
Effect of Hyperosmolality on β-Defensin Gene Expression by
Human Corneal Epithelial Cells

Srihari Narayanan, PhD, Jennifer Manning, OD, Rita Proske, BS, and Alison M. McDermott,
PhD
College of Optometry, University of Houston, Houston, TX

Abstract
Purpose—As human β-defensins (hBD) are important antimicrobial peptides at epithelial surfaces,
including the ocular surface, we tested the effect of hyperosmolar conditions on the expression of
these peptides by human corneal epithelial cells (HCECs).

Methods—Simian virus 40–transformed HCECs (n = 5) or primary cultured HCECs (n = 5) were
treated with serum-free media or serum-free hyperosmolar (400–500 mOsm/kg) media for 24 hours
or serum-free 500 mOsm/kg media for 12 to 48 hours. The effect of hyperosmolality on
interleukin-1β (IL-1β)–induced hBD-2 expression was also tested. IL-6 expression was studied as a
marker of IL-1β function. Expression of hBD-1, -2, and -3 and IL-6 mRNA was detected by reverse
transcription–polymerase chain reaction (RT-PCR). The levels of active IL-1β (culture supernatants
and cell lysates) and pro–IL-1β (cell lysates) were detected by enzyme-linked immunosorbent assay.

Results—HCECs constitutively expressed hBD-1 and -3 but not hBD-2. Hyperosmolar media had
no effect on the basal expression of hBD-1 or -3 and did not induce the expression of hBD-2.
Treatment with 500 mOsm/kg media for 24 hours decreased the ability of IL-1β to upregulate hBD-2
and IL-6 expression. Active or pro–IL-1β was not detected in any cell culture sample.

Conclusion—Our results suggest that the hyperosmolar environment observed in diseases such as
dry eye does not alter defensin expression. However, a hyperosmolar environment may influence
cytokine function in ocular surface cells and thus affect their response to injury and inflammation.
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Hyperosmolality at the ocular surface is a characteristic of diseases such as dry eye and diabetes
mellitus. The normal osmolality of the tear fluid is approximately 300 mOsm/kg,1 whereas the
suggested “gold standard” diagnostic of dry eye is 312 mOsm/kg or greater.2 It has been
proposed that tear fluid hyperosmolality occurs because of either normal tear evaporation
associated with reduced tear flow or excessive tear evaporation with a normal tear flow.3 The
hyperosmolar tear film is thought to affect ocular surface epithelial function and differentiation
in dry eye disease, with osmolalities as high as 417 mOsm/kg being reported.1,4,5 Also,
Aragona et al6 showed that type 1 diabetic patients had a significantly higher mean tear
osmolality (332.2 ± 18.3 mOsm/L), poor tear stability, altered tear function, and symptoms of
ocular irritation akin to patients with dry eye than normal patients. Hyperosmolality in diabetes
mellitus is probably attributable to increased levels of tear glucose seen in patients with both
types 1 and 2.7
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In human corneal epithelial cells (HCECs) in culture, chronic (up to 48 hours) hypertonic (350–
600 mOsm/kg) stress was found to decrease proliferation rates and reduced the regulatory
volume response (a mechanism by which cells recover their original volume in a hypertonic
environment) by altering Na-K-2Cl cotransporter expression.8 Rabbit corneal epithelial cells
exposed to a hyperosmolar media (330–407 mOsm/kg) showed decreased intercellular
connections, increased desquamation, and loss of microplicae.9 Furthermore, HCECs cultured
in high-osmolality media (412–512 mOsm/kg) secreted greater amounts of proinflammatory
cytokines such as interleukin (IL)-1β and tumor necrosis factor (TNF)-α.10 A recent study
showed that the hyperosmolality (350–500 mOsm/kg)-induced production of the matrix
metalloproteinases (MMP)-1, -3, and -9 was partially mediated by activation of stress-activated
protein kinase pathways (c-Jun N-terminal kinase pathway).11 These findings are consistent
with observations in other tissues that hyperosmolality can cause a variety of effects on cellular
function. For example, hyperosmolality reduces proliferation rates and induces apoptosis in
murine renal medullary cells,12 increases hepatocyte growth factor secretion in human
mesangial cells,13 increases platelet-derived growth factor secretion in human umbilical vein
endothelial cells,14 activates various serine/threonine kinases,15 and alters calcium
mobilization patterns in rat vascular smooth muscle cells.16

