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Abstract

Background Diminished intestinal epithelial barrier
function contributes to the pathogenesis of Crohn’s disease.
Clinical and experimental studies propose that increased
tumor necrosis factor (TNF)-oo promotes barrier dysfunc-
tion. The aim of this study was to investigate the effects of
nutritional and other therapies upon intestinal barrier
function in the presence of TNF-« in an in vitro model.
Methods Caco-2 monolayers were grown to confluence
on membrane supports and then exposed to TNF-o in the
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presence of polymeric formula, hydrocortisone or inflix-
imab. Monolayer permeability was evaluated by measuring
epithelial resistance, short-circuit current and horseradish
peroxidase flux in an Ussing chamber. Tight junction
and myosin II regulatory light-chain kinase gene expres-
sion was analysed by real-time PCR, with protein expres-
sion and localization analysed by Western blot and
immunofluorescence.

Results TNF-o increased monolayer permeability and
diminished tight junction integrity. However both poly-
meric formula and infliximab completely abrogated the
effects of TNF-o. These monolayers displayed unchanged
permeability and tight junction integrity compared to
untreated cells (media-no-TNF-« controls). In contrast,
hydrocortisone only partially abrogated the effects of TNF-
o, with these monolayers having increased permeability
and altered tight junction integrity compared to media-no-
TNF-o controls.

Conclusions Both polymeric formula and infliximab
completely prevent epithelial barrier dysfunction in the
presence of TNF-o, whereas hydrocortisone partially pre-
vents barrier dysfunction. These results provide evidence
that superior mucosal healing can be achieved with
both polymeric formula and infliximab compared to
hydrocortisone.

Keywords Crohn’s disease - Nutritional therapy -
Polymeric formula - Hydrocortisone - Infliximab -
Intestinal epithelial permeability

Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are
inflammatory bowel diseases (IBD) of the gastrointestinal
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tract with diarrhoea as a principal symptom [1, 2]. Decreased
epithelial barrier function and increased intestinal para-
cellular permeability contributes to IBD pathogenesis.
However, the intracellular mechanisms involved in intesti-
nal barrier dysfunction are not yet fully explained.

The healthy intestinal barrier consists of a monolayer of
epithelial cells connected by tight junctions, crucial for
para-cellular transport of ions, nutrients and water across
the mucosa and the exclusion of pathogens and other toxic
substances [1, 3]. Tight junctions are multiple protein
complexes, with two classes of transmembrane proteins
(claudin and occludin) forming the molecular basis of tight
junctions in epithelial cells [1, 3]. These proteins interact
with cytoplasmic proteins [zonula occludens (ZO), F-actin
filaments and myosin II] to attach the tight junction
strands to the cytoskeleton [1, 3]. The correct association
of these proteins is important in maintaining normal epi-
thelial barrier function. In IBD, epithelial barrier function
is impaired and manifests as increased intestinal perme-
ability [1, 3]. Pro-inflammatory mediators such as tumor
necrosis factor (TNF)-o influence tight junction morphol-
ogy, structure and gene expression, as is evident in
patients with CD [2]. The diminished tight junction
function allows para-cellular penetration of noxious
luminal antigens, which promote gastrointestinal mucosal
injury and inflammation. However, whether barrier mal-
functions precede IBD or are consequent to active
inflammation is unclear.

Chronic inflammation also impacts the nutritional status
of patients with IBD, especially in childhood [4]. Micro-
nutrient and vitamin deficiencies, weight loss and delayed
pubertal development are commonly associated with
childhood IBD [4]. The reasons for this are multi-factorial
and include diminished intake, nutrient loss and malab-
sorption. Therefore, nutritional supports, as well as
reducing inflammation, are targets of current therapies for
CD.

The identification of TNF-o as central in the patho-
genesis of intestinal inflammation led to the development
of anti-TNF-o agents, such as infliximab (IFX), as treat-
ments for CD. IFX effectively reduces inflammation and
leads to high rates of mucosal healing [5, 6]. However, it
is associated with side effects [7] including increased risk
of infection and hepatosplenic T cell lymphoma [8].
Corticosteroids such as prednisone or hydrocortisone (HC)
also effectively induce clinical remission in patients with
CD [7, 9, 10]. However, corticosteroids are also associated
with side effects including those related to growth and
nutrition [7, 10], and corticosteroids lead to only low rates
of mucosal healing [9, 10]. Polymeric formula (PF), when
used as an exclusive nutritional source, is as effective as
steroid therapy in inducing remission in children with CD
[9-11]. Like IFX, PF leads to high rates of mucosal
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healing [9, 10], provides nutritional improvements, redu-
ces pro-inflammatory cytokines [10, 12] and enhances
anti-inflammatory cytokines with minimal side effects [4,
10].

In the current study, we examine the hypothesis that
TNF-o reduces tight junction integrity and reduces epi-
thelial barrier function. Our aim was to examine how
three CD therapies (PF, IFX and HC) protect tight junction
integrity and prevent epithelial barrier dysfunction in
the presence of TNF-a and therefore promote mucosal
healing.

