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ABSTRACT. The effect of epidermal growth factor (EGF) on the H2O2-induced increase in paracellular
permeability in Caco-2 and T-84 cell monolayers was evaluated to examine the role of EGF in intestinal mucosal
protection from oxidative stress. Oxidative stress was induced by exposing cell monolayers to H2O2 or a mixture
of xanthine oxidase 1 xanthine (XO 1 X). Paracellular permeability was assessed by measuring transepithelial
electrical resistance (TER), sodium chloride dilution potential, and unidirectional flux of [3H]mannitol. H2O2

(0.1 to 5.0 mM) reduced TER and dilution potential and increased mannitol flux. Administration of EGF
delayed H2O2 and XO 1 X-induced changes in TER, dilution potential, and [3H]mannitol flux. This protective
effect of apically or basally administered EGF was concentration-related, with A50 (95% confidence limits)
values of 2.1 (1.17 to 4.34) and 6.0 (4.37 to 8.34) nM, respectively. The EGF-mediated protection was prevented
by treatment of cell monolayers with genistein (10 mM), a tyrosine kinase inhibitor. H2O2 and XO 1 X also
induced tyrosine phosphorylation of a number of proteins in Caco-2 and T-84 cell monolayers. EGF treatment
inhibited the oxidant-induced tyrosine phosphorylation of proteins, particularly those with a molecular mass of
110–220 kDa. Treatment of Caco-2 cells with anti-transforming growth factor-a antibodies potentiated the
H2O2-induced changes in TER, dilution potential, and mannitol flux. These studies demonstrated that an EGF
receptor-mediated mechanism delays oxidant-induced disruption of the epithelial barrier function, possibly by
suppressing the oxidant-induced tyrosine phosphorylation of proteins. BIOCHEM PHARMACOL 57;6:685–695,
1999. © 1999 Elsevier Science Inc.
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The intestinal epithelium in vivo is exposed to ROS† from
multiple luminal and systemic sources. The potential
sources of luminal ROS include xenobiotics, toxins, cata-
lase-negative bacteria, mycoplasma, bile acids, and cast-off
mucosal cells [1]. Systemic ROS are derived from mucosal
inflammatory cells. Mucosal infiltration of polymorphonu-
clear neutrophils is common in inflammatory bowel disease
and other intestinal disorders [2, 3]. Furthermore, neutro-
phils are present on the luminal side, especially in crypt
abscesses found in Crohn’s disease. The tissue level of H2O2

in vivo under physiologic or pathologic conditions is not
known. An accurate assay of H2O2 in vivo is prevented by
its rapid metabolism by antioxidant enzymes and quick
conversion into other, more toxic, oxidant species. Vissers
et al. [4], however, elegantly showed that neutrophils
predominantly generate H2O2 at the site of adhesion, and

the H2O2 concentration within the neutrophil-target cell
cleft reaches 0.1 to 1.0 M.

In a recent study, we showed that H2O2 (0.5 to 10 mM)
disrupts the paracellular junctions in Caco-2 and T-84 cell
monolayers [5], with no significant effect on lactate dehy-
drogenase release [5]. Our study also showed that H2O2

increased tyrosine phosphorylation of a number of proteins
in Caco-2 and T-84 cells, and that the H2O2-induced
increase in paracellular permeability was mediated by a
tyrosine kinase-dependent mechanism [5]. Oxidant-medi-
ated epithelial injury plays an important role in the patho-
genesis of intestinal inflammatory disorders, including in-
flammatory bowel disease [1–3]. Therefore, the factors that
protect tissues from oxidant injury have clinical signifi-
cance. Such an important mucosal protective factor in the
gastrointestinal tract is EGF.

EGF, a single chain polypeptide [6], is released in various
gastrointestinal secretions and regulates a number of gas-
trointestinal functions, suggesting that it has physiologic or
pathophysiologic implications for the gastrointestinal sys-
tem [7]. In addition to its growth-promoting activity, EGF
also produces a number of acute effects in the gastrointes-
tinal tract. Such an acute action of EGF is the protection of
gastrointestinal mucosa from luminal irritants [8]. Both oral
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and systemic EGF proved to be cytoprotective in gastric
ulceration induced by aspirin [9], stress [10, 11], ethanol
[12, 13], and acid [14, 15], and duodenal ulceration induced
by cysteamine [9, 16]. Additionally, recent studies demon-
strated that EGF plays a protective role in the intestinal
mucosa and cultured intestinal epithelium against various
injurious factors [17–19]. In this study, we examined the
protective effect of EGF in oxidant (5 mM H2O2 or XO 1
X)-induced intestinal epithelial-barrier disruption and pro-
tein tyrosine phosphorylation using the cultured monolay-
ers of Caco-2 and T-84 cells. Caco-2 cells are known to
express and secrete TGF-a [20, 21], and, therefore, we also
investigated the possible presence of autocrine defense
against oxidant injury using a mouse monoclonal anti-
TGF-a antibody.

