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Abstract

Chitosan is a polycationic compound widely employed as dietary supplement and also present in pharmaceutical preparations. Although
it has been approved for human consumption, its possible side effects have not been widely investigated and the available data in the
literature are till controversial. Several polycationic substances have been shown to affect tight junction permeability in epithelial cell
modelsin vitro. In this study we have compared the effects of chitosan and other polycations (polyethylenimine, poly-L-lysines of different
molecular weights) on the integrity of tight junctions and of the actin cytoskeleton in the human intestinal Caco-2 cell line. We have
measured trans-epithelial electrical resistance and paracellular passage of the extracellular marker inulin, and we have localized F-actin and
tight junctional proteins (ZO1 and occludin) in cell monolayers treated with various concentrations of each polycation. Fluorescent
poly-L-lysines were also employed to determine their association with the cell monolayer. Our results indicate that al polycations
investigated are able to induce a reversible increase in tight junction permeability. This effect is concentration and energy dependent,
affected by the extracellular concentration of divalent cations (cal cium, magnesium and manganese) and it is associated with morphological
changes in the F-actin cytoskeleton, as well as in the localization of tight junctional proteins. Chitosan, in particular, was the only cationic
polymer that displayed an irreversible effect on tight junctions at the highest concentration tested (0.01%). These results indicate that oral
ingestion of chitosan may have more widespread health effects by altering intestinal barrier function, thus alowing the entrance into the

circulation of potentially toxic and/or allergenic substances. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Chitosan is a cationic polysaccharide obtained by partial
alkaline N-deacetylation of chitin. This polymer is present
in several over the counter products employed as dietary
supplements for the control of overweight and hyperlipid-
emia. As a nutritional supplement chitosan has been re-
ported to reduce fat absorption in the intestine by binding
fatty acids, triglycerides and bile acids and increasing their
excretion. It is believed that by reducing the recycling of

Abbreviations: AP = apical; BL = basolateral; 2-DOG = 2-deoxy-
glucose; HBSS = Hanks balanced salt solution; FITC = fluorescein
isothiocyanate; HEPES = N-2-hydroxyethyl piperazine-N-4-butanesulfo-
nic acid; HMW = high molecular weight; LMW = low molecular weight;
MES = morpholinoethane sulfonic acid; PBS™ = phosphate buffered
saline; PEI = polyethylenimine; TEER = trans-epithelial electrical resis-
tance; TRITC = tetramethylrodamine isothiocyanate.
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bile acids to the liver, chitosan induces hepatic synthesis of
new bile constituents from cholesterol, thus contributing to
areduction of cholesterolemia [1]. However, the molecular
mechanisms of the hypocholesterolemic and lipid lowering
effects of chitosan in humans are still not fully understood
[2]. Human trials have shown that chitosan is effective for
overweight control only when associated with a hypocaloric
diet. Conversely, the possibility of adverse effects of chi-
tosan administration has been raised, such as deprivation
from the diet of trace elements and liposol uble vitamins due
to the chelating properties of chitosan and to its high affinity
for lipids, as well as dterations of the compostion of the
intestinal microflora due to its antimicrobia properties [3,4].
In addition to their use as food supplements, chitosan and
its derivatives are under investigation as agents to be added
to pharmacological preparationsto improve peroral delivery
of poorly absorbed drugs, such as peptides [5,6]. The phar-
macological effects of chitosan may result from its muco-
adhesive properties, delaying intestina permanence of
drugs in the lumen, and from a direct effect on tight junc-
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tions, increasing intestinal permeability, thus allowing para-
cellular absorption of hydrophilic drugs. Recently, different
polycationic compounds, have also been proposed as vec-
tors for in vivo gene transfer [7].

Food supplements are commonly regarded as harmless
compounds with beneficial effects for the health of consum-
ers. However, potential adverse metabolic effects have been
associated with prolonged ingestion of chitosan [3]. In ad-
dition, the possibility of toxic effects at the level of the
intestinal mucosa should be considered.

Several reports have shown that chitosan and other cat-
ionic polymers are able to induce a reversible opening of
tight junctions in different epithelial cell models, including
the human intestinal Caco-2 cell line [6,8—14]. In addition,
natural cationic products secreted by activated neutrophils,
such as defensin and cathepsin G, increase the permeability
of epithelial cell monolayers at least in part by their positive
charge [15]. However, despite several lines of evidence
indicating that polycations can increase the tight junction
permeability of epithelial cells, the mechanisms involved
have not yet been clarified.