Materials and methods
Reagents

Polymerase chain reaction (PCR) primers (Invitrogen,
Carlsbad, CA, USA); rhTNF-«, HC and basic reagents
(Sigma Chemical Company, St Louis, MO, USA); IFX
(Schering-Plough, Australia Pty Ltd, Sydney, NSW,
Australia); Osmolite® (Abbott Nutrition, Australia Pty Ltd,
Sydney, NSW, Australia; see the Electronic supplementary
material) was used for the PF. The following concentra-
tions were used for all experiments; TNF-o (100 ng/ml),
HC (36 pg/ml) [13], IFX (1 in 137.5 dilution in media)
[14] and PF (1 in 5 dilution in media). The concentrations
of HC, IFX and PF [15] used in the current study were
considered to represent a physiologic dilution. For some
experiments, PF was also used at dilutions of 1:2.5 and
1:10.

Cell line, cell culture assay and TEER

The human epithelial colorectal adenocarcinoma cells
Caco-2 (ATTC HTB-37) were used for all experiments.
Caco-2 cells polarize in continuous culture and display
differentiated cell structure and function in a monolayer
format [16]. Culture media was minimum essential med-
ium (MEM; Gibco Invitrogen, Carlsbad, CA, USA) con-
taining 2 mM L-glutamine and supplemented with 20%
heated-inactivated fetal bovine serum (FBS; Gibco), 1 M
MEM non-essential amino acids (Gibco), 0.075 M sodium
bicarbonate (Gibco), 1 mM sodium pyruvate (Gibco) and
100 U/ml penicillin/streptomycin (Gibco). Caco-2 cells
were cultured at 37°C in 5% CO, in air within a humidified
incubator until confluent. In each series of experiments,
supernatants were harvested and stored at —80°C until
assay. All experiments were repeated on at least five
independent occasions.

For experiments requiring access to both apical and
basolateral surfaces of the monolayer, Caco-2 cells were
seeded at a density of 2 x 10° cells/ml in Transwell inserts
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(0.4 pm pore size, with an exposed area of 144 mm?;
Corning Inc., Corning, NY, USA) or Bio-Coat inserts
(collagen type 1 inserts, 24-well plates, 3.0 micron;
BD Biosciences, Bedford, MA, USA) and cultured for
28-32 days, with media replaced every other day and
transepithelial electrical resistance (TEER) measured reg-
ularly. TEER was measured using an EVOM epithelial
volt-ohm meter (World Precision Instruments Inc., Sara-
sota, FL, USA). For measurements, both apical and baso-
lateral compartments were bathed with Caco-2 media and
the true monolayer resistance was determined according to
the following equation:

Monolayer resistance = [Total monolayer resistance
— Blank resistance (transwell without Caco-2 cells)]
x Effective membrane area.

When TEER measurements plateaued above 250 Q cm?
[17], the cells were considered to be fully differentiated
and were used for experiments. Experimental TEER
measurements were taken prior to and after treatment.
Each reported TEER value is the mean of five consecutive
measurements.

Estimation of cell viability by trypan blue

Cells were washed twice with warm Dulbecco’s phos-
phate buffer saline (PBS; Gibco) 1x and then incubated
with 0.25% trypsin—-EDTA (Gibco) for 15 min, with cell
viability assessed by trypan blue exclusion, as described
previously [15]. Live (clear) and dead (blue) cells were
counted under the 40x objective of the light microscope
(Nikon, Japan), with cell number and viability calculated
using a haemocytometer (Brand, Germany). The means
of three independent cell counts were pooled for
analysis.

Measurement of interleukin (IL)-8 by enzyme-linked
immunosorbent assay (ELISA)

IL-8 levels in supernatants were measured using the human
IL-8 CytoSet kit (Invitrogen), according to the manufac-
turer’s instructions. This antibody pair kit comes with
matched antibody pairs to detect and quantify protein
levels of human IL-8 using a sandwich ELISA. The lower
detection limit of the assay is 15.6 pg/ml.

Assessment of short circuit current (Isc)
using an Ussing chamber

Caco-2 cells grown on Transwell inserts were placed in an
Ussing chamber and kept under the following conditions
for 1 h and 30 min: Caco-2 monolayers were bathed in

37°C oxygenated buffer [10 ml on both apical and baso-
lateral sides] comprising 116 mM NaCl, 5.4 nM KCl,
0.4 mM MgCl,, 1.8 mM CaCl,, 5.5 mM glucose, 26 mM
NaHCO; and 0.9 mM NaH,PO, at a pH of 7.35. Voltage
and current electrodes (EKV and EKC respectively; World
Precision Instruments Inc.) were connected to a KCl-satu-
rated agar bridge to monitor Isc. Following equilibration
for 30 min, the Isc (LA/Cm?) was continually measured
with the voltage clamped at a potential difference of zero.
The Isc integrity of the monolayers was calculated
according to Ohm’s law (V = IR) [18].

Horseradish peroxidise (HRP) flux measurements

In addition to electrophysiological measurements, mono-
layer permeability was assessed by HRP (a 44 kDa pro-
tein) flux. Following equilibration of the membrane in the
Ussing chamber, 107> M of HRP were added to the
apical buffer. Five hundred microlitre samples from
apical and basolateral buffers were then taken at 15 min
intervals over the course of 1 h and replaced with fresh
buffer to maintain constant volume. Intact HRP was
quantitatively assessed using a modified kinetic assay.
Briefly, 150 pl of sample were mixed with 0.8 ml reac-
tion mixture containing 0.003% H,O, (MERK, Victoria,
Australia) and 0.009% o-dianisidine dihydrochloric acid
(Sigma). HRP catalytic rates were measured by spectro-
photometery (Bio-Rad) using monochromatic light at a
wavelength of 460 nm. HRP concentrations were calcu-
lated by comparing to a range of known standard HRP
concentrations.

