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ABSTRACT

Gastrointestinal toxicity is a common adverse effect of mycophenolic acid (MPA) treatment in organ
transplant patients, through poorly understood mechanisms. Phosphorylation of myosin light chain 2
(MLC2) is associated with epithelial tight junction (T]) modulation which leads to defective epithelial
barrier function, and has been implicated in GI diseases. The aim of this study was to investigate
whether MPA could induce epithelial barrier permeability via MLC2 regulation. Caco-2 monolayers
were exposed to therapeutic concentrations of MPA, and MLC2 and myosin light chain kinase (MLCK)
expression were analyzed using PCR and immunoblotting. Epithelial cell permeability was assessed by
measuring transepithelial resistance (TER) and the flux of paracellular permeability marker FITC-
dextran across the epithelial monolayers. MPA increased the expression of MLC2 and MLCK at both the
transcriptional and translational levels. In addition, the amount of phosphorylated MLC2 was increased
after MPA treatment. Confocal immunofluorescence analysis showed redistribution of TJ proteins (ZO-1
and occludin) after MPA treatment. This MPA mediated T] disruption was not due to apoptosis or cell
death. Additionally ML-7, a specific inhibitor of MLCK was able to reverse both the MPA mediated
decrease in TER and the increase in FITC-dextran influx, suggesting a modulating role of MPA on
epithelial barrier permeability via MLCK activity. These results suggest that MPA induced alterations in
MLC2 phosphorylation and may have a role in the patho-physiology of intestinal epithelial barrier
disruption and may be responsible for the adverse effects (GI toxicity) of MPA on the intestine.

© 2014 Elsevier Inc. All rights reserved.

Introduction

to the regulation of epithelial permeability and intramembrane
diffusion of ions and solutes through the paracellular space [5,30,58].

The tight junctions (TJs) are intercellular, multifunctional com-
plexes present in the epithelial and endothelial cells which form
the paracellular diffusion barrier [14,50]. This barrier contributes
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TJs are comprised of transmembrane (occludin, claudins and junc-
tional adhesion molecules) and peripheral membrane proteins
(zonula occludins [ZO-1], membrane-associated guanylate kinase,
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and the Ras-related protein Rab13). These proteins interact with each
other to form a complex protein network [54]. Various intestinal and
non-intestinal disorders including inflammatory bowel disease, celiac
disease, and diarrheal infections are characterized by barrier dysfunc-
tion which is thought to play a crucial role in their pathogenesis [5].

Mycophenolic acid (MPA) is the active agent in the two
currently commercially available formulations: the MPA ester
mycophenolate mofetil (MMF) and the enteric-coated salt myco-
phenolate sodium (EC-MS) [31]. After oral ingestion, MPA is
liberated in the gastrointestinal tract, absorbed and metabolized
in the liver to form MPA glucuronide (MPAG) and two other
metabolites, 7-0-glucoside and acyl glucuronide (AcMPAG). AcM-
PAG is pharmacologically active and believed to be responsible for
some MPA associated GI tract adverse effects [4]. MPA is an
immunosuppressant which is frequently used for the prevention
of acute transplant rejection. MPA is also used for the treatment of
non-transplant, autoimmune, renal, rheumatological, gastroin-
testinal, ophthalmological, dermatological and neurological dis-
eases [57]. Several immunosuppressive drugs including MPA used
in solid organ transplantation lead to diarrhea [19]. Various
possible aetiologies of this diarrhea have been described includ-
ing infectious agents, drug reactions, metabolic alterations, and
surgical complications. MPA has been claimed to account for 50%
of all drug induced post-transplantation diarrhea [3], while 20% of
total MPA complications involve the GI tract [19,38]. GI symptoms
similar to those seen with Crohn's disease and enterocolitis are
also observed in patients receiving MPA therapy [9,21,27,34,37].
The underlying mechanisms of MPA induced GI toxicity remain
unclear; however, several hypotheses exist including direct toxi-
city as a result of its anti-proliferative effects, myelosuppression
induced opportunistic infections, variations in local immune
response, and AcMPAG adduct toxicity [19,55,56].

Several GI associated abnormalities, including inflammatory
bowel disease (Crohn's disease and ulcerative colitis), and Graft
versus host disease are characterized by epithelial barrier defects
which contribute to increased intestinal permeability [8]. MLC
phosphorylation is an important regulator of barrier function in
health and disease [33]. Increased MLC phosphorylation leads to
the rearrangement of T] proteins (ZO-1, occludin, claudin-1 and
claudin-4), disruption of perijunctional F-actin, and increases TJ
permeability [8,52]. The key pathways associated with MLC
phosphorylation are controlled either directly by MLCK activity
or indirectly by Rho kinase mediated inhibition of phosphatase [2].
MLCK mediated MLC phosphorylation is sufficient to trigger
downstream events necessary for barrier regulation and has a
central role in many diseases that are characterized by intestinal
barrier dysfunction (reviewed in [29]). The effects of MPA on cell
junction's biophysical properties including paracellular perme-
ability, and the regulation of T] proteins, especially in relation to
intestinal barrier defects, have not been well studied. Studies
were conducted to explore the molecular effects of MPA on gut
integrity via possible effects on TJs. We used Caco-2 cell mono-
layers as in vitro model of intestinal epithelia [1] and incubated
them with therapeutic concentrations (3.1 mg/L, or 10 pmol/L) of
MPA. Trans-epithelial resistance (TER) measurements, paracellu-
lar influx assays, immunoblotting and immunofluorescence
analyses were then conducted to evaluate integrity of the TJs
complex. We hypothesized that MPA may modulate the TJs by
altering expression and distribution of crucial TJs proteins via
MLCK mediated MLC2 phosphorylation.