MATERIALS AND METHODS
Cell Culture

Caco-2 cells, originally obtained from Dr. Jeffrey Field, were
maintained under standard cell culture conditions at 37° in
Dulbecco’s modified Eagle’s medium (DMEM) containing
20% (v/v) FBS. Cells were grown on polycarbonate mem-
branes in Transwells (6.5 mm; Costar). Experiments were
performed on day 12 or 13 after seeding cells onto Tran-
swells (within passages No. 40–55). Under these condi-
tions, confluent monolayers attained steady-state resistance
to passive transepithelial ion flow, and neighboring cells
were adjoined by circumferential intercellular tight junc-
tions that restrict the passive flow of ions and solutes as
described previously [22, 23]. T-84 cells (American Type
Culture Collection) were grown similarly in a mixture (1:1)
of DMEM and Ham’s F12 nutrient mixture containing 6%
FBS, HEPES (15 mM), and antibiotics (penicillin, ampi-
cillin, and streptomycin).

Oxidant and Other Treatments

Monolayers were bathed in PBS/BSA (Dulbecco’s saline
containing 1.2 mM CaCl2, 1 mM MgCl2, and 0.6% BSA),
0.2 mL and 1.0 mL applied to apical and basal wells,
respectively. After 1 hr equilibration in PBS/BSA, H2O2

was administered to the apical or basal medium in 10-mL
aliquots to achieve a final concentration of 0.1 to 5.0 mM.
In some experiments, a mixture of xanthine oxidase (20
mU/mL) and xanthine (0.25 mM) (XO 1 X) was admin-
istered to the apical and basal media. EGF was administered
to the apical or basal medium 60 min prior to H2O2 (unless
mentioned otherwise) to achieve different concentrations
(1, 3, 10, or 30 nM). EGF, once administered, was retained
in the medium until the end of the experiment (unless
mentioned otherwise). In some experiments, genistein (10
mM) was administered to the apical and the basal media 10
min prior to EGF administration.

Calcium depletion was developed by omitting calcium
chloride from PBS/BSA. An osmotic gradient was induced
by including 0.5 M mannitol in the apical medium. Mouse

monoclonal anti-TGF-a antibodies or pre-immune mouse
IgG were administered to both apical and basal media
30–120 min prior to H2O2 administration followed by the
continuous presence during oxidant treatment.

Measurement of TER

TER was measured according to the method of Hidalgo et
al. [22] using a Millicell-ERS Electrical Resistance System
(Millipore) and calculated as V z cm2 by multiplying it with
the surface area of the monolayer (0.33 cm2. The resistance
of the supporting membrane in Transwells (which is usually
around 30 V z cm2) was subtracted from all readings prior to
calculations.

Unidirectional Flux of [3H]Mannitol

Cell monolayers in Transwells were incubated under differ-
ent experimental conditions in the presence of 0.2 mCi/mL
of D-[2-3H]mannitol (15 Ci/mmol; ICN Biomedicals, Inc.)
in the basal medium. At different times after H2O2 admin-
istration, 100 mL each of apical and basal media were
withdrawn, and radioactivity was counted in a scintillation
counter (Beckman LS 3801). The flux into the apical
medium was calculated as the percent of total isotope
administered into the basal well per hour per cm2 surface
area.

Measurement of Dilution Potential

Twenty percent sodium chloride dilution potential was
measured as previously described by Madara et al. [24]. At
the end of experimental treatments, monolayers were
washed once with PBS/BSA and bathed in fresh PBS/BSA,
0.2 and 1.0 mL to apical and basal compartments, respec-
tively. Transepithelial potential difference was recorded
using the Millicell-ERS Electrical Resistance System.
Twenty percent sodium chloride dilution in the apical
medium was developed by replacing 40 mL of apical
medium with 40 mL of PBS/BSA in which sodium chloride
was replaced with equi-osmolar mannitol. Potential differ-
ence was recorded again, and the difference between the
initial potential difference and the potential difference
recorded after 20% dilution was calculated as dilution
potential (mV).