The human intestinal Caco-2 cell line, grown and differ-
entiated on permeable filter supports, has been extensively
employed in the study of absorption enhancers[6] aswell as
in studies of sub-lethal toxicity of different cytotoxic agents
[16,17]. An increase in tight junction permeability can be
regarded as a sub-lethal toxic effect, asit allows indiscrim-
inate flow of molecules from the intestina lumen to the
blood circulation, thus by-passing the innate barrier func-
tion of the intestinal mucosa.

The present study was therefore aimed at comparing the
effects of chitosan and of other polycations on the tight junc-
tion permesbility in the human intestinad Caco-2 cdll line. In
particular, we have carried out a comprehensive study of the
functiond and morphological effects of four different polyca-
tions: chitosan, polyethylenimine (PEI) and poly-L-lysine with
high (300,000 Da) and low (30,000 Da) molecular weight,
under different experimental conditions. Since the effects of
chitosan on epithelid membranes are mediated by positive
charges, we chose two other polycations (namely poly-L-ly-
sines and PEI) as controls to study the effects of chitosan on
tight junction permesbility in Caco-2 cells. Unlike chitosan,
which is a mixture of polymers of various sizes, PEl and
poly-L-lysinesarewell characterized in terms of their chemical
properties and molecular weights. Although neither of these
latter compounds has ever been used as nutritional supplement,
they have both been shown to increase paracellular permesbil-
ity due to their polymeric nature and cationic properties.

2. Materials and methods

2.1. Cell culture

The human intestinal Caco-2 cell line was obtained from
Prof. Alan Zweibaum (INSERM, Villguif, Paris, France).

Caco-2 cells were grown and maintained as previously
described [17] in Dulbecco Modified Minimum Essential
Medium containing 25 mM glucose, 3.7 g/lL NaHCO, and
supplemented with 4 mM L-glutamine, 1% non-essential
amino acids, 1 X 10° U/L penicillin, 100 ug/L streptomycin
and 10% heat inactivated fetal calf serum (complete culture
medium). The cells were seeded on polycarbonate filter cell
culture chamber inserts (Transwell, 24 mm diameter, 4.7
cm? area, 0.45 um pore diameter; Costar Europe Ltd.,
Badhoevedorp, The Netherlands). For morphological stud-
ies transparent filters were utilized to allow for microscopy
(P.E.T. track-etched membrane, 25 mm diameter, 4.71 cm?
area, 0.4 um pore diameter; Becton Dickinson Labware
Europe, Meylan Cedex, France). Cells were seeded at a
density of 4 X 10° cells’cm? and were | eft to differentiate for
15-17 days after confluence; the medium was regularly
changed three times a week.

2.2. Preparation of polymer solutions

Chitosan (poly-D-glucosamine hydrochloride) with a de-
gree of acetylation of 22.3%, was obtained from Pronova
Biomedical (Portsmouth, NH, USA), PEI with an average
molecular weight of 25,000 Da, high molecular weight
(HMW) and low molecular weight (LMW) poly-L-lysines
with average MW 30,000 and 300,000 Da, respectively,
were al purchased from Sigma-Aldrich (Milano, Italy). All
polymers were dissolved at a concentration of 1% (w/v) in
Hanks balanced salt solution (HBSS : 137 mM NaCl, 5.36
mM KCl, 044 mM KH,PO,, 0.34 mM, Na,PO,, 1 mM
CaCl,, 1 mM MgCl,, 5.6 mM glucose) containing 10 mM
morpholinoethane sulfonic acid (MES) pH 6.0, and were
stored at -20°C. Prior to each experiment, polymer stock
solutions were diluted to the appropriate working concen-
tration in HBSS pH 6.0.

2.3. Treatment of Caco-2 cells with polycations

Experiments were performed in a water bath at 37°C
using pre-warmed solutions. Before each experiment, cells
were washed twice with phosphate buffered saline contain-
ing 1 mM CaCl, and 1 mM MgCl, (PBS") and pre-equil-
ibrated for 10 min in the absence of the polymer with HBSS
containing 10 mM MES at pH 6.0 in the apical (AP) com-
partment and HBSS containing 10 mM N-2-hydroxyethyl
piperazine-N-4-butanesulfonic acid (HEPES) at pH 7.4 in
the basolateral (BL) compartment. After removal of the
medium, Caco-2 cells were treated for 2 h at 37°C with
increasing concentrations of polycationsin HBSS at pH 6.0
in the AP compartment, while the BL compartment con-
tained HBSS at pH 7.4. These pH conditions were chosen in
order to reproduce the physiological pH gradient existing in
vivo across the small intestinal mucosa. After treatment, the
polycation solution was withdrawn and the cells were
washed three times with PBS* and transferred to complete
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culture medium at 37°C for 24 h, to determine the revers-
ibility of the polycation effect.

