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PURPOSE. The corneal epithelium provides a barrier that is both
important for corneal homeostasis and dependent on tight
junctions (TJs) between adjacent epithelial cells. The authors
examined the effects of tumor necrosis factor-␣ (TNF-␣), a
proinflammatory cytokine, on barrier function and the expression of TJ proteins in simian virus 40 –transformed human
corneal epithelial (HCE) cells.
METHODS. The barrier function of cultured HCE cells was evaluated by measurement of transepithelial electrical resistance
(TER). The subcellular distribution of the TJ proteins zonula
occludens-1 (ZO-1) and occludin and that of the p65 subunit of
nuclear factor-B (NF-B) were determined by immunofluorescence staining. The expression of ZO-1 and occludin and the
phosphorylation and degradation of the NF-B inhibitory protein IB-␣ were examined by immunoblot analysis.
RESULTS. TNF-␣ induced a decrease in the TER of HCE cells in
a concentration- and time-dependent manner. It also induced
the disappearance of ZO-1 from the interfaces of neighboring
HCE cells without affecting the localization of occludin. The
abundance of neither ZO-1 nor occludin was affected by
TNF-␣. TNF-␣ induced the phosphorylation and downregulation of IB-␣ and the translocation of the p65 subunit of NF-B
to the nucleus. The NF-B inhibitor curcumin blocked the
effects of TNF-␣ on TER and the subcellular localization of ZO-1
at late phase.
CONCLUSIONS. TNF-␣ disrupted the barrier function of HCE cells,
apparently by affecting the localization of ZO-1 at TJs in a
manner dependent on NF-B at late phase. This action of TNF-␣
may contribute to the loss of corneal epithelial barrier function
associated with ocular inflammation. (Invest Ophthalmol Vis
Sci. 2008;49:565–571) DOI:10.1167/iovs.07-0419

T

he corneal epithelium is the most superficial component of
the cornea and serves as a barrier to prevent foreign
material in the external environment, such as dust, water, and
bacteria, from entering the eye.1– 4 Barrier function of the
corneal epithelium can be disrupted as a result of bacterial
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infection or inflammation, however, resulting in various pathologic conditions of the epithelium and in stromal edema,
infection, or melting.5–7 Barrier function is thus critical for
corneal homeostasis, including maintenance of corneal transparency. The epithelial barrier is formed by the apical plasma
membrane and intercellular tight junctions (TJs) of the epithelial cells,8,9 which provide a physical and a functional barrier.10
TJs consist of multiple transmembrane, scaffolding, and signaling proteins. Transmembrane proteins of TJs include occludin,
claudin, and junctional adhesion molecules (JAMs). In addition,
zonula occludens (ZO-1, ZO-2, and ZO-3) proteins interact with
the transmembrane proteins at the cytoplasmic face of the cell
membrane and serve to anchor them to the actin cytoskeleton.11–13 Occludin, claudin, and ZO-1 are expressed in superficial and subsuperficial cells of the corneal epithelium14 –16
and contribute to barrier function.7,17,18
Inflammatory response to insults such as infection and injury is mediated by tissue-resident cells and infiltrated cells,
both of which secrete various cytokines and growth factors
and interact with each other through autocrine and paracrine
systems. Tumor necrosis factor-␣ (TNF-␣) is a proinflammatory
cytokine19 and contributes to ocular inflammation.20 In particular, TNF-␣ is thought to play an important role in pathologic
conditions such as injury,21,22 allergy,23 infection,24 and dry
eye.25 TNF-␣ also induces the production of other cytokines
(including IL-6 and IL-8) and growth factors by corneal epithelial cells and stromal cells.10,26,27 Ocular inflammation has
additional effects on the structure and function of the corneal
epithelium in diseases of the ocular surface.28 –30
To provide insight into the mechanism by which inflammation can result in disruption of the barrier function of the
corneal epithelium, we investigated the effects of TNF-␣ on
such function in cultured corneal epithelial cells by measurement of transepithelial electrical resistance (TER) and distribution of ZO-1 and occludin. Given that nuclear factor-B (NF-B)
is a key mediator of TNF-␣ actions,31–33 we also examined
whether the NF-B signaling pathway might contribute to the
effects of this cytokine on corneal epithelial cells.

METHODS
Materials
Dulbecco modified Eagle medium–nutrient mixture F12 (DMEM-F12),
phosphate-buffered saline (PBS), fetal bovine serum (FBS), trypsinEDTA, and gentamicin were obtained from Invitrogen-Gibco (Carlsbad,
CA). Bovine serum albumin (BSA), bovine recombinant insulin, cholera
toxin, human recombinant epidermal growth factor, and protease
inhibitor cocktail were obtained from Sigma-Aldrich (St. Louis, MO).
Recombinant human TNF-␣ was from R&D Systems (Minneapolis,
MN), and curcumin was from Merck (Darmstadt, Germany). Six- or
24-well transwell plates and 24- or 96-well culture plates were obtained
from Corning (Corning, NY). Rabbit polyclonal antibodies to ZO-1
(0.25 mg/mL) or to occludin (0.25 mg/mL) were obtained from ZymedInvitrogen (Carlsbad, CA). Rabbit polyclonal antibodies to the p65
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to occludin, or to p65 (or with normal rabbit IgG) at a 1:100 dilution
in PBS containing 1% BSA. After washing with PBS, the cells were
incubated at room temperature for 1 hour with fluorescent dye (AlexaFluor 488; Invitrogen)–labeled secondary antibodies at a 1:1000 dilution in PBS containing 1% BSA and then for 10 minutes with counterstain (TOTO-3; Invitrogen) for staining of nuclei. They were examined
with a laser confocal microscope (LSM5; Carl Zeiss, Wexford, Germany).