Materials and methods
Reagents

Reagents (and their sources) included agarose (Gibco BRL, Paisley,
UK), magnesium chloride (MgCl,), M-MLV RT enzyme and
5 x buffer (Invitrogen, Karlsruhe, Germany), deoxynucleotide
triphosphate (dNTP) (Roche, Mannheim, Germany), ribonuclease
(RNAase) inhibitor (Promega, Mannheim, Germany), MPA, fluor-
escein isocynate-dextran 4 kDa (FD4), 1-5-iodonaphthalene-
1-sulfonyl-1H-hexahydro-1,4-diazepine  hydrochloride (ML-7)
and cytochalasin (CD) (Sigma-Aldrich, Mannheim, Germany),
PCR primers (Eurofins, Ebersberg, Germany) and 10 x cell lysis
buffer (Cell Signalling Technology, Danvers, MA, USA).

Cell culture

The human colon adenocarcinoma cell line (Caco-2) was pur-
chased from DSMZ (German collection of microorganisms and cell
cultures, Braunschweig, Germany). Tissue culture media ingredi-
ents were obtained from PAA Laboratories (Pasching, Austria).
Cells were grown in Dulbecco's modified Eagle's medium (DMEM)
(4.5 g/L glucose) supplemented with 10% heat-inactivated fetal
calf serum, 2 mmol/L glutamine, 50 IU/mL penicillin, 50 mg/mL
streptomycin and non-essential amino acid supplement (1% v/v)
under conditions of 37 °C, 5% CO, and 90% relative humidity. The
Caco-2 cells were allowed to grow for 21 days of post-confluence
to form differentiated and polarized monolayer growth [36]. The
culture medium was changed every second day. DMSO at final
concentration of 0.05% (v/v) was used as vehicle control in all
experiment.

LDH measurement

LDH measurements were performed using a commercially avail-
able LDH measurement kit (Roche, Mannheim, Germany) accord-
ing to the manufacturer's instructions. This assay is based on the
principle that LDH catalyzes the conversion of NADH (substrate)
to NAD and the rate of this conversion is directly proportional to
LDH activity. Briefly, cells were incubated in DMSO or 10 pmol/L
MPA for 72 h. Following incubation, supernatant medium was
collected, centrifuged for 5 min at 15,700g at 4 °C and LDH was
measured photometrically using a Hitachi analyzer (Roche, Man-
nheim, Germany). The experiments were repeated at least four
times and values were represented as mean IU/L+SEM.

Determination of caspase 3 activity

Cells were treated with DMSO or 10 pmol/L MPA for 72 h and the
caspase specific activity was measured using CaspACE™ Assay
kits (Promega, WI, USA) as previously described [23]. Briefly, cell
proteins (70 ng) were mixed with reaction mixtures containing
the colorimetric substrate Ac-DEVD-p-nitroanaline (Ac-DEVD-
pNA). The pNA released from Ac-DEVD-pNA due to caspase
activity was measured at a wavelength of 405 nm using an
EL808 microplate reader (Bio-Tek instruments, VT, USA). Caspase
3 specific activity (CSA) in the cell extract was measured using the
standard formula (CSA=pmol pNA liberated/h/ug protein). Five
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independent experiments were performed and results were
expressed as mean pmol pNA liberated/h/ug protein.

Determination of trans-epithelial resistance (TER)

TER was measured as previously described [22]. Briefly, cells were
seeded on polyester transwell inserts (6.5 mm diameter, 0.4 pm
pore size, 0.33 cm? growth area, Corning Costar Corporation, NY,
USA) at 2.0 x 10° cells/well and grown for 21 days post-confluence.
Cells were treated in the apical side of the transwell inserts with
DMSO, 10 pmol/L MPA, or CD (10 pmol/L) for 72 h or pre-treated
with ML-7 (10 umol/L) for 1 h followed by 72 h treatment of MPA
(10 pwmol/L) after cells developed into a differentiated and polarized
monolayer. TER was measured using an EVOM voltohmmeter with
a STX2 electrode (WPI, FL, USA). For epithelial resistance measure-
ments, both the apical and basolateral sides of the epithelia were
bathed in cell culture medium. Resistance (TER)=[RC—RE] x A;
where RC is resistance of the cells (Q); RE is resistance of the blank
(Q); and A is surface area of the membrane insert (cm?). TER was
calculated as Q cm? for at least four consecutive measurements.

FITC-dextran paracellular permeability

Epithelial permeability was assessed using a previously reported
method [46,47]. Briefly, Caco-2 cells were grown into monolayers
and treated as described above. Following treatment, cells were
rinsed with PBS and incubated in Hank's balanced salt solution
containing 1 mg/mL FITC-dextran 4 kDa (FD4) solution for 2 h.
Permeability marker flux was assessed by taking 100 pL from the
basolateral chamber. Fluorescent signal was measured using a
Lambda fluoro 320 fluorescence plate reader (MWG Biotech,
Ebersberg, Germany) using 492 nm excitation and 520 nm emis-
sion filters. FD4 concentrations were determined using standard
curves generated by serial dilution of FD4. Fluxes were calculated
using the apparent permeability coefficient (P,p,) equation:
Papp=[(ACa/AL)VA]/A x Ci, where Pypp, is the apparent permeabil-
ity (cm/s), AC, is the change of FD4 concentration, A is the surface
area of the membrane (cm?), At is the change of time, V, is the
volume of the abluminal medium, and C; is the initial concentra-
tion in the luminal chamber.

