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objective of this investigation was to evaluate whether perco-
lation is applicable to 2 and, if so, to determine the x4 and its
dependency on cell type and modulator (C10 or C-CPE). This
investigation is expected to further our fundamental knowl-
edge on controlling the drug delivery rate, cell signaling and
bio-nanotechnology, including fabrication of devices.

MATERIALS AND METHODS

Antibodies and Materials Mouse anti-claudin-4 as the
primary antibody and goat anti-mouse immunoglobulin G
(IgG) fluorescein isothiocyanate (FITC) conjugate as the sec-
ondary antibody were purchased from Invitrogen (Carlsbad
CA, U.S.A). Dulbecco’s modified Eagle’s medium (DMEM),
phosphate-buffered saline (PBS) and bovine serum albumin
(BSA) were from Sigma-Aldrich (St. Louis, MO, U.S.A)).
Fetal bovine serum (FBS) was from SAFC Biosciences,
U.S.A. Penicillin—streptomycin mixed solution (PSS), non-
essential amino acids solution (MEM) and Triton-X were from
Nacalai Tesque (Kyoto, Japan). Sodium caprate (C10) and
formaldehyde were from Tokyo Chemical Industries (Tokyo,
Japan) and Wako Pure Chemical Ind., Ltd. (Osaka, Japan),
respectively.

C-CPE Preparation C-CPE consisting of amino acid res-
idues 184-319 of CPE was prepared as previously reported.”
The C-CPE plasmid was transfected into Escherichia coli,
resulting in BL21 (DE3) strains for the synthesis of C-CPE.
The cells were harvested, resuspended, and then lysed with a
sonicator. The lysates were applied to the Ni-column, eluted
with imidazole, and then purified using a PD-10 column (GE
Healthcare, Japan). The resulting C-CPE solution was stored
at —80°C until use.

Cell Culture Madin-Darby canine kidney (MDCK) and
human epithelial colorectal adenocarcinoma (Caco-2) cells
were cultured on a 24-well Intercell dishes (Kurabo, Osaka,
Japan) at 37°C in supplemented DMEM [DMEM/FBS/PSS/
MEM=500/50/5/5 in volume] at 95% relative humidity with
5% CO,. The culture medium was replenished every day until
TER to reach a constant value.

TER Assay The resistance was monitored with an ohm-
meter, Millicell, (Millipore, Billerica, MA, U.S.A)) every 24h
until the resistance reached a constant value; the resistance of
a cell monolayer was calculated by Eq. 1.

Reeii (1) = Rops () = Rineq ¢y

Here, R (), R.,(® and R, denote the resistance of the
whole system, cell at time # and that of medium, respectively.
Note that TER=AXR,,'”; 4=surface area of a single well.
Once the TER reached a constant value, C10 (3mg/mL) or
C-CPE (0.0lmg/ml) was immediately added to the apical
or basal compartments, respectively. A typical value of TER
for MDCK and Caco-2 was 700Q-cm? and 250Q-cm?, re-
spectively. R () was then monitored every 10s for 30min
at 37°C; we defined /=0 as the time of treatment with C10 or
C-CPE. We adopted 2 (=1/R) rather than TER for analyses
hereafter. No deconvolution of the transmission function of
the electrodes was made, since the response time was short
enough to be ignored; the response time was about 1s, while
the experimental time course was 10'-10°s. At least three in-
dependent experiments were performed for each case.

Lactate Dehydrogenase (LDH) Assay In order to
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evaluate cell damage, we measured LDH activity using the
Cytotox 96 Assay kit (Promega, Madison, WI, U.S.A)) fol-
lowing the manufacture’s manual. The relative C10 or C-
CPE-induced LDH release rate (LRR) for each sample was
calculated by Eq. (2), where 4BSg, ABSy;,x and 4BSy;y denote
the absorbance of samples after 30 min of C10 or C-CPE treat-
ment, treated with 1% Triton-X100 and without C10 or C-CPE
treatment, respectively.

ABSs — ABSyin
ABSyax — ABSvin

It was found that LRR<5% (C10) and ca. 1% (C-CPE) after
30min of exposure. Cytotoxicity was thus ignorable within
the experimental time course.

Immunofluorescence Microscopy (IFM) Cell monolay-
ers cultured on an Intercell dish were fixed with 1% formalde-
hyde at 4°C for 3 h then incubated with 0.1% Triton X-100 for
15min. After rinsing with PBS, the fixed cells were blocked
with 5% BSA in PBS for 45min, and then incubated with the
primary antibodies for 1h at room temperature. After rinsing
with PBS several times, cells were then incubated with the
secondary antibodies for 1h at room temperature. After rins-
ing again with PBS, cells were carefully mounted on a glass
strip, and images of these cells were taken using a bioimag-
ing microscope (CKX41 and IMT2; Olympus, Tokyo, Japan)
equipped with a CCD camera.

LRR (%)=

X100 @

THEORETICAL DEVELOPMENT

Equivalent Direct Current (DC) Cireuit The equivalent
DC circuit is that where the paracellular conductors, consist-
ing of the 2y, (TJ) and Z; ;¢ (lateral intercellular space) in se-
ries, connect with 2, . (transmembrane) and X, (other than
these three) in parallel.'” Note that 2, <X, ;s when TJs fully
develop.'” The contribution of X, could thus be neglected.
Consequently, the conductivity at time ¢ is approximately
given by Eq. 3.

Z cell (t ) = ¢paraz T) (t ) + ¢transZ trans (t ) + ¢other2 other (3)

Here 0,55 Oyrans @0d Oy, denote the fraction of paracellular,
transcellular and that which is other than the first two, respec-
tively.

Analytical Model and Mathematics As a representation
of the TJ, a conductive or a less conductive path is assigned
respectively to a conductor of which conductivity is ¢, or o,
(h=0,/0,<1), therewith defining an RRN, where the fraction
of the conductor having ¢, is p. The barrier property of the
less conductive path for various types of cells is reflected in
0,. Based on the effective medium approximation'® or renor-
malization group approach,'” the expression for the X of this
RRN is given by Egs. 4 and 5.''®

X=0|4p|" ¢:(2) @
z=hi|ap™ ®)

Here, 4p=p—p. p. is the percolation threshold in p. u
and s denote the critical exponent for ¢,=0 (insulator) and
o,—infinite (superconductor), respectively. 0_(z) is the scaling
function and is given by Eq. 6'¥: the subscript*denotes the
sign of Ap.
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0+ (z)= Ay + Ayrz+--+ for zx1l and 4p>0 (64)

p(D)=A_z+ 4 7%+ for z<1 and dp<0 (6B)

In the case of z—0, combining Egs. 4 and 6, we obtain Eq. 7.

Z /gy Ap* for Ap>0 (7A)
X /oy oc BT 50 for Ap=0 (7B)
Z/a s hXAp™ —0 for Ap<0 (7€)

2 remains approximately constant for p<<p_ then starts in-
creasing for p>p_. In the case of 0<<z<1, on the other hand,
O,(z) needs a second term or more in Eq. 6A, deviating from
the scaling relationships in 7A. Taking the first two terms in
Eq. 6A and comparing with Eq. 7A, one can easily obtain a
smaller ¢ for 0<z«1.

Analysis In general, p is a function of time, p=/£{7), so
that the Taylor expansion around 7=, and p=p, yields Eq. §,
i.e., 4p is proportional to Atr=t—¢,.

4y IO

o X At ®)

=t

Combining Egs. 3, 7 and 8, we obtain Eq. 9 for small 47>0
and z—0 if both Z , () and 2, ..(9) are constant.

trans
Zcell (t)
Zcel] (tc)
The kinetics given in Eq. 8 governs the TJ modulation rate

through p as described in Eq. 7A, since y is a universal num-
ber depending only on d.

—loe Zpy(t) =2y (t) = 21s(£) o< 42" ®

RESULTS

Time Course of Conductance For Caco-2 with C-CPE,
r)=2 . (H/Z.;(0) remains approximately constant (ca. 1.1),
then starts increasing with an inflection (Fig. 1), recovering
well the behavior in Eq. 7 (Fig. 1, inserted graph). This system
thus corresponds to z—0. The »(f) for Caco-2 with C10, on
the other hand, increases with ¢ and remains approximately
constant, then increases again to show an inflection; such a
two-stage behavior in TER (proportional to 1/2,) has been
reported before.>'*?? Similar behavior is observed for MDCK
for both C10 and C-CPE (Fig. 1). Note that the time at such
inflection, 7., is calculated from the inflection point in the
Log[2. . (0/Z.i(0)—1] vs. Log(¥) plot (Fig. 2). We herein term
the early and late stage for r<<¢, and >t respectively. In the
early stage, r(,) increases approximately to 2.0 and 1.6 on av-
erage, respectively, for MDCK; Caco-2 by the C10 treatment
is comparable to values previously reported (ca. 2.0, 1.4).%29
The difference in r(z,) between MDCK and Caco-2 would be
due to the difference in the sensitivity to C10.