Immunoblot Analysis

FIGURE 1. Establishment of barrier function by HCE cells. Cells were
plated in a transwell apparatus and maintained in complete medium for
6 days. TER was measured daily. Data are mean ⫾ SE from four
independent experiments.
subunit of NF-B (0.2 mg/mL), mouse monoclonal antibodies to IB-␣
(0.2 mg/mL) or to phosphorylated IB-␣ (0.2 mg/mL), and normal
rabbit immunoglobulin G (IgG) were from Santa Cruz Biotechnology
(Santa Cruz, CA). Mouse monoclonal antibodies to myosin light chain
(MLC; 0.2 mg/mL) and to ␤-actin (27 mg/mL) were obtained from
Sigma-Aldrich, and rabbit polyclonal antibodies to phosphorylated
MLC (0.1 mg/mL) were from Cell Signaling (Danvers, MA). Horseradish
peroxidase– conjugated goat antibodies to mouse or rabbit IgG and
detection reagents (ECL Plus) were from Amersham Biosciences GE
Healthcare (Little Chalfont, UK). Counterstain (TOTO-3) and fluorescent dye (AlexaFluor 488)–labeled goat antibodies to rabbit IgG were
from Invitrogen (Carlsbad, CA). A cytotoxicity assay kit (CytoTox96
Non-Radioactive Cytotoxicity Assay) was obtained from Promega (Madison, WI).

Cell Culture
Simian virus 40 –immortalized human corneal epithelial (HCE) cells
were obtained from RIKEN Biosource Center (Tokyo, Japan). The cells
were originally established and characterized by Araki-Sasaki et al.34
They were passaged in supplemented hormonal epithelial medium
(SHEM), which consists of DMEM-F12 supplemented with 15% heatinactivated FBS, bovine insulin (5 g/mL), cholera toxin (0.1 g/mL),
recombinant human epidermal growth factor (10 ng/mL), and gentamicin (40 g/mL). For experiments, HCE cells were plated at a density
of 1 ⫻ 105 or 5 ⫻ 105 cells per well in 24- or six-well transwell plates,
respectively, or at 1 ⫻ 104 or 5 ⫻104 cells per well in 96- or 24-well
culture plates, respectively. They were then cultured for 4 days in
SHEM and for 24 hours in unsupplemented DMEM-F12 before exposure to TNF-␣ or curcumin in the latter medium.

HCE cells were cultured in six-well transwell plates. They were lysed
in 300 L of a solution containing 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 5 mM NaF, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM Na3VO4, and 1% protease inhibitor cocktail.
Cell lysates were centrifuged at 15,000g for 10 minutes at 4°C, and the
resultant supernatants were subjected to SDS-PAGE on a 7.5% gel.
Separated proteins were transferred to a nitrocellulose membrane,
which was then incubated at 4°C first for 16 hours with blocking
solution (20 mM Tris-HCl [pH 7.4], 5% skim milk, 0.1% Tween 20) and
then for 16 hours with antibodies to ZO-1, to occludin, to IB-␣, to
phosphorylated IB-␣, to MLC, to phosphorylated MLC, or to actin at
a 1:1000 dilution in blocking solution. After they were washed with a
solution containing 20 mM Tris-HCl (pH 7.4) and 0.1% Tween 20, the
membrane was incubated for 1 hour at room temperature with horseradish peroxidase– conjugated secondary antibodies at a 1:1000 dilution in the same solution, washed again, incubated with detection
reagents (ECL Plus; Amersham Biosciences GE Healthcare) for 5 minutes, and exposed to film.

Cytotoxicity Assay
HCE cells were cultured in 96-well culture plates. Cytotoxicity of
TNF-␣ was evaluated by determination of lactate dehydrogenase (LDH)
activity released into the culture medium during 24 hours with the use
of a nonradioactive assay (CytoTox96; Promega). Absorbance at 490
nm was measured with a microplate reader. Data were compared with
the amount of LDH activity released from nontreated cells exposed to
lysis solution and with baseline LDH release from nontreated cells
exposed to culture medium only.

Statistical Analysis
Quantitative data are presented as mean ⫾ SE. Differences were analyzed by Dunnett multiple comparison test. P ⬍0.05 was considered
statistically significant.

Measurement of TER
HCE cells were cultured in 24-well transwell plates on filters with a
pore size of 0.4 m. Resistance was measured with the use of an EVOM
volt-ohm meter (World Precision Instruments, Sarasota, FL), and TER
(⍀/cm2) was calculated by multiplying the measured resistance by the
area of the transwell filter. Background resistance caused by the filter
alone was subtracted from the experimental values.