RNA isolation, cDNA synthesis and real-time PCR

Total cellular RNA was extracted using the acid guanidinium-
phenol-chloroform method (Trizol reagent; Invitrogen, CA)
according to manufacturer's recommendations. Briefly, Caco-2
monolayers were scraped into Trizol reagent, homogenized, and
RNA was extracted using chloroform/isopropanol precipitation.
The precipitated RNA was dissolved in sterile water and stored at
—80 °C until analysis. RNA concentration was determined with
the GeneQuant II RNA/DNA calculator (Pharmacia Biotech, Frei-
burg, Germany) and quality was verified by OD,g9/OD,g0 Nm
ratios and subsequent electrophoresis in 1.5% agarose gels using
ethidium bromide staining. cDNA was synthesized from 2 pg total
RNA in a 30pL reaction mix containing 1x RT-PCR buffer
(10 mmol/L Tris-HCI [pH 8.3], 15 mmol/L KCl, 0.6 mmol/L MgCl,),
0.5 umol/L of each dNTP, 1 U/uL RNase inhibitor and 13.3 U/uL
M-MLV RT enzyme. The RT reactions were performed in a thermo-
cycler (Biometra, Goettingen, Germany) at 75 °C for 5 min, and
then 42 °C for 1 h. cDNA was stored at —80 °C until use.

Primers for real time PCR were selected using the online Primer 3
software [41]. The primers used in this study were as follows: MLC2
(forward 5'-CAGGAGTTCAAAGAGGCCTTCAAC-3/, reverse 5-CTG-
TACAGCTCATCCACTTCCTCA-3'); MLCK (forward 5-CAACAGGGT-
CACCAACCAGC-3', reverse 5-GCCTTGCAGGTGTACTTGGC-3'); and
elongation factor 2 (EF-2) (forward 5'-GACATCACCAAGGGTGTG-
CAG-3/, reverse 5'-GCGGTCAGCACACTGGCATA-3'). Relative quanti-
tative PCR was carried out using the LightCycler instrument (Roche,
Manheim, Germany). The total PCR volume of 20 pL contained 1 pL
of cDNA solution, 2 pL of 10 x PCR buffer (Invitrogen, Darmstadt,
Germany), 2 uL syber green, 1puL BSA, 1 pL DMSO, 0.25 puL of
each primer (Eurofins MWG-Biotech AG, Ebersberg, Germany),
2.0 mmol/L MgCl,, 0.2 mmol/L of each dNTP, and 0.15 U/uL PAN
Script DNA polymerase (PAN Biotech, Aidenbach, Germany). Ampli-
fication conditions were set to: MLC2 (initial denaturation 30 s at
95 °C, repeated cycles of denaturation at 95 °C, for 1s, primer
annealing at 55°C for 5s, elongation at 72°C for 10s, and
fluorescence reading at 82 °C), and MLCK (initial denaturation for
30s at 95 °C and repeated cycles of denaturation at 95 °C for 1,
primer annealing at 60 °C for 5 s, elongation at 72 °C for 10's, and
fluorescence reading at 82 °C). ROCK (initial denaturation for 30 s at
95 °C and repeated cycles of denaturation at 95 °C for 1 s, primer
annealing at 60 °C for 5s, elongation at 72°C for 10s, and
fluorescence reading at 80 °C), and EF-2 (initial denaturation for
30s at 95 °C, repeated cycles of denaturation at 95°C, for 1s,
primer annealing (55 °C, 5 s), elongation (72 °C, 10 s), and fluores-
cence reading at 88 °C). For each sample, real-time PCR reactions
were performed in quadruplicate. RNA relative expression was
calculated as fold change using the comparative threshold cycle
(Cr) method (2724¢T) [49] with EF-2 used as the internal control
gene. The relative expression of mRNA in the treated samples was
determined as a fold increase compared with control samples. The
PCR product was run on 1.5% agarose gel electrophoresis to confirm
the specificity of the amplified product.

Immunoblotting

Caco-2 cells were rinsed with ice-cold PBS and lysed with lysis
buffer-CS (50 mM Tris/HCI, pH 7.4, 1.0% Triton X-100, 5 mM EGTA,
10 mM sodium fluoride, 2 pg/mL leupeptin, 10 ug/mL aprotinin,
10 pg/mL bestatin, 10 ug/mL pepstatin A, 1 mM vanadate and
1 mM PMSF). Cell lysate was centrifuged and total cell proteins
(clear supernatant) were separated. Protein contents were mea-
sured using the Bio-Rad protein assay kit (Bio-Rad Laboratories)
according to vendor instructions. Protein lysates were separated
by SDS-PAGE and blotted onto PVDF (Immobilon, Millipore, MA,
USA) using the Trans-Blot SD cell system (Bio-rad, Munich,
Germany) for 30 min at 15V in a blotting buffer (192 mmol/L
glycine, 20% methanol, and 25 mmol/L Tris [pH 8.3]). The mem-
branes were blocked with 5% (w/v) milk in TBS-T buffer
(50 mmol/L Tris-HCl [pH 7.5], 200 mmol/L NaCl, 0.05% Tween
20) for 1 h at room temperature followed by washing twice in
TBS-T for 5 min. The membranes were incubated with a 1: 500
dilution of a mouse monoclonal anti-MLC antibody (Sigma,
Mannheim, Germany), 1: 10,000 dilution of mouse monoclonal
anti-MLCK antibody (Sigma, Mannheim, Germany), 1: 1000 rabbit
anti-phospho MLC antibody (Cell Signaling, Beverly, USA), 1 pg/mL
rabbit anti-ZO-1, 0.5 pg/mL mouse anti-occludin (Zymed, CA,
USA), or 1: 5000 anti-g actin (Sigma, Mannheim, Germany) in
5% BSA in TBS-T overnight at 4 °C. Following washing in TBS-T,
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Fig. 1 - Effect of MPA treatment on TER and FD4 permeability of Caco-2 cell monolayers. Caco-2 cells were cultured on filter inserts
and grown for 21 days post-confluence to form differentiated monolayers. (a) Caco-2 cells were treated with MPA (5-100 pmol/L)
for 0-72 h. MPA concentration and time dependent decrease in TER were observed. Graph shows relative epithelial resistance
versus time (h) with means+SEM from four independent experiments. (b) Paracellular flux of FD4. Values are means of apparent
permeability for FD4 (cm/s) which is the amount of apical FD4 crossing the insert membrane per cm?/s. Bars show SEM and