Protein Tyrosine Phosphorylation

Immediately after the experimental treatment, monolayers
were washed with 2 mL of cold PBS without BSA. Then
the cell monolayer was lysed in 100 mL of hot lysis buffer
(0.05 M Tris, pH 8.0, containing 1% SDS, 0.1 mM
vanadate, and 0.1 mM PMSF). Cell lysate was then heated
at 100° for 5 min and homogenized by passing through a
28-gauge needle 10 times. The homogenate was centrifuged
at 5000 g for 10 min, and the supernatant was used for
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western blotting. Protein content of the supernatants was
analyzed by the BCA method (Pierce).

Proteins were separated by SDS–PAGE on 7.5% gel and
transferred to nitrocellulose (PVDF) membranes. Phospho-
tyrosyl proteins were detected by blotting with anti-phos-
photyrosine antibodies conjugated with horseradish perox-
idase and staining with the enhanced chemiluminescence
method.

Densitometric Analysis of Western Blots

Autofluorograms were scanned using an Imaging Densitom-
eter (BIORAD GS-670). The volume of the optical density
of different bands was analyzed by selecting a constant area
(at specific molecular mass range) using the computer
software “Molecular Analyst.” Local area background O.D.
was subtracted from each band and volume was calculated
as O.D. z mm2. Quantitation was compared within the
samples and controls in a single blot.

Chemicals

Cell culture media and related reagents were purchased
from GIBCO-BRL, while genistein was from Calbiochem.
EGF, pre-immune mouse IgG, and all other chemicals were
of analytical grade, and were purchased from the Sigma
Chemical Co. Mouse monoclonal anti-TGF-a antibody
was purchased from Oncogene Science. Mouse monoclonal
anti-phosphotyrosine-HRP antibodies were from Transduc-
tion Laboratories, and the enhanced chemiluminescence
peroxidase staining kit was from the Amersham Corp.

Statistics

Comparison between two groups was made by Student’s t-
tests for grouped data or by analysis of variance and Fisher’s
post hoc test for comparisons of more than two groups.
Significance in all tests was derived at the 95% or greater
confidence level.

RESULTS
Paracellular Permeability in Caco-2 Cell Monolayer

Baseline TER of Caco-2 cell monolayers (12- or 13-day
post-seeding) varied from 300 to 450 V z cm2. Administra-
tion of H2O2 to the basal surface at final concentrations of
0.1 to 5.0 mM reduced the TER in a time- and concentra-
tion-related manner (Fig. 1). Administration of EGF (30
nM) to the apical or basal buffer by itself produced no
significant effect on baseline TER. However, EGF admin-
istered 60 min prior to H2O2 (5 mM) significantly inhibited
the H2O2-induced decrease in TER (Fig. 2A). EGF was
equally effective in inhibiting H2O2-induced decrease in
TER when administered to either apical or basal surface of
cell monolayers. This epithelial protective effect of EGF
was concentration-related with A50 (95% confidence lim-
its) values of 2.1 (1.17 to 4.34) and 6.0 (4.37 to 8.34) nM

for apical and basal administration, respectively (Fig. 2B).
Administration of H2O2 also reduced the sodium chloride
dilution potential of Caco-2 cell monolayers in a time-
dependent manner with a significant reduction achieved at
60 min (Fig. 3A). H2O2-induced reduction of dilution
potential was inhibited significantly by both apical and
basal EGF treatment (Fig. 3A); EGF alone produced no
significant effect on baseline dilution potential. Unidirec-
tional flux of [3H]mannitol was negligibly low in control
monolayers, and it was not altered during a 150-min
incubation in PBS/BSA. Administration of H2O2 increased
the unidirectional flux of [3H]mannitol by 4-fold at 120
min and 9-fold at 150 min (Fig. 3B). This H2O2-induced
increase in [3H]mannitol flux was prevented by treatment
with EGF (30 nM) at the apical or basal surface. EGF by
itself produced no significant effect on mannitol flux.