The value of ¢, tends to be larger for an extended incuba-
tion after TER to reach a constant, e.g., 7,=360—>900s for
an additional 1-d incubation for MDCK with C10. Such an
extended incubation will result in a smaller p at /=0 due to
more developed TJs, requiring a larger ¢, for percolation. If the
t, merely corresponds to a response time, 7, should have been
independent of the incubation time.
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Fig. 1. Time Course of Z,;(?)/Z.;,(0) in MDCK and Caco-2

Zean{D/Zi(0) is plotted as a function of ¢ for MDCK and Caco-2 cells. (O): C10-
Caco-2; (®): C-CPE-Caco-2; ([): C10-MDCK; and (M): C-CPE-MDCK. Note: a
log—log graph for Caco-2 is illustrated in the inserted graph.
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Fig. 2. Relationship between Log[Z;(1)/Z,.,(0)—1] and Log(?)

Log[Z ()/Z.(0)—1] is plotted as a function of Log(s) to calculate 7, (arrows).
The dotted lines are calculated from the least squares regression analysis. (O):
representative C10-Caco-2; (@): representative C-CPE-Caco-2.

The plot Log[Z (/2 {t)—1] vs. Log(4) for 4r=0 (see Eq.
9) yields a straight line (Fig. 3), confirming that the percola-
tion model Eq. 7 is applicable; the slope gives p.

The Critical Exponent, 4 Table 1 summarizes the y val-
ues obtained in this study in addition to those reported based
on theoretical and computer simulation for d=2, 3 and for the
Bethe lattice.!>'® We obtain x=1.1-1.2 regardless the cell type
or modulator used, which is close to that for d=2.

Claudin-4 Distribution At =0, claudin-4 localizes at the
plasma membrane for both MDCK (Fig. 4, lane 1) and Caco-2
(Fig. 4, lane 2). It should be noted that the localization of
claudin-4 at the plasma membrane is not altered even by the
additional 24h of incubation without the treatment by C10 or
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Fig. 3. Relationship between Log[Z,()/2.;(.)—1] and Log(4?)

LoglZ i/ Zeet)—1]1 is plotted as a function of Log(d4?). (O): C10-Caco-2; (@):
C-CPE-Caco-2. The slope, which corresponds to u, for C10-Caco-2 and C-CPE-
Caco-2 is 1.08 (R*=0.998) and 1.18 (R*=0.981), respectively. The solid lines are
calculated from the least-squares regression analysis.

C-CPE for both cells (Fig. 4, lanes 1, 2 bottom). In both cases,
claudin-4 still remains at /=3min after treatment with C10,
while claudin-4 delocalizes and redistributes in the cytoplasm
at r=30min. The PDZ] domain of ZO-1 associates with the
YV motif at the C-terminal of claudin-4.2 The redistribu-
tion of ZO-1 observed in Caco-2?? would thus result in the
redistribution of claudin-4 (Fig. 4). Claudin-4 also remains at
the plasma membrane at =3 min after treatment with C-CPE,
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Table 1. The Critical Exponent, 4, Obtained in This Study in Addition to
Those fop d=2 Square, d=3 Cubic and Bethe Lattice

MDCK Cl10 1.18%£0.06
MDCK C-CPE 1.12+0.06
Caco-2 C10 1.15+0.03
Caco-2 C-CPE 1.12+0.05
d=2 Simulation ca 1.3
d=2 Theory 1.26-1.33
d=3 Simulation 2
d=3 Theory 1.8-2.05
Bethe Simulation 3
Bethe Theory 3

then becomes fuzzy (partial delocalization) at /=120 min and
finally disappears at /=24h, being equivalent to patterns pre-
viously reported for MDCK.? At least the difference in the
delocalization rate of claudin-4 would result in the difference
in the behavior of X,

DISCUSSION

# and p, We obtain y= 1.1-1.2 in all cases, implying
that the TJ modulation is a d=2 phenomenon. Since TJ modu-
lation takes place in the paracellular space between cells,
d=2 is not surprising. The size of the TJ strand network in
depth (200-500nm) is much smaller than the cell size or the
distance between tricellular points (10-20#m), so that the
contribution from them would be negligible. The X' of perfo-
rated graphite sheets (d=2, size=50X50) starts increasing at
p.=0.6, and the p, is close to that for site-percolation on a
square lattice.”? It is, however, difficult in the present system
to obtain an exact number of p, due to the randomness in cell
shape® (see also Fig. 4). The present system corresponds to

20um

t=0

MDCK

Caco-2

C-CPE
t=3 min

C-CPE
t=2h

C-CPE
t=24 h

Cc10
t=3 min

Cc10
t=30 min

Control
t=24 h

Fig. 4. Time Course of the Distribution of Claudin-4
MDCK (lane-1) and Caco-2 (lane-2).
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the bond-percolation and the shape of the cell appears to be
between square and hexagonal, so that p,=0.50-0.65.1

Finite Size Effect As previously pointed out, the size of
the TJ strand network in the depth direction is much smaller
than that in the lateral direction. The system may thus be
insufficient as an infinite size. The finite size effect yields
smaller values for p, and wx.***® Indeed, the u is slightly
smaller than that for =2 (Table 1). At p=p,, finite size scal-
ing for 2 yields Eq. 10, where L, and v denote the system size
(proportional to the number of conductors) in depth and the
critical exponent for the correlation length, respectively'®2+2%);
v=4/3 for d=2.

o Lz/l/v — L20.975 ~ Lzl

(10)

If L, would be proportional to the quantity of claudin-4
(Ceiana)» 2 1s approximately inversely proportional to Cgignas
recovering the results previously pointed out.?®

Comparison of C10 and C-CPE The following mecha-
nisms will be active upon treatment with C10. Firstly, the ex-
pansion of the paracellular gap results in a larger 2, and 2| .
This process includes the activation of phospholipase C (PLC),
upregulation of intracellular Ca*, phosphorylation of myosin
light chain kinase (MLCK) and actin-myosin filament contrac-
tion.2%?7) This is active only in the late stage, since the inhibi-
tor of MLCK is effective only in the late stage®® despite the
rapid elevation (within 1-2min) of the intracellular Ca®* con-
centration.”® Secondly, the delocalization of claudin-4 from
the plasma membrane via the delocalization of ZO-1?? or the
disruption of lipid rafts'> increases, at least in X;. Such delo-
calization of claudin-4 does not occur within 3 min, but can be
seen within 30min (Fig. 4), consistent with previous reports.*”
Lastly, the membrane perturbation increases in X, within
3min.?? This time course is comparable to that seen in the
present study. Although the LRR is small, and hence leads to a
small increase in %, , ., this contribution may not be ignorable,
since the [, is large. Furthermore, morphology change may
also affect 2, ..

The above first two observations imply that a significant
increase in Xp; would not be the cause for the increase in r(?)
in the early stage. Based on the binary sieving model, not the
pore size, but rather the number of pores is altered after C10
treatment,'” suggesting that p increases, but that o, or o, re-
mains constant. Thus, if 23 mainly controls X in the early
stage, 7(?) should have remained approximately constant as
observed for C-CPE (Fig. 1); however, this was not the case
at all. PLC inhibitors affect both stages.’” In addition, r(f)
increases to 1.2—1.3 at r=200s, then remains almost constant
up to 7=1200s when measured at 4°C, where kinase activity
is extremely suppressed. These observations thus suggest that
the increase in #(f) in the early stage will be caused at the least
by the increase in X, (f) via membrane perturbation coupled
with the elevation of intracellular Ca®". The early stage is
completed by r=t, since r(f) is approximately constant. In
contrast, the C-CPE may induce less membrane perturbation,
since C-CPE does not penetrate into the plasma membrane ?
If membrane perturbation occurred, r(z) should have been
1.6-2.0 rather than<1.1. The () thus remains approximately
constant in the early stage. '

Applicability and Limits In the present study, we use
MDCK and Caco-2 cell lines, which are epithelial cells from
different species and organs. In addition, we use different TJ
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modulators having different TJ modulation mechanisms. Fur-
thermore, the expression level of claudin isoforms in MDCK
and Caco-2 is different especially in claudin-2 and -3.+'>332
Despite such differences, u is found to be #=1.1-1.2 regardless
the cell type and TJ modulator. The x is thus independent of
TJ opening mechanisms and claudin isoforms responsible for
TJ modulation, suggesting that percolation would be a univer-
sal event in X. The percolation analysis of this study would
thus be applicable to (intestinal) tissue, which is a multilayer
system. However, u for such tissue would be different from
that for a cell monolayer. The conductive paths between cell
layers may contribute to 2. In this case, the interaction be-
tween layers should be considered. The d may thus be d>2,
resulting in a greater value of y (compare uy for d=2, 3 in
Table 1). Generally, d depends on the topology (or connection
pattern) of conductive paths.