To investigate the energy dependence of the polymer
effects, experiments were performed in the presence of 1
mM NaN; and 50 mM 2-deoxyglucose (2-DOG) in the AP
and BL media. To achieve energy depletion of Caco-2 cells
the pre-equilibration step before polymer addition was pro-
longed to 30 min.

When polycation effects were re-evaluated in the pres-
ence of 20 mM Ca®", Mg?* or Mn?* ions, the divalent
cations were added to the AP compartment together with the
tested polymer.

2.4. Monitoring tight junction permeability

The trans-epithelial electrical resistance (TEER) of the
cell monolayers was measured at 37°C using a commercial
apparatus (Millicel ERS; Millipore Co., Bedford, MA, USA)
as previoudly described [17]. TEER was expressed as () - cm?
after subtracting from the reading the resistance of the support-
ing filter and multiplying it by the surface area of the mono-
layer. TEER measures were started during the pre-equilibra-
tion time in HBSS and continued during the treatment,
recording values every 20 min over the 2 h of the experiment.
In addition, TEER values were recorded after 24 h recovery in
complete culture medium. Control filters, maintained in HBSS
for 2 h, displayed a stable basdine of TEER values, these
values varied between single experimentsin arange comprised
between 800 and 1200 ) - cm?. Due to these variations in
TEER values of control cells, TEER data were expressed as
the percentage of control values at each time point.

The trans-epithelial passage of the radiolabeled extracel-
lular marker (carboxyl-**C-)inulin, (NEN Life Science
Products, Milano, Italy), (specific activity 409 mBg/mmol)
was also measured. Briefly, 18 uM radioactive inulin was
added to the AP medium in the presence of the tested polyca-
tion, and the BL medium was collected every 30 min and
replaced with fresh HBSS, The radioactivity in the BL medium
was measured in aliquid scintillation counter (LS1801; Beck-
mann Instruments Inc., Irving, CA, USA). Inulin passage to
the BL chamber was expressed as the percentage of total
radioactivity applied to the donor compartment.

2.5. Morphological studies

For morphological studies cells were seeded on cell
culture chamber inserts fitted with transparent membranes.
LMW and HMW poly-L-lysine conjugated with fluorescent
dyes were employed to investigate the distribution of the
polymer in treated cells. Experiments were performed es-
sentially as described above except for the incubation time
that was reduced to 1 h. Fluorescein isothiocyanate (FITC)-
labeled LMW poly-L-lysine (47,000 Da) was obtained from
Sigma-Aldrich. HMW poly-L-lysine (300,000 Da) was con-
jugated to the fluorescent Alexa 488 dye according to man-
ufacturer instructions (Alexa TM 488, Protein Labeling Kit,

Molecular Probes Inc., Eugene, OR, USA). Cells were in-
cubated with 0.01% LMW poly-L-lysine and 0.005% HMW
poly-L-lysinein HBSS at pH 6.0. After incubation with the
labeled polymer, cells were washed with PBS™ and fixed in
methanol at -20°C for 2 min.

For immunofluorescent localization of tight junctional
proteins, cells were fixed in methanol at -20°C for 2 min and
were treated with primary antibodies and secondary tetra-
methylrodamine isothiocyanate (TRITC)-conjugated anti-
bodies (Cappel-Organon Tecknika Co., Durham, NC, USA)
according to conventional techniques. The antibodies used
were: rabbit polyclonals anti-ZO1 and anti-occludin
(Zymed Laboratories Inc., S. Francisco, CA, USA). For-F-
actin localization cells were incubated for 30 min with 0.33
uwg/ml FITC-phaloidin (0.25 uM; Sigma-Aldrich) in PBS*
containing 0.2% BSA. When labeling of nuclei was re-
quired, filters were incubated for 30 min at 37°C in 20
ng/ml RNAse A (from bovine pancreas, Boehringer Mann-
heim Italia, Monza, Italy, previously boiled for 10 min to
denature DNASsg), rinsed in PBS™ and stained with 0.001%
propidium iodide (Sigma-Aldrich) in PBS™ for 10 s. Filters
were mounted cells-side up in Vectashield medium (Vector
Laboratories, Burlingame, CA, USA). The cels were
viewed with a fluorescent microscope (Axioskop 2, C.
Zeiss, Jena, Germany).