**=p<0.005 and ***=p <0.0005.

membranes were then incubated with appropriate HRP-conju-
gated secondary antibodies (Bio-Rad, Munich, Germany). The
membranes were washed with PBS and prepared for enhanced
chemiluminescence (GE, Buckinghamshire, UK) according to the
manufacturer's instructions. Developed membranes were then
exposed to hyperfilm-ECL (GE, Buckinghamshire, UK). The films
were scanned and protein band densities were quantified with
the Lab Image software, version 2.71 (Kapelan, Leipzig, Germany).

Immunofluorescence microscopy of TJs proteins

Cell monolayers were grown on Lab-Tek™ eight chamber slides
(Nunc, Naperville, IL, USA) and treated as indicated above. Cells were
immunolabelled as previously described [11] with some muodifica-
tions. Briefly, cells were rinsed with PBS and fixed in 3.7%
formaldehyde at room temperature for 20 min. Cell monolayers
were then rinsed in PBS and permeabilized in 0.2% Triton X-100 for
7 min at room temperature. Cells were rinsed in PBS followed by
blocking with 1% bovine serum albumin (BSA) for 30 min at room
temperature. Cells were incubated with 3 pg/mL anti-rabbit ZO-1
and 2 pg/mL anti-mouse occludin (Zymed, San Francisco, USA)
overnight at 4 °C. After washing with PBS, cells were incubated
with anti-rabbit IgG conjugated to Alexa 488 and anti-mouse IgG
conjugated to cydye 3 (Molecular Probes, Eugene, OR, USA) in 1%
BSA for 1 h at room temperature. For F-actin localization cells were
incubated in 0.33 pg/mL of FITC-conjugated phalloidin (Sigma-
Aldrich, St. Louis, USA) in PBS for 30 min as described previously
[40]. Cells were also incubated with DAPI (Molecular Probes, Eugene,
USA) for 10 min to stain nuclei. After washing with PBS, cells were
mounted using the Dako fluorescence mounting medium (Dako,
Carpintera, USA) and stored at 4 °C in dark until analyzed. The
fluorescence was visualized using Axiovert 200M confocal micro-
scope (Carl Zeiss, Jena, Germany). All of the fluorescent labeling
experiments were repeated four times to ensure reproducibility.

Statistics

The data are presented as sample means with error bars indicat-
ing the standard error of the mean. The p value was calculated

using Student's t test and a p value <0.05 was considered
statistically significant.

Results

MPA altered TER and TJs permeability in a concentration
and time dependant manner

In the present study, the effect of MPA on Caco-2 T] integrity was
determined by measuring TER and epithelial permeability to the
paracellular marker FD4. To assess the influence of MPA treatment
on TER, cells were incubated with different concentrations of
MPA (5-100 pumol/L) for up to 72 h. DMSO did not have any
significant effect on TER of polarized Caco-2 cell monolayers.
Increasing concentrations of MPA exhibited concentration- and
time-dependant decreases in Caco-2 TER (Fig. 1a). The mean TER
decreased by about 10%, 27% and 41% after 5, 10 and 50 pmol/L
MPA treatment respectively. The maximal decrease (57%) in TER
was observed at 100 pmol/L MPA concentration. The decrease in
Caco-2 TER increased with time between 12 h and 72 h (Fig. 1a).

Similarly, MPA was associated with a concentration-dependent
increase in Caco-2 paracellular permeability to FD4 (Fig. 1b). FD4
permeability analysis following 72 h MPA treatment showed a
concentration-dependant increase in FD4 influx. The FD4 influx
from the apical to the basolateral chamber was increased 1.5, 2.7,
4.6, and 7.9 fold after incubation with 5, 10, 50, and 100 pmol/L
MPA concentrations respectively (Fig. 1b).