The diffusion of macromolecular drugs, including proteins
and DNA, through TJs has become more important. Due to
the analogy between X and diffusion coefficient (D),"® current
percolation analysis can be applicable to the diffusion through
TJ. The evaluation and control of x# would thus be important
in establishing effective drug delivery systems.

The applicability of this percolation analysis is limited
under several conditions. Firstly, the scaling form Eq. 7A is
not appropriate for leaky TJ, where 7—1 (z<1), and the slope,
dLog(Z)/d Log(dp), is no longer a constant near p=p, and be-
comes smaller, as discussed previously'”’® (see also Eq. 6). For
instance, X is a constant, and hence y=d Log(2)/d Log(4p)=0,
when #=1. In this case, detailed information on 24,(¢,) is nec-
essary (see Eq. 9). Secondly, if 2, () or X ;. (?) decreases
beyond >¢,, Eq. 9 is not a good approximation, yielding a
larger number of x. In this case, the contribution from X, ()
and/or X ;. (?) should be subtracted. This occurrence may
depend on cell type, modulator and their concentration,'>'>
although this was not the case in the present study.

CONCLUSION

The time course of electrical conductivity, 2, in MDCK or
Caco-2 cell monolayers upon treatment with C-CPE or CI10
was investigated. We found that X' of TJ could be described
within a framework of percolation and determined the criti-
cal exponent, y, to be 1.1-1.2, corresponding to that for d=2
regardless of the cell type or modulator used. TJ modulation
is thus a two-dimensional phenomenon, and percolation is the
operative mechanism in 2. Due to the analogy between X and
D, current percolation analysis can be applicable to the diffu-
sion through TJ and provide important knowledge especially
in establishing effective drug delivery systems through the
control of y. However, the applicability of percolation analysis
is limited to tight TJ strands (2<1).
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Nano-sized materials are widely used in consumer products, medical devices and engineered pharmaceu-
ticals. Advances in nanotechnology have resulted in materials smaller than the nanoscale, but the biologic
safety of the sub-nanosized materials has not been fully assessed. In this study, we evaluated the toxic
effects of sub-nanosized platinum particles (snPt) in the mouse liver. After intravenous administration of
snPt (15 mg/kg body weight) into mice, histological analysis revealed acute hepatic injury, and biochemical
analysis showed increased levels of serum markers of liver injury and inflammatory cytokines. In contrast,
administration of nano-sized platinum particles did not produce these abnormalities. Furthermore, snPt
induced cytotoxicity when directly applied to primary hepatocytes. These data suggest that snPt have the
potential to induce hepatotoxicity. These findings provide useful information on the further development of

sub-nanosized materials.

1. Introduction

Nanotechnology involves manipulation of matter on the scale
of the nanometer and has the potential to improve quality of life
via functional products. Nanomaterials are commonly defined as
objects with dimensions of 1 to 100 nm and are now widely used
in electronics, catalysts, clothing, drugs, diagnostic devices, and
cosmetics (Baughman et al. 2002; Patra et al. 2010; Service
et al. 2007; Ariga et al. 2010). Recent progress in the field
has allowed the creation of sub-nanosized materials that have
different physicochemical properties, including improved con-
ductivity, durability and strength. Although these materials may
be useful for industrial and scientific purposes, the biologic
safety of these materials has not been fully evaluated (Nel et al.
2006; Oberdorster et al. 2005).

Nano-sized platinum particles (nPt) are used for industrial
applications and in consumer products, such as cosmetics, sup-
plements and food additives (Gehrke et al. 2011; Horie et al.
2011). The biological influence of exposure to nPt has been pre-
viously investigated. For example, nPthas anti-oxidative activity
(Watanabe et al. 2009; Onizawa et al. 2009; Kajita et al. 2007),
and may be useful for the medical treatment of diseases related
to oxidative stress and aging. However, some reports suggest
that these substances can induce inflammation in mice or impair
DNA integrity (Pelka et al. 2009; Park et al. 2010). Thus, the
understanding of the biological influences of nPt has still not
been definitively established, and our knowledge regarding the
biological effects of sub-nanosized platinum particles (snPt) is
severely lacking.

Nano-sized particles can enter and penetrate the lungs, intestines
and skin. The degree of penetration depends on the size
and surface features of the nano-sized particle. Furthermore,
nanoparticles can enter the circulatory system and migrate to
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various organs, such as the brain, spleen, liver, kidney and mus-
cles (Zhu et al. 2008; Furuyama et al. 2009; Oberdorster et al.
2004; Ai et al. 2011). The liver is a vital organ that is involved
in the uptake of nutrients and the elimination of waste products
and pathogens from the blood; it is also an important organ for
the clearance of nanoparticles. However, some nanoparticles are
hepatotoxic (Nishimori et al. 20092, b; Ji et al. 2009; Cho et al.
2009; Folkmann et al. 2009). In the present study, we investi-
gated the influence of sub-nanosized platinum particles (snPt)
on the liver.

2. Investigations and results

To investigate the acute liver toxicity of snPt, we administered
snPt (15 mg/kg body weight) into mice by intravenous injection.
Histological analysis revealed acute hepatic injury, including
vacuole degeneration (Fig. 1). Furthermore, administration of
snPt at doses over 15mg/kg resulted in significant elevation
of serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) levels (Fig. 2A and B) and of interleukin-6
(IL-6) levels (Fig. 2C). ALT and AST levels were increased
at 3h to 24 h after intravenous administration at 20 mg/kg snPt
(Fig. 3A and B). Cell viability assessment by WST assay demon-
strated that direct treatment of isolated hepatocytes with snPt at
concentrations of 0.1, 1, 10, 50 and 100 pg/ml resulted in a dose-
dependent decrease in hepatocyte viability when compared with
vehicle-treated cells (Fig. 4). These observations suggest that
snPt induced inflammation and hepatocyte death.

Previous reports showed that biological influences of nanoma-
terials vary according to material size (Nishimori et al. 2009a, b;
Jiang et al. 2008; Oberdorster et al. 2010). Therefore, we exam-
ined whether nPt, with a diameter of approximately 15 nm, leads
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Fig. 1: Histological analysis of liver tissues in snPt-treated mice. snPt was
intravenously administered to mice at 15 mg/kg. At 24 h after administration,
livers were collected and fixed with 4% paraformaldehyde. Tissue sections
were stained with hematoxylin and eosin and observed under a microscope.
The pictures show representative data from at least four mice

to a different biologic effect than snPt. As shown in Fig. 5, snPt
administration resulted in dose-dependent increases in serum
ALT and AST levels, whereas nPt did not. Furthermore, IL-6
levels did not change in response to administration of nPt. These
results suggest that the biological effects of platinum particles
are dependent on their size.

3. Discussion

The influence of size and of physiochemical properties of
nanoparticles on their biologic safety is an important issue.
Animal experiments have demonstrated rapid translocation of
nanoparticles from the entry site to various organs (Almeida
et al. 2011). In particular, nanoparticles tend to concentrate in
the liver and are cleared from the body in the feces and urine
after intravenous infusion (Ai et al. 2011). While the liver plays a
pivotal role in the clearance of nanoparticles, some nanomateri-
als can induce liver injury. Therefore, we assessed the influence

of snPt on the liver and demonstrated that snPt induced liver
toxicity in vitro and in vivo.

Some studies have reported that nPt exert anti-oxidant and anti-
inflammatory effects (Watanabe et al. 2009; Onizawa et al. 2009;
Kajitaetal. 2007), while other studies reported that nPthave neg-
ative biological effects. For example, treatment of a human colon
carcinoma cell line with nPt resulted in a decrease in cellular
glutathione level and impairment in DNA integrity (Pelka et al.
2009). Furthermore, Park et al. (2010) found that nPt prepared
from K, PtClg may induce an inflammatory response in mice. In
this study, we found that snPt damaged liver tissues and induced
inflammatory cytokines. Kupffer cells present in liver sinusoids
may mediate this process via phagocytosis of the particles and
subsequent release of inflammatory cytokines. However, when
we added snPt to primary hepatocytes, the viability of the cells
was significantly reduced, suggesting that snPt may also exert
a direct hepatotoxic effect. Thus, the cellular influences of Pt
nano- and sub-nano particles may be dependent on the target
cells as well as on the size and physical and chemical properties
of the particles.

snPt may damage other tissues as well. Cisplatin, a first-line
chemotherapy for most cancers, is a platinating agent that can
cause kidney damage (Daugaard et al. 1990; Brabec et al. 2005).
Furthermore, snPt-induced increases in systemic IL-6 may cause
damage to various organs. Further analysis of the distribution
and toxic effects of snPt is necessary.

Widespread application of sub-nanosized materials comes with
an increased risk of human exposure and environmental release,
and the future of nanotechnology will depend on the public
acceptance of the risk-benefit ratio. The present study demon-
strated that snPt induces hepatotoxicity in vitro and in vivo.
However, our research also indicates that the toxicity of platinum
particles could be reduced by altering their size. Addition-
ally, biocompatible coatings can reduce the negative effects of
nanoparticles on cells (Oberdorster et al. 2010; Nabeshi et al.
2011; Singh et al. 2007; Clift et al. 2008). Therefore, future
studies will contribute to the development of sub-nanosized
materials and will also help produce safer products.