Fluorescent labelling of tight junction proteins

Caco-2 cells grown to confluence on collagen-coated glass
slides (BD Biosciences, Franklin Lakes, NJ, USA) were
incubated with or without TNF-«, and HC, IFX or PF (at a
dilution of 1:5 in media) for 9 h. Afterwards, the cells were
fixed with ice-cold methanol (Fronine Laboratory Supplies,
Riverstone, Australia) for 15 min at room temperature and
then rinsed three times with PBS before being blocked with
10% normal goat serum (Sigma) in 0.1% bovine serum
albumin (BSA; Sigma) in PBS for 20 min at room tem-
perature. Cells were washed with PBS and incubated
overnight at 4°C with rabbit anti-occludin (1:1000 dilution;
Zymed Laboratories, South San Francisco, CA, USA),
rabbit anti-claudin-1 (1:1000 dilution; Zymed), rabbit anti-
Z0-1 (1:500 dilution; Zymed) or normal rabbit serum
(1:1000 dilution, Sigma) for staining controls. Cells were
washed thoroughly with PBS and incubated with ALEXA
594 goat anti-rabbit IgG (1:200 v/v in BSA/PBS; Molec-
ular Probes, Eugene, OR, USA) in the dark for 2 h at room
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temperature. Slides were then washed with PBS and
mounted with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA). Fluorescent images
were captured using an Axioplan 2 microscope (Zeiss,
Oberkochen, Germany) and AxioVision software (Zeiss).

RNA purification and cDNA preparation assay

Following experimentation, confluent Caco-2 monolayers
on inserts were washed with PBS, and then the total RNA
was extracted by the Trizol reagent (Invitrogen), following
the manufacturer’s protocol. Contaminating DNA was
removed using the Turbo DNA-free kit (Ambion, Austin,
TX, USA) according to the manufacturer’s protocol. Total
RNA concentration and quality was evaluated by absor-
bance at 260/280 nm using a NanoDrop-1000 spectro-
photometer (NanoDrop Technologies, Wilmington, DE,
USA). Extracted RNA was reverse transcribed into cDNA
using Superscript III reverse transcriptase (Invitrogen),
following the manufacturer’s protocol. Reactions were
performed in a thermocycler (Corbett Research, Mortlake,
Australia).

Quantification of gene expression by real-time (RT)
polymerase chain reaction (PCR)

Each RT-PCR reaction contained nuclease-free water
(Ambion), 12.5 pl of 1x iQ" SYBER Green PCR buffer
(Bio-Rad), forward and reverse primers (Table 1) and 5 pl
of cDNA (2 ng/pl) as a template (or water as a negative
control) in a total volume of 25 ul. RT-PCR for occludin,
claudin-1 and ZO-1 was performed with an initial hot start
step of 2 min at 95°C, followed by 40 cycles of 95°C for
20 s, 63°C for 30 s and 72°C for 60 s, or 40 cycles of 95°C
for 15 s and 60°C for 1 min for MLCK. Reactions were
performed on a Realplex Mastercycler (Eppendorf, Bark-
hausenwig, Hamburg, Germany) and analysed with Real-
plex software. Following PCR, amplification products were
examined for homogeneity by melting curve analysis, with
mRNA expression calculated using the 2744 €¥ele threshold (€0
method normalized against f,-microglobulin (5,M). Each

Table 1 Primer sequences utilized for real-time PCR

sample was run in triplicate with final values calculated as
an average.

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and western blotting

Western blotting was used to ascertain cytosolic (soluble)
and membrane (insoluble) localisation of tight junction
proteins using the method described by Wroblewski et al.
[19.]. In brief, 2 x 10° Caco-2 cells were seeded in six-
well plates (Becton Dickinson Labware, Franklin Lakes,
NJ, USA) and cultured for 7 days until confluent, then
co-cultured with or without TNF-ao (in the basal side) and
either HC, IFX or PF (1:5 dilution; in the apical side) for a
further 9 h. Cells were lysed in Triton X-100 lysis buffer
(150 mM NacCl, 50 mM Tris-Cl, pH 7.6, 0.5% Triton x-100
with protease inhibitors aprotinin and leupeptin) and cen-
trifuged at 1400xg for 10 min. Supernatants were col-
lected as the cytosolic fraction, with pellets resuspended in
lysis buffer containing 0.02% SDS for 30 min at 4°C.
Samples were again centrifuged for 10 min at 1400xg,
with supernatants collected as the membrane fraction.

Protein concentrations in supernatants were measured
using the bicinchoninic acid method (Pierce, Rockford, IL,
USA), fractionated on SDS-PAGE, then transferred to a
polyvinylidene difluoride (PVDE) membrane using the
mini-PROTEAN® Trans-Blot system (BioRad). Membranes
were incubated with rabbit anti-occludin (1:400; Zymed
Laboratories) or rabbit anti-claudin-1 (1:1000; Zymed Lab-
oratories) or rabbit anti-ZO-1 (1:200; Zymed Laboratories)
as primary antibodies, and goat anti-rabbit-IgG (Sigma)
coupled to HRP as a secondary antibody. Proteins were
detected using the 5-bromo-4-chloro-3-indolyl phosphate
(BCIP)/nitro blue tetrazoluim (NBT) detection kit (Promega
Corp., Madison, WI, USA), according to the manufacturer’s
instructions.