EGF (apical or basal) administration significantly re-
duced H2O2-induced decrease in TER also when EGF was
present for only 60 min prior to the H2O2 administration
(Fig. 4A) or when it was introduced 30 min after H2O2

administration (Fig. 4B). However, these effects were
weaker than the effect when EGF was present throughout
the experiment (Fig. 2A). Calcium depletion or osmotic
gradient induced a reduction in TER of Caco-2 cell
monolayers (Fig. 4C). Treatment of monolayers with apical
or basal EGF (30 nM) failed to affect the reduction of TER
induced by calcium depletion or osmotic gradient (Fig. 4C).
Treatment of Caco-2 cell monolayers with genistein (10
mM), an inhibitor of tyrosine kinases, produced no signif-
icant effect on baseline TER of control monolayers (Fig. 5).
Genistein (10 mM) also failed to affect the H2O2-induced

FIG. 1. Time- and concentration-related decrease in TER
caused by H2O2. Caco-2 cell monolayers were treated with 0.1
to 5.0 mM H2O2 at the basal surface, and TER was monitored
at different times. Values are means 6 SEM (N 5 5 for each
group). The baseline TER values varied from 238 6 23 to
295 6 25 3 V z cm2.
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FIG. 2. (A) Time course of the effect of 5 mM H2O2 on TER of Caco-2 cell monolayers (F) and monolayers that were pretreated with
30 nM apical (Œ) or basal (f) EGF. Open symbols represent control monolayers without (E) or with apical (‚) or basal (M) EGF.
Monolayers in Transwells were bathed in PBS/BSA, and EGF was applied 60 min prior to the administration of H2O2. Values are
means 6 SEM (N 5 6 for each group). The baseline TER values varied from 249 6 13 to 285 6 10 3 V z cm2. Asterisks indicate
values that were significantly different (P < 0.05) from corresponding values for H2O2 in EGF-treated monolayers. (B)
Non-cumulative concentration–effect curves for apical (F) and basal (M) EGF-mediated inhibition of H2O2-induced decrease in TER
in Caco-2 monolayers. Monolayers in Transwells were bathed in PBS/BSA, and EGF (1–30 nM, apical or basal) was applied 60 min
prior to the administration of H2O2. Decreases in TER were assessed at 120 min after H2O2 administration. Values are means 6 SEM
(N 5 6 for each group). The inset table presents the EGF concentration that produced 50% inhibition of H2O2-induced decrease in
TER.

FIG. 3. Effect of EGF (30 nM) on H2O2-induced decrease in dilution potential (A) and mannitol flux (B) measured at various times
after H2O2 (5 mM) administration without (F) or with EGF at the apical (A-EGF; Œ) or the basal (B-EGF; f) surface administered
60 min prior to H2O2. Control monolayers (E) received no H2O2 or EGF. Values are means 6 SEM (N 5 6 for each group). Asterisks
indicate values for the H2O2 group that were significantly different (P < 0.05) from corresponding values for the control or the
H2O2 1 EGF group.
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reduction of TER. However, treatment with genistein (10
mM) applied 10 min prior to EGF administration almost
completely prevented EGF-mediated suppression of H2O2-
induced reduction of TER.

Protein Tyrosine Phosphorylation in Caco-2
Cell Monolayer

Western blot analysis detected no tyrosine-phosphorylated
proteins in the extracts of untreated Caco-2 cell monolay-
ers under the present experimental conditions. However,
administration of H2O2 resulted in tyrosine phosphoryla-
tion of a number of proteins in a concentration-related
manner (Fig. 6A). Protein clusters with a molecular mass of
50–90 kDa and 110–170 kDa were the prominent tyrosine-
phosphorylated proteins. Treatment of monolayers with
EGF at the apical or basal surface inhibited H2O2-induced
protein tyrosine phosphorylation in a concentration-related
manner (Fig. 6B). Tyrosine phosphorylation of a cluster of
proteins with a molecular mass of 110–170 kDa was
strongly inhibited by EGF administration (Fig. 6C); phos-

phorylation of proteins with a molecular mass of 180–220
kDa was also inhibited to some extent. However, tyrosine
phosphorylation of proteins at the molecular mass range of
60–85 kDa was unaffected by apical EGF, or showed
minimal inhibition by basal EGF.

