ration were decreased in hyperosmolar culture (P < 0.001
for both respiration and glycolysis at 450 mOsM compared to
KBM), with a greater reduction seen in the 500 mOsM condi-
tion (Fig. 2B, P = 0.035 and P = 0.017 for respiration and
glycolysis, respectively). Analysis of the metabolic pheno-
type revealed no changes at 6 hours (Fig. 2C, P = 0.248). At
24 hours however, there was a progressive shift towards a
respiratory phenotype with increasing osmolarity (Fig. 2D,
P = 0.005). Consistent with the reduction in respiration that
was evident in the 500 mOsM group at six hours, there was
a similar decrease in ATP (Fig. 2E, P < 0.001). Likewise, at 24
hours, there was a sequential decrease in ATP production at
450 mOsM and 500 mOsM (Fig. 2F, P < 0.001 and P = 0.017
for 450 and 500 compared to KBM and 500 compared to

450, respectively). Importantly, the six-hour effect on glycol-
ysis in cells cultured at 450 mOsm in basal media mirrored
what was seen after 24 hours in growth media (Supplemen-
tary Fig. S2). These findings suggest that additional compo-
nents in the growth media afforded some level of protection
against mitochondrial compromise in the milder salt condi-
tion.

To further examine the effects of hyperosmolar culture
on mitochondria, we next measured the concentration of
mitochondrial calcium using the mitochondrial calcium indi-
cator rhod-2. Consistent with the mitochondrial respiration
response, there was no change in mitochondrial calcium
in the 450 mOsM group at 6 hours, whereas there was a
significant decrease in cells cultured in 500 mOsM (Fig. 3A,
P < 0.05 compared to KBM). After culture for 24 hours,
there was an unexpected increase in mitochondrial calcium
at 450 mOsM, which was significantly reduced in the 500
mOsM condition (Fig. 3B, P < 0.05). In growth media,
while mitochondrial calcium levels trended higher at 450
mOsM, this was not significant compared to cells cultured in
KGM. At 500 mOsM, mitochondrial calcium was significantly
increased compared to KGM and 450 mOsM (Supplementary
Fig. 3A, P < 0.001). Similarly, using the membrane perme-
able MitoProbe JC-1, hyperosmolar stress induced robust
mitochondrial depolarization in growth media containing
500 mOsM, while only mild to moderate depolarization was
evident in the 450 mOsM condition (Supplementary Fig.
S3B). In this latter condition, some mitochondria appeared
more elongated, suggestive of active respiration. At
500 mOsM, mitochondria no longer showed their elongated
tubular network, but were beginning to show evidence of
fragmentation. As expected, cells treated with the uncoupler
of oxidative phosphorylation showed complete depolariza-
tion and fragmentation.

We next examined the effects of hyperosmolarity on
IGFBP-3 secretion in basal media. Treatment with both
450 mOsM and 500 mOsM significantly decreased IGFBP-3
secretion, with almost complete inhibition at the latter osmo-
larity (Fig. 4A, P < 0.001). Immunoblotting was then used
to examine intracellular levels of IGFBP-3 (Fig. 4B). Again,
both salt concentrations decreased expression of IGFBP-3,
with the greatest effect seen at 500 mOsM. Consistent with
this, cells cultured in growth media also showed a decrease
in intracellular levels of IGFBP-3 in response to hyperos-
molar stress (Supplementary Fig. S4). In this test condition,
increasing hyperosmolarity to 450 mOsM decreased intracel-
lular IGFBP-3 levels by half (P< 0.001 compared to the KGM
control). Further increasing the salt concentration to 500
mOsM did not result in a further reduction in the already low
level of IGFBP-3 (P < 0.001 compared to the KGM control).
We then tested the effects of co-treatment with rhIGFBP-3
on mitochondrial respiration and glycolysis during hyper-
osmolar culture. As shown in Figure 4C, co-treatment with
rhIGFBP-3 blocked the hyperosmolar mediated decrease in
glycolysis and respiration (P = 0.042 and P = 0.012 for
differences in respiration and glycolysis between IGFBP-3
treated cells and 450 mOsM). Co-treatment with rhIGFBP-3
also maintained the bioenergetic profile in a more glycolytic
state, demonstrated by the ratio of oxygen consumption to
glycolysis (Fig. 4D). Staining of mtDNA showed a reduction
in mtDNA in 450 mOsM that was blocked by rhIGFBP-3
(Fig. 4E).