4. Experimental
4.1. Materials

Platinum particles with a diameter of 15 nm (nPt) and less than 1 nm (snPt)
were purchased from Polytech & Net GmbH (Rostock, Germany). The

c
ok 300
« L *
J~ 2001 l
E
=
=2
© *
=
1001

A g, B
3007
*%k
& 1
_ * 200
E =
S T £
X 40 =3
5 =
< 2
1001
204
0 |—L‘ 0
0 5 10 15 20 0 5
snPt (mg/kg)

snPt (mg/kg)

L1 T |
0 5 10 15 20
snPt (mg/kg)

10 15 20

Fig. 2: Dose dependency of snPt-induced liver injury. snPt was intravenously administrated at 5, 10, 15 and 20 mg/kg. At 24 h after administration, blood was recovered, and the
resultant serum was used for measurement of ALT (A), AST (B) and 1L-6 (C), as described in the “Experimental” section. Data are means &= SEM (n = 3). *Significant

difference when compared with the vehicle-treated group (*, p <0.05, **, p<0.01)
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Fig. 3: Time-dependent changes of a biological marker of liver injury. snPt was intravenously administered to mice at 15 mg/kg. Blood was recovered at 3, 6, 12, 24 and 48 h after
administration. The serum was used for measurement of ALT (A) and AST (B), as described in the “Experimental” section. Data are means & SEM (n = 3). *Significant

difference when compared with the vehicle-treated group (*, p <0.05, **, p<0.01)
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Fig. 4: Cytotoxicity of snPt in hepatic cells. Primary hepatocytes were treated with
snPt at 0.1, 1, 10, 50 or 100 pg/ml. After 24 h of culture, cell viability was
evaluated with the WST assay, as described in the “Experimental” section.
Data are means = SEM (n = 3). *Significant difference when compared with
the vehicle-treated group (P <0.05)

particles were stocked in a 5 mg/ml aqueous suspension. The stock solu-
tions were suspended using a vortex mixer before use. Reagents used in this
study were of research grade.

4.2. Animals

BALB/c male mice (8 weeks old) were obtained from Shimizu Laboratory
Supplies Co., Ltd. (Kyoto, Japan), and were housed in an environmen-
tally controlled room at 23+ 1.5°C with a 12h light/12h dark cycle.
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Mice had access to water and commercial chow (Type MF, Oriental Yeast,
Tokyo, Japan). Mice were intravenously injected with nPt or snPt at 5 to
20 mg/kg body weight. The experimental protocols conformed to the eth-
ical guidelines of the Graduate School of Pharmaceutical Sciences, Osaka
University.

4.3. Cells

Mouse primary hepatocytes were isolated from BALB/c mice (Shimizu Lab-
oratory Supplies Co.) by the collagenase-perfusion method (Seglen 1976).
Isolated hepatocytes were suspended in Williams’ E medium containing
10% fetal calf serum, 1 nM insulin, and 1 nM dexamethasone. Next, cell
viability was assessed by Trypan blue dye exclusion. Cells that were at least
90% viable were used in this study. Cells were cultured in a humidified 5%
CO; incubator at 37 °C.

4.4. Histological analysis

After intravenous administration of snPt, mouse livers were removed and
fixed with 4% paraformaldehyde. Thin tissue sections were stained with
hematoxylin and eosin for histological observation.

4.5. Biochemical assay

Serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) were measured using commercially available kits (WAKO Pure
Chemical, Osaka, Japan), respectively. Interleukin-6 (IL-6) levels were
measured with an ELISA kit (BioSource International, Camarillo, CA,
USA). These assays were performed according to the manufacturer’s
protocols.

4.6. Cell viability assay

Cell viability was determined using WST-8 (Nacalai Tesque, Osaka, Japan),
according to the manufacturer’s protocol. Briefly, 1 x 10% cells/well were
seeded on a 96 well plate at 37 °C overnight. After 24 h of treatment with
snPt, WST-8 reagent was added to each well. The plate was incubated for
1h at 37°C and assessed at an absorbance of 450 nm by a plate reader.
Obtained data were normalized to the control group, which was designated as
100%.

4.7. Statistical analysis

Data are presented as means & SD. Statistical analysis was performed by
student’s t-test. P < 0.05 was considered statistically significant.
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Fig. 5: Effect of particle size of platinum on liver injury. snPt or nPt was intravenously injected into mice at the indicated doses. Blood was recovered at 24 h after injection.
Serum ALT (A), AST (B) and IL-6 (C) levels were measured. Data are means = SEM (n = 3). *Significant difference between the snPt- and nPt-treated groups
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Claudin-4, a member of a tetra-transmembrane protein family that comprises 27 members, is a key func-
tional and structural component of the tight junction-seal in mucosal epithelium. Modulation of the clau-
din-4-barrier for drug absorption is now of research interest. Disruption of the claudin-4-seal occurs
during inflammation. Therefore, claudin-4 modulators (repressors and inducers) are promising candi-
dates for drug development. However, claudin-4 modulators have never been fully developed. Here,
we attempted to design a screening system for claudin-4 modulators by using a reporter assay. We pre-
pared a plasmid vector coding a claudin-4 promoter-driven luciferase gene and established stable repor-
ter gene-expressing cells. We identified thiabendazole, carotene and curcumin as claudin-4 inducers, and
potassium carbonate as a claudin-4 repressor by using the reporter cells. They also increased or
decreased, respectively, the integrity of the tight junction-seal in Caco-2 cells. This simple reporter sys-
tem will be a powerful tool for the development of claudin-4 modulators.
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1. Introduction

Tight junctions (TJs), the most apical components of intercellu-
lar junctional complexes, function as fences that maintain cellular
polarity and provide a barrier to regulate intercellular permeability
of epithelia {1,2]. Disruption of cellular polarity and the TJ-seal is
frequently observed during carcinogenesis and inflammation [3].
Modulation of TJ-seals for drug absorption is now of research inter-
est [4,5]. A series of studies has revealed that TJs are composed of
transmembrane proteins (such as occludin and claudins), junction
adhesion proteins, and cytoplasmic scaffolding proteins, including
Z0-1, ZO-2, and ZO-3 (see reviews [6-8]). Of these, claudins are
thought to be the main structural and functional components of
Ts.

Claudins, tetra-transmembrane proteins with a molecular mass
of approximately 23 kDa, comprise a multigene family containing
over 20 members [8]. The barrier-function and the expression
patterns of claudin members differ among tissues [6,8,9].
Claudin-1-, -5-, and -11-deficient mice show dysfunction of the

Abbreviations: T]s, tight junctions; C-CPE, the carboxyl terminus of Clostridium
perfringens enterotoxin; TGF-p, transforming growth factor-p; EGF, epidermal
growth factor; PMA, phorbol 12-myristate 13-acetate; DMSO, dimethyl sulfoxide;
PCR, polymerase chain reaction; RT-PCR, reverse transcription-PCR; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; qPCR, quantitative PCR; SDS, sodium
dodecyl sulfate; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; TER, transepi-
thelial electric resistance.

* Corresponding author. Fax: +81 6 6879 8199.
E-mail address: masuo@phs.osaka-u.ac.jp (M. Kondoh).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
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epidermal barrier, blood-brain barrier, and blood-testis barrier,
respectively [10-12]. The expression levels and the barrier-
functions of claudins are often altered in various cancer cells; they
can be down-regulated or up-regulated, depending on the type of
cancer [13]. Changes in claudin expression have also been observed
in the mucosal epithelium under inflammatory conditions [14].
Claudins are thus potent targets for drug development, such as
drug delivery, anti-cancer agents, and anti-inflammatory agents.

Since claudins play a role in TJ-seals, modulation of the claudin-
barrier is a potent strategy for drug absorption. The carboxyl-ter-
minus of Clostridium perfringens enterotoxin (C-CPE) is a modulator
of the claudin-barrier [15]. Treatment of cells with C-CPE causes a
decrease in claudin-4 proteins in TJs, followed by an enhancement
of the paracellular transport of solutes without causing cytotoxic-
ity [15]. C-CPE also enhances jejunal, nasal, and pulmonary absorp-
tion of drugs [16]. Thus, proof-of-concept for claudin-targeted drug
absorption has been demonstrated. A decrease in claudin-4 in the
intestinal epithelium often occurs in colitis [17]. Down-regulation
of claudin-4 is also observed in some cancer cells [18]. Induction of
claudin-4 is involved in the chemo-preventive effect of nonsteroi-
dal anti-inflammatory drugs [19]. A modulator of claudin-4 expres-
sion would therefore be a potent molecule for claudin-targeted
drug absorption and drug development for some inflammatory dis-
eases and cancers. However, an effective system to screen for clau-
din modulators is lacking.

