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We applied a parallel pore permeation model based on the Renkin molecular sieving function by using
two different-sized pathways to analyze the permeation-enhancing effects of poly-L-arginine (PLA) or a
mixed system of spermine (SPM) and sodium taurocholate (STC). Four paracellular markers were simultane-
ously applied to Caco-2 cell monolayers, and a set of apparent permeability coefficient (P) values was used
to obtain membrane parameters. For PLA treatment, the pore occupancy/length ratio (¢/L) of the large path-
ways increased while the pore radius (R) did not, suggesting that the number of large pathways for the rela-
tively large hydrophilic molecules in the monolayers could be increased by the addition of PLA. In contrast,
application of the mixed system comprising SPM and STC significantly increased not only the R of the large
pathways but also &/L of the small pathways. Such changes in membrane parameters could be related to the
enhancing mechanism of these compounds. The simulation curves for molecular weight (MW)-P calculated

from the membrane parameters could be used to predict the P of drugs with different M'Ws.
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Several types of absorption enhancers such as surfactants,
bile salts, fatty acids, and cationic compounds have been
evaluated for their ability to increase the permeation of water-
soluble drugs, including peptide and protein drugs with high
molecular weights (MW) through mucous membranes."? The
choice of the enhancer and method of administration should
be carefully made on the basis of knowledge about the en-
hancing mechanism(s) and physicochemical properties of the
active drugs to be delivered.

The cationic polymer poly-L-arginine (PLA) improves the
absorption of peptide and protein drugs through mucosal
membranes while causing negligible damage to these mem-
branes.>™ PLA can open the tight junctions (TJs) between
epithelial cells and increase the intercellular (paracellular)
permeation of water-soluble drugs. Similar enhancing effects
have been observed for sperminated polymers used to en-
hance the pulmonary and nasal absorption of water-soluble
drugs.®” Spermine (SPM) is a cationic component found in
cells and has been recognized as a permeation enhancer; SPM
used with sodium taurocholate (STC) markedly enhanced the
oral absorption of a drug categorized as Class IV, poorly ad-
sorbed, by the Biopharmaceutics Classification System.® The
combined use of SPM and STC not only opens TJs but also
increases transcellular permeation of drugs. Such critical dif-
ferences in the mechanisms of action should be considered for
appropriate selection of the optimal enhancer.

In our previous studies, the Renkin molecular sieving func-
tion, which characterizes the porous permeation pathways in
terms of the equivalent cylindrical pore radius (R) and pore
occupancy/length ratio (¢/L), was used to evaluate the paracel-
lular permeation pathways of epithelial membranes.*!'” When
cationized polymers were applied as absorption enhancers
for peptide drugs across epithelial membranes, the apparent
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permeability coefficients (P) of the paracellular markers used
as model compounds for the peptide drugs enhanced. The
P values were fitted to the Renkin function to evaluate the
change in the ¢/L and R of the membranes. The results of the
fit indicated an increase only for the ¢/L, not for the R, sug-
gesting that the number of pathways for hydrophilic molecules
in the membranes increased upon the addition of the enhanc-
ers. Although there are at least two different-sized permeation
pathways in epithelial membranes, the changes we observed in
the membrane parameters could be accounted for by only the
relatively large pathways. Little information could be obtained
for the smaller pathways. In order to examine both pathways,
a parallel pore permeation model involving two different-sized
pathways must be employed.'” The small pathways might have
particularly closed TJs, but these might be made apparently
more permeable by using enhancers that generate transcellular
pathways for small paracellular markers. Therefore, a meth-
odology using both the Renkin function and the parallel pore
permeation model with two different-sized pathways could be
used to evaluate the mode of action for different penetration
enhancers.