Statistical analysis. Data were andlyzed by one-way
ANOVA followed by the Scheffé F-test to determine sig-
nificant differences among means [18] (Statview 4.01; Aba-
cus Concepts Inc., Berkeley, CA, USA).

3. Results

3.1. Chitosan and PEI increase tight junction
permeability in a concentration-dependent fashion

The effect on the permeability of tight junctions of two
cationic polymers, namely chitosan and PEI, was tested for
2 h on differentiated Caco-2 cells grown on permeable filter
supports. The concentration range of the two polymers was
0.0002%—0.01% for chitosan and 0.0002—0.002% for PEI.
Tight junction permeability was monitored by measuring
the TEER (Fig. 1A , C) and the AP to BL trans-epithelia
passage of the extracellular space marker inulin (Fig. 1B,
D). Both polymers produced a concentration-dependent in-
crease in the permeability of tight junctions in Caco-2 cells
as shown by a progressive decrease in TEER with time of
treatment and by an increase in the passage of inulin across
the cell monolayer.

3.2. The effect of polycations on tight junction
permeability is a molecular weight- and energy-dependent
process

To investigate the effect of molecular weight on the
polycation-induced ateration of tight junction permeability,
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Fig. 1. Effect of increasing concentrations of Chitosan and PEI on tight junction permeability of Caco-2 cells grown on filter. Time—course of TEER
variations over a 2h treatment period in the presence of chitosan (A) and PEI (C). Polymer wasadded at t = 0. TEER values were calcul ated as the percentage
of the control TEER values at each time point. Time-course of the AP to BL passage of inulin during chitosan (B) and PEI (D) treatments. Inulin passage
is expressed as the percentage of the amount of inulin added to the AP compartment at the initial time point. The plotted data are the mean = SD of three
experiments performed in duplicate. Letters above the error bars indicate significant differences (one-way ANOVA followed by Scheffé F-test) between the
treatments. Chitosan: 0.0002% vs. 0.0004% (a, P < 0.05); 0.0004% vs. 0.002% (b, P < 0.05); 0.002% vs. 0.01% (c, P < 0.05). PEI: 0.0002% vs. 0.0004%
(d, P < 0.05); 0.0004% vs. 0.0008% (e, P < 0.05); 0.0008% vs. 0.002% (f, P < 0.05).

poly-L-lysines of different molecular weight were assayed
in Caco-2 cells. As shown in Fig. 2, HMW poly-L-lysine
(300,000 Da) and LMW poly-L-lysine (30,000 Da) were
tested in the concentration range between 0.002% and
0.01% for 2 h and TEER (Fig. 2A) and inulin passage (Fig.
2B) were monitored during the course of the experiment. At
the same concentration, namely 0.002%, the HMW polymer
exhibited a significantly higher effect on tight junctions than
the LMW compound. Similar values of TEER and percent-
age of inulin passage were produced by 0.01% LMW poly-
L-lysine and by a fivefold lower concentration of HMW
poly-L-lysine (0.002%).

The different effects of HMW and LMW poly-L-lysines
were also observed at the morphological level by using
fluorescent dye-conjugated compounds. As shown in Fig. 3,
both polycations appeared to concentrate in large fluores-
cent bodies. Treatment with 0.005% HMW poly-L-lysine
(Fig. 3A) caused a greater number of cellsto accumulate the

fluorescent compound than a two fold higher concentration
of LMW poly-L-lysine (Fig. 3B). Under conditions of re-
duced intracellular energy, obtained by treatment with 1
mM NaN; and 50 mM 2-DOG, (Fig. 3C), very little of the
HMW polymer appeared to remain associated with the cells,
while nuclear staining with propidium iodide indicated that
the monolayer remained intact (Fig. 3D). The same result
was obtained following energy-deprivation of LMW treated
Caco-2 cells (data not shown). At the functiona level,
treatment of Caco-2 cells with 0.005% HMW or with
0.002% chitosan under conditions of reduced intracellular
energy, significantly delayed the effect on tight junction
permeability, as monitored by TEER (Fig. 4A, C). In addi-
tion, energy reduction lowered the trans-epithelial passage
of inulin (Fig. 4B, D), suggesting the involvement of an
energy-dependent mechanism. Treatment with 1 mM NaN,
and 50 mM 2-DOG did not by itself alter tight junction
permeability in control cells up to 2 h (data not shown).
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Fig. 2. Effect of molecular weight on polycation-induced opening of tight
junctions in Caco-2 cells. Time course of TEER (A) and trans-epithelial
inulin passage (B) following the addition of HMW (300,000 Da) and LMW
(30,000 Da) poly-L-lysines. Polymer addition at t = 0. The plotted data are
the mean = SD of three experiments performed in duplicate. Letters above
the error bars indicate significant differences (a, P < 0.05; b, P < 0.01,
one-way ANOVA followed by Scheffé F-test) between 0.002% LMW and
0.002% HMW.