XO 1 X-Induced Increase in Paracellular Permeability
and Protein Tyrosine Phosphorylation in T-84
Cell Monolayers

Treatment of T-84 cell monolayers with XO 1 X also
reduced TER (Fig. 7A) and dilution potential (Fig. 7B) and
increased mannitol flux (Fig. 7C). EGF (10 nM) adminis-
tration significantly reduced the XO1X-induced changes
in TER and mannitol flux in this epithelium (Fig. 7).
XO 1 X treatment also induced tyrosine phosphorylation
of a wide spectrum of proteins in T-84 cell monolayer (Fig.
8A). EGF administration prevented the XO1X-induced
tyrosine phosphorylation of proteins with a molecular mass
of 110–170 kDa and 180–220 kDa, while tyrosine phos-

FIG. 4. (A) Effect of EGF on H2O2-induced decrease in TER of Caco-2 cell monolayers. Cell monolayers were incubated with saline
(F) or EGF (30 nM) at the apical (‚) or basal (M) surface for 60 min prior to H2O2 (5 mM) administration. Control (E) monolayers
received no H2O2. Values are means 6 SEM (N 5 6 for each group). Asterisks indicate values for the H2O2 group (F) that were
significantly (P < 0.05) different from corresponding values for EGF-treated monolayers. (B) This experiment is identical to A, except
that EGF was applied 30 min after H2O2 administration. (C) Effect of EGF (30 nM) on the reduction of TER in Caco-2 cell
monolayers induced by calcium depletion (calcium-free medium containing 0.1 mM EGTA) or osmotic gradient (0.5 M mannitol in
apical buffer). Controls received no EGF, nor were they subjected to osmotic gradient or calcium depletion. The decrease in TER was
assessed at 60 min after calcium depletion or mannitol administration. Values are means 6 SEM (N 5 6 for each group). Asterisks
indicate values that were significantly (P < 0.05) different from control values.
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phorylation of proteins with a molecular mass of 60–85
kDa was unaffected (Fig. 8B).

Protection by Endogenous TGF-a

Caco-2 cell monolayers are known to express TGF-a [23,
24], an EGF-like peptide that activates EGF receptors [7].
Treatment of cell monolayers with anti-TGF-a antibodies
(1 mg/mL) significantly potentiated the H2O2-induced
decrease in TER (Fig. 9A), whereas treatment with pre-
immune mouse IgG (1 mg/mL) produced no effect (data not
shown). Anti-TGF-a antibody also potentiated the effect
of H2O2 on dilution potential (Fig. 9B) and mannitol flux
(Fig. 9C). Anti-TGF-a antibody at a concentration of 100
ng/mL produced maximal potentiation of H2O2-induced
decrease in TER (Fig. 10A) and increases in mannitol flux
(Fig. 10B). Administration of anti-TGF-a antibody 30 min
prior to H2O2 exposure was sufficient to produce a poten-
tiation of H2O2-induced changes in TER and mannitol
flux. Presence of EGF (30 nM) at the apical or basal
surfaces prevented the potentiation of H2O2-induced
changes in TER (Fig. 11A), dilution potential (Fig. 11B),
and mannitol flux (Fig. 11C) by anti-TGF-a antibody.

DISCUSSION

The present study demonstrated that EGF delays oxidant-
induced increase in paracellular permeability in Caco-2 and

T-84 cell monolayers. Exposure to H2O2 (0.1 to 5.0 mM)
reduced the TER of Caco-2 cell monolayers in a time- and
concentration-related manner. This effect of H2O2 was
associated with a decrease in sodium chloride dilution
potential and an increase in unidirectional flux of [3H]man-
nitol. As described above, the concentration of H2O2 used
is well within the pathophysiologic concentration range,
indicating the clinical relevance of this response. A de-
crease in dilution potential indicates a reduction in charge
selectivity of the tight junctions. The tight junctions of the
intestinal epithelium impede the movement of anions,
while cations readily diffuse through [22]. The increase in
mannitol flux is an indicator of a disruption of the structure
of tight junctions and an increase in paracellular perme-
ability to macromolecules. Treatment of monolayers with
EGF significantly delayed these H2O2-induced changes in
TER, dilution potential, and mannitol flux, suggesting that
EGF may have a protective effect on the intestinal epithe-
lium in oxidant-induced epithelial injury. Results showed
that a similar EGF-induced epithelial protection could be
demonstrated in T-84 cell monolayers. Both Caco-2 and
T-84 cells are colon adenocarcinoma cell lines. While
Caco-2 cells differentiate into villus-like cells, T-84 cells
are a terminally differentiated chloride-secreting cell line.
Both cell monolayers have been used extensively as models
of intestinal epithelium for barrier function studies.