Recent studies have shown that the ocular surface epithelia produce antimicrobial peptides
called β-defensins.17,18 Human β-defensin-1 (hBD-1) and hBD-3 are constitutively expressed
by the corneal and conjunctival epithelia,18–20 whereas the expression of hBD-2 is inducible
by proinflammatory cytokines such as IL-1α, IL-1β, TNF-α, bacterial by-products such as
lipopolysaccharide and heat-killed Pseudomonas aeruginosa, and injury.19–22 We have also
observed that hBD-2 is expressed by conjunctival epithelial cells from patients with moderate
dry eye but not in cells from normal subjects.20 Because it has been reported that
proinflammatory cytokines are secreted in greater amounts by HCECs in hyperosmolar media,
10 we reasoned that a differential expression of β-defensins by HCECs may be observed when
the cells are in a hyperosmolar environment. Such a response may underlie our observation of
conjunctival hBD-2 expression in dry eye patients but not normal subjects. Altered β-defensin
expression associated with hyperosmolality may be important in conditions such as dry eye.
Although it is known that the antimicrobial activity of some defensins is compromised by high
salt concentrations,23 which is in keeping with the observation that the compromised ocular
surface of patients with dry eye caused by Sjogren syndrome is at risk for microbial infection.
24 However, in addition to their antimicrobial effects, defensins are known to modulate the
behavior of mammalian cells; thus, even if hyperosmolality-induced defensin expression
cannot contribute to antimicrobial protection, the defensins may have other effects on ocular
surface epithelial cells such as promoting migration and proliferation.25 Therefore, the goal
of this study was to investigate if differential expression of β-defensins by HCECs in culture
was observed under hyperosmolar growth conditions.

Materials and Methods
Cell Culture

Simian virus 40–transformed HCECs26 (SV40-HCECs) were a gift of Dr Araki Sasaki (Tane
Memorial Hospital, Kumamoto, Japan). SV40-HCECs were cultured with Ham's F12 and
Dulbecco minimal essential medium (1:1 vol/vol; supplemented hormone epithelial medium
[SHEM]) containing 0.5% vol/vol dimethylsulphoxide, 10% fetal bovine serum, and
gentamicin (30 μg/mL). Human corneas unsuitable for transplant were obtained from
Heartlands Eye Bank (Columbia, MO) within 3 to 5 days of death of the donor. Primary cultured
HCECs (P-HCECs) were derived from corneas of 5 donors (mean age, 66.1 ± 5.2 [SD] years)
by using a method described previously.19 P-HCECs were grown in EpiLife media with
Human Corneal Growth Supplement (Cascade Biologics, Portland, OR). All cells were
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maintained in a humidified atmosphere of 95% air/5% CO2 at 37°C. When confluent, cells
were passed using standard trypsin–EDTA methods. P-HCECs of passages 1 to 2 and SV40-
HCECs of passages 18, 19, 22, 26, and 31 were used in the experiments.

Hyperosmolality Experiments
On reaching approximately 80% confluency, HCECs were washed twice in phosphate-buffered
saline (PBS). Fresh serum-free SHEM (308 ± 1.0 [SD] mOsm/kg) or supplement-free EpiLife
(295.5 ± 2.1 mOsm/kg) media were added, and the cells were left to incubate overnight. On
the basis of a previous study,10 serum-free media with osmolalities ranging from 400 to 500
mOsm/kg were made by adding appropriate amounts of 1 mol/L NaCl. Osmolality of the media
was measured using a Vapro 5520 vapor pressure osmometer (Wescor, Logan, UT). The cells
were exposed to growth media of different osmolalities (400–500 mOsm/kg; n = 4) for 24
hours or to 500 mOsm/kg media for various times (12–48 hours; n = 4) of incubation. In each
experiment, media of normal osmolality containing IL-1β (10 ng/mL; 24-hour duration) was
added to some cells as a positive control to induce hBD-2 expression.19