Table 1 shows a comparison of the effects on TEER of
the three different polycations at al concentrations tested,
after 2 h of treatment as well as after recovery in complete
medium for 24 h following removal of the polycations.
Cells treated with 0.01% chitosan showed very little recov-
ery after 24 h, suggesting that a permanent damage had
occurred. Conversely, full recovery was achieved following
treatment with a fivefold lower concentration of chitosan
(0.002%), despite the marked effect on tight junction per-
meability. For the other polymers full recovery was
achieved in most cases, even when TEER values were
greatly reduced by the treatments (0.01% LMW and HMW
poly-L-lysine).

3.3. Divalent cations exerted different effects on the
polymer-induced opening of tight junctions

The effect of divalent cations on the increase in tight junc-
tion permeability produced by treatment with different poly-
cationsis shown in Fig. 5. The presence of an excess (20 mM)
CaCl,, MgCl, or MnCl,, in the AP medium &ltered in different
directions the percentage of inulin passage induced by treat-
ment with 0.002% chitosan (Fig. 5A), 0.005% HMW poly-L-
lysine (Fig. 5B), and 0.0008% PEI (Fig. 5C). The presence of
cacium and of manganese ions significantly reduced the pas-
sage of inulin produced by treatment with 0.002% chitosan;
magnesium ions, on the other hand, had no effect (Fig. 5A). In
the case of the increased inulin passage produced by treat-
ment with 0.005% HMW poly-L-lysine, further enhance-
ment was observed with magnesium ions, while calcium
and manganese had no effect (Fig. 5B). Finally, the effect of
0.0008% PEI was significantly enhanced by magnesium and
significantly reduced by manganese, while it remained un-
changed in the presence of calcium (Fig. 5C).

3.4. Effect of polycations on the actin cytoskeleton and on
tight junctional proteins

Since several agents that increase the tight junction perme-
ability of intestinal epithdlial cells are also known to alter the
actin cytoskeleton, we compared the effects of the different
polycations on the distribution of F-actin by specific staining
with fluorescent fdloidin. As shown in Fig. 6, control cells
exhibited a regular distribution of actin filaments over the cell
monolayer (panel A). Treatment with 0.005% chitosan for 1h
dramaticaly reduced staining and dtered the distribution of
F-actin (pand B). In addition, single cdlls in the monolayer
appeared to have logt staining aimost completely. A similar
effect was observed following treatment with 0.0008% PEI for
the same amount of time (panel C), while only mild dterations
in the F-actin cytoskeleton were detected following treatment
of the cell monolayer with 0.005% HMW poly-L-lysine (panel
D). Since treatment with 0.005% chitosan produced the most
dramatic effect on the F-actin cytoskel eton, we investigated the
distribution of the tight junctional proteins ZO1 and occludin,
under the same experimental conditions. Asshown in Fig. 7in
control cells ZO1 (panel A) and occludin (panel B) were
localized at the cell periphery. Following treatment with the
polycation, single cells appeared to have lost the peripheral
staining for both ZO1 (panel C) and occludin (panel D).
Double staining with fluorescent falloidin showed that the
disappearance of thetight junctional proteins was associated
with loss of staining for F-actin (panels E and F).