Immunofluorescence Analysis
HCE cells were cultured in 24-well culture plates. For ZO-1 or occludin
staining, the cells were fixed with 100% methanol for 20 minutes at
room temperature. For staining of the p65 subunit of NF-B, the cells
were fixed with 4% paraformaldehyde in PBS, washed with PBS, and
permeabilized with 100% methanol for 5 minutes at ⫺20°C. All cells
were then washed with PBS and incubated at room temperature for 1
hour with 1% BSA in PBS and then for 1 hour with antibodies to ZO-1,
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FIGURE 2. Concentration- and time-dependent effect of TNF-␣ on the
barrier function of HCE cells. Cells were cultured in transwell plates
and incubated with the indicated concentrations of TNF-␣ for 0, 6, or
24 hours, after which TER was determined. Data are mean ⫾ SE from
four independent experiments. *P ⬍ 0.05 versus value for cells incubated without TNF-␣.
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FIGURE 3. Time course of the effect of TNF-␣ on the barrier function
of HCE cells. Cells were cultured in transwell plates and incubated for
the indicated times in the absence or presence of TNF-␣ (10 ng/mL),
after which TER was determined. Data are mean ⫾ SE from four
independent experiments. *P ⬍ 0.05 versus corresponding value for
cells incubated without TNF-␣.

RESULTS
To evaluate the barrier function of HCE cells, we measured the
TER of transwell cultures. TER increased in a time-dependent
manner during culture for 4 days and then reached a plateau
that was maintained for at least 2 days (Fig. 1), indicating that
barrier function was established at this time. Exposure of HCE
cells that had established barrier function to TNF-␣ (0 –30
ng/mL) for 24 hours resulted in a concentration-dependent
decrease in TER; this effect was significant at TNF-␣ concentrations of ⱖ0.3 ng/mL and was maximal at 30 ng/mL (Fig. 2).
The effect of TNF-␣ at concentrations of ⱖ0.3 ng/mL was also
time dependent (Fig. 2), with that of TNF-␣ at 10 ng/mL
significant between 2 and 24 hours and maximal at 12 to 24
hours after exposure of HCE cells to this cytokine (Fig. 3).
To examine the possible role of the NF-B signaling pathway in the effect of TNF-␣ on TER in HCE cells, we first
investigated whether TNF-␣ induces the phosphorylation and
degradation of the NF-B–inhibitory protein IB-␣. Immunoblot analysis revealed that incubation of HCE cells with TNF-␣
(1 ng/mL) for 30 minutes resulted in the appearance of a
phosphorylated form of IB-␣ and a decrease in the overall
FIGURE 4. Activation of the NF-B
signaling pathway by TNF-␣ in HCE
cells. (A) Cells were incubated for 1
hour in the absence or presence of
curcumin (10 M) and then for 30
minutes in the additional absence or
presence of TNF-␣ (1 ng/mL). Cell
lysates were then subjected to immunoblot analysis with antibodies to
IB-␣, to phosphorylated IB-␣, or to
actin (loading control). (B) Cells
were incubated for 1 hour in the absence or presence of curcumin (10
M) and then for 30 minutes in the
additional absence or presence of
TNF-␣ (1 ng/mL). The cells were
then fixed and subjected to immunofluorescence analysis with antibodies
to the p65 subunit of NF-B (green).
Nuclei were detected by staining
with TOTO-3 (blue). As a control,
untreated cells were stained with
normal rabbit IgG in place of antip65. Scale bar, 10 m. Data in (A)
and (B) are representative of three
independent experiments.
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FIGURE 5. Inhibition by curcumin of the TNF-␣–induced decrease in
TER of HCE cells. Cells were incubated for 60 minutes with curcumin
(0, 5, or 10 M) and then for 2 or 24 hours in the additional absence
or presence of TNF-␣ (1 ng/mL), after which TER was determined.
Data are mean ⫾ SE from four independent experiments. *P ⬍ 0.05.

abundance of this protein (Fig. 4A). Furthermore, treatment of
the cells with the NF-B inhibitor curcumin (10 M) for 1 hour
before exposure to TNF-␣ prevented these effects of this cytokine. We also examined whether TNF-␣ might affect the subcellular localization of the p65 subunit of NF-B. Immunofluorescence microscopy revealed that p65 was largely restricted
to the cytoplasm of HCE cells incubated in the absence of
TNF-␣ (Fig. 4B). However, exposure of the cells to TNF-␣ (1
ng/mL) for 30 minutes induced the translocation of p65 from
the cytoplasm to the nucleus. Again, this effect of TNF-␣ was
prevented by curcumin (10 M). These results thus showed
that TNF-␣ activates the NF-B signaling pathway in HCE cells.
To determine whether NF-B activation is required for the
TNF-␣–induced decrease in the barrier function of HCE cells,
we treated the cells with various concentrations of curcumin
for 1 hour before exposure to TNF-␣ (1 ng/mL) for 2 or 24
hours. Curcumin inhibited in a concentration-dependent manner the effect of TNF-␣ on TER that was apparent at 24 hours,
but it did not significantly change the effect apparent at 2 hours
(Fig. 5). These results thus indicated that NF-B activation is
required for the TNF-␣–induced increase in permeability of the
cell monolayer apparent at 24 hours.
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FIGURE 6. Effect of TNF-␣ on the
distribution of ZO-1 and occludin in
HCE cells. Cells were incubated in
the absence or presence of curcumin
(10 M) for 1 hour and then in the
additional absence or presence of
TNF-␣ (1 ng/mL) for 24 hours. The
cells were then fixed and subjected
to immunofluorescence analysis with
antibodies to ZO-1 or to occludin
(green). Nuclei were stained with
TOTO-3 (blue). As a control, untreated cells were stained with normal rabbit IgG in place of specific
primary antibodies. Scale bar, 10 m.
Data are representative of three independent experiments.