Here, we developed a simple system to monitor claudin-4
expression using a reporter gene, and we screened chemical clau-
din-4 modulators.
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2. Materials and methods
2.1. Reagents and cells

Recombinant human transforming growth factor-8 (TGF-B) and
epidermal growth factor (EGF) were purchased from R&D systems
(Minneapolis, MN) and Peprotech Inc. (Rocky Hill, NJ), respectively.
The recombinant proteins were dissolved in water and stored at
—80 °C before use. Phorbol 12-myristate 13-acetate (PMA) were
dissolved in dimethyl sulfoxide (DMSO) and stored at —20 °C be-
fore use. List of the chemicals used in this study for screening for
claudin-4 modulator is shown in Table 1. All reagents were of re-
search grade.

MCF-7, and Caco-2 cells were cultured in Dulbecco’s modified
minimal essential medium supplemented with 10% fetal bovine
serum in 5% CO, at 37 °C. MCF-7 cells were obtained from the RI-
KEN cell bank (Ibaragi, Japan). Caco-2 cells were obtained from
the American Type Culture Collection (Manassas, VA). MCF-7 cells
stably expressing snail or HRasV12 were prepared by infection
with a recombinant retroviral vector coding for snail or HRasV12
gene.

2.2. Preparation of a reporter plasmid

Genomic DNA was extracted from MCF-7 cells by using a geno-
mic DNA isolation kit (Sigma-Aldrich, St. Louis, MO). The claudin-4
promoter region was cloned by polymerase chain reaction (PCR)
using genomic DNA as a template and paired primers (forward pri-
mer, 5-GCGCTAGCGGTTGCCCCCTGGCCTTAAC-3'; reverse primer,
5'-CGCTCGAGGTCCACGGGAGTTGAGGACC-3'). The resultant frag-
ments (500 bp) were subcloned into the pGV-B2 vector encoding
the luciferase gene (Toyobo, Osaka, Japan). The sequence of the
claudin-4 promoter region was confirmed.

2.3. A transient expression of transfection snail or HRasV12 gene

Transfection was performed with FuGENE HD (Roche, Mann-
heim, Germany) according to the manufacturer’s protocol. Briefly,
cells were seeded onto 24-well plates. When the cells reached to
80% confluent cell density, 20 pl of medium containing 0.6 pl of Fu-
GENE HD and 200 ng of plasmid carrying snail or HRasV12 gene
was added to the wells. After 48 h of transfection, the luciferase
activity of the cell lysates was measured as described below.

2.4. Luciferase assay

Luciferase activity was measured using a commercial available
luciferase assay system (Toyo Ink, Tokyo, Japan). Cells were lysed
with a cell lysis reagent, LCB (Toyo Ink). The cell lysates were then
centrifuged at 18,000g for 5min. The luciferase activity in the
resulting supernatant was measured using a TriStar LB 941 micro-
plate reader (Berthold, Wildbad, Germany).

2.5. Establishment of a stable reporter cell line

MCF-7 cells were transfected with the reporter plasmid and a
plasmid carrying the puromyecin resistance gene. Stable transfec-
tants were selected in the presence of puromycin.

2.6. Screening for claudin-4 modulators

The clone 35 cells were seeded onto 96-well plates at a density
of 4 x 10* cells/well. On the following day, vehicle or compound
was added, and the cells were cultured for an additional 24 h.

The luciferase activity in the cells was then measured as described
above. '

2.7. Cytotoxicity assay

Clone 35 cells or Caco-2 cells were seeded onto a 96-well plate
at a density of 4 x 10* or 6 x 10* cells/well, respectively. On the
following day, cells were treated with chemicals at the indicated
periods. The cell viability was measured by using a WST-8 assay
kit (Nacalai, Kyoto, Japan).

2.8. Reverse transcription-PCR (RT-PCR) analysis

RT reaction and PCR amplification were performed with a cDNA
synthesis kit (Roche, Mannheim, Germany) and ExTaqTM (Takara,
Shiga, Japan), respectively, according to the manufacturer’s instruc-
tions. Briefly, total RNA was prepared with TRIzol reagent (Invitro-
gen, Carlsbad, CA). For reverse transcription, 5 pg of total RNA was
used. PCR was performed for 23 cycles for claudin-4 (94 °C for 30's,
55°Cfor 15 s, 72 °C for 30 s) and for 20 cycles for GADPH (94 °C for
305,55 °Cfor 15 s, 72 °C for 60 s). The PCR products were separated
by use of agarose gel electrophoresis and stained with ethidium
bromide. The sequences of the primers are as follows: forward pri-
mer for claudin-4, 5'-CAACATTGTCACCTCGCAGACCATC-3’; reverse
primer for claudin-4, 5'-TATCACCATAAGGCCGGCCAACAG-3’; for-
ward primer for glyceraldehyde 3-phosphate dehydrogenase (GAP-
DH), 5'-TCTTCACCACCATGGAGAAG-3'; reverse primer for GAPDH,
5'-ACCACCTGGTGCTCAGTGTA-3'.

2.9. Quantitative PCR (qPCR) analysis

qPCR was performed with SYBR Premix Ex Taq Il (Takara) using
an Applied Biosystems StepOne Plus (Applied Biosystems, Foster
City, CA). Relative quantification was performed against a standard
curve and the values were normalized against the input deter-
mined for the housekeeping gene, GAPDH. The primer sequences
used for qPCR were as follows: forward primer for claudin-4, 5'-
TTGTCACCTCGCAGACCATC-3' and reverse primer for claudin-4,
5'-CAGCGAGTCGTACACCTTG-3'; forward primer for GAPDH, 5'-
GGTGGTCTCCTCTGACTTCAACA-3' and reverse primer for GAPDH,
5-GTGGTCGTTGAGGGCAATG-3'.

2.10. Western blot analysis

Cells were lysed with RIPA buffer (0.15 M NaCl, 50 mM Tris-
HCl, pH 7.4, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-
100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
1% protease inhibitor cocktail [Sigma-Aldrich]). The cell lysates
were subjected to 15% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by blotting onto polyvinylidene difluoride
membrane. The membranes were incubated with anti-claudin-4
mouse monoclonal (Zymed, South San Francisco, CA) and anti-B-
actin mouse monoclonal (Sigma-Aldrich) antibodies, respectively,
and subsequently treated with horseradish peroxidase-conjugated
anti-mouse I1gG (Zymed). The reactive bands were detected by
using an enhanced chemiluminescence reagent (GE Healthcare,
Buckinghamshire, UK).

2.11. Transepithelial electric resistance (TER) assay

Caco-2 cells were seeded into Transwell™ chambers (Corning,
NY) at a density of 8 x 10* cells/well. On 7 days after the seeding
or when TER values reached a plateauy, claudin-4 inducers (thia-
bendazole, carotene, or curcumin) or claudin-4 repressor (potas-
sium carbonate), respectively, was added. The TER values were
then monitored at 0, 24, and 48 h using a Millicell-ERS epithelial
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Chemicals used in this study as screening sources.

Sample number Sample name Concentration® Relative luciferase activity”
1 Tartrazine 10 mM 1.29
2 Potassium nitrate 1 mM 0.94
3 Potassium carbonate 10 mM 0.56
4 Sodium chlorous 10 mM 0.95
5 Zinc sulfate 0.1 mM 0.95
6 New coccine 0.01 mM 0.98
7 Amaranth (Bordeaux S) 1mM 1.34
8 Allura red AC 1 mM 1.49
9 Sunset yellow FCF 1mM 1.59
10 Potassium hydroxide 1 mM 0.83
11 L-ascorbic acid 1mM 1.02
12 Sodium nitrite 10 mM 0.91
13 Propionic acid 0.0001% 0.82
14 Sodium carbonate 1mM 0.91
15 Zinc gluconate 0.01% 1.76
16 Benzoic acid 0.01 mM 1.3
17 Sorbic acid 1mM 1.51
18 Aspartame 1mM 1.59
19 Dibutylhydroxytoluene 0.01 mM 1.81
20 Allyl isothiocyanate 0.0001% 1.72
21 Saccharin 1mM 1.5
22 1-Ascorbyl palmitate 1mM 1.21
23 Hydroxy biphenyl 0.01 mM 1.87
24 Aluminium potassium sulfate 0.1 mM 0.94
25 L-Lysine 10 mM 1.42
26 Calcium pantothenate 10 mM 1.61
27 Carrageenin 0.01 mM 1.56
28 Tartaric acid 1mM 1.01
29 Sodium acetate 10 mM 1.02
30 Glycine 10 mM 1.68
31 Sodium alginate 10mM 1.52
32 Ammonium chloride 10 mM 191
33 Magnesium sulfate 10 mM 1.56
34 5-Ribonucleotide 0.001 mM 1.15
35 Calcium chloride 1 mM 1.62
36 Valine 10 mM 1.08
37 Erythrosine 0.01 mM 1.22
38 Annatto 0.01 mM 1.96
39 Maltitol 10 mM 1.44
40 Sodium dehydroacetate 1 mM 1.98
41 Nicotinic acid 1mM 1.55
42 Isoleucine 1 mM 1.06
43 Mannitol 10 mM 1.29
44 Ascorbic acid (Vitamin C) 10 mM 1.17
45 Phenylalanine 1mM 0.95
46 Gallic acid 0.1mM 1.41
47 Erythorbic acid (Sodium isoascorbate) 1 mM 1.03
48 Magnesium chloride 0.1% 1.26
49 Cochineal extract 0.1% 1.02
50 Calcium dihydrogen pyrophosphate 1mM 1.1
51 Calcium citrate 0.01 mM 0.92
52 Polyvinyl acetate 0.1 mM 113
53 Fumaric acid 0.01 mM 1.24
54 Sodium methy! p-hydroxybenzoate 1 mM 2.04
55 Tocophenol (Vitamin E) 0.0001% 2.14
56 Rennet 0.01% 0.89
57 lonone 0.01% 1.15
58 Isoeugenol 0.001% 1.15
59 Allyl isosulfocyanate 0.001% 1.06
60 Propylene glycol 0.1% 0.87
61 Ethyl isovalerate 0.001% 0.89
62 Pectin 0.001% 0.98
63 Cysteine 0.01 mM 0.76
64 Tragacanth gum 0.01% 0.83
65 Thiamin 0.1% 1.15
66 Gum arabic 0.01% 0.91
67 Cellulose 0.001% 0.84
68 Thiabendazole 0.1 mM 3.24
69 Isopropyl citrate 10 mM 1.04
70 y-oryzanol 0.01% 1.02
71 Calcium carbonate 0.001% 0.857
72 Propylene glycol alginate 0.01% 0.87
73 Chlorophyll 0.1% 1.02
74 Sodium chondroitin sulfate 0.1% 1.04
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Table 1 (continued)