Under normal physiologic conditions, the intestinal
epithelium is protected from injurious substances by various
mucosal defense mechanisms. EGF is an important media-
tor of mucosal defense in the gastrointestinal tract, and it
has been consistently shown to protect the gastrointestinal
mucosa from damage by various luminal irritants [16–19].
Results of the present study show that EGF protects the
Caco-2 and T-84 epithelia from the oxidant-induced dis-
ruption of paracellular junctions. The effect of EGF on
epithelial permeability was rapid, as EGF application at 15
min prior to H2O2 was sufficient to produce its maximal
effect. Low A50 values (2–6 nM) of EGF for the inhibition
of H2O2-induced decrease in TER indicate that EGF is
highly potent in producing this epithelial protective effect,
with a significant inhibition achieved at 1 nM. The Kd

value for binding of EGF to its receptors in a variety of cells
has been shown to be 0.5 to 1.0 nM [7, 25], and the salivary
EGF concentration in different species varies from 10 to
1000 nM [26]. Therefore, the observed high potency of
EGF in protecting the epithelium from H2O2 indicates that
this function of EGF may have a physiologic or pathophys-
iologic implication for the gastrointestinal epithelium.

The present study also shows that EGF protected Caco-2
cell monolayers from H2O2 when it was administered to
either the apical or basal surface of the epithelium. This is
supported by previous reports that EGF-specific receptors
are present on both apical and basal surfaces of Caco-2 cell
monolayers [25]. EGF receptors on both apical and basal
surfaces of Caco-2 cells showed similar Kd values for EGF
[25], and in the present study, apical EGF showed a potency
similar to that of basal EGF. Previous studies have demon-

FIG. 5. Effect of EGF, apical (A-EGF) or basal (B-EGF), on
H2O2-induced decrease in TER in Caco-2 monolayers: Inhibi-
tion by genistein. TER was assessed at 90 min after H2O2
administration. Values are means 6 SEM (N 5 6 for each
group). Key: (*) and (#) indicate values that were significantly
different (P < 0.05) from values for the H2O2 alone group or
the H2O2 1 EGF group, respectively.
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strated that EGF is released in various gastrointestinal
secretions at high concentrations and is under neurohor-
monal regulation [26]. The protective effect of apical EGF
in Caco-2 cell monolayers suggests that luminally released
EGF may modulate the intestinal epithelium by binding to
the apical surface. However, extrapolation of such EGF
activity at the apical surface of Caco-2 cell monolayers to
the animal intestine is complicated by the failure to localize
EGF specific receptors on the apical membranes of entero-
cytes [27, 28]. Although it has been demonstrated repeat-
edly that luminal EGF is biologically active, the mechanism
involved in the activity of luminal EGF is not clear. A
recent study demonstrated that luminal EGF protects the
intestinal mucosa from fatty acid-induced injury by stimu-
lating mucus secretion [17], which appears to involve a
transepithelial translocation of EGF to the basal compart-
ment, possibly at the injured epithelium. Therefore, it
remains to be established if luminal EGF plays a physiologic
role in the intact epithelium.

The epithelial protective effect of EGF was evaluated
further in other models of epithelial paracellular junctional
disruption. Calcium depletion and osmotic gradient (0.5 M
mannitol at the apical surface) reduced TER of Caco-2 cell
monolayers. EGF administration failed to affect these de-
creases in TER caused by calcium depletion and osmotic
gradient. These results suggest that the observed epithelial

protective effect of EGF may be specific to oxidant-induced
increases in paracellular permeability.

Disruption of epithelial barrier function by ROS, espe-
cially H2O2, has been demonstrated in alveolar, breast,
lens, and renal epithelial cells [29–34]. However, the
mechanisms involved in the oxidant-induced increase in
paracellular permeability are not known. We recently
demonstrated that H2O2 increases paracellular permeability
in Caco-2 cell monolayers by a tyrosine kinase-dependent
mechanism [5]. We showed that vanadate, a phosphoty-
rosine phosphatase (PTPase) inhibitor, potentiated the
H2O2-induced increase in paracellular permeability and
protein tyrosine phosphorylation, while tyrosine kinase
inhibitors such as genistein and tyrphostin inhibited the
H2O2-induced increase in permeability and phosphoryla-
tion. The results of the present study show that EGF
inhibits the H2O2-induced increase in tyrosine phosphory-
lation of a cluster of proteins with a molecular mass of
110–220 kDa. Similarly, EGF also inhibited XO 1 X-
induced tyrosine phosphorylation of proteins, especially
those with a molecular mass of 110–220 kDa, in T-84 cell
monolayers. These results suggest that proteins of 110–220
kDa may play an important role in the maintenance of
paracellular barrier function.