To investigate the effect of TNF-␣ on TJ structure in HCE
cells, we examined the distribution of the TJ proteins ZO-1 and
occludin by immunofluorescence microscopy. ZO-1 and occludin were localized at the interfaces of adjacent HCE cells in the
absence of TNF-␣ (Fig. 6). However, exposure of the cells to
TNF-␣ (1 ng/mL) for 24 hours resulted in a loss of ZO-1
immunoreactivity from the cellular borders, and this effect was
blocked by curcumin (10 M). In contrast, the distribution of
occludin at the cell surface was not affected by TNF-␣ in the
absence or presence of curcumin. We investigated the time
course of the effect of TNF-␣ on ZO-1 distribution. Exposure of
the cells to TNF-␣ (1 ng/mL) for 2 or 4 hours did not affect the
localization of ZO-1 at the cell surface, whereas exposure to
the cytokine for 12 or 24 hours induced a loss of ZO-1 immunoreactivity from the cellular borders in a manner sensitive to
curcumin (Fig. 7). We also examined the expression of ZO-1
and occludin in HCE cells by immunoblot analysis. Exposure of
the cells to TNF-␣ (1 ng/mL) for 24 hours had no effect on the
abundance of either TJ protein (Fig. 8).
We next investigated the effect of TNF-␣ on MLC phosphorylation (Fig. 9). Immunoblot analysis revealed that incubation
of HCE cells with TNF-␣ (1 ng/mL) for 24 hours resulted in the
appearance of the phosphorylated form of MLC and that this
MLC phosphorylation was inhibited by curcumin (10 M). The
overall abundance of MLC was not affected by TNF-␣ in the
absence or presence of curcumin.

Finally, we investigated whether TNF-␣ or curcumin might
exert a cytotoxic effect in HCE cells by measuring the release
of LDH. Treatment of the cells for 24 hours with TNF-␣ (1 or 10
ng/mL) or curcumin (5 or 10 M) did not significantly increase
the release of this cytosolic enzyme (Fig. 10).

DISCUSSION
We have shown that TNF-␣, a proinflammatory cytokine, reduced the barrier function of HCE cells, as revealed by the
measurement of TER. Moreover, immunofluorescence analysis
revealed that TNF-␣ induced the disappearance of the TJ protein ZO-1 from the interfaces of adjacent HCE cells. Immunoblot analysis showed that this effect was not accompanied by
the downregulation of ZO-1 expression. Neither the distribution nor the expression of occludin was affected by TNF-␣. We
also found that TNF-␣ activated the NF-B signaling pathway in
HCE cells and that the NF-B inhibitor curcumin blocked the
effects of TNF-␣ on both TER and the localization of ZO-1.
Neither TNF-␣ nor curcumin had a cytotoxic effect on HCE
cells. Our results thus suggest that TNF-␣ disrupts the barrier
function of HCE cells by inducing the loss of ZO-1 from cell
borders in a manner dependent on the NF-B signaling pathway.
Although we found that TNF-␣ activated the NF-B signaling
pathway and reduced barrier function in HCE cells, the NF-B

FIGURE 7. Time course of the effect
of TNF-␣ on the distribution of ZO-1 in
HCE cells. Cells were incubated in the
absence or presence of curcumin (10
M) for 1 hour and then in the additional presence of TNF-␣ (1 ng/mL) for
0, 2, 4, 12, or 24 hours. The cells were
then fixed and subjected to immunofluorescence analysis with antibodies
to ZO-1 (green). Nuclei were stained
with TOTO-3 (blue). Scale bar, 10 m.
Data are representative of three independent experiments.
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FIGURE 8. Lack of effect of TNF-␣ on the expression of ZO-1 and
occludin in HCE cells. Cells were incubated for 0 or 24 hours in the
absence or presence of TNF-␣ (1 ng/mL), after which cell lysates were
subjected to immunoblot analysis with antibodies to ZO-1, to occludin,
or to actin (loading control). Data are representative of three independent experiments.

inhibitor curcumin blocked the effect of TNF-␣ on TER apparent at 24 hours but not that apparent at 2 hours. We also
showed that TNF-␣ did not affect the distribution of ZO-1 at the
cell surface at 2 or 4 hours, with the TNF-␣–induced loss of
ZO-1 immunoreactivity from the cellular borders apparent at
12 to 24 hours blocked by curcumin. TNF-␣ has been shown to
activate several additional signaling pathways, including those
mediated by various isoforms of mitogen-activated protein kinase (ERK, p38, or JNK) or by JAK-STAT, in other cell
types.35–37 Our results suggest that the initial phase of the
TNF-␣–induced change in TER in HCE cells is not directly
related to the dissociation of ZO-1 from TJs or to the NF-B
signaling pathway.
TNF-␣ has been detected in the corneas of patients or
model animals with keratitis.10,38 Moreover, the amount of
TNF-␣ in tear fluid was found to be markedly increased in
humans with ocular allergy or keratitis.39,40 We have previously shown that TNF-␣ downregulates intercellular communication mediated by gap junctions in human corneal fibroblasts.41 These observations thus suggest that TNF-␣ is an
important contributor to inflammation in the cornea. We have
now shown that TNF-␣ disrupts the barrier function of cultured HCE cells. TNF-␣ has also been shown to disrupt barrier
function in other types of epithelial cell, including retinal
pigment epithelial cells, intestinal epithelial cells, and airway
epithelial cells.42– 44