To test the effect of osmolality on the ability of IL-1β to stimulate the expression of hBD-2,
SV40-HCECs and P-HCECs were incubated in media of normal osmolality or 400 to 500
mOsm/kg (n = 1–4 depending on osmolality) hyperosmolar media for 24 hours. At the end of
the incubation, cells were treated with 10 ng/mL IL-1β for 6 hours. The above experiment was
repeated with cells cultured in hyperosmolar media (500 mOsm/kg) made by the addition of
225 mmol/L mannitol. Because IL-6 induction is a marker of IL-1β function, expression of
IL-6 mRNA in SV40-HCECs (n = 2) and P-HCECs (n = 2) cultured in 500 mOsm/kg (NaCl)
media with or without IL-1β stimulation was studied. On completion of each experiment, cells
and culture supernatants were collected and stored at −80°C until they were processed for RNA
extraction (cells) or to detect active or pro–IL-1β protein secretion (cells and culture
supernatants). To test the effect of osmolality on the ability of IL-1β to stimulate hBD-2 protein
secretion, SV40-HCECs (n = 1) and P-HCECs (n = 2) were incubated in media of normal
osmolality or 500 mOsm/kg hyperosmolar media for 24 hours. At the end of the incubation,
cells were treated with 10 ng/mL IL-1β for 12 hours, and the culture supernatants were collected
to detect hBD-2 protein secretion by immunoblotting. A 12-hour treatment duration was chosen
based on earlier results20 that showed that IL-1β–induced hBD-2 protein secretion is detectable
only after this period.

Reverse Transcription–Polymerase Chain Reaction
Total RNA was extracted from the cell samples by using an RNeasy kit (Qiagen, Valencia,
CA). One-step reverse transcription–polymerase chain reaction (RT-PCR) was performed
using a Superscript 1 kit (Invitrogen, Carlsbad, CA) using 250 ng of total RNA and 25 pmol
of gene-specific primers to detect mRNA expression of the constitutively expressed GAPDH
gene and the hBD-1, -2, and -3 genes. The primer sequences used and expected product sizes
were as follows: GAPDH,21 forward 5′-GTGAAGGTCGGAGTCAACGGATTT-3′, reverse
5′-CACAGTCTTCTGGGTGGCAGTGAT-3′, 555 bp; hBD-1,18 forward 5′-
CCCAGTTCCTGAAATCCTGA-3′, reverse 5′-CAGGTGCCTTGAATTTTGGT-3′, 215 bp;
hBD-2,21 forward 5′-CCAGCCATCAGCCATGAGGGT-3′, reverse 5′-
GGAGCCCTTTCTGAATCCGCA-3′, 257 bp; hBD-3,27 forward 5′-
AGCCTAGCAGCTATGAGGATC-3′, reverse 5′-CTTCGGCAGCATTTTCGGCCA-3′, 206
bp; IL-6, forward 5′-CCTTCTCCACAAGCGCCTTC-3′, reverse 5′-
GGCAAGTCTCCTCATTGAATC-3′, 327 bp.

Reverse transcription was performed at 50°C for 1 hour to generate the cDNA, followed by 5
minutes at 94°C to denature the enzyme. PCR amplification was performed for 35 cycles of
denaturation at 94°C (50 seconds), annealing 60°C (1 minute), and primer extension at 72°C
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(1 minute). Initial RT-PCR experiments were performed (data not shown) to determine that 35
cycles of PCR amplification was still within the linear range of the reaction. Ethidium bromide–
stained 1.3% agarose gels were used to analyze the PCR products. An Alpha-imager (Alpha
Innotech, San Leandro, CA) gel documentation system was used to obtain digital images and
analyze them semiquantitatively. hBD-2 expression levels were normalized with GAPDH
expression and used in statistical analysis. A nonparametric 2-way analysis of variance by
ranks (Friedman test) was performed on some of the hBD-2 expression data to compare the
effect of various treatments on SV40-HCECs. Controls in which either the nucleic acid or
reverse transcriptase was omitted were also performed, in which case no product was obtained
(data not shown). PCR products were sequenced (Seqwright, Houston, TX) to confirm their
identities.