The intrinsic tyrosine kinase activity of the EGF receptor
plays an important role in the mechanism of EGF action

FIG. 6. H2O2-induced protein tyrosine phosphorylation in Caco-2 cell monolayers. (A) Protein tyrosine phosphorylation induced by
0.1 mM (lane 1), 0.5 mM (lane 2), 1.0 mM (lane 3), 2.0 mM (lane 4), and 5.0 mM (lane 5) H2O2. Caco-2 cell monolayers were
exposed to various concentrations of H2O2 for 30 min. Extracted proteins (10 mg) were subjected to western blot analysis of
phosphotyrosine using HRP-conjugated anti-phosphotyrosine antibody. Mobility of standard proteins is marked on the left-hand side
of the blot; numbers indicate the molecular mass (kDa). (B) Effect of apical or basal EGF on H2O2-induced protein tyrosine
phosphorylation. Caco-2 cell monolayers were exposed to 5 mM H2O2 at the basal surface for 30 min. Various concentrations of EGF
were administered to the apical or the basal surface 30 min prior to H2O2. Proteins (10 mg) extracted 30 min after H2O2 were subjected
to western blot analysis of phosphotyrosine using HRP-conjugated anti-phosphotyrosine antibody. Lane 1: 5 mM H2O2; lane 2: 1 nM
apical EGF 1 H2O2; lane 3: 10 nM apical EGF 1 H2O2; lane 4: 30 nM apical EGF 1 H2O2; lane 5: 1 nM basal EGF 1 H2O2; lane
6: 10 nM basal EGF 1 H2O2; and lane 7: 30 nM basal EGF 1 H2O2. Control monolayers or monolayers treated with only EGF showed
no detectable phosphotyrosine bands. Bars on the left margin represent different sets of bands selected for densitometric analysis (C).
This experiment was repeated with similar results two other times.
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FIG. 7. (A) Effect of XO1X (F) or XO1X 1 EGF (10 nM) (M) on TER of T-84 cell monolayers at various times after XO1X
administration. Control monolayers without (E) or with EGF (f) received no XO1X. EGF (60 min prior to XO1X) and XO1X were
administered to both apical and basal compartments. Values are means 6 SEM (N 5 4). Asterisks indicate values that were
significantly (P < 0.05) different from corresponding values for EGF 1 XO1X monolayers. (B and C) Effect of XO1X (closed) or
EGF 1 XO1X (hatched) on dilution potential (B) and mannitol flux (C) in T-84 cell monolayers measured at 4 hr after XO1X
administration. Control monolayers without (open) or with EGF (cross-hatched) received no XO1X. Values are means 6 SEM (N 5
4). Key: (*) and (@) indicate values that were significantly (P < 0.05) different from values for control and XO1X monolayers,
respectively.

FIG. 8. Effect of EGF (apical 1 basal) on
XO 1 X-induced protein tyrosine phosphoryla-
tion (A). T-84 cell monolayers were exposed to
XO 1 X at the apical and basal surfaces for 60
min. Various concentrations of EGF (apical 1
basal) were administered 60 min prior to
XO 1 X. Proteins (10 mg) extracted 60 min
after XO1X were subjected to western blot
analysis of phosphotyrosine using HRP-conju-
gated anti-phosphotyrosine antibody. Lane 1:
control; lane 2: XO 1 X; lane 3: 3 nM
EGF 1 XO 1 X; lane 4: 10 nM EGF 1
XO 1 X; and lane 5: 30 nM EGF 1 XO 1 X.
Bars on the left margin represent different sets
of bands selected for densitometric analysis (B).
This experiment was repeated with similar re-
sults two other times.
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[7]. EGF-mediated biologic effects are highly sensitive to
tyrosine kinase inhibitors. The present study shows that
genistein, a tyrosine kinase inhibitor, inhibits EGF-medi-
ated protection from H2O2. The inhibition of EGF-medi-
ated protection of epithelium by genistein indicates that
this protective effect of EGF requires tyrosine kinase activ-