4. Discussion
The purpose of the present research was to determine the

effect of the polycationic polymer chitosan, a widely used
dietary supplement for weight control, on tight junction
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Fig. 3. Morphological localization of fluorescent HMW and LMW poly-L-lysines on Caco-2 cell monolayers. Cells were grown on transparent filter
supports and treated for 1h with 0.002% Alexa 488-labeled HMW poly-L-lysine (A) and 0.01% FITC-labeled LMW poly-L-lysine (B). Cell monolayer
treated with 0.002% Alexa 488-labeled HMW poly-L-lysine under conditions of reduced intracellular energy (C). Same field asin C, stained with propidium
iodide to label cell nuclel (D). Magnification is the same in al panels. The bar in panel A corresponds to 20 wm.

permeability in intestinal epithelial Caco-2 cell cultures.
Chitosan is an amino polysaccharide derived from the shells
of marine crustaceans and composed of glucosamine and
N-acetyl-glucosamine subunits. Besides its use as a nutrient
supplement, chitosan is also employed in food processing
and in some functional foods [19] as well as in pharmaceu-
tical preparations [6]. The mechanisms proposed for its
action in reducing the intestinal absorption of dietary lipids
and cholesterol are al based on its cationic properties [2].
Emulsification of lipids and hydrophobic compounds at low
pH in the stomach would lead to polar entrapment in lipid
droplets, thus reducing digestibility and absorption of lipids.
However, the remaining free charges on chitosan molecules
could still interact with cell membranes of epithelial cellsin
theintestinal tract, ultimately altering the barrier function of
the mucosa.

We have compared chitosan to other polycations, PEI
and poly-L-lysines, to ascertain the factors that affect the
permeability enhancement in the in vitro intestina Caco-2
cell model. Tight junction permeability can be measured in
vitro by different methods: TEER, as a measure of ionic
permeability of the cell monolayer, and paracellular passage
of extracellular markers of different sizes that are not ab-
sorbed or metabolized by the cells (e.g. mannitol, inulin).

TEER does not distinguish between membrane and paracel-
lular conductance and is a useful indicator of early pertur-
bations of the ionic permeability of the cell monolayer.
Conversely, paracellular marker passage is a more suitable
parameter to describe long-term variations in the permeabil-
ity of tight junctions to larger molecules [13]. For these
reasons both methods were utilized in the present study to
assess the effects of polycations on differentiated Caco-2
cells.

Increasing concentrations of chitosan and PEI resulted in
a dose-dependent effect on tight junction permeability for
both polymers. However, the time course of such effect was
different depending on the method applied to measure tight
junction permeability, TEER changes being observed ear-
lier than the increase in inulin passage. A similar trend in
TEER decrease as a function of chitosan concentration was
previously reported in Caco-2 cells [8]. In addition, these
authors also reported changes in the paracellular flux of
mannitol, expressed as Papp (apparent permeability). We
have not expressed the passage of inulin with Papp values as
this parameter assumes a linearity of the process. Con-
versely, as shown by our datain Fig. 1 B, D, inulin passage
exhibits alag of approximately 30 min and increases during
the following 90 min of treatment. Thislag probably reflects
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Fig. 4. Energy-dependence of the effect of HMW poly-L-lysine and chitosan on tight junction permeability. Time-course of TEER and inulin passage
following treatment of cell monolayers with HMW poly-L-lysine (A, B) and chitosan (C, D) under control conditions (+E) and reduced intracellular energy
conditions (-E). Polymer addition at t = 0. The plotted data are the mean = SD of three experiments performed in duplicate. Letters above the error bars
indicate significant differences (a, P < 0.05; b, P < 0.01; one-way ANOVA followed by Scheffé F-test) between +E and -E.

a progressive increase in the opening of tight junctions, and
suggests that TEER has to decrease below a threshold level
(about 50% of control values) before paracellular passage of
larger molecules can occur [20].

Other polycations, such as poly-L-lysine, have previ-
ously been reported to increase paracellular permeability in
epithelial cells[13,15]. Our results indicate that the effect of
poly-L- lysine on tight junction permeability in Caco-2 cells
is affected by molecular weight. As shownin Fig. 2, similar
changes in TEER and inulin passage, were obtained using a
fivefold lower concentration of HMW (0.002%) than of
LMW (0.01%) poly-L-lysine. An analogous effect of mo-
lecular weight was previously reported for this polycationin
alveolar epithdlium in situ [15] and for chitosan in Caco-2

Table 1
Comparison of the effects of polycations on TEER in Caco-2 cells
Polycation Concentration 2 h Treatment 24 h Recovery
% (W/v) % Control % Control
(*=SD) (+=SD)
Chitosan 0.002 285+ 87 935 * 6.6
0.01 141+ 25 35845
HMW 0.002 23.0+ 46 90.1 = 17.6
poly-L-lysine 0.01 150+ 22 1130 £ 5.7
LMW 0.002 84.7 + 138 97326
poly-L-lysine 0.01 21.0+53 106.7 = 16.6
PEI 0.0004 43.7 = 18.6 90.5 *+ 12.0
0.001 142+ 7.0 76.7 171

The data refer to TEER measurements, expressed as the % of control
after 2 h of treatment with the polymer and following 24 h of recovery in
complete culture medium. Each value isthe mean + SD of duplicatefilters
from 3 experiments.

cells [21]. Thus, molecular weight appears to influence the
effect of different polycations on epithelial tight junctions
with no tissue-specificity. The mechanism responsible for
this effect may therefore be related to the different structural
conformations assumed by molecules of distinct molecular
weights and the resulting variations in charge density at the
cell surface.