Sample number Sample name Concentration® Relative luciferase activity®
75 Bipheny! 0.1 mM 0.99
76 Sodium cytidylic acid 1mM 0.77
77 Stevia rebaudiana 0.01% 0.96
78 Calcium stearoyl lactylate 0.01% 0.83
79 Ferrous sulfate 0.1 mM 1.37
80 Calcium sulfate 0.1 mM 0.93
81 Benzoyl peroxide 0.1 mM 1.13
82 Dibenzoy! thiamine 1 mM 0.88
83 Carotene 0.1 mM 2.09
84 Guar gum 0.001% 0.84
85 Xanthan gum 0.001% 0.77
86 Curcumin 0.01 mM 20

2 The chemical concentrations were set at the maximum level to show no cytotoxicity.
5 The relative luciferase activities were calculated as the ratio of that in the chemical-treated cells to that in the vehicle-treated cells. The treatment period was 24 h.

volt-ohmmeter (Millipore Corporation, Billerica, MA). The TER
values were normalized to the area of the Caco-2 cell monolayers,
and the TER value of a blank chamber was subtracted.

3. Results

3.1. Preparation of a reporter plasmid encoding a claudin-4-promoter-
driven luciferase gene

As a first step toward developing a simple screening system for
claudin-4 modulators, we cloned the promoter region of claudin-4.
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Reldtive luciferase activity
o
>

Mock Snail

w
@

Relalive luciferase activity
W
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We searched for a region that was highly conserved among ani-
mals by using a UCSC Genome Bioinformatics program and cloned
a 500 bp fragment corresponding to —293 to +194 bp of the clau-
din-4 gene. This 500 bp fragment contained various transcription
factor-binding sites: an E-box (-276 to -271, —262 to -257,
—221 to =216, —19 to —14, +10 to +14), a smad-binding element
(SBE; —212 to -209, —103 to —-100, —38 to —35), and Sp1 (-66
to ~57, —53 to —44) [20,21], indicating that this region is a potent
candidate for a regulatory region of claudin-4 expression. We
constructed a reporter expression vector, in which the 500 bp frag-
ment was inserted upstream of a luciferase gene Suppl. Fig. 1A). To

c
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Fig. 1. Preparation of a reporter system monitoring claudin-4 expression. (A, B) Effects of snail and HRasV12 on the luciferase activity in transiently expressing cells. Snail-
expressing MCF-7 cells (A) or HRasV12-expressing MCF7 cells (B) were transfected with the claudin-4 reporter plasmid. Two days later, the cells were recovered, and the
luciferase activity in the lysates was measured. The data are means + S.D. (n = 3). The results are representative of two independent experiments. (C, D) qPCR analysis of
claudin-4 expression in transiently expressing cells. After 2 days of the transfection with the claudin-4 reporter plasmid, total RNA was extracted from snail-expressing MCF-
7 cells (C) or HRasV12-expressing MCF-7 cells (D). Expression level of claudin-4 of the transfected cells was quantified by qPCR as described in the Section 2. Claudin-4
expression level was shown as ratio to that of the mock cells. The data are means = S.D. (n = 3). The results are representative of two independent experiments.
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Fig. 2. Effect of PMA on the luciferase activity in clone 35 cells. Clone 35 cells were
treated with PMA at the indicated concentrations for 24 h. Luciferase activity in the
lysates was measured. The relative luciferase activity is shown as the ratio of the
luciferase activity in the treated cells to that of the vehicle-treated cells. The data
are means +S.D. (n=3). The results are representative of two independent
experiments.

evaluate expression of the reporter gene, we checked the endoge-
nous claudin-4 expression level in various cell lines and selected
MCF-7, HaCat, HT1080, and SiHa cells, which have different
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claudin-4 expression levels for our analyses (Suppl. Fig. 1B). We
transiently transfected the reporter plasmid into these cell lines
and found that the luciferase activity of each was correlated with
the endogenous expression level of claudin-4 (Suppl. Fig. 1C). We
also investigated expression of the reporter gene in MCF-7 cells
stably expressing snail or HRasV12, which suppress or induce clau-
din-4 expression, respectively {22,23]. Transfection of snail- or
HRasV12-expressing MCF-7 cells with the reporter plasmid de-
creased or increased, respectively, the luciferase activity compared
to that of mock-transfected MCF-7 cells (Fig. 1A and B). The differ-
ence in luciferase activity paralleled the level of claudin-4 mRNA in
the cells (Fig. 1C and D), suggesting that the cloned promoter
region was functional.

3.2. Preparation of a screening system for claudin-4 modulators

We transfected MCF-7 cells with the claudin-4 reporter plasmid
and isolated stable transfected clones. We investigated the effect of
transient expression of snail and HRasV12 on luciferase activity in
these clones and found that several clones showed altered lucifer-
ase activity when transfected with the claudin-4 suppressor (snail,
Suppl. Fig. 2A) or the claudin-4 inducer (HRasV12, Suppl. Fig. 2B).
TGF-B suppresses claudin-4 expression [23], whereas EGF en-
hances claudin-4 expression [24]. Therefore, we also investigated
the effects of TGF-B and EGF on the luciferase activity in the clones
(Suppl. Fig. 2C and D, respectively). Since clone 35 showed the best
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Fig. 3. Screening claudin-4 modulators using the reporter system. (A, B) Dose-dependent effects of the claudin-4 modulator candidates on luciferase expression. Clone
35 cells were treated with potassium carbonate (A), or thiabendazole, carotene, or curcumin (B) at the indicated concentrations for 24 h. Luciferase activity was measured in
the lysates. Relative luciferase activity is shown as the ratio of the luciferase activity in the chemical-treated cells to that in the vehicle-treated cells. The data are means + S.D.
(n = 3). The results are representative of three independent experiments. (C, D) Effects of the claudin-4 modulator candidates on claudin-4 mRNA expression (C) and claudin-4
protein (D) levels. Clone 35 cells were treated with potassium carbonate (5 mM), thiabendazole (0.1 mM), carotene (0.2 mM), or curcumin (10 pM) for 24 h (C) or 48 h (D).
Total RNA was used for gPCR analysis to detect claudin-4 mRNA (C). The relative mRNA expression of claudin-4 normalized to GAPDH expression. The cell lysates were
subjected to SDS-PAGE, followed by immunoblotting for claudin-4 (D). GAPDH or B-actin served as loading controls. The result is representative of three independent

experiments.
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Fig. 4. Effects of claudin-4 modulator on the TJ-barrier in Caco-2 cells. (A) Effect of
claudin-4 inducers on the T]-barrier. Cells were seeded in Transwell™ chambers.
Seven days after seeding, the cells were treated with thiabendazole (0.05 mM),
carotene (0.2 mM), or curcumin (10 uM). TER values were monitored every 24 h. (B)
Effect of a claudin-4 repressor on the TJ-barrier. Cells were seeded in Transwell™
chambers. When the TER values reached a plateau, the TJ-developed cells were
treated with potassium carbonate (10 mM). After 48 h of treatment, the medium
was replaced with fresh medium. The cells were then cultured for an additional
24 h. TER values were monitored every 24 h. TER values are shown as percentages
of the TER values before treatment relative to those in treated cells, as described in
the Section 2. The data are means = S.D. (n = 3). These results are representative of
three independent experiments.

response to the various claudin-4-modulating treatments, we se-
lected it for further analysis. The clone 35 cells were treated with
PMA, which enhances claudin-4 expression [25]. PMA increased
luciferase activity in a dose-dependent manner (Fig. 2). These re-
sults indicate that clone 35 could be used to screen for modulators
of claudin-4 expression.