Statistical analysis
GraphPad Prism version 4.0 for Windows (GraphPad

Software, San Diego, CA, USA) was utilized to generate
graphs and to perform statistical analysis. All experimental

Gene

Forward primer

Reverse primer

Claudin-1 [35]

Occludin [36]

Zonula occludens (ZO-1) [36]
P>-Microglobulin (f,M)

Long myosin light chain kinase (MLCK) [37]

GCGCGATATTTCTTCTTGCAGG
CGGTCTAGGACGCAGCAGAT
CGAGTTGCAATGGTTAACGGA
AGGCTATCCAGCGTACTCCAAAGA
AACGAGATCAACATCATGAACCA

TTCGTACCTGGCATTGACTGG
AAGAGGCCTGGATGACATGG
TCAGGATCAGGACGACTTACTGG
CGGATGGATGAAACCCAGACACAT
CAGCTGTGCTTGCTCTCGAA
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data values were expressed as the mean & SD and ana-
lysed using Student’s unpaired ¢ test, paired ¢ test or
ANOVA, as appropriate. p values of <0.05 were consid-
ered significant.

Results

Assessment of cell viability and IL-8 secretion
in response to TNF-o stimulation

The effect of TNF-« on cell viability was assessed. Caco-2
cells were exposed to TNF-o (100 ng/ml) for up to 48 h.
Forty-eight hours of exposure to TNF-o resulted in
decreased viability of the cells compared to the cells
incubated without TNF-a (media-no-TNF-o¢ controls;
p = 0.009). However, no significant change in cell survival
was noted for 9 h of incubation (p = 0.1). Next, the IL-8
secretion profile (an indicator of inflammation) was
investigated. Caco-2 cells were incubated with 100 ng/ml
of TNF-o for up to 48 h with supernatants collected for
IL-8 measurement. TNF-o increased IL-8 secretion in a
time-dependent manner compared to the media-no-TNF-o
controls (p = 0.003). The maximal IL-8 response was
reached after 9 h of incubation of the cells with TNF-«
(data not shown). Nine hours of TNF-« incubation were
used for all subsequent experiments.

Viability and IL-8 response in cells
treated with HC, IFX or PF

In the following studies, we examined the possibility that
the effect of HC, IFX or PF on Caco-2 cell monolayers on
inserts in the presence or absence of TNF-a. Initially, cell
monolayers were exposed to HC, IFX or PF (at 1:2.5, 1:5
and 1:10 dilutions) without TNF-o for 9 h. There was no
decrease in cell viability for any of the treatments (data not
shown). Supernatant IL-8 levels were also measured, and
there was no increase in IL-8 levels compared to the media-
no-TNF-o controls for any of the treatments following the
incubation period (data not shown).

Next, cell monolayers were incubated with HC, IFX or
PF (at 1:2.5, 1:5 and 1:10 dilutions) on the apical mono-
layer side and TNF-o on the basal monolayer side. There
was no decrease in cell viability with any of the treatments
following incubation (data not shown). Supernatant IL-8 in
cells exposed to TNF-o and media only were significantly
elevated (media-TNF-a controls; 814 £ 9 pg/ml) com-
pared to the media-no-TNF-a controls (403 £ 5 pg/ml;
p < 0.001). Notably, cells incubated with IFX or PF (at a
dilution of 1:5 or 1:10) had IL-8 levels equivalent to the
media-no-TNF-o controls (IFX: 400 + 8, p = 0.5; PF
(1:5): 394 £ 8, p=0.1; PF (1:10): 398 £ 8, p =0.2).

Further, cells incubated with HC or PF (at 1:2.5 dilution)
had reduced IL-8 levels compared to the media-TNF-«
controls (p = 0.041 and p = 0.023, respectively), but were
elevated compared to IFX (p = 0.032 and p = 0.031
respectively), PF (1:5 dilution; p = 0.011, p = 0.044 and
1:10 dilution; p = 0.014, p = 0.012, respectively) and
media-no-TNF-o controls (p = 0.021 and p = 0.034,
respectively).

Epithelial barrier function in cells treated
with HC, IFX or PF

Cell monolayers grown on membrane supports were
exposed to treatments (HC, IFX or PF) apically and TNF-«
basally and incubated for 9 h. TEER was measured before
and after incubation. Initially, IFX or PF (1:2.5, 1:5 or 1:10
dilutions) incubated without TNF-a did not affect TEER
(data not shown), but HC alone did reduce TEER
(p = 0.034). The subsequent series of experiments inclu-
ded TNF-o in the incubations. Following 9 h exposure to
TNF-z, TEER values significantly decreased by
229 + 11 Q cm? (p < 0.001, Table 2) in the media-TNF-«
controls. When HC was included apically and TNF-«
basally, TEER dropped by 40 + 22 Q cm? (p = 0.032,
Table 2). However, there was no change in TEER levels
with IFX or PF (at 1:5 and 1:10 dilutions) apically and
TNF-o basally (Table 2). Interestingly, with PF at 1:2.5
dilution and TNF-o, there was a slight albeit significant
drop in TEER of 20 + 3 Q cm” (p = 0.009, Table 2).