FIGURE 9. Effect of TNF-␣ on the phosphorylation of MLC in HCE
cells. Cells were incubated in the absence or presence of curcumin (10
M) for 1 hour and then in the additional absence or presence of
TNF-␣ (1 ng/mL) for 24 hours, after which cell lysates were subjected
to immunoblot analysis with antibodies to phosphorylated MLC, to
total MLC, or to actin (loading control). Data are representative of three
independent experiments.
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FIGURE 10. Lack of a cytotoxic effect of TNF-␣ or curcumin on HCE
cells. Cells were incubated in the absence or presence of TNF-␣ (1 or
10 ng/mL) or curcumin (5 or 10 M) for 24 hours, after which culture
supernatants were assayed for LDH with a colorimetric assay and
measurement of absorbance at 490 nm. The amount of LDH released
from cells by cell lysis solution was determined as a positive control.
Data are mean ⫾ SE from four independent experiments.

TNF-␣ was found to induce the disappearance of ZO-1 from
the interfaces of neighboring HCE cells. The distribution of
ZO-1 at apical cell-cell junctions is thought to reflect the formation of a tight barrier in corneal epithelial cells.15,45 Indeed,
the translocation of ZO-1 to the apical surface is an important
step in barrier formation.9,46 These observations suggest that
the redistribution of ZO-1 induced by TNF-␣ in HCE cells
contributes to the disruption of barrier function induced by
this cytokine. The loss of ZO-1 from the borders of HCE cells
revealed by immunofluorescence analysis was not accompanied by a decrease in the total amount of ZO-1 revealed by
immunoblot analysis. The lack of a correlation between the
total cellular expression of TJ-associated proteins and their
junctional localization has been demonstrated.47– 49 In contrast, TNF-␣ was shown to downregulate transcription of the
occludin gene.50 Our findings suggest that TNF-␣ may affect
the structure and function of TJs in HCE cells by modulating
the junctional localization of ZO-1 rather than its expression.
TNF-␣ regulates the proteolysis of various proteins.51,52 It
upregulates the expression of metalloproteinase 9 (MMP9) and
MMP13 in certain cell types, including corneal epithelial
cells.53–55 An increase in MMP9 activity at the ocular surface in
response to dryness has been shown to induce disruption of
corneal epithelial barrier function as a result of the loss of TJs
from superficial corneal epithelial cells.56 Dry eye is associated
with an increase in the concentration of TNF-␣ in tear fluid.25
MMP9 knockout mice were shown to be resistant to the disruption of corneal epithelial barrier function associated with
experimental dry eye.56 TNF-␣ also regulates the ubiquitin
system, which targets proteins for degradation, in a manner
dependent on NF-B activity.57,58 We have now shown that the
activation of NF-B was required for the disruption of barrier
function in HCE cells and the associated redistribution of ZO-1
induced by TNF-␣. Activation of the ubiquitin system alters the
distribution of ZO-1, resulting in loss of the integrity of TJs, in
kidney epithelial cells.59 Even though an overall decrease in
ZO-1 abundance was not detected by immunoblot analysis, it is
thus possible that the activation of MMPs or the ubiquitin
system by TNF-␣ contributes to the disruption of the TJ structure by the proteolysis of ZO-1 at the borders of HCE cells.
TJ proteins are structurally and functionally associated with
perijunctional actin filaments that regulate barrier function.60,61 Moreover, MLC phosphorylation induces the reorganization of perijunctional actin and disrupts TJs.62,63 TNF-␣
induces MLC kinase expression and MLC phosphorylation and
thereby increases TJ permeability in intestinal epithelial
cells.62,64,65 We also found that TNF-␣ induced MLC phosphor-
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ylation in HCE cells, suggesting that remodeling of perijunctional actin associated with this effect may contribute to the
barrier disruption elicited by TNF-␣ in these cells.
TNF-␣ did not exert a cytotoxic effect in HCE cells, as
revealed by the measurement of LDH release. The barrier
disruption induced by TNF-␣ in intestinal epithelial cells was
also found not to correlate with apoptosis.66 In contrast, TNF-␣
induces apoptosis in other epithelial cell types, and this effect
contributes to barrier disruption.67,68 Although our results suggest that the barrier disruption induced by TNF-␣ in HCE cells
is not attributable to cell damage or cell death, we are unable
to exclude completely a contribution of apoptosis to this effect. We also found that, under our experimental conditions,
TER reached a relatively stable plateau of 214 ⫾ 3.2 ⍀/cm2
after culture of HCE cells for 4 days. Steady state TER values for
intestinal or kidney epithelial cells have previously been determined as 327 ⫾ 9 and 121 ⫾ 4 ⍀/cm2, respectively,66,69 similar
to the value for HCE cells.
Ocular inflammation is associated with the production of
various cytokines and growth factors and the disruption of TJs
in the corneal epithelium, resulting in an increase in paracellular permeability. Disruption of corneal epithelial barrier function by TNF-␣ may thus play an important role in corneal
epithelial disorders associated with ocular inflammation. Maintenance of corneal epithelial TJs is thus a potential goal in the
development of new drug therapies for corneal epithelial disorders.