Hyperosmolar induced inflammation is a key step in
the pathogenesis of dry eye. To determine whether IGFBP-
3 mediates inflammation, we examined the production of
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FIGURE 1. Hyperosmolarity induced a biphasic arrest in corneal epithelial cells. hTCEpi cells were cultured in basal media with increasing
concentrations of salt. Cell number and cell cycle were assessed at six and 24 hours. (A) There were no differences in cell number between
any of the test conditions at six hours (P = 0.093, one-way ANOVA, n = 3). (B) After 24 hours, there was a progressive decrease in cell
number with increasing osmolarity (*P < 0.001, one-way ANOVA, SNK multiple comparison test, n = 3). (C) After six hours in hyperosmolar
culture, hTCEpi cells were arrested at G2/M (*P < 0.001, **P = 0.044, one-way ANOVA, SNK multiple comparison test, n = 3). (D) At 24 hours,
hTCEpi cells cultured under hyperosmolar conditions were arrested in G0/G1 (*P < 0.001, ***P = 0.004, ****P = 0.002, one-way ANOVA, SNK
multiple comparison test, n = 3). Data represented as mean ± standard deviation. Graphs representative of a single experiment repeated
3 times. KBM, keratinocyte basal media. Number indicates mOsM.
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FIGURE 2. Hyperosmolar stress decreases both mitochondrial respiration and glycolysis in corneal epithelial cells. The hTCEpi cells were
cultured in basal media with increasing concentrations of salt. Metabolism was measured using a Seahorse metabolic flux analyzer after
six and 24 hours of hyperosmolar culture. (A) At six hours of culture in 450 mOsM, glycolysis was significantly decreased compared to
the basal control (**P = 0.021). It was further decreased with 500 mOsM (*P < 0.001). In contrast to this, respiration was not altered after
six hours in 450 mOsM but was significantly decreased in 500 mOsM (*P < 0.001, one-way ANOVA, SNK multiple comparison test, n =
3). (B) After 24 hours of culture, glycolysis was severely attenuated in hyperosmolar culture (*P < 0.001, ****P = 0.017, one-way ANOVA,
SNK multiple comparison test, n = 3). Mitochondrial respiration was similarly decreased (*P < 0.001, ***P = 0.035, n = 3). (C) There were
no differences in the OCR/ECAR ratio at six hours (P = 0.248, one-way ANOVA, SNK multiple comparison test, n = 3). (D) hTCEpi cells
expose to increased osmolarity shifted towards a more respiratory phenotype (P = 0.0005, one-way ANOVA, SNK multiple comparison test,
n = 3). (E) ATP production was decreased after six-hour culture in 500 mOsM (*P < 0.001, one-way ANOVA, SNK multiple comparison test,
n = 3). (F) After 24 hours, ATP production was decreased in both the 450 mOsM and 500 mOsM test groups (*P < 0.001). The greater
osmolarity was associated with a greater decrease in ATP production (****P = 0.017, one-way ANOVA, SNK multiple comparison test, n =
3). Data represented as mean ± standard deviation. Graphs representative of a single experiment repeated three times. Number indicates
mOsM.
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FIGURE 3. Hyperosmolar stress induces differential shifts in mitochondrial calcium in corneal epithelial cells cultured in basal media. The
hTCEpi cells were cultured in basal media with increasing concentrations of salt for six or 24 hours. (A) Mitochondrial calcium was decreased
after six hours of culture in 500 mOsM (*P < 0.05, one-way ANOVA, SNK multiple comparison test, n = 3). (B) After 24 hours of culture,
mitochondrial calcium was increased in 450 mOsM, but decreased in 500 mOsM (*P < 0.05, one-way ANOVA, SNK multiple comparison test,
n = 3). Data represented as mean ± standard deviation. Graphs representative of a single experiment repeated 3 times. Number indicates
mOsM.

IL-6 and IL-8 by hTCEpi cells. After 24 hours of hyperosmo-
lar stress, both IL-6 and IL-8 were significantly increased in
450 mOsM compared to the isotonic basal control (Fig. 5, P
= 0.008 and P = 0.001 for IL-6 and IL-8, respectively). Co-
treatment with rhIGFBP-3 had no effect on IL-6 levels (Fig.
5A), but resulted in a partial reduction in IL-8 (Fig. 5B, P
= 0.033). Last, to confirm that there was no significant cyto-
toxicity that may impact findings, cytotoxicity was measured
using an LDH assay. Importantly, although there was a statis-
tical increase in LDH release in cells cultured in 450 mOsM
of salt, overall cytotoxicity remained around 5% for cells with
and without IGFBP-3 (Supplementary Fig. S5).