Following the TEER analysis, monolayers were then
placed into an Ussing chamber and Isc and HRP flux were
monitored for 1 h. Monolayers incubated with IFX or PF
(all dilutions) without TNF-« had Isc (p = 0.7 and
p =0.5) and HRP flux levels (p = 0.2 and p = 0.7)
equivalent to the media-no-TNF-o control monolayers.
Similar to the TEER results, monolayers incubated with
HC alone had slight but significantly elevated Isc compared
to the media-no-TNF-a controls (p = 0.043). Next, the
monolayers incubated with TNF-o were assessed. The
media-TNF-o control monolayers had significantly higher
Isc (389 + 25 ;LA/Cm2 h) compared to the media-no-TNF-
o monolayers (155 + 19 uA/Cm2; p < 0.001; Fig. 1).
Similar to the TEER results, monolayers incubated with
IFX or PF (1:5 dilution) on the apical side and TNF-« on
the basal side had Isc equivalent to the media-no-TNF-«
control levels (Fig. 1). Further, monolayers incubated with
HC and TNF-o had Isc levels below the media-TNF-«
controls, but elevated compared to the media-no-TNF-o
controls (Fig. 1).

For HRP flux, IFX, nor PF (all dilutions) and interest-
ingly HC alone did not affect HRP flux when compared to
the media-no-TNF-o0 controls (p = 0.3, p=0.6 and
p = 0.2, respectively). HRP flux in media-TNF-o controls
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Table 2 Transepithelial electrical resistance (TEER) of stimulated/treated Caco-2 cells

Treatment ATEER (Q cm?)® p value
Media-TNF-o controls vs. media-no-TNF-o controls —229+11 <0.001
TNF-o. + HC vs. media-no-TNF-a controls —40 + 22 0.032
TNF-o + IFX vs. media-no-TNF-a controls +12 £ 11 0.2
TNF-a + PF (1:2.5 dilution) vs. media-no-TNF-a controls 203 0.009
TNF-o + PF (1:5 dilution) vs. media-no-TNF-a controls -3+1 0.6
TNF-o. + PF (1:10 dilution) vs. media-no-TNF-o controls +6 £+ 1 0.1

Data are mean values &= SD from five independent experiments; Bold indicates statistical significance

% ATEER: post-treatment TEER — pre-treatment TEER

500 +

400 4

300 A

200

100

Isc (nA/CmZ.hour)

“&8‘” 4

Fig. 1 Short-circuit current (Isc) in Caco-2 monolayers. Caco-2
monolayers on membrane supports were incubated with media alone
(media-no-TNF-o controls), TNF-« alone (media-TNF-o controls),
TNF-0 + HC (HC), TNF-o + IFX (IFX) or TNF-a 4+ PF at a
dilution of 1 in 5 in media (PF) for 9 h, placed in an Ussing
chamber, and the Isc was measured. Isc was elevated in the TNF-o
incubated cells compared to the media-no-TNF-o controls
(*p < 0.001). In addition, Isc was elevated in the TNF-o + HC cells
compared to the media-no-TNF-« controls (**p < 0.001), but incu-
bation with TNF-« + IFX or TNF-o« + PF did not affect Isc
compared to the media-no-TNF-a controls (p = 0.2 and p = 0.7,
respectively). TNF-o tumor necrosis factor-«, HC hydrocortisone, /FX
infliximab, PF polymeric formula

(95 £ 9 nM/h) was elevated compared to the media-no-
TNF-« controls (54 &= 5 nM/h; p < 0.001; Fig. 2). Similar
to the TEER and Isc results, monolayers incubated with
IFX or PF (1:5 dilution) on the apical compartment and
TNF-o on the basal compartment had HRP flux levels
equivalent to the media-no-TNF-o controls (Fig. 2). With
HC and TNF-z, monolayers had lower HRP flux levels
compared to the media-TNF-« controls, but elevated levels
compared to the media-no-TNF-« controls (Fig. 2).

Morphological distribution of tight junction proteins

In the media-no-TNF-o controls, tight junction staining
appeared as continuous peri-cellular bands with clear cell
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Fig. 2 Horseradish peroxidase (HRP) flux in Caco-2 monolayers.
Caco-2 monolayers on membrane supports were incubated with
media alone (media-no-TNF-« controls), TNF-a alone (media-TNF-o
controls), TNF-« + HC (HC), TNF-« + IFX (IFX) or TNF-o + PF
at a dilution of 1 in 5 in media (PF) for 9 h, and then placed in an
Ussing chamber. HRP (107> M) was added to the apical side
reservoir. Periodic samples were collected from both apical and
basolateral reservoirs over a period of 1 h, and the HRP concentra-
tions were determined by enzymatic assay. HRP flux was elevated in
cells incubated with TNF-o alone when compared to the media-no-
TNF-o controls (¥*p < 0.001). HRP flux was also elevated in cells
incubated with TNF-o + HC when compared to the media-no-TNF-o
controls (**p < 0.001), but there was no difference in HRP flux in
cells incubated with TNF-a + IFX or TNF-o + PF compared to the
media-no-TNF-« controls (p = 0.2 and p = 0.5, respectively). TNF-o
tumor necrosis factor-a, HC hydrocortisone, [FX infliximab, PF
polymeric formula