MPA mediated increase in permeability was not due
to cell death/apoptosis

To determine whether MPA induced decreases in TER and
increased FD4 permeability were due to T] proteins modulation
and not due to the cell death, the LDH release from the treated
cells was determined. LDH measurement has previously been
used as an indicator of cell death [25]. Exposure to 10 pumol/L MPA
for 72 h did not result in any significant increase in LDH release
from the Caco-2 cells (Fig. 2a). Furthermore, caspase 3 activity
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Fig. 2 - Effect of MPA on cell viability and apoptosis in Caco-2 cells. Caco-2 were grown for 21 days post-confluence and treated
with DMSO or MPA (10 pmol/L) for 72 h. (a) Cell viability was assessed by measuring the lactate dehydrogenase (LDH) release in the
culture media. Data represent IU/L LDH released into the media per h/pg protein. (b) Apoptosis was determined by measuring the
caspase-3 activity in cell lysates using CaspACE™ Assay Kkits. Caspase 3 activity is expressed as pmol/h/pg. Values are presented as
the mean -+ SEM; of four independent experiments and the significance was determined by Student's t-test.

was measured to check the effect of MPA on cell apoptosis.
10 pmol/L MPA exposures for 72 h did not cause any significant
apoptosis as compared to DMSO (vehicle) (Fig. 2b). These findings
suggest that the TJs disruption caused by MPA was not associated
with cell death or apoptosis.

MPA increased the expression of MLC2 and MLCK
in Caco-2 cells

In a previous study we reported that MPA increased the total
MLC2 expression in HEK-293 cells [39]. Additionally, we observed
up-regulation of MLCK and ROCK expressions by MPA in HEK-293
and HT-29 cells (data not shown). In view of these findings, we
investigated regulation of MLC2 expression and MLCK in Caco-2
cells. MLCK is involved in the regulation of barrier function
through the phosphorylation of MLC2 in response to diverse
stimuli [62,63]. In line with the previous findings [39], MPA
treatment increased the expression of MLC2 at both the mRNA
(1.5 fold increase) and protein levels (1.47 fold increase) in Caco-2
cells (Fig. 3a and b). MLCK expression was also up-regulated by
MPA (10 umol/L) at the mRNA (1.9 fold) and protein levels (2.1
fold) (Fig. 3a and b). To analyze for the possible involvement of
MLCK in the MPA mediated TJs disruption, we determined the
effect of MPA on total protein expression of MLC2 and MLCK in
the presence of ML-7 (Fig. 3b). ML-7 acts as a selective anatago-
nist of MLCK by competing for its ATP binding site and reverses
the effects of agents involved in TJs disruptions [24]. Previously,
it was reported that ML-7 had no significant effect on total
MLC2 and MLCK expression and that ML-7 mainly affects the
phosphorylation of MLC2 by decreasing the activity of MLCK [25].
In the present study, expressional analysis showed that MPA
treatment in the presence of ML-7 did not alter total MLC2 and
MLCK expression, which was observed after MPA treatment alone
(Fig. 3b).

MPA-mediated increase in MLC phosphorylation
through MLCK

MLC phosphorylation has been extensively studied with regard to
tight junction regulation and has been reported to be required
for increased paracellular permeability [52,62]. To determine
whether MPA caused any defect in the epithelial barrier through

phosphorylation of MLC2, we checked the phosphorylaton of
MLC2 by immunoblotting using specific phospho-MLC2 antibody.
MPA treatment (10 pmol/L) for 72 h increased the expression of
phospho-MLC2 by 2.8 fold (Fig. 4). Previously it was shown that
ML-7 inhibits MLCK driven MLC2 phosphorylation by inhibiting
MLCK activity [24,25]. We observed that the presence of ML-7 in
the medium was able to reverse the effect of MPA on MLC2
phosphorylation (Fig. 4). To further validate these results, cells
were incubated with CD which is an actin-disrupting drug that
has previously been reported to increase MLC2 phosphorylation [15].
Our results also showed that CD increased phospho-MLC2 expression
(Fig. 4), which is consistent with the previous report [15].

MLCK inhibition partially prevented MPA effects
on TER and permeability

To investigate whether MPA mediated TJs alteration is through
effects on MLCK, we pre-treated Caco-2 monolayers with ML-7 for
1h and then co-incubated them with (10 pmol/L) MPA for the
indicated time periods. It was previously reported that ML-7
prevents TJs disrupting agent mediated decreases in TER and
increases the FD4 permeability via inhibition of MLCK [24,62].
Co-treatment with ML-7 and MPA resulted in a significant higher
TER as compared to cells treated with MPA alone (Fig. 5a).
Similarly, apical to basal FD4 influx was also reduced in cells co-
treated with MPA and ML-7 (Fig. 5b). CD was previously reported
to decrease TER and increase permeability [48]. In the following
experiments, similar to MPA, CD treated cells showed significant
decreases in TER and increases in FD4 influx (Fig. 5a and b). These
findings suggest that the MPA-induced increases in Caco-2 TJ
permeability are at least partly the result of a mechanism closely
associated with MLCK expression and activity.

MPA modulated Caco-2 F-actin distribution

The perijunctional ring of F-actin is the fundamental unit of the
actin cytoskeleton that supports the tight junction and thus plays
an important role in barrier regulation [26]. Structural alterations
of the F-actin-based cytoskeleton are used to detect changes in
actin and tight junctions [24,67]. To investigate whether MPA
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Fig. 3 - Effect of MPA on MLC2 and MLCK expression in Caco-2 cells. Caco-2 monolayers (21 days post-confluence) were incubated
with Caco-2 monolayers (21 days post-confluent) were incubated with either vehicle (DMSO), MPA (10 pmol/L), MPA (10 pmol/L)+
ML-7 (10 pmol/L), or CD (10 pmol/L) for 72 h. (a) mRNA expression analysis for MLC2, and MLCK. Total RNA was extracted, reverse
transcribed and subjected to real-time PCR analysis. EF-2 was used as a house keeping gene and the relative mRNA expression of
MLC2 and MLCK in the MPA and DMSO (vehicle) treated samples was determined using the comparative threshold cycle (Cy)
method (27247 as described in Material and methods section. Data indicate the mean of four independent experiments +SEM.
(b) Immunoblot analyses for MLC2 and MLCK. Whole cell lysates were resolved on 1DE and immunoblotted using MLC2 and MLCK
specific antibodies.  actin was used as a control for an equal amount of protein load. Densitrometric analysis was done using the
Lab image software. The data represent mean relative intensities + SEM from four independent immunoblots. *p <0.05 and