Coupling of HMW and LMW poly-L-lysines with a
fluorescent marker allowed morphological analysis of the
interaction of these polycationswith Caco-2 cells. Asshown
in Fig. 3 A, B the polymer appeared to associate with the
cells in aggregates of varying sizes. Treatment with HMW
poly-L-lysine resulted in a higher number of cell-associated
aggregates (Fig. 3A) than treatment with LMW poly-L-
lysine (Fig. 3B), despite a twofold lower concentration of
the former polymer. This result suggests that the HMW
polycation presents structural features that promote auto-
aggregation, which may in turn be related to the stronger
effect on permeability exhibited by HMW as compared to
LMW poly-L-lysine. When HMW poly-L-lysine treatment
was performed under conditions of lowered intracellular
energy the number of fluorescent aggregates associated with
Caco-2 cells was strongly reduced (Fig. 3C). This observar
tion correlates well with the diminished effect of HMW
poly-L-lysine under conditions of intracellular energy re-
duction, as monitored by TEER changes and by inulin
passage (Fig. 4A, B). Taken together, these observations
indicate that the effect of the polycation on tight junction
permeability correlates with the number of aggregates as-
sociating with the cells and involves an energy dependent
step. Also in the case of chitosan, energy depletion reduced
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and delayed the opening of tight junctions in Caco-2 cells
(Fig. 4C, D). Therefore, for both polycations energy appears
to be required for maximal effect. It isimportant to note that
since the paracellular “gate” function of tight junctionsisan
energy-dependent process [22], treatment of Caco-2 cells
with inhibitors of energy metabolism can only be aimed at
apartial reduction of intracellular energy levels to maintain
theintegrity of tight junctions in the absence of polycations.

The energy-dependence of polycation-induced opening
of tight junctions may be related to the intracellular uptake
of the polymer. Although there are contradictory datain the
literature as to the ability of polycations to physically enter
the cells [23], severd lines of evidence indicate that these
polymers can be internalized. Rapid uptake of polycations
in glomerular epithelial cells has been associated with in-
creased paracellular leakage of albumin [9]. Poly-L-lysine
conjugated to proteins has been shown to promote their
uptake in fibroblasts [24]. Moreover, polycations can act as
DNA carriers by binding the negatively charged nucleic
acids and delivering them inside the cells, following inter-
action with the negative charges on the cell membrane.
These features of polycations have been widely exploited to
transfect DNA in different cell culture systems [7]. In light
of al these results, the morphological evidence shown in
Fig. 3 suggests internalization of poly-L-lysine as the pro-
cess affected by energy depletion.

The time-course and extent of recovery of the end-point
under investigation indicates the severity of cytotoxic ef-
fects. In our study, full recovery of tight junction integrity
was achieved with most treatments; only in the case of
Caco-2 cells treated with 0.01% chitosan, we did not ob-
serve recovery of TEER to control values after 24 h in
complete medium (Table 1). However, even in this case, we
did not detect any increase in lactate dehydrogenase activity
in the culture medium over the recovery period (data not
shown), a clear indication that the plasma membrane was
not permanently damaged. The extent of recovery of tight
junction integrity following treatment of Caco-2 cells with
chitosans has previously been shown to depend on molec-
ular weight, concentration and length of treatment [8,25]. In
addition, recovery was shown to require de novo protein
synthesis only in the case of high concentrations of chitosan
(0.5% for 30 min [8]). Our data indicate that recovery of
tight junction integrity cannot be achieved even after treat-
ment with much lower concentrations of chitosan (0.01%