DISCUSSION

The first key finding in this study is that hyperosmolar stress
targets the glycolytic pathway before impacting mitochon-
drial respiration. This disproportionate decrease in glycol-
ysis compared to respiration resulted in a metabolic shift
toward a respiratory phenotype. This shift was somewhat
attenuated in growth media, suggesting that the factors in
growth media conferred some protection. We have previ-
ously shown that insulin promotes mitochondrial polariza-
tion and respiration in corneal epithelial cells and is essen-
tial in preventing mitochondrial fragmentation in response
to certain types of mild stress.46 Based on that data, we spec-
ulate that the presence of insulin in growth media aided in
the maintenance of polarization and respiration in the pres-
ence of mild hyperosmolar stress. The beneficial effects of
insulin were subsequently lost when the salt concentration
reached 500 mOsM.

At a metabolic level, it is well established that corneal
epithelial cells are highly glycolytic and can regulate
respiration and glycolysis depending on their energy
demand.47,48 Although some studies have indicated mito-
chondrial damage in hyperosmolar culture through the
release of cytochrome c and cell death, little is known about
the effects of increased salt concentration on glycolysis in
this cell type. In cerebellar granule cells, hyperosmolar stress

induced by increasing the concentration of NaCl has been
shown to trigger a reduction in glycolysis.49 This is followed
by a decrease in ATP generation and subsequent necrosis. In
the present study, the early reduction in glycolysis was not
sufficient to drive a decrease in ATP because of the compen-
satory role of mitochondrial respiration. This compensatory
effect was not maintained at the higher salt concentration
because of widespread mitochondrial depolarization and
subsequent morphological changes.

The second key finding in this study is the robust down-
regulation of IGFBP-3 in response to hyperosmolar stress.
Importantly, this finding was evident in both growth and
basal media. Based on our prior data, we had anticipated
an upregulation of IGFBP-3, similar to our hyperglycemic
cultures.50 Because IGFBP-3 has well-known roles in growth
downregulation and apoptosis,31 the decrease in IGFBP-
3 from hyperosmolar stress ruled out a role for IGFBP-
3 mediated growth arrest or the induction of apoptosis.
Instead, supplementation with rhIGFBP-3 blocked the onset
of any metabolic abnormalities. Although the mechanism by
which IGFBP-3 mediates metabolism in corneal epithelia is
unknown, the potential for IGFBP-3 to regulate nuclear gene
expression remains a viable pathway. We have previously
shown that IGFBP-3 induces nuclear translocation of the
insulin-like growth factor-1/insulin receptor hybrid (Hybrid-
R) in corneal epithelial cells where it interacts with nuclear
DNA.51,52 Consistent with this finding, nuclear localized IGF-
1R has been shown to mediate transcription in multiple cell
types.53–55 Thus further studies are needed to elucidate the
relationship between nuclear translocation of the Hybrid-R
and metabolic control.

As indicated above, mitochondrial changes have been
reported to occur in corneal epithelial cells in response
to hyperosmolar stress. Luo and colleagues used primary
cultured corneal epithelial cells to show that hyperosmo-
lar culture induced apoptosis by triggering the release of
cytochrome c.20 Png et al.21 also investigated the effect of
hyperosmolar stress on corneal epithelial cells. In this latter
study, they showed that culture of SV40 corneal epithe-
lial cells in hyperosmolar conditions resulted in a loss of
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FIGURE 4. IGFBP-3 blocks the hyperosmolarity-induced decrease in mitochondrial respiration and glycolysis in corneal epithelial cells. The
hTCEpi cells were cultured in basal media with or without hyperosmolar conditions for 24 hours. Cells cultured in 450 mOsM were cotreated
with 500 ng/mL rhIGFBP-3. (A) IGFBP-3 secretion was down regulated in hyperosmolar culture in basal media (*P < 0.001, one-way ANOVA,
SNK multiple comparison test, n = 3). (B) Immunoblotting for intracellular IGFBP-3 in whole cell lysates. Consistent with the decrease in
secreted IGFBP-3, intracellular IGFBP-3 was also sequentially decreased with increasing levels of salt. Beta-actin was used as a loading
control. (C) Consistent with our prior results, both respiration and glycolysis were significantly decreased after culture in 450 mOsM/kg
(**P = 0.021 and ***P = 0.011, one-way ANOVA, SNK multiple comparison test, n = 3). Treatment with rhIGFBP-3 restored metabolism and
glycolysis to basal levels (****P = 0.042 and *****P = 0.012, one-way ANOVA, SNK multiple comparison test, n = 3). (D) Hyperosmolar culture
shifted cells toward a respiratory phenotype in hyperosmolar culture that was restored following treatment with rhIGFBP-3 (******P = 0.002
and *P < 0.001, one-way ANOVA, SNK multiple comparison test, n = 3). (E) SYBR green staining for mitochondrial DNA showed a decrease
in mtDNA after hyperosmolar culture that was blocked by co-treatment with rhIGFBP-3. Scale bar: 10 μm. Number indicates mOsM. Images
representative of three repeated experiments.

mitochondrial membrane polarization and caspase activa-
tion. Likewise, Deng et al.22 measured levels of oxidative
stress in primary cultured corneal epithelial cells and found
an increase in reactive oxygen species and markers of oxida-
tive damage. Together, these studies all highlight the nega-

tive impact of hyperosmolar stress in corneal epithelial cells
on mitochondrial function.