Acknowledgments
The authors thank Makoto Asashima and Satoshi Ebina of the ICORP
Organ Regeneration Project, Japan Science and Technology Agency,
for discussion of the manuscript and Yasumiko Akamatsu and the staff
of the Yamaguchi University Center for Gene Research for technical
assistance.

References
1. Prausnitz MR, Noonan JS. Permeability of cornea, sclera, and
conjunctiva: a literature analysis for drug delivery to the eye.
J Pharm Sci. 1998;87:1479 –1488.
2. Murphy CR. Junctional barrier complexes undergo major alterations during the plasma membrane transformation of uterine
epithelial cells. Hum Reprod. 2000;15(suppl 3):182–188.
3. Kinoshita S, Adachi W, Sotozono C, et al. Characteristics of the
human ocular surface epithelium. Prog Retinal Eye Res. 2001;20:
639 – 673.
4. Kalinin AE, Kajava AV, Steinert PM. Epithelial barrier function:
assembly and structural features of the cornified cell envelope.
Bioessays. 2002;24:789 – 800.
5. Schoessler JP, Hill RM. Mechanisms of superficial epithelial edema.
Am J Optom Arch Am Acad Optom. 1969;46:269 –274.
6. Srinivasan BD. Corneal reepithelialization and anti-inflammatory
agents. Trans Am Ophthalmol Soc. 1982;80:758 – 822.
7. Yi X, Wang Y, Yu FS. Corneal epithelial tight junctions and their
response to lipopolysaccharide challenge. Invest Ophthalmol Vis
Sci. 2000;41:4093– 4100.
8. Ebnet K, Suzuki A, Ohno S, Vestweber D. Junctional adhesion
molecules (JAMs): more molecules with dual functions? J Cell Sci.
2004;117:19 –29.
9. Harhaj NS, Antonetti DA. Regulation of tight junctions and loss of
barrier function in pathophysiology. Int J Biochem Cell Biol.
2004;36:1206 –1237.
10. Prada J, Noelle B, Baatz H, Hartmann C, Pleyer U. Tumour necrosis
factor alpha and interleukin 6 gene expression in keratocytes from
patients with rheumatoid corneal ulcerations. Br J Ophthalmol.
2003;87:548 –550.
11. Stevenson BR, Anderson JM, Bullivant S. The epithelial tight
junction: structure, function and preliminary biochemical characterization. Mol Cell Biochem. 1988;83:129 –145.

Downloaded from tvst.arvojournals.org on 08/19/2022

IOVS, February 2008, Vol. 49, No. 2
12. Anderson JM, Van Itallie CM. Tight junctions and the molecular
basis for regulation of paracellular permeability. Am J Physiol.
1995;269:G467–G475.
13. Lee DB, Huang E, Ward HJ. Tight junction biology and kidney
dysfunction. Am J Physiol. 2006;290:F20 –F34.
14. Suzuki K, Tanaka T, Enoki M, Nishida T. Coordinated reassembly of
the basement membrane and junctional proteins during corneal
epithelial wound healing. Invest Ophthalmol Vis Sci. 2000;41:
2495–2500.
15. Ban Y, Dota A, Cooper LJ, et al. Tight junction-related protein
expression and distribution in human corneal epithelium. Exp Eye
Res. 2003;76:663– 669.
16. Sosnova-Netukova M, Kuchynka P, Forrester JV. The suprabasal
layer of corneal epithelial cells represents the major barrier site to
the passive movement of small molecules and trafficking leukocytes. Br J Ophthalmol. 2007;91:372–378.
17. Sugrue SP, Zieske JD. ZO1 in corneal epithelium: association to the
zonula occludens and adherens junctions. Exp Eye Res. 1997;64:
11–20.
18. Langbein L, Grund C, Kuhn C, et al. Tight junctions and compositionally related junctional structures in mammalian stratified epithelia and cell cultures derived therefrom. Eur J Cell Biol. 2002;
81:419 – 435.
19. Cordingley FT, Bianchi A, Hoffbrand AV, et al. Tumour necrosis
factor as an autocrine tumour growth factor for chronic B-cell
malignancies. Lancet. 1988;i:969 –971.
20. Rosenbaum JT, Howes EL Jr, Rubin RM, Samples JR. Ocular inflammatory effects of intravitreally-injected tumor necrosis factor. Am J
Pathol. 1988;133:47–53.
21. Planck SR, Rich LF, Ansel JC, Huang XN, Rosenbaum JT. Trauma
and alkali burns induce distinct patterns of cytokine gene expression in the rat cornea. Ocul Immunol Inflamm. 1997;5:95–100.
22. Hong JW, Liu JJ, Lee JS, et al. Proinflammatory chemokine induction in keratocytes and inflammatory cell infiltration into the cornea. Invest Ophthalmol Vis Sci. 2001;42:2795–2803.
23. Kumagai N, Fukuda K, Fujitsu Y, Nishida T. Expression of functional ICAM-1 on cultured human keratocytes induced by tumor
necrosis factor-␣. Jpn J Ophthalmol. 2003;47:134 –141.
24. Keadle TL, Usui N, Laycock KA, Miller JK, Pepose JS, Stuart PM.
IL-1 and TNF-␣ are important factors in the pathogenesis of murine
recurrent herpetic stromal keratitis. Invest Ophthalmol Vis Sci.
2000;41:96 –102.
25. Luo L, Li DQ, Doshi A, Farley W, Corrales RM, Pflugfelder SC.
Experimental dry eye stimulates production of inflammatory cytokines and MMP-9 and activates MAPK signaling pathways on the
ocular surface. Invest Ophthalmol Vis Sci. 2004;45:4293– 4301.
26. Kumagai N, Fukuda K, Nishida T. Synergistic effect of TNF-␣ and
IL-4 on the expression of thymus- and activation-regulated chemokine in human corneal fibroblasts. Biochem Biophys Res Commun. 2000;279:1–5.
27. Ruan X, Chodosh J, Callegan MC, et al. Corneal expression of the
inflammatory mediator CAP37. Invest Ophthalmol Vis Sci. 2002;
43:1414 –1421.
28. Cameron JA. Shield ulcers and plaques of the cornea in vernal
keratoconjunctivitis. Ophthalmology. 1995;102:985–993.
29. Holland EJ, Schwartz GS. Classification of herpes simplex virus
keratitis. Cornea. 1999;18:144 –154.
30. Stern ME, Pflugfelder SC. Inflammation in dry eye. Ocul Surface.
2004;2:124 –130.
31. Shishodia S, Aggarwal BB. Nuclear factor-B activation: a question
of life or death. J Biochem Mol Biol. 2002;35:28 – 40.
32. Kwan Tat S, Padrines M, Theoleyre S, Heymann D, Fortun Y. IL-6,
RANKL, TNF-␣/IL-1: interrelations in bone resorption pathophysiology. Cytokine Growth Factor Rev. 2004;15:49 – 60.
33. Liu ZG. Molecular mechanism of TNF signaling and beyond. Cell
Res. 2005;15:24 –27.
34. Araki-Sasaki K, Ohashi Y, Sasabe T, et al. An SV40-immortalized
human corneal epithelial cell line and its characterization. Invest
Ophthalmol Vis Sci. 1995;36:614 – 621.
35. Guo D, Dunbar JD, Yang CH, Pfeffer LM, Donner DB. Induction of
Jak/STAT signaling by activation of the type 1 TNF receptor.
J Immunol. 1998;160:2742–2750.