Immunoblotting
Immunoblotting was performed as described previously20 to detect hBD-2 protein secretion
in P-HCECs (n = 2) and SV40-HCECs (n = 1). Two hundred microliters of culture supernatant
was applied by gravity to a nitrocellulose membrane by using a dot-blot apparatus. Nonspecific
binding sites were blocked by incubating in Tris-buffered saline (TBS) containing 5% nonfat
powdered milk for 30 minutes at room temperature. The membrane was incubated overnight
with rabbit anti-human hBD-2 (donated by Dr T. Ganz, UCLA), diluted 1:2000 in TBS
containing 5% nonfat powdered milk, 5% goat serum, 0.05% Tween 20, and 0.02% sodium
azide. After incubation, the membrane was washed (3 × 10 minutes; TBS) and incubated for
1 hour at room temperature with a horseradish peroxidase–conjugated goat anti-rabbit antibody
(Jackson Laboratories, West Grove, PA), diluted 1:10,000 in TBS containing 5% nonfat
powdered milk. Immunoreactivity was visualized by enhanced chemiluminescence
(Amersham, Piscataway, NJ). The membrane was scanned using a desktop scanner to
document the results.

ELISA
Cell lysates (cell samples that were dissolved in 100 μL of PBS with 1% proteinase A and
sonicated; 0.5 μg total protein) and cell culture supernatants (dilutions tested, 1:40, 1:20, 1:10,
1:5, 1:2, and undiluted supernatant) were used in an enzyme-linked immunosorbent assay
(ELISA) to quantify the amount of active IL-1β produced by HCECs (n = 2, SV-40 HCECs;
n = 2, P-HCECs) cultured in normal or hyperosmolar (500 mOsm/kg; NaCl or mannitol) media
for 6 or 24 hours. Cell lysates (0.5 μg total protein) were also used in an ELISA to quantify
the amount of pro–IL-1β in SV40-HCECs (n = 1) and P-HCECs (n = 2) cultured in the same
conditions as for the active IL-1β ELISA. Culture supernatant or cell lysates from primary
cultured corneal fibroblasts treated with IL-1α (24-hour duration) were used as a positive
control for the active and pro–IL-1β assays, respectively. The assays were performed following
the manufacturer's instructions (R&D Systems, Minneapolis, MN).

Results
Effect of Hyperosmolar Media on hBD-1 and hBD-3 Expression by HCECs

As seen previously,19 hBD-1 and hBD-3 were constitutively expressed by both SV40-HCECs
(n = 4) and P-HCECs (n = 2). As shown in Figure 1, exposure to hyperosmolar media (500
mOsm/kg; NaCl) did not alter the baseline expression of hBD-1 and hBD-3 in SV40-HCECs
(n = 4) and P-HCECs (n = 2; data not shown).

Effect of Hyperosmolar Media on hBD-2 Expression by HCECs
hBD-2 was not expressed by SV40-HCECs but was weakly expressed by P-HCECs at baseline.
As shown in Figure 2A, a 24-hour exposure of SV40-HCECs (n = 4) to a range of hyperosmolar
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media (400–500 mOsm/kg) did not stimulate hBD-2 expression, whereas the addition of the
proinflammatory cytokine IL-1β as a positive control did induce hBD-2 in these cells.
Incubation of SV40-HCECs (n = 4) in 500 mOsm/kg media for various periods (12–48 hours;
Fig. 2B) did not induce hBD-2, whereas IL-1β (24-hour incubation) was able to induce this
defensin in these cells. These results were confirmed in P-HCECs (n = 2; data not shown).