Interestingly, there was a biphasic cell cycle response to
hyperosmolar stress in basal media. This biphasic response
was characterized by an early, acute hyperosmolar induced
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FIGURE 5. Hyperosmolar culture induced expression of the anti-inflammatory cytokines, IL-6 and IL-8. hTCEpi cells were cultured in basal
media in isotonic and hyperosmolar conditions with and without 500 ng/mL rhIGFBP-3 for 24 hours. (A) Hyperosmolar culture triggered
release of IL-6 that was not affected by treatment with rhIGFBP-3 (*P = 0.008 for 450 compared to KBM, **P = 0.004 for IGFBP-3 treated
cells in hyperosmolar culture compared to KBM, one-way ANOVA, SNK multiple comparison test, n = 3). (B) IL-8 showed a more robust
increase in hyperosmolar culture compared to KBM (*P = 0.001). This increase was partially abrogated by treatment with rhIGFBP-3
(**P = 0.033, one-way ANOVA, SNK multiple comparison test). Data represented as mean ± standard deviation.

cell cycle arrest at G2/M that was transient in nature. By 24
hours, cells were no longer arrested at G2/M and instead
were beginning to accumulate in G0/G1. It is well estab-
lished that metabolic changes and cell cycle control are bi-
directional and osmotic stress has been shown to induce a
transient cell cycle arrest in certain organisms.56 This tran-
sient arrest is a counter-measure that mediates short term
adaptation in response to stress and allows for a redistribu-
tion of the resources needed for survival. In contrast to this,
the accumulation of cells at G0/G1 after 24 hours of hyperos-
molar culture is most likely due to the higher energy demand
required for cells to move into S phase. The decrease in ATP
that is seen at this time point due to the attenuation in glycol-
ysis and respiration is thus the rate limiting step essential for
transition out of G0/G1.

The concentrations of salt tested in this study are consis-
tent with other in vitro cell culture studies.14–16,20–22,57 That
being said, potential limitations exist when trying to extrap-
olate these findings to the in vivo ocular surface. Osmolarity
is measured clinically by sampling tears that have pooled
in the inferior tear meniscus. Indeed, early studies using
this methodology have shown tear film osmolarity to range
as high as 450 mOsM.5 However, this may not reflect the
true osmolarity across the corneal surface. More recent stud-
ies that have used psychophysical testing and mathemati-
cal modeling to predict tear film osmolarity in dry eye have
yielded much higher values.58,59 Moreover, the dynamics of
the tear film during blinking and following tear break up
may expose the corneal epithelium to transient spikes in
osmolarity and may not be fully appreciated in a static in
vitro hyperosmolar model. Thus additional studies are neces-
sary to investigate the potential transient effects of hyperos-
molarity on the corneal epithelium.

The concentration of salt aside, both salt concentrations
induced IL-6 and IL-8 release by hTCEpi cells. This finding
is consistent with work showing the upregulation of IL-6
and IL-8 under hyperosmolar conditions via aquaporin 5 and
the transient receptor potential vanilloid 1 channel.6,7 Unlike
mitochondrial and metabolic effects however, rhIGFBP-3

was unable to block production of IL-6 and only partially
blunted IL-8. Mitochondria are rapidly becoming recognized
as signaling hubs for the innate immune system.60,61 In the
presence of stress, mitochondria release mtDNA into the
cytosol.62 We speculate that the reduction in mtDNA stain-
ing that was observed during hyperosmolar stress in this
study may be due to cytosolic accumulation of mtDNA. This
may contribute to uncontrolled inflammation that is present
in dry eye disease. The potential to identify how IGFBP-3
or other mito-protective proteins may regulate inflammation
through mtDNA release could represent a novel target for
therapy.

In summary, hyperosmolar stress induces metabolic
abnormalities, including the preferential decrease in glycol-
ysis before the onset of mitochondrial damage. The reduc-
tion in glycolysis along with frank mitochondrial depolariza-
tion in turn attenuates mitochondrial respiration, resulting in
reduced ATP production. Excitingly, the negative effects on
both glycolysis and mitochondrial morphology and function
are alleviated by exogenous IGFBP-3. Although further study
is needed to determine the mechanism(s) by which IGFBP-3
mediates these effects, these findings support a new role for
IGFBP-3 in the control of cellular metabolism.
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