In the present report, the Renkin function was applied to
determine the mode of action for PLA and for a mixed system
of SPM and STC on the hydrophilic pathways including not
only large but also small pathways in Caco-2 cell monolay-
ers. Four paracellular markers having different diffusivity (D)
were simultaneously applied to the monolayers and a set of P
values was used to obtain the ¢/L and R values of the small
and large pathways for each monolayer sample. Nonmetabolic
oligosaccharides and sugar alcohols were used as markers.'?
Thus, a change in the /L and R values following the addition
of the enhancers could be related to the enhancers’ effects on
the hydrophilic penetration pathways.
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MATERIALS AND METHODS

Materials Xylitol (XT, MW: 152.2), meso-erythritol (ET,
MW: 122.1), and inulin (IN, MW: 4268) were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Iso-
maltose (IM, MW: 342.3) was obtained from Tokyo Chemi-
cal Industry (Tokyo, Japan). PLA (MW: 15000-70000) and
fluorescein isothiocyanate (FITC)-dextran (FD4, MW: 4400)
were purchased from Sigma-Aldrich Japan (Tokyo). SPM and
STC were products of Wako Pure Chemical Industries, Ltd.
All other chemicals were of reagent grade or HPLC grade and
used as received.

Cell Culture Caco-2 cells were obtained from Riken
Gene Bank (Ibaraki, Japan). The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% heat-inactivated fetal calf serum, 40 ug/mL gentamicin,
and 1% nonessential amino acids in a humidified atmosphere
of 95% air and 5% CO, at 37°C. The cells were seeded
(4.5X10° cells/cm®) on polycarbonate filter inserts (pore size:
0.4 um; area: 4.7cm?; Transwell, Costar) and cultivated until
transepithelial resistance (TER) increased over 500 Q-cm?.
TER was measured using Millicell®-ERS (Millipore, MASS,
U.S.A).

Permeation Experiments An isotonic solution containing
IN (20mg/mL), IM (90mm), ET (90mm), and XT (90 mm) was
mixed with the same volume of Hanks’ balanced salt solution
(HBSS), and the mixed solution was applied to the monolay-
ers. The initial TER was then measured. HBSS was used as
the basolateral side solution. In the enhancer-treating experi-
ments, PLA (0.20%) or the combination of SPM (5.0mm) and
STC (10mm) was added to the mixed solution. The receiver
solution in the basolateral side of the layers was collected
every 15min for 120min. Then, cell viability was checked
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay.'® Cell viability after PLA and after the
mixed-system treatment was 86.3%%6.3% and 94.5%=*17.7%,
respectively. Although cell viability after PLA treatment was
lower than that after mixed-system treatment, there was no
significant difference between either value and the control
value (98.8%*15.0%).

A dual-pump HPLC system (LC10; Shimadzu, Kyoto,
Japan) with a charged aerosol detector (CAD, ESA Biosci-
ences, MA, U.S.A)) was used to determine the concentra-
tion of the paracellular markers. Tandem-connected Shodex
SC-2G, SCI1011, and SCI1821 columns (SHOWA DENKO,
Tokyo, Japan) were used for the separation of IM, XT, and ET
at 80°C. For IN determination, a Shodex SB-803HQ column
(SHOWA DENKO) was used separately at 60°C. A pump pro-
vided water at 0.5mL/min as the mobile phase, which passed
through the injector and columns. Another pump was used to
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provide acetonitrile at 0.5mL/min to increase the sensitivity
of the CAD. The water from the column and acetonitrile were
introduced into a mixer, and the outlet of the mixer was con-
nected to the CAD. Solution samples (20uL) were injected
two times for different column systems.

Analysis Using the Renkin Function The Renkin func-
tion (Eq. 1S or 1L) was used for characterization of the para-
cellular absorption pathways.”'"

>
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where Ry and R, are pore radii of small and large pathways,
respectively, and 7; is the molecular radius of penetrant i. Al-
though the r; values can be calculated from the diffusion coef-
ficient of i (D,) as the Stokes—Einstein radius (rgg), for small
molecules (MW: <272.5), the hydrodynamic radius (ryp) can
be calculated from the following equation (Eq. 2)." The rg; or
rgyp Was used for the analysis as r; value.

21.8
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The apparent permeability coefficient (P,) of the paracellular
markers was calculated according to the following equation
(Eq. 3).

Fluxg
P =
c, &)

where Flux is the steady-state permeation rate of the marker,
and C, is the initial concentration in the applied solution. In
the parallel pore permeation model involving two different-
sized pathways, P, was considered the sum of the permeability
coefficient for small pathways (Pg) and large pathways (P,)
according to the following equation (Eq. 4).