3.3. Screening for claudin-4 modulators

When we eat, fragments of partially digested food, which still
have antigenicity, exist in the intestine. This suggests that claudin
modulators that tighten TJ-barriers may be contained in food.
Therefore, we screened 86 chemicals used as food additives for
claudin-4 modulators (Table 1). At first, we checked the cytotoxic-
ity of these compounds in the clone 35 cells (Table 1). Then, we
treated the cells with the compounds at non-toxic concentrations
and identified the following claudin-4 modulator candidates:
potassium carbonate (No. 3), thiabendazole (No. 68), carotene
(No. 83), and curcumin (No. 86) (Suppl. Fig. 3). Each chemical mod-
ulated luciferase activity in a dose-dependent manner (Fig. 3A and
B). gPCR analysis revealed that thiabendazole, carotene, and curcu-
min increased claudin-4 expression in the clone 35 cells (Fig. 3C),
whereas potassium carbonate decreased claudin-4 expression.

Similar results were obtained from Western blot analysis of clau-
din-4 (Fig. 3D).

To test whether the screened compounds also modulated the
TJ-barrier, we investigated the effect of the compounds on the
TER value, a marker of TJ-integrity, in Caco-2 cell monolayers,
which is a popular model for mucosal barrier. Treatment of cells
with thiabendazole, carotene, and curcumin increased the TER val-
ues (Fig. 4A). In contrast, potassium carbonate decreased the TER
value. Moreover, the TER values recovered when the potassium
carbonate was removed (Fig. 4B), and treatment with potassium
carbonate did not cause cytotoxicity (data not shown). Thus, we
successfully identified claudin-4 modulators.

4. Discussion

Claudin-4 inducers have been the focus of attention in drug
development to treat inflammatory diseases and cancers [17-
19]; however, their development has been slow. Some chemicals
that modulate TJ integrity have been identified: glutamine, bryost-
atin-1, berberine, quercetin, and butyrate {26-30]. Here, we estab-
lished a simple monitoring system for claudin-4 expression using a
reporter gene, luciferase, and successfully identified chemical clau-
din-4 modulators: one suppressor of claudin-4 expression, potas-
sium carbonate, and three inducers of claudin-4, thiabendazole,
carotene, and curcumin.

Curcumin is an active ingredient of the spice turmeric, which is
used in curry powders and as a food preservative. It is also used in
traditional medicine to treat various inflammatory conditions, such
as arthritis, colitis, and hepatitis [31]. Curcumin has various biolog-
ical activities, such as anti-inflammatory, anti-oxidant, and anti-
cancer effects [32]; however, the underlying mechanisms have
never been fully understood. Here, we found that curcumin in-
duces claudin-4 expression and increases TJ] integrity. This
enhancement of T] integrity by curcumin may be associated with
its therapeutic activities.

Carotene is a precursor of vitamin A. Retinoic acid, a metabolite
of vitamin A, enhances TJ integrity in epithelial cells accompanied
by expression of claudin-1, -4, and occludin [33]. These findings
suggest that metabolized B-carotene-activated expression of clau-
dins enhances the epithelial barrier in Caco-2 cells. Retinoic acid is
a biologically active regulator of cell differentiation, proliferation,
and apoptosis in various cell types [34]. The activities of retinoic
acid are mediated by two types of nuclear receptors: retinoic acid
receptors and their heterodimeric counterparts, retinoid X recep-
tors [35]. Specific heterodimer-mediated transcriptional activation
increases TJ integrity [36]. The increase in claudin-4 expression
and TJ integrity induced by carotene may be caused by the forma-
tion of the heterodimer, followed by transcriptional activation.

Thiabendazole is used as a broad spectrum anthelmintic in var-
ious animal species and is also used to control parasitic infections
in humans [37]. It is also used as an anti-fungal agent for the treat-
ment of fruits [38]. Here, we found that thiabendazole increases
claudin-4 expression and T] integrity, but the mechanism for these
activities remains unclear.

Our screening system identified a repressor of intestinal epithe-
lial barrier function as well as three enhancers. We showed that
potassium carbonate reduces claudin-4 expression and epithelial
barrier function in Caco-2 cells without causing cytotoxicity. Potas-
sium carbonate is used as an acidity regulator, and paracellular
permeability is sensitive to pH [39]. Thus, potassium carbonate
might reduce epithelial barrier integrity by changing the pH.

In conclusion, we developed the simple screening system for
claudin-4 modulator, and we identified several claudin-4 modula-
tors, including three inducers and one repressor. The screening sys-
tem will thus be a tool for the development of claudin-4
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modulators, thereby contributing to basic and pharmaceutical
researches.
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ABSTRACT

Intercellular spaces between adjacent mucosal epithelial cells are sealed by tight junctions (TJs) that pre-
vent the free movement of solutes across the epithelium. Claudins (CLs), a family of 27 integral mem-
brane proteins, are essential components for T] seals. We previously used a CL-3/-4 binder, the C-
terminal fragment of Clostridium perfringens enterotoxin (C-CPE), to show that CL modulation is a prom-
ising method to enhance mucosal absorption. Recently, by using a C-CPE mutant library, we developed a
CL binder (m19) with broad specificity to CL-1, -2, -4, and -5. Here, we compared the mucosal absorption-
enhancing activity of C-CPE and m19. Both CL binders enhanced jejunal absorption of dextran with a
molecular mass of 4000 and 150,000 Da and nasal absorption of dextran with a mass of 4000 Da but
not 150,000 Da in rats. Although both binders showed similar nasal absorption-enhancing activity of dex-
tran (4000 Da), m19 exhibited a more potent jejunal absorption-enhancing effect than that of C-CPE.
These findings suggest that mucosal absorption-enhancing activity may be modified by modulating CL

specificity.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Recent drug discovery has shifted to the development of biolo-
gics, including nucleic acids, peptides, and proteins; these biologics
represent over 30% of the new drugs worldwide. Most biologics are
injected into patients because of their poor permeability that stems
from their hydrophilic and degradable properties. Non-invasive
drug delivery to the systemic circulation remains an important
challenge.

Epithelium surrounds organisms and separates interior and
outer bodies. Passage through epithelium is the first step in drug
absorption. Routes for solute movement across epithelium are
classified into transcellular and paracellular routes. Since the
1990s, various methods have been developed to deliver drugs via
the transcellular route, including the use of simple diffusion and
transporter- and receptor-mediated active transport. Some of these
methods have been used for chemicals; however, the transcellular

Abbreviations: TJ, tight junction; CL, claudin; C-CPE, C-terminal fragment of
Clostridium perfringens enterotoxin from 194 to 319 amino acids; CPE, Clostridium
perfringens enterotoxin; FD-4, fluorescent labeled dextran with a molecular mass of
4000 Da; FD-150, fluorescent labeled dextran with a molecular mass of 150,000 Da;
FBS, fetal bovine serum; BSA, bovine serum albumin; AUC, the area under the
plasma concentration curve.
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approaches have mainly been used for biologics [1,2]. Disrupting
the intercellular seal has been the basic strategy for drug delivery
via the paracellular route. Paracellular drug delivery has been stud-
ied for over 40 years, but its application to clinical use remains lim-
ited because of damage to the mucosal membrane [3,4].

Tight junctions (T]s), localized between adjacent epithelial cells,
seal the intercellular space to prevent leakage of solutes across the
epithelial cell sheets. Modulation of T]-barriers has been a popular
method to enhance epithelial absorption of drugs. However, the
biochemical and functional structures of TJs had not been identi-
fied before 1998. Freeze-fracture replica electron microscopy anal-
ysis had shown that Tjs form a series of continuous, anastomotic,
and intramembranous particle strands [5], but in 1998, the first
structural and functional component of TJs, claudin (CL), was iden-
tified [6]. CL is a tetra-transmembrane protein with a molecular
mass of ~23 kDa; the CL family comprises 27 members [7,8]. Inter-
estingly, the expression profiles and barrier-functions of the vari-
ous CL family members differ among tissues. For instance, CL-1-
deficient mice exhibit loss of the epidermal barrier, and CL-5-defi-
cient mice show disruption of the blood-brain barrier [9,10]. The
CLs are believed to form homo- and hetero-type strands on the lat-
eral membrane of TJs [7,11], and the combination of CLs is thought
to determine the properties of the TJ seals. Extensive research on
CLs has provided insights into strategies for drug delivery via the
paracellular route that involve modulating CLs.