Effect of Hyperosmolar Media on the Ability of IL-1β to Induce hBD-2 and IL-6 in HCECs
Exposure to 500 mOsm/kg hyperosmolar media (NaCl) decreased the ability of IL-1β to induce
hBD-2 in SV40-HCECs (n = 4; Fig. 3A, lanes N+I vs. H+I). However, exposure to
hyperosmolar media for 24 hours, followed by a brief exposure (6 hours) to normal-osmolality
media, restored the ability of IL-1β to induce hBD-2 in SV40-HCECs (Fig. 3A, lane H+N+I).
A Friedman test of the normalized hBD-2 expression data revealed the media-only treatment
(Fig. 3A, lane N) to have the lowest rank (1.00), followed by the 500 mOsm/kg + IL-1β
treatment (rank 2.25; Fig. 3A, lane H+I), the media + IL-1β treatment (rank 2.75; Fig. 3A, lane
N+I), and the 500 mOsm/kg + exposure to normal-osmolality media + IL-1β treatment (rank
4.00; Fig. 3A, lane H+N+I). This ranking was statistically significant (P = 0.01). IL-1β function
was affected in a similar manner in SV40-HCECs cultured in media of 400 or 450 mOsm/kg
(NaCl; data not shown), in P-HCECs cultured in 500 mOsm/kg hyperosmolar media (NaCl;
data not shown), and in SV40-HCECs cultured in 500 mOsm/kg media (mannitol; data not
shown). Also, immunoblotting revealed that exposure to 500 mOsm/kg hyperosmolar media
(NaCl) decreased the ability of IL-1β to induce hBD-2 protein secretion in P-HCECs (n = 2;
Fig. 3B, lanes N+I vs. H+I). However, exposure to hyperosmolar media for 24 hours, followed
by a brief exposure (6 hours) to normal-osmolality media, restored the ability of IL-1β to induce
hBD-2 protein secretion in P-HCECs (Fig. 3B, lane H+N+I). Furthermore (Fig. 3C, lanes N+I
vs. H+I), hyperosmolar media (NaCl) also decreased the ability of IL-1β to induce IL-6
expression in SV40-HCECs and P-HCECs.

IL-1β Protein Secretion by HCECs
Active IL-1β was not detected in culture supernatants and cell pellets of SV40-HCECs (n = 2)
and P-HCECs (n = 2) cultured in normal or hyperosmolar (500 mOsm/kg; NaCl or mannitol)
media for 6 or 24 hours. Pro–IL-1β was not detected in cell pellets of SV40-HCECs (n = 1)
and P-HCECs (n = 2) cultured in similar conditions as for the active IL-1β assay. However,
active (7.9 ng/mg of total protein) and pro–IL-1β (31 ng/mg of total protein) were detected in
primary cultured fibroblasts treated with IL-1α, which were the positive controls for the ELISA.

Discussion
The results of this study indicate that hyperosmolality per se does not affect the baseline
expression of β-defensins. Thus, at the ocular surface, hyperosmolality would not be expected
to modify the risk of microbial infections because of alteration in defensin expression.
However, a significant finding of our study was that hyperosmolality reduced the ability of the
proinflammatory cytokine IL-1β to upregulate hBD-2 and IL-6 mRNA expression and hBD-2
protein secretion by HCECs. Therefore, a hyperosmolar environment may affect the ocular
surface inflammatory response by modulating cytokine function and thereby may also attenuate
other roles played by defensins in cell migration and proliferation.

We expected to find an increased expression of hBD-2 in HCECs cultured in hyperosmolar
media from the evidence that a hyperosmolar environment increases proinflammatory cytokine
secretion by HCECs10,11 and that these cytokines can induce hBD-2 expression by HCECs.
19 However, as evident from the results, we did not observe an induction of hBD-2 in HCECs
after culture in hyperosmolar media. We attributed this finding to insufficient amounts of
IL-1β in the culture media. Therefore, we tested for the presence of active IL-1β in culture
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supernatants and cell pellets and pro–IL-1β in cell pellet samples obtained from SV40-HCECs
and P-HCECs cultured in hyperosmolar media. We were unable to detect active or pro–
IL-1β in any of the samples tested, which is in contradiction to Li et al,10 who showed that
hyperosmolar media increases proinflammatory cytokine secretion in P-HCECs. However, we
were able to detect the expression of active and pro–IL-1β in primary-cultured corneal
fibroblasts treated with IL-1α, which were the positive controls for the ELISA. The fact that
we did not detect a change in IL-1β levels is compatible with the lack of hBD-2 upregulation
observed in our study. We hypothesize that the lack of change in IL-1β levels could be attributed
to differences in composition of cell cultures, because Kim et al28 used the limbus as their
main source for cells and thus may have a mixed population of limbal and corneal epithelial
cells.