**p <0.005 significance relative to DMSO.

mediated colonic epithelial barrier disruption was associated with
structural modulation of the F-actin cytoskeleton; we stained
Caco-2 cells with FITC-labelled phalloidin, a commonly used
fluorescent marker for F-actin [24,40]. In the vehicle control
(DMSO) cell monolayers, the F-actin cytoskeleton was uniformly
organized as shown in Fig. 6a-c. Following 72 h exposure to
10 pumol/L of MPA (Fig. 6d-f), the uniform distribution of actin
staining in epithelial cells appeared disrupted and was marked by
randomly distributed dense patches of staining, which suggest
that the disruption of the actin cytoskeleton could be a possible
mechanism for the alterations in the TJs functions following MPA
treatment.

Inhibition of MLCK prevented MPA mediated
redistribution of TJ proteins

The modulatory effect of MPA on TJs proteins, ZO-1 and occludin
was investigated by immunofluorescent labeling. Changes in the
distribution and expression of occludin and ZO-1 can be used as
the markers for determination of TJs disruption which has been
implicated in several GI tract diseases [20,45]. Confocal analyses
of ZO-1 and occludin distribution showed uniform and contin-
uous staining at the plasma membrane in control cells (DMSO)
(Fig. 7a-c). MPA treatment (10 pmol/L) for 72 h led to redistribu-
tion of ZO-1 and occludin proteins. The most prominent features
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Fig. 4 - Effect of ML-7 on MPA-mediated increases MLC phosphorylation. Caco-2 monolayers (21 days post-confluent) were
incubated with either vehicle (DMSO), MPA (10 pmol/L), MPA (10 pmol/L)+ML-7 (10 pmol/L), or CD (10 pmol/L) for 72 h. Total cell
proteins were isolated and equal amount of protein was loaded resolved on 1DE. Expression was analyzed by immunoblot analysis
using antibodies against p-MLC2. g actin was used as a control for an equal amount of protein load. Bands were quantified using
the Lab image software. The data represent the mean of 4 independent experiments+SEM. **=p <0.005 and ns indicates
statistically not significant value.
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Fig. 5 - ML-7 co-treatment reversed the effect of MPA on TER and permeability. Cells were grown to 21 days post-confluence and
incubated with DMSO, MPA (10 pmol/L), MPA (10 pmol/L)+ML-7 (10 pmol/L), or CD (10 pmol/L) for 72 h. The effects on (a) TER and
(b) FD4 influx were measured as described in Material and methods section. ML-7 (a specific MLCK inhibitor) prevented both the
MPA-mediated increase in FD4 paracellular diffusion and the decreases in TER. Data are the mean+SEM of at least four
independent experiments. **=p <0.005 and ***=p <0.0005.
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Fig. 6 - MPA induced remodeling of the F-actin cytoskeleton. Caco-2 cells grown to 21 days post-confluence followed by 72 h
treatment with DMSO (a-c), or 10 pmol/L MPA (d-f). Cells were fixed, permeated, and F-actin was stained with FITC-phalloidin
(red) and nuclei were stained with DAPI (blue), as described in Material and methods section. Fluorescence images were obtained
using an Axiovert 200M confocal microscope. Images are representative of 4 independent experiments.
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Fig. 7 - Effect of ML-7 co-treatment with MPA on distribution of TJs proteins (ZO-1 and occludin). Caco-2 cells were grown for
21 days post-confluence and treated with either vehicle (DMSO), MPA (10 pmol/L), MPA (10 pmol/L)+ML-7 (10 pmol/L), or CD

(10 pmol/L) for 72 h. Cells were fixed, permeated, and stained for Z0O-1 and occludin, as described in Materials and methods section.
The figure shows the distribution of ZO-1 and occludin in Caco-2 cells exposed to DMSO (vehicle) (a-c) or MPA (d-f), MPA+ML-7
(g-i), and CD (j-1). Cells were doubled stained for ZO-1 (a, d, g, and j) and occludin (b, e, h, and k). An overlay (ZO-1, occludin, and
DAPI) is shown in the right panel (c, f, i, and 1). Corresponding proteins were detected with secondary antibodies conjugated with
either FITC 488 (green; Z0-1) or cydye 3 (red; occludin). DAPI (blue; nuclei) was used to stain nuclei. Images were examined using
confocal microscopy. Images presented are representative images of 5 independent experiments.

were disappearance of staining at the cellular periphery, with
aggregation and paracellular openings between the adjacent cells
(Fig. 7 d-f). These microscopic alterations at the apical cellular
borders correlated with the amount of increased TJs permeability
(Fig. 1) observed. Previously, it was reported that the redistribu-
tion of TJs proteins by TJs disrupting agents can be reversed by
inhibiting MLCK [51,60,68]. Immunofluorescence localization of
occludin and ZO-1 showed that ML-7 could partly prevent the
redistribution of ZO-1 and occludin induced by MPA exposure