FR=R+H @

The P values of both pathways are functions of the Renkin
function, the pore occupancy of the pathways (g5 and ¢;), and
the diffusivity and size of the permeating marker molecules
(Table 1), as shown in Egs. 5S and SL.

Table 1. Diffusion Parameters of the Paracellular Markers and Permeability Coefficient of the Markers in Caco-2 Cell Monolayers
Permeability coefficient, P, (cm/s)”
MW 7, (nm) D (cm?/s)
Control PLA SPM+STC
IN 4268 1.419 2.32%107¢ 3.21£0.51X107%  3.99+2.33Xx1077** 6.93+1.51x107%*
IM 3423 0.4599 7.11x107¢ 3.29%1.15X1077 2.61+1.23X107%* 3.72+0.97x107’
XT 152.2 0.334" 1.07x107° 8.23+2.43x1077 9.81+3.91X107%* 8.14+2.60X1077
ET 122.1 0.320” 1.14x107° 1.0720.27X107° 1.19%0.44X107°** 1.39+0.50x107°

a), rg; b), Fuyps € mean*S.D.; *p<<0.05 in Dunnett’s test; ** p<<0.01 in Dunnett’s test.
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Table 2. Membrane Parameters of Caco-2 Cell Monolayers in the Parallel Pore Permeation Model
Control PLA SPM+STC
Large Small Large Small Large Small
7, (nm) 6.27+0.46 0.448+0.074 6.33+0.58 0.555+0.034 8.00%*0.81 0.354*%0.005
/L (cm™") 0.0417%0.0063 12.5+8.3 0.527*%0.340 28.5+9.4 0.0699+0.0185 82.6%**7.0
Mean=S.D.; *p<<0.05 in Dunnett’s test; **p<<0.01 in Dunnett’s test.
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Curve Fits for the D,—P, Relationship in the Parallel Pore Permeation Model Based on the Renkin Function

A: A, control; B, mixed system comprising SPM (5.0mm) and STC (10mwm). B: @, PLA (0.20%)).

Ps,,-=(es/L>-Di-F(;" ) (59)
S
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The P, values of the four markers were used to obtain four
different unknown membrane parameters eJ/L, & /L, Rg, and
R, for each cell monolayer. The obtained parameters were
used to draw the simulation curve of P—D. The simulation
curves of P—MW were also constructed using these param-
eters obtained along with the following relationship between

MW and D."Y
log D =—0.4145-logMW —4.111 ©)

FD4 Permeation Study Separately cultured Caco-2 cell
monolayers were used for FD4 permeation experiments to
validate the analysis. FD4 solution (50mg/mL, in HBSS) in
the presence or absence of enhancers was applied to the apical
side of the monolayers. HBSS was used as the basolateral side
solution, and this was changed every 15min for 120 min. The
FD4 concentration was determined using a spectrofluorometer
(RF-5300, Shimadzu) at an excitation wavelength of 495nm
and an emission wavelength of 519nm.

RESULTS AND DISCUSSION

The P, values for the markers permeating the Caco-2 cell
monolayers are summarized in Table 1. The permeability-
enhancing effect of PLA was stronger than that of the mixed
system comprising SPM and STC. While permeation of all
markers significantly increased upon addition of PLA, the
effect of the mixed system was significant only for IN. A set

of P, values for the markers was used to obtain the four mem-
brane parameters. The parameters giving a good curve fit are
shown in Table 2; representative curve fits are shown in Fig. 1.
For PLA treatment, the ¢ /L of the monolayers increased while
the R, did not, suggesting that the number of large pathways
for relatively large hydrophilic molecules in the monolayers
could be increased by the addition of PLA. Similar results for
PLA were observed in an in vivo nasal absorption experiment
in rats.!® Although no significant differences were observed
for the small pathways, both e/L and Ry values were higher.
This result suggests that some aspect of the TJs might have
opened following the addition of PLA, increasing the number
of large pathways. The increase in ¢i/L and Rg might be re-
lated to PLA’s unexpected action of TJ opening. In contrast to
PLA, the addition of the mixed system comprising SPM and
STC significantly increased the R, value, and the high value
of g /L was explained by a radius-dependent increase in the
area pathway. These results suggest that while the number of
large pathways cannot be changed by the mixed system, the
size of each pathway increases. The parameters of the small
pathways, &i/L and