Fig. 5. Effect of divalent cations on polymer-induced opening of tight
junctions. Inulin passage was measured during treatment with chitosan
(A), HMW poly-L-lysine (B) and PEI (C), in the presence or absence of 20
mM calcium, magnesium or manganese salts in the AP medium. The
plotted data are the mean + SD of three experiments performed in dupli-
cate. Letters above the error bars indicate significant differences (one-way
ANOVA followed by Scheffé F-test) between the polycation alone and the
polycation in the presence of Ca (a, P < 0.05), Mg (b, P < 0.05), or Mn
(c, P < 0.05).
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Fig. 6. F-actin staining of Caco-2 cell monolayers following polycation treatment. Caco-2 cells grown and differentiated on transparent filters (A) were
treated for 1h with: 0.005% chitosan (B), 0.0008% PEI (C), 0.005% HMW poly-L-lysine (D). F-actin was visualized in all four panels by staining with
FITC-labeled phalloidin. Magnification is the same in all panels. The bar in panel A corresponds to 20 pwm.

for 2h). Since the chitosans employed in the two studies had
asimilar degree of acetylation (22% vs. 20%), these differ-
ences are likely due to the longer time of treatment used in
our study. In addition, there may be differences in the
molecular weight distribution of distinct batches of chi-
tosan, since each preparation contains a mixture of different
size polymers similarly to the commercial dietary supple-
ments.

Severa conditions that alter the permeability of the ep-
ithelial barrier also result in changes in the expression and
distribution of the actin cytoskeleton and of tight junctional
proteins [16,17,26,27]. Treatment of canine kidney MDCK
cells with protamine or poly-L-lysine and of Caco-2 cells
with chitosan were reported to affect the F-actin cytoskel-
eton and the tight junctional protein ZO1 [8,13,28]. We
have extended these observations to verify whether this
effect could be generalized. In this paper we report that the
observed alterations in tight junction permeability following
treatment of Caco-2 cells with HMW poly-L-lysine, chi-
tosan and PEI, were accompanied by a reduction of F-actin

staining. Moreover, double staining of F-actin with either of
two tight junctional proteins (ZO1 and occludin), showed
that cells exhibiting a reduction in F-actin staining had also
lost peripheral signal for both tight junctional markers.
Overdl, the morphological alterations induced by polyca-
tion treatment appear to be related to the intensity of the
effect of each polycation on tight junction permeability, as
measured by TEER and inulin passage.

In addition to increasing tight junction permeability of
epithelial cells, polycations have been reported to ater
plasma membrane conductance: both effects appear to be
influenced by the extracellular concentration of divalent
cations [29-31]. In al cases reported in the literature diva-
lent cations reduced the effect of polycations on cellular
permeability. Although the mechanisms involved are till
unclear, two possible modes of action have been proposed:
divalent cations may interact with putative binding sites
either on the polycation itself or on the cell membrane [29].
In the present study, an excess of Ca®*, Mn®* or Mg?* in
the experimental medium exhibited distinct effects on each
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Fig. 7. Fluorescent staining of Caco-2 cells before and after chitosan treatment. Cell monolayers grown on transparent filters were stained by
immunofluorescence with anti-ZO1 (A, C) or with anti-occludin (B, D) primary antibodies. Control cells are shown in panels A and B. Cells treated for 1h
with 0.005% chitosan are shown in panels C and D. Double staining for F-actin of the same fields shown in C and D is shown in panels E and F. Magnification

isthe same in all panels. The bar in panel A corresponds to 15 um.

polycation tested. We observed both an enhancement
(Mg®" with PEl and HMW poly-L-lysine) and a reduction
(Ca?* with chitosan and Mn?* with PEI) of the effect of
each polycation on the permeability of Caco-2 cells, as
measured by the paracellular flow of inulin. Such diversity
of effects may be ascribed to structura differences in solu-
tion among the polycations employed, which in turn may
determine distinct affinities and binding capacities for the
divalent cations. Conversely, it seems unlikely that the poly-
cations employed possess distinct membrane binding sites
on a relatively homogeneous cell population.

In conclusion, the results reported in the present paper
indicate that the nutritional properties of the commonly used
dietary supplement chitosan are not free of toxic side effects

at the level of the epithelia cells of the intestinal mucosa.
Our data indicate that the interaction of chitosan with intes-
tina cells induces a relatively rapid increase in paracellular
permeability. Daily consumption of this compound as di-
etary supplement or food additive may lead to long-lasting
changes in intestinal mucosal barrier function. Increased
intestinal permeability allowsthe uncontrolled entry into the
bloodstream of undesired molecules that could either be
toxic or able to promote allergies. In order to fully establish
the safety of chitosan for human consumption, further work
is therefore necessary to determine the concentration levels
achieved by this compound in the microenvironment of the
intestinal lumen, to design preparations that would prevent
it from reaching potentially toxic levels.
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