(Fig. 7g-i) when compared to cells treated with MPA alone
(Fig. 7d-f). ML-7 co-treatment induced reassembly of the ZO-1
and occludin at the cellular borders with reclosure of the
paracellular gaps. The MPA induced disruption of TJs proteins
distribution was prevented by an MLCK inhibitor (ML-7), indicat-
ing that the downstream alteration of TJs proteins is dependent
on MLCK activation. In contrast, CD, like MPA, disrupts the
distribution of ZO-1 and occludin as shown by disappearance of
these proteins from the paracellular membrane (Fig. 7j-1).
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Fig. 8 - Effect of ML-7 co-treatment with MPA on occludin protein expression in Caco-2 cells. Caco-2 cell monolayers following 21
days post-confluency were incubated with DMSO, MPA (10 pmol/L)+ML-7 (10 pmol/L) or CD (10 pmol/L) for 72 h. Protein extracts
were immunoblotted for occludin and g-actin. Densitrometric measurement was done with the Lab image software. Values are

means +SEM (n=4). **=p<0.005.

Inhibition of MLCK prevented MPA mediated down
regulation of occludin protein expression

We further investigated whether MPA quantitatively altered the
expression of TJs protein (occludin) in Caco-2 cells. Immunoblot
analysis showed that 10 pmol/L of MPA decreased the expression
of occludin by 2.1 fold (Fig. 8). These expressional changes are
consistent with the immunostaining of occludin protein which
also revealed disappearance and redistribution of occludin protein
from the membranes (Fig. 7). ML-7 was able to reverse the effect
of MPA on occludin expression by increasing its expression by
1.92 fold as compared to cells treated with MPA alone. CD
treatment showed a 3.2 fold decrease in occludin protein as
compared to DMSO control (Fig. 8).

Discussion

Intestinal cells form a crucial physical and functional barrier,
which regulates the movement of water, electrolytes, nutrients,
and xenobiotics [53]. The gastrointestinal tract is directly involved
in the metabolism and transport of various endogenous and
exogenous compounds [12]. Several intestinal diseases are char-
acterized by barrier dysfunction including inflammatory bowel
disease, graft versus host disease, and infectious enterocolitis
(reviewed in [6]). It has been previously reported that epithelial
barrier defects lead to increased intestinal permeability and the
development of diarrhea in human patients with bowel diseases [13]
and in mouse models [6]. MPA associated gastrointestinal adverse
effects are a major concern in transplantation medicine and
diarrhea is the most frequent unwanted clinical outcome follow-
ing treatment with MPA regimes [10]. Previous reports showed
that MPA is associated with gastrointestinal mucosal injury
[9,32,34,35,37]. The effect of therapeutic concentrations of MPA
on the gastrointestinal epithelial barrier is not well described.
Diverse physiological and pathophysiological stimuli cause intest-
inal barrier dysfunction, regulated via several pathways such as
those involving protein kinase C, protein kinase A, MLCK, Rho-
kinase, mitogen-activated protein kinases, and phosphoinositide
3-kinase. Disturbances in these pathways can all lead to the
alteration in TJs protein expression and distribution [5,17]. In a
previous study, we observed a significant increase in the MLC2

expression in HEK-293 cells following MPA exposure [39]. MLC2
phosphorylation via MLCK and/or ROCK has been implicated in
several barrier disorders [15]. To better understand the possible
mechanism of MPA mediated TJs regulation, we used Caco-2
monolayers as a colonic model [44]. The present study demon-
strates for the first time in vitro that MPA, at non-toxic and
therapeutic concentrations produces a significant modulation of
intestinal epithelial barrier function in Caco-2 cells. The Caco-2
cell line is widely used as an in vitro intestinal barrier cell model,
which exhibits a well differentiated brush border, TJs, and
intestinal proteins [44,64]. In the present study we observed that
MPA exposure increased TJs permeability and impaired T] pro-
teins (ZO-1 and occludin) expression and distribution. On the
other hand, the MPA concentrations used did not cause significant
apoptosis or cell death, suggesting that the effects of MPA on GI
barrier function are the result of a non-cytotoxic mechanism.

Previously it was shown that MLCK activity in Caco-2 cells triggers
a series of molecular processes such as induction of MLC phosphor-
ylation, myosin-Mg?>"-ATPase activation, and perijunctional actin-
myosin interaction which are responsible for actin filament disruption
leading to Caco-2 epithelial barrier opening [24]. Several agents
increase MLCK mediated MLC2 phosphorylation which disrupts TJ
proteins, leading to the increased TJs permeability implicated in
barrier associated diseases [52]. We investigated the possible dis-
ruptive role of MPA on epithelial barrier permeability and attempted
to link this effect with MLCK-induced MLC-2 phosphorylation.

To demonstrate the effect of MPA on barrier properties of this
colonic model, Caco-2 cells were exposed to non-cytotoxic con-
centrations of MPA (10 pmol/L) followed by measurements of TER
and influx of markers. Determination of TER and influx of
permeability markers are widely used techniques to assess the
integrity and permeability of monolayers [65] because TJs dis-
ruption can be reflected by the reduction in TER and the increase
in influx of permeability markers [7].

Our data revealed that MPA increased Caco-2 cell monolayer
permeability as shown by decreases in TER and increases in FD4
influx (Fig. 1). These findings are in agreement with another report
on the effects of MMF (an ester prodrug of MPA) on the barrier
function of small bowel and distal colon of Wistar rats [28].