Our results regarding IL-1β–induced IL-6 expression are similar to a previous study that
showed that peritoneal dialysis fluids, which are often hyperosmolar, reduce the ability of
IL-1β to stimulate IL-6 secretion in human peritoneal mesothelial cells.29 An inhibition of
IL-1β activity was also shown in human endothelial cells cultured in hyperosmolar media.30
We speculate that hyperosmolar media could affect IL-1β function in 1 or more ways. For
instance, hyperosmolality could downregulate the expression of the IL-1 receptor-1 (IL-1R1)
or upregulate the IL-1 receptor antagonist, either of which would result in a decrease in the
ability of IL-1β to affect cellular gene expression. Hyperosmolality could also affect the
intracellular signaling pathways, destabilize IL-1β peptide, or prevent it from binding to
IL-1R1. A reduction in IL-1β function in hyperosmolar conditions has important implications
for the ocular surface. Because IL-1 is considered to be a major modulator of the ocular surface
wound healing and immune response,31 decreased function of this cytokine in patients with a
hyperosmolar tear film could affect these processes. This supposition is supported by the fact
that preexisting dry eye is a risk factor for severe ocular surface epithelial damage after
refractive corneal surgeries.32 It must be noted that a hyperosmolar environment could
conceivably affect the functions of other cytokines that are also involved in corneal wound
healing and immune response processes. Recent research33 suggests that an increased activity
of inflammatory cytokines such as IL-1β is responsible for the ocular surface epithelial damage
observed in patients with dry eye. Our results, however, imply that increased levels of IL-1 in
patients with dry eye, who show hyperosmolality at the ocular surface, may not necessarily
mean an increased activity of this cytokine at the ocular surface.

In summary, hyperosmolality does not alter baseline β-defensin expression by human corneal
epithelial cells but may affect the functional ability of proinflammatory cytokines to stimulate
the expression of other genes in the inflammatory cascade.
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Figure 1.
Hyperosmolar media does not alter hBD-1 and hBD-3 expression. SV40-HCECs (n = 4) were
cultured for 24 hours in serum-free normal osmolality media or 500 mOsm/kg (NaCl) media.
The figure shows RT-PCR products for GAPDH, hBD-1, and hBD-3 from 1 representative
experiment. Similar results were obtained with P-HCECs (n = 2; data not shown).
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Figure 2.
Hyperosmolar medium does not induce hBD-2 expression in HCECs. A, SV40-HCECs (n =
4) were cultured for 24 hours in serum-free normal osmolality media only (N) or with the
addition of IL-1β as a positive control (IL-1β) or serum-free hyperosmolar media. B, The cells
were exposed to 500 mOsm/kg (NaCl) media for various lengths of time or to IL-1β (positive
control) or normal media for 24 hours. The figure shows RT-PCR products for GAPDH and
hBD-2. Similar results were obtained when the experiment was repeated with P-HCECs (n =
2; data not shown). M, size marker.
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Figure 3.
The ability of IL-1β to stimulate hBD-2 and IL-6 expression in HCECs is reduced by 500
mOsm/kg hyperosmolar media. A, SV40-HCECs (n = 4) were cultured for 24 hours in serum-
free normal osmolality media (N) or 500 mOsm/kg (NaCl) hyperosmolar media (H). At the
end of the incubation, either (1) 10 ng/mL IL-1β was directly added to the culture media of
cells in the normal-osmolality media (N+I) and to those in hyperosmolar media (H+I) for 6
hours or (2) the hyperosmolar media was aspirated and substituted with normal-osmolality
media containing 10 ng/mL IL-1β for 6 hours (H+N+I). The figure shows representative RT-
PCR products for GAPDH and hBD-2 from 1 experiment. M, marker lane. Similar results were
obtained with P-HCECs (n = 2, data not shown). B, P-HCECs (n = 2) were cultured for 24
hours in extract-free normal-osmolality media (N) or 500 mOsm/kg (NaCl) hyperosmolar
media (H). Experimental conditions were similar to those described for panel A. The figure
shows changes in hBD-2 protein secretion by P-HCECs for the various conditions. Similar
results were obtained with SV40-HCECs (n = 1, data not shown). C, The experimental
conditions were similar to those in panel A. The figure shows RT-PCR products for GAPDH
and IL-6. The data are representative of 1 experiment repeated twice with SV40-HCECs.
Similar results were obtained with P-HCECs (n = 2, data not shown).
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