borders (Fig. 3A). Following 9 h of TNF-« incubation, the
tight junction staining became irregular, with clear break-
ages in the tight junction strands and displacement in the
cell borders with intra-cellular pooling of occludin, clau-
din-1 and ZO-1 (Fig. 3B). With the inclusion of HC, there
appeared to be a partial recovery of tight junction
(Fig. 3C). However, following incubation with either IFX
or PF (1:5 dilution), the morphological distribution of tight
junction proteins appeared indistinguishable to that of the
media-no-TNF-« controls, since occludin, claudin-1 and
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Fig. 3 Morphological
distribution of tight junction
proteins in Caco-2 cells. Caco-2
cells were grown to confluence
on slides and incubated with
media alone (media-no-TNF-«
controls; A), TNF-« alone
(media-TNF-o controls; B),
TNF-o + HC (C), TNF-

o + IFX (D) or TNF-o + PF at
a dilution of 1 in 5 in media
(E) for 9 h. Following these
incubations, the cells were fixed
with methanol and then
immunofluorescently stained for
occludin, claudin-1 or ZO-1.
TNF-o caused a morphological
redistribution of tight junction
proteins, with visible breaks
appearing at the tight junction
borders. Incubation with TNF-
o 4+ IFX or TNF-o + PF did
not appear to alter tight junction
structure. However, incubation
with TNF-o 4+ HC did appear to
affect the tight junction border
and the distribution of tight
junction proteins. TNF-o tumor
necrosis factor-o, HC
hydrocortisone, /FX infliximab,
PF polymeric formula

Occludin

Z0-1 were sharply localized at the cellular margins
(Fig. 3D, E).

Gene expression

mRNA expression of the tight junction associated genes
occludin, claudin-1, ZO-1 and MLCK was assessed by
real-time quantitative PCR. Gene expression was not
affected by the presence of HC, IFX or PF (1:2.5, 1:5 or
1:10 dilutions) alone (p > 0.05). When monolayers were
incubated with TNF-«, the mRNA expression of occludin,
claudin-1 and ZO-1 significantly dropped but MLCK
transcription increased dramatically compared to the
media-no-TNF-o.  controls (Table 3). For monolayers
incubated with PF (1:5 and 1:10 dilutions) and TNF-o,
there was no change in the mRNA expression of any of the
genes compared to the media-no-TNF-« controls (Table 3).

Claudin-1

Z0-1

Interestingly, for PF at 1:2.5 dilution, gene expression of
occludin, clauidn-1 and ZO-1 did fall slightly but signifi-
cantly; however, MLCK mRNA expression increased by
0.71 £ 0.23 AACt (p = 0.007; Table 3). For monolayers
incubated with IFX and TNF-o, gene expression was
equivalent to the media-no-TNF-a controls, except for
occludin, which was significantly lower (Table 3). In
accordance with the epithelial barrier function and mor-
phological distribution results, monolayers incubated with
HC and TNF-« had significantly lower tight junction gene
expression but higher MLCK mRNA expression (Table 3).

Membrane and cytoplasmic ZO-1 distribution
Western blotting was used to determine the membrane and

cytoplasmic distribution of ZO-1. For the media-no-TNF-«
control cells, ZO-1 was predominantly found in the
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Table 3 Effect of TNF-o alone or in combination with HC, IFX or PF at different concentrations (1:2.5, 1:5 or 1:10) on the gene expression of

occludin, claudin-1, ZO-1 and MLCK in the Caco-2 cell line

Treatment p value
Occludin® Claudin-1* Z0-1* MLCK?
Media-no-TNF-o controls 1.01 + 0.11 1.05 £ 0.12 1.08 + 0.16 1.01 £ 0.11
Media-TNF-u controls vs. media-no-TNF-o controls  0.65 £ 0.09; 0.65 £ 0.07; 0.62 £ 0.10; 2.42 + 0.48;
p =0.007 p = 0.002 p = 0.002 p <0.001
TNF-o0 + HC vs. media-no-TNF-u« controls 0.83 + 0.09; 0.85 £ 0.04; 0.84 + 0.14; 2.31 + 0.39;
p =0.009 p =0.017 p = 0.032 p < 0.001
TNF-o + IFX vs. media-no-TNF-o controls 0.82 £ 0.16; 0.90 + 0.12; 1.05 + 0.04; 1.01 + 0.09;
p =0.033 p=0.1 p=04 p=10
TNF-o + PF (1:2.5 dilution) vs. media-no-TNF-oc  0.88 + 0.11; 0.79 % 0.06; 0.81 = 0.10; 1.72 £+ 0.34;
controls p =0.033 p = 0.008 p =0.013 p =0.007
TNF-o. + PF (1:5 dilution) vs. media-no-TNF-u« 1.04 + 0.08; 0.98 + 0.07; 1.10 + 0.10; 1.26 + 0.25;
controls p=205 p=03 p=0.7 p=0.1
TNF-o + PF (1:10 dilution) vs. media-no-TNF-u 0.99 + 0.06; 0.97 + 0.03; 0.99 &+ 0.05; 1.03 £+ 0.07;
controls p=02 p=02 p=0.1 p=038

Data are mean values &= SD from four independent experiments; Bold indicates statistical significance

% AACt values

membrane, whereas for the media-TNF-o control cells,
Z0-1 was predominantly in the cytosolic fraction (Fig. 4A,
B). In cells incubated with HC and TNF-o,, ZO-1 appeared
to be equally distributed between the membrane and
cytosolic fractions (Fig. 4C), whereas in cells incubated
with IFX or PF (1:5 dilution) and TNF-o, ZO-1 was pre-
dominantly found in the membrane fraction (Fig. 4D, E).