TJs proteins, ZO-1, and occludin are protein markers which are
widely used to investigate TJs integrity [16,52]. These proteins
maintain structure and function of TJs integrity which are vital for
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Fig. 9 - Proposed model of MPA mediated T] disruption. MPA increased the MLCK-mediated MLC2 phosphorylation in Caco-2 cells
monolayers. MLC-2 phosphorylation alters the expression and distribution of TJ proteins (ZO-1 and occludin) and has been
identified as a key factor in development of barrier defects in several intestinal diseases. MLC-2 phosphorylation also alters the
distribution of F actin filaments and the associated T] disruption results in decrease in TER and increased in paracellular influx.
In the present study we observed that MPA disrupted TJ, characterized by increased MLCK expression, and MLC2 phosphorylation.
We therefore propose that MPA associated T] disturbance is dependent on MLCK-driven MLC phosphorylation that leads to
decreased expression and redistribution of TJ proteins. Pre-treatment of ML-7 (a specific inhibitor of MLCK) partially prevented the
MPA mediated increased in MLC2 phosphorylation, disturbance of TJ proteins, and increase in permeability. We hypothesized that
the observed increase in paracellular permeability following MPA treatment is due to TJ disruption caused by MLC2
phosphorylation, which mediates alterations in the expression and distribution of T] proteins. Thus the results of the above events
could be responsible for GI toxicity observed in some patients on MPA therapy.

normal intestinal architecture [43,50]. The disturbance in the
distribution and expression of these proteins has been observed
in intestinal barrier disorders [7,8]. In the present study, we
investigated the effect of MPA on the distribution and expression
of ZO-1 and occludin. We found that exposure of Caco-2 mono-
layers (21-days post-confluency) to therapeutic, non-cytotoxic
concentrations of MPA for 72 h led to a decrease in the expression
of occludin proteins, as evidenced by Western blot analysis
(Fig. 8). Under normal conditions ZO-1 and occludin are generally
present at the pericellular boundary, and distributed homoge-
neously, presenting a characteristic feature of intact TJs structure.
Disruption and redistribution of TJs proteins have been reported
previously in several studies that suggested that alteration in
these proteins can lead to hyperpermeability [52,66]. MLCK
mediated MLC-2 phosphorylation (involved in modulation of
Z0-1 and occludin morphologically and biochemically) can induce
an increase in TJs permeability [52]. Furthermore, we also
demonstrated that MPA exposure change the distribution of ZO-
1 and occludin proteins, as revealed by a discontinuous pattern
of immunofluorescent staining of these TJs proteins (Fig. 7).
To investigate whether MLCK was involved in MPA modulation
of TJs, we used a specific MLCK inhibitor, ML-7 which is a selective
antagonist of MLCK [42] Previously it was reported that inhibition
of MLCK mediated MLC phosphorylation by ML-7 can prevent or
reverse TJs barrier losses induced by several agents such as TNFa,

cytochalasin B, and ethanol [18,24,25,62]. To investigate the effect
of MPA on MLCK activity, we pre-incubated cell monolayers with
ML-7 followed by MPA exposure. Results showed that ML-7 could
at least partially reverse the MPA mediated decrease in TER as
well as the increase in FD4 influx. ML-7 was able to prevent the
MPA induced redistribution of ZO-1 and occludin (Fig. 7). Addi-
tionally, ML-7 significantly decreased the expression of occludin
protein (Fig. 8). Treatment with CD, a known stimulant of MLCK
and actin-depolymerising agent [15] which was used as positive
control for the effects of MPA treatment, also showed a decrease
in TER and increase in paracellular flux (Fig. 5). Previously, it was
reported that CD was able to increase MLCK activity and MLC2
phosphorylation [15], which our results confirmed. In addition,
we found that CD was able to alter the expression and distribu-
tion of TJs proteins which is consistent with results of a previous
study of CD treated epithelial cells [59]. These results showed
that both CD and MPA decreased TER and disrupted the actin
cytoskeleton.

The present study revealed that inhibition of MLCK activity by
ML-7 significantly prevented the MPA mediated increase in MLC2
phosphorylation with no significant effect on total MLCK and
MLC2 expression.

MLC2 phosphorylation has a key role in maintaining TJs integrity
by regulating actomyosin contraction [62]. Several pathways were
described previously which regulate the phosphorylation of MLC2;
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among them Rho-kinase and MLCK signaling are widely studied in
the context of barrier defects [61]. MLCK is involved in the
regulation of barrier function by phosphorylation of MLC2 in
response to diverse stimuli [62,63]. ML-7 via MLCK inhibition
prevents the disruption of both occludin and actin, which demon-
strates the importance of MLCK activity in TJs physiology [60]. Our
results suggest that increases in MLCK might be responsible for the
MPA induced redistribution of ZO-1 and occludin in Caco-2
monolayers.

In conclusion, the present study indicates for the first time that
MPA at therapeutic concentrations produce functional alterations
in TJs of Caco-2 cells resulting in abnormal TJs permeability, and
redistribution of TJs proteins including displacement of F-actin.
While requiring further investigation, MLCK inhibition by ML-7
significantly reduced the effect of MPA exposure on TJs disruption,
thus suggesting a pivotal role of MLCK in regulating TJs barrier
properties (Fig. 9). These findings provide new insights into the
mechanism by which therapeutic use of MPA may alter intestinal
epithelial barrier functions and suggest mechanisms which may
be responsible for some of the GI adverse effects especially the
diarrhea associated with MPA. Further in-depth studies are
needed to explore the mechanisms involved in adverse conse-
quences of MPA mediated disruption of TJs,
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