IOVS, February 2008, Vol. 49, No. 2
36. Chen C, Chou C, Sun Y, Huang W. Tumor necrosis factor ␣-induced activation of downstream NF-B site of the promoter mediates epithelial ICAM-1 expression and monocyte adhesion: involvement of PKC␣, tyrosine kinase, and IKK2, but not MAPKs,
pathway. Cell Signal. 2001;13:543–553.
37. Miscia S, Marchisio M, Grilli A, et al. Tumor necrosis factor alpha
(TNF-␣) activates Jak1/Stat3-Stat5B signaling through TNFR-1 in
human B cells. Cell Growth Differ. 2002;13:13–18.
38. Cole N, Bao S, Willcox M, Husband AJ. TNF-␣ production in the
cornea in response to Pseudomonas aeruginosa challenge. Immunol Cell Biol. 1999;77:164 –166.
39. Leonardi A, Brun P, Tavolato M, Plebani M, Abatangelo G, Secchi
AG. Tumor necrosis factor-␣ (TNF-␣) in seasonal allergic conjunctivitis and vernal keratoconjunctivitis. Eur J Ophthalmol. 2003;13:
606 – 610.
40. Tarasova LN, Shaimova VA, Simbirtsev AS. [Proinflammatory cytokines in the development of bacterial keratitis]. Vestnik Oftalmologii. 2004;120:16 –18.
41. Hao JL, Suzuki K, Lu Y, et al. Inhibition of gap junction-mediated
intercellular communication by TNF-␣ in cultured human corneal
fibroblasts. Invest Ophthalmol Vis Sci. 2005;46:1195–1200.
42. Zech JC, Pouvreau I, Cotinet A, Goureau O, Le Varlet B, de Kozak
Y. Effect of cytokines and nitric oxide on tight junctions in cultured rat retinal pigment epithelium. Invest Ophthalmol Vis Sci.
1998;39:1600 –1608.
43. Coyne CB, Vanhook MK, Gambling TM, Carson JL, Boucher RC,
Johnson LG. Regulation of airway tight junctions by proinflammatory cytokines. Mol Biol Cell. 2002;13:3218 –3234.
44. Ma TY, Iwamoto GK, Hoa NT, et al. TNF-␣-induced increase in
intestinal epithelial tight junction permeability requires NF-B activation. Am J Physiol Gastrointest Liver Physiol. 2004;286:G367–
G376.
45. Nguyen MM, Rivera C, Griep AE. Localization of PDZ domain
containing proteins Discs Large-1 and Scribble in the mouse eye.
Mol Vis. 2005;11:1183–1199.
46. Wolburg H, Lippoldt A. Tight junctions of the blood-brain barrier:
development, composition and regulation. Vascul Pharmacol.
2002;38:323–337.
47. Buse P, Woo PL, Alexander DB, Reza A, Firestone GL. Glucocorticoid-induced functional polarity of growth factor responsiveness
regulates tight junction dynamics in transformed mammary epithelial tumor cells. J Biol Chem. 1995;270:28223–28227.
48. Bruewer M, Luegering A, Kucharzik T, et al. Proinflammatory
cytokines disrupt epithelial barrier function by apoptosis-independent mechanisms. J Immunol. 2003;171:6164 – 6172.
49. Peixoto EB, Collares-Buzato CB. Protamine-induced epithelial barrier disruption involves rearrangement of cytoskeleton and decreased tight junction-associated protein expression in cultured
MDCK strains. Cell Struct Funct. 2005;29:165–178.
50. Mankertz J, Tavalali S, Schmitz H, et al. Expression from the human
occludin promoter is affected by tumor necrosis factor ␣ and
interferon ␥. J Cell Sci. 2000;113:2085–2090.
51. Fiers W, Beyaert R, Boone E, et al. TNF-induced intracellular
signaling leading to gene induction or to cytotoxicity by necrosis
or by apoptosis. J Inflamm. 1995;47:67–75.
52. Hu X. Proteolytic signaling by TNF␣: caspase activation and IB
degradation. Cytokine. 2003;21:286 –294.

Downloaded from tvst.arvojournals.org on 08/19/2022

Delayed Disruption of Barrier Function in HCE Cells

571

53. Ikebe T, Takeuchi H, Jimi E, Beppu M, Shinohara M, Shirasuna K.
Involvement of proteasomes in migration and matrix metalloproteinase-9 production of oral squamous cell carcinoma. Int J Cancer. 1998;77:578 –585.
54. Janowska-Wieczorek A, Marquez LA, Nabholtz JM, et al. Growth
factors and cytokines upregulate gelatinase expression in bone
marrow CD34⫹ cells and their transmigration through reconstituted basement membrane. Blood. 1999;93:3379 –3390.
55. Li DQ, Lokeshwar BL, Solomon A, Monroy D, Ji Z, Pflugfelder SC.
Regulation of MMP-9 production by human corneal epithelial cells.
Exp Eye Res. 2001;73:449 – 459.
56. Pflugfelder SC, Farley W, Luo L, et al. Matrix metalloproteinase-9
knockout confers resistance to corneal epithelial barrier disruption in experimental dry eye. Am J Pathol. 2005;166:61–71.
57. Chen ZJ. Ubiquitin signalling in the NF-B pathway. Nat Cell Biol.
2005;7:758 –765.
58. Tzimas C, Michailidou G, Arsenakis M, Kieff E, Mosialos G,
Hatzivassiliou EG. Human ubiquitin specific protease 31 is a deubiquitinating enzyme implicated in activation of nuclear factor-B.
Cell Signal. 2006;18:83–92.
59. Nakagawa S, Huibregtse JM. Human scribble (Vartul) is targeted
for ubiquitin-mediated degradation by the high-risk papillomavirus
E6 proteins and the E6AP ubiquitin-protein ligase. Mol Cell Biol.
2000;20:8244 – 8253.
60. Wittchen ES, Haskins J, Stevenson BR. Protein interactions at the
tight junction: actin has multiple binding partners, and ZO-1 forms
independent complexes with ZO-2 and ZO-3. J Biol Chem. 1999;
274:35179 –35185.
61. Turner JR. ‘Putting the squeeze’ on the tight junction: understanding cytoskeletal regulation. Semin Cell Dev Biol. 2000;11:301–
308.
62. Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT, Turner
JR. Interferon-␥ and tumor necrosis factor-␣ synergize to induce
intestinal epithelial barrier dysfunction by up-regulating myosin
light chain kinase expression. Am J Pathol. 2005;166:409 – 419.
63. Schwarz BT, Wang F, Shen L, et al. LIGHT signals directly to
intestinal epithelia to cause barrier dysfunction via cytoskeletal
and endocytic mechanisms. Gastroenterology. 2007;132:2383–
2394.
64. Ma TY, Boivin MA, Ye D, Pedram A, Said HM. Mechanism of TNF-␣
modulation of Caco-2 intestinal epithelial tight junction barrier:
role of myosin light-chain kinase protein expression. Am J Physiol
Gastrointest Liver Physiol. 2005;288:G422–G430.
65. Ye D, Ma I, Ma TY. Molecular mechanism of tumor necrosis
factor-␣ modulation of intestinal epithelial tight junction barrier.
Am J Physiol Gastrointest Liver Physiol. 2006;290:G496 –G504.
66. Marano CW, Lewis SA, Garulacan LA, Soler AP, Mullin JM. Tumor
necrosis factor-␣ increases sodium and chloride conductance
across the tight junction of CACO-2 BBE, a human intestinal epithelial cell line. J Membr Biol. 1998;161:263–274.
67. Gitter AH, Bendfeldt K, Schulzke JD, Fromm M. Leaks in the
epithelial barrier caused by spontaneous and TNF-␣-induced single-cell apoptosis. FASEB J. 2000;14:1749 –1753.
68. Tesfaigzi Y. Roles of apoptosis in airway epithelia. Am J Respir Cell
Mol Biol. 2006;34:537–547.
69. Clarke H, Soler AP, Mullin JM. Protein kinase C activation leads to
dephosphorylation of occludin and tight junction permeability
increase in LLC-PK1 epithelial cell sheets. J Cell Sci. 2000;113:
3187–3196.