Discussion

Although nutritional therapy is a well-established thera-
peutic method of inducing clinical remission in CD
patients, there are limited studies elucidating the mecha-
nisms of this safe therapy. Previous investigations into the
clinical benefits of PF have been limited by a lack of
reproducible intestinal epithelial cell models to elucidate
the modulation of intestinal barrier function by PF. The
current study has utilized Caco-2 monolayers to demon-
strate—to the best of our knowledge for the first time—that
PF is as effective as IFX and more effective than HC in
rescuing intestinal tight junction integrity and preventing
barrier dysfunction by maintaining normal TEER, Isc,
permeability and the morphological distribution of tight
junction proteins in the presence of the inflammatory
cytokine TNF-a. This provides an elegant explanation as to
why mucosal healing is achieved with IFX and nutritional
therapy, but not with corticosteroid therapy.

The intestinal epithelium protects the body from anti-
gens and noxious luminal substances by restricting the free
passage of these molecules [1]. The mucosal layer and
bilipid membrane of epithelial cells provide a barrier

@ Springer

against water, ammonia and urea, while intracellular
junctions (tight junctions and adherens junctions) form
another barrier against the passage of larger molecules [20,
21]. The tight junction complex is composed of multiple
components with adhesive functions, including trans-
membrane proteins (occludin and claudin) and cytoplasmic
peripheral proteins such as ZO-1 [1, 3]. These junctions are
crucial to the generation of electrical and chemical gradi-
ents that are important in the exchange of substances
between internal and external cellular environments [21].
However, disturbances of tight junction barrier structure
and function have been reported in some diseases,
including CD. Several recent studies have investigated the
effects of cytokines, and particularly TNF-o, upon tight
junctions in the inflamed mucosa of patients with CD [2].
Based on available data, it is known that inflammatory
changes are associated with elevated mucosal production
of TNF-o and an increase in para-cellular permeability [1,
17, 18, 22]. Increased para-cellular permeability could
occur for two reasons: epithelial cell apoptosis per se and/
or a loss of tight junction integrity.

A number of reports have proposed that increased epi-
thelial cell apoptosis is the principal reason for enhanced
epithelial permeability [23, 24]. However, other studies
have shown that barrier function is maintained even when
apoptosis is upregulated [3, 25], which may be a result of
the rapid and dynamic repair of epithelial junctions by an
actomyosin-dependent mechanism during the extrusion
process [3, 26]. In regards to the second putative reason
(loss of tight junction integrity), epithelial barrier dys-
function is considered to occur due to the redistribution of
tight junction proteins [3, 17]. Dysregulation of tight
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Soluble
fraction

Insoluble
fraction

Fig. 4 Western blotting of zonula occludens (ZO)-1 in membrane
and cytosol fractions. Caco-2 monolayers on membrane supports
were incubated for 9 h with media alone (media-no-TNF-u« controls;
A), TNF-« alone (media-TNF-o controls; B), TNF-« + HC (C), TNF-
o 4+ IFX (D) or TNF-o + PF (E). Cells were then lysed, and the
soluble (cytosol) and insoluble (membrane) fractions were collected
and subjected to ZO-1 western blotting. The majority of the ZO-1
protein is membrane bound in the media-no-TNF-« controls, as ZO-1
is readily detectable in the membrane fraction but barely detectable in
the cytosol fraction. TNF-o incubation redistributed ZO-1 to the
cytosol; ZO-1 was then readily detectable in the cytosol fraction and
barely detectable in the membrane fraction. TNF-o + HC does
appear to cause redistribution of the ZO-1 protein, as ZO-1 appears to
be equally detachable in both cytosol and membrane fractions.
Incubation with TNF-o + IFX or TNF-o 4 PF does not appear to
affect the ZO-1 distribution, as ZO-1 is predominantly detected in the
membrane fractions, similar to the media-no-TNF-o controls. TNF-o
tumor necrosis factor-o, HC hydrocortisone, IFX infliximab, PF
polymeric formula, ZO-1 zonula occludens-1

junction proteins and consequent barrier function may be
predominantly associated with an increase in the phos-
phorylation of MLCK [3, 17]. MLCKs, both long and short
isoforms, are the major effectors for the regulation of
actomyosin function [17, 27]. It has been highlighted that
TNF-o increases the transcription and translation of epi-
thelial MLCK in an in vitro model [3, 17, 27]. When
activated, MLCK reorganizes the distribution of tight

junction proteins and induces barrier dysfunction [3, 17].
The involvement of MLCK in the disruption of tight
junction barrier function and TJ permeability was further
validated by siRNA targeted knock-down of MLCK
expression [28, 29]. With near-complete depletion of
MLCK protein in this model, the addition of IL-1£ does not
alter TEER and therefore does not affect epithelial barrier
function [28, 29]. This suggests that inflammatory cytokine
induced barrier dysfunction is associated with a mechanism
involving MLCK. In addition, in vivo investigations have
shown that MLCK protein expression is elevated in intes-
tinal tissue from patients diagnosed with CD [28, 30].
Therefore, accumulating evidence indicates that MLCK
expression is essential in intestinal epithelial barrier
dysfunction.