Clostridium perfringens enterotoxin (CPE), a 35-kDa polypeptide,
is a food poison in humans [12]. CPE binds via its C-terminal
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region, and a receptor of CPE is identical to CL-3/-4 [13-15]. Inter-
estingly, the C-terminal receptor binding fragment of CPE revers-
ibly modulates TJ barriers in vitro. We previously found that the
C-terminal fragment of CPE, which corresponds to amino acids
184-319, is 400-fold more potent than the clinically used absorp-
tion enhancer sodium caprate in terms of its jejunal absorption-
enhancing effect of dextran (4000 Da) and that this absorption-
enhancing activity involves an interaction between the CPE frag-
ment and CL-4 [16]. We also showed that a CL binder correspond-
ing to amino acids 194-319 of CPE, called here C-CPE, enhances
jejunal, pulmonary, and nasal absorption of a biologically active
peptide [17]. Thus, we have established proof-of-concept for CL-
targeted mucosal absorption of drugs by using CPE fragments.
We also examined the functional domain map of C-CPE by using
site-directed mutagenesis [18,19], and developed a C-CPE library
containing randomly mutated functional residues, which we used
as a CL binder screening system with a baculoviral display [20].
By using this system, we identified the broadly specific claudin
binder m19 from the C-CPE mutant library [21]. Here, we com-
pared the mucosal absorption-enhancing activity of C-CPE with
that of the broadly specific claudin binder m19.

2. Materials and methods
2.1. Materials

Fluorescent-labeled dextrans with molecular masses of 4000 Da
(FD-4) or 150,000 Da (FD-150) were purchased from Sigma-Al-
drich (St. Louis, MO). A mouse fibroblast cell line (L cells) and
mouse CL-1-, CL-2-, CL-4-, or CL-5-expressing L cells (CL-1/L cells,
CL-2/L cells, CL-4/L cells, CL-5/L cells) were kindly provided by Dr.
S. Tsukita (Kyoto University, Kyoto, Japan). Anti-His-tag antibody
was obtained from Thermo Fisher Scientific Inc. (Waltham, MA).
All reagents used were of research grade.

2.2, Fluorescence-activated cell sorting

The CL/L cells were maintained in modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS) in a 5% CO, atmo-
sphere at 37 °C. The cells were resuspended in the culture medium.
Cells (5.0 x 10° cells) were incubated with C-CPEs for 1 h at 4 °C.
The cells were then washed with phosphate buffered saline (PBS)
containing 0.1% bovine serum albumin (BSA) twice, and then incu-
bated with an anti C-CPE-fused tag (histidine) antibody. The cells
were incubated with fluorescein-labeled secondary antibody, and
C-CPE-bound cells were detected and analyzed with a flow cytom-
eter and appropriate software (FACSCalibur and CellQuest, Becton
Dickinson, New Jersey, USA).

2.3. Preparation of C-CPE

C-CPE and the broadly specific CL binder m19 were prepared as
described previously [17,21]. Briefly, pET16b plasmids encoding C-
CPE or m19 were transduced into Escherichia coli strain BL21 (DE3),
and production of the recombinant proteins was induced by the
addition of isopropyl-p-thiogalactopyranoside. The harvested cells
were lysed in buffer A (10 mM Tris-HCl, pH 8.0, 400 mM Nacl,
5mM MgCl,, 0.1 mM phenylmethanesulfonyl fluoride, 1 mM 2-
mercaptoethanol, and 10% glycerol). The lysates were applied to
a HiTrap™ Chelating HP column (GE Healthcare, Buckinghamshire,
UK), and the recombinant proteins were eluted with buffer A con-
taining imidazole. The buffer was exchanged with PBS by using a
PD-10 column (GE Healthcare), and the purified protein was stored
at —80 °C until use. Purification of the recombinant proteins was
confirmed by means of sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE), followed by staining with Coo-
massie Brilliant Blue. Protein was quantified with a BCA protein as-
say kit in which BSA served as the standard (Pierce Chemical,
Rockford, IL).

2.4. In situ loop assay

Jejunal absorption of FD-4 or FD-150 was evaluated by using an
in situ loop assay as described previously [16]. The experiments
were performed according to the guidelines of the ethics commit-
tee of Osaka University. After 7-week-old Wister male rats were
anesthetized with thiamylal sodium, a midline abdominal incision
was made, and the jejunum was washed with PBS. A 5-cm long
jejunal loop was prepared by closing both ends with sutures. A
mixture of FDs (2 mg) and CL binder (200 pg) was injected into
the jejunal loop. Blood was collected from the jugular vein at the
indicated time points. The plasma levels of FDs were measured
with a fluorescence spectrophotometer (Tristar LBP941; Berthold
Technologies, Bad Wildbad, Germany). The area under the plasma
concentration curve (AUC) of the FDs from 0 to 4 h was calculated
by using the trapezoidal method.

2.5. Nasal absorption assay

Nasal absorption of FDs was examined in 7-week-old Wister
male rats. The experiments were performed according to the
guidelines of the ethics committee of Osaka University. For the na-
sal absorption assay, a mixture of FDs (2 mg) and CL binder (50 pg)
was intranasally injected into both sides of the nasal cavity. The to-
tal injection volume did not exceed 50 pl. Blood was collected at
the indicated time points, and the plasma concentration of the
FDs was measured with a fluorescence spectrophotometer, as de-
scribed above.

2.6. Statistical analysis

Data were analyzed by using Dunnett's multiple comparison
test; statistical significance was assigned at p < 0.05.

3. Results

Previously, we found that m19 binds to CL-1, -2, -4, and -5-
expressing cells [21]. However, because approximately half of the
CL molecule is embedded in the cell membrane, it is very hard to
prepare recombinant CL proteins. Therefore, we first compared
the affinities of C-CPE and m19 for CLs by using a flow cytometer
and found that C-CPE bound to CL-4 whereas m19 bound to CL-
1, -2, -4, and -5 (Fig. 1).

To investigate jejunal absorption of FD-4 and FD-150, we per-
formed an in situ loop assay. C-CPE and m19 enhanced jejunal
absorption of FD-4 (AUC from O to 4 h =18.33 +3.12 pug h/ml and
31.91 £ 2.03 pg h/ml, respectively, Fig. 2A and B). C-CPE and m19
were more potent enhancers of jejunal absorption of FD-4 than
of FD-150. Although C-CPE did not enhance jejunal absorption of
FD-150, m19 did increase jejunal absorption of the larger dextran
(Fig. 2C and D). C-CPE and m19 also increased nasal absorption
of FD-4 (Fig. 3A and B); however, the absorption-enhancing effects
were much weaker than those in the jejunum (AUC from O to 4 h:
1.52£0.23 pg h/ml and 1.73 £ 0.16 pg h/ml, respectively). Neither
C-CPE nor m19 enhanced nasal absorption of FD-150 (Fig. 3C and
D). Thus, the absorption-enhancing activities of C-CPE and m19
differ.
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Fig. 1. Fluorescence-activated cell sorting analysis of the affinity of C-CPE and m19 for claudins. Cells were incubated with 10 pg/ml of C-CPE or m19 for 1 h at 4 °C. They were
then washed twice with PBS before being incubated with a mouse anti-His-tag antibody. The cells were then incubated with fluorescent-labeled anti-mouse IgG. The cells
were subjected to FACS analysis as described in the Section 2. The dotted histograms show cells treated with the anti-His-tag antibody and fluorescent-labeled IgG. The solid
histograms show cells treated with C-CPE or m19, the anti-His-tag antibody, and fluorescent-labeled IgG.

4. Discussion

TJs contain several CLs, and the combination and mixing ratios
of CL family members determine the barrier properties of the TJ
seals [11,22]. Accordingly, a change in CL specificity may lead to
a change in the absorption-enhancing properties of CL binders.
Here, we compared the mucosal absorption-enhancing effects of
a CL-3/-4 binder, C-CPE, with those of a CL-1/-2/-4/-5 binder,
m19, and found that m19, the binder with the broader specificity,
was a more potent jejunal absorption enhancer, but had similar na-
sal absorption-enhancing activity compared with C-CPE.

Heterogeneity of CL expression has been observed among tis-
sues [23], including the gut, where heterogeneic CL subcellular

localization has also been observed [7,24]. CL-8 is expressed in
the ileum and colon, but not in the duodenum and jejunum. CL-4
expression is lower in the jejunum than in the colon. The C-termi-
nal fragment of CPE, which corresponds to amino acids 184-319,
enhances jejunal not colonic absorption of FD-4 [16]. Segment-spe-
cific expression of CLs has also been observed in kidney [7]. One
possible explanation for the different mucosal absorption-enhanc-
ing effects of C-CPE and m19 in jejunal and nasal mucosa may be
found in the tissue-specific heterogeneity of CL expression. CLs
form homo- and hetero-type strands in TJs and the CL combination
determines the properties of the T] barriers [11,22]. CL-11 expres-
sion decreases TJ integrity in LLC-PK1 cells, but increases it in
MDCK-II cells [25]. CL-4 expression, however, increases T] integrity