ity. As described, our previous study demonstrated that
tyrosine kinase activity was required also for the H2O2-
induced increase in paracellular permeability, and the
H2O2-induced increase in paracellular permeability can be
inhibited by genistein. However, the inhibition of H2O2-
induced increase in paracellular permeability required
higher concentrations of genistein (100–300 mM). A low
concentration of genistein (10 mM) that inhibited EGF-
mediated epithelial protection was not effective against
H2O2-induced increase in paracellular permeability. Such a
concentration-related differential inhibition of tyrosine
kinases by genistein has been observed previously. The IC50

value of genistein for the inhibition of EGF receptor kinase
[35] (;5 mM) was lower than that for the inhibition of
pp60c-src kinase [36] (;50 mM). The mechanism by which
activation of EGF receptor kinase suppresses the H2O2-
induced protein tyrosine phosphorylation is not clear. We
speculate that EGF receptor activation may lead either to
activation of PTPase, which is responsible for the dephos-

FIG. 9. (A) Effect of anti-TGF-a antibody on H2O2-induced
decrease in TER. Caco-2 cell monolayers were treated (at both
the apical and the basal surfaces) with either saline (open
symbols) or 1 mg/mL of antiTGF-a antibody (closed symbols).
Saline (E and F) or H2O2 (5 mM) (M and f) was administered
to the basal surface 60 min after antibody treatment. TER
measured at different times is presented as percent of baseline
values. Values are means 6 SEM (N 5 6). Key: (*) values that
were significantly (P < 0.05) different from corresponding
time-matched values for monolayers treated with H2O2 alone.
(B and C) Effect of anti-TGF-a antibody and pre-immune
mouse IgG on H2O2-induced changes in dilution potential (B)
and mannitol permeability (C). Caco-2 cell monolayers were
treated (at both the apical and the basal surfaces) with saline or
1 mg/mL of antiTGF-a antibody. After 60 min, saline (open
bars) or H2O2 (closed bars) was administered to the basal
surface to achieve a final concentration of 5 mM. Mannitol flux
was measured during 0 to 120 min of incubation with H2O2,
while dilution potential was measured at the end of the 120-min
incubation. Values are means 6 SEM (N 5 6). Key: (*) values
that were significantly (P < 0.05) different from values for the
corresponding saline group; and (#) values that were signifi-
cantly (P < 0.05) different from values for the H2O2 without
anti-TGF-a group.

FIG. 10. Effect of different concentrations of anti-TGF-a anti-
body on H2O2-induced changes in TER (A) and mannitol
permeability (B). Caco-2 cell monolayers were treated (at both
the apical and the basal surfaces) with pre-immune mouse IgG
(hatched bars) or with different concentrations of anti-TGF-a
antibody (closed bars) 60 min prior to the administration of
H2O2 (5 mM at the basal surface). TER measured at 90 min
after H2O2 administration is presented as the percent of corre-
sponding baseline values in panel A. Mannitol flux was calcu-
lated from flux measured during 0 to 150 min of incubation.
Values are means 6 SEM (N 5 6). Key: (*) values that were
significantly (P < 0.05) different from values for the pre-
immune IgG-treated H2O2 group.
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phorylation of junctional proteins, or to an inhibition of
tyrosine kinases that are required to phosphorylate the key
regulatory proteins. Testing this speculation, however, re-
quires an understanding of the identity and role of specific
PTPases and tyrosine kinases involved in the regulation of
paracellular permeability.

Caco-2 cells have been shown previously to express the
gene for TGF-a [21] and to secrete TGF-a protein [22].
TGF-a regulates proliferation of Caco-2 cells in an auto-

crine fashion [21]; however, the proliferative effect of
TGF-a was absent in differentiated Caco-2 cells [37],
although TGF-a activates MAP kinase in both undifferen-
tiated (proliferative) and differentiated (non-proliferative)
Caco-2 cells [37]. These studies suggest that TGF-a may
have different functions in differentiated and undifferenti-
ated cells. In the present study, we show that a monoclonal
anti-TGF-a antibody significantly potentiated H2O2-in-
duced changes in TER, dilution potential, and mannitol
flux. This observation indicates that endogenous TGF-a
exerts a significant protection against H2O2-induced epi-
thelial injury.

In summary, this study shows that an EGF receptor-
mediated mechanism inhibited H2O2-induced disruption of
the paracellular barrier function in Caco-2 and T-84 cell
monolayers. We speculate that EGF may protect the
intestinal epithelium from oxidant-induced damage under
physiologic and/or pathophysiologic conditions by preserv-
ing the integrity of paracellular junctional complexes.

This study was supported by a grant from the University Research
Committee, Medical University of South Carolina.
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