In the present study, we have shown that gene expres-
sion of MLCK is elevated following the administration of
TNF-«. Similarly, we have demonstrated that the enhanced
transcription of MLCK is associated with a downregulation
of the three main tight junction genes: occludin, claudin-1
and ZO-1. The Ussing chamber experiments clearly show
that there is reduced barrier function following TNF-o
incubation. Therefore, based on the available data, MLCK
may be involved in barrier dysfunction by two possible
mechanisms: reduction in tight junction gene expression or
accelerated degradation and rearrangement of tight junc-
tion proteins.

The reduced tight junction strand complexity and an
apparent increase in strand breaks were accompanied in the
current study by upregulation of monolayer permeability,
loss of TEER and increased epithelial Isc. All these
changes reflected a loss of tight junction integrity and
epithelial barrier dysfunction. Thus, it is clear that
increased TNF-o leads to a leaky intestinal tight junction
barrier, allowing the intestinal diffusion of luminal sub-
stances that may include bacteria and pathogens, and these
can promote intestinal inflammation and mucosal injury [1,
31]. However, in CD it is not clear whether decreased
barrier function precedes disease or is a result of active
inflammation.

Various options are available for the medical treatment
of patients with CD. Corticosteroids have been utilised as a
primary treatment to induce remission in patients with CD
for many years. Steroids are able to suppress the effects of
proinflammatory cytokines, which may therefore improve
intestinal tight junction permeability [7, 32]. However,
corticosteroids are associated with a number of short- and
long-term side effects [4, 11]. In the present study, HC
partially reduced the effects of TNF-o-induced intestinal
monolayer permeability. For instance, HC only partially
prevented the downregulation of the gene expression of
occludin, claudin-1 and ZO-1, as well as the upregulation
of MLCK. Consistent with the gene expression results, we
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also found that HC only partially abrogated the effects of
TNF-« on tight junction protein expression and the mor-
phological distributions of occludin, claudin-1 and ZO-1.

In addition to corticosteroid-based therapies, therapeutic
strategies now include treatment with biologic anti-
inflammatory therapies such as IFX. IFX neutralizes the
effects of TNF-a and induces disease remission [33]. To
date, it has been the most extensively studied biological
agent used in the treatment of IBD. IFX was shown to
downregulate the production of the pro-inflammatory
cytokine TNF-a and to restore intestinal barrier function
[20, 33]. In this study, we also found that IFX abrogated the
effects of TNF-o such that epithelial barrier dysfunction
was prevented. IFX modified the mRNA expression of
MLCK, while the expression of occludin was partly mod-
ified. However, TEER remained completely normal
following the administration of IFX with TNF-o incubation.

Over the last three decades, numerous studies have
investigated the possible role of nutritional therapy in the
management of patients with active CD [4, 9-11]. Children
with active CD can be effectively treated by nutritional
therapy for a period of 6-8 weeks [4, 10], leading to
clinical remission rates equivalent to those gained with
corticosteroids [9, 11]. Importantly, nutritional therapy also
leads to very high rates of mucosal healing, two to three
times greater than those seen with corticosteroids [9, 10].
Recently, Zhong et al. [34] demonstrated that intestinal
barrier function is modulated following the administration
of enteral nutrition supplemented with prebiotics and
galactooligosaccharides in rats with severe acute pancrea-
titis. Consistent with these findings, the current study has
shown that PF is more effective than HC at restoring tight
junction integrity and epithelial barrier function in response
to TNF-o stimulation in an in vitro model. Further, PF
acted directly on epithelial cells to normalise TEER, Isc
and monolayer permeability in TNF-o-stimulated cells. It
also normalized the transcription of tight junction proteins
whilst modifying the transcription of MLCK much more
effectively than HC.

The mechanism(s) by which PF abrogates the effects of
TNF-« is/are not known, although ongoing investigations
in our laboratory are pursuing this objective. Previously,
we have shown that PF delays the disassociation of IxB
following an inflammatory stimulus [15]. Therefore, based
on these previous findings, and noting that PF does not
directly interact with TNF-o in our in vitro model, we
speculate that PF may have direct anti-inflammatory
properties exerted through the interruption of the NF-xB
signalling pathway.

In conclusion, this study has re-established that TNF-o«
enhances barrier dysfunction, monolayer permeability and
MLCK mRNA expression in cultured intestinal epithelial
cells. These data also support a role for MLCK in the
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disruption of tight junctions and the redistribution of the
tight junction proteins occludin, claudin-1 and ZO-I1.
Moreover, the current study shows that IFX and PF act
directly on epithelial cells to maintain normal tight junction
structure and function in the presence of high levels of
TNF-«, whereas HC only partially maintains tight junction
structure and function. Therefore, these in vitro results
support the hypothesis that PF is as effective as IFX, and
more effective than HC, in resolving pro-inflammatory-
induced barrier dysfunction. Further studies are required to
define the intracellular mechanism(s) by which PF modu-
lates the TNF-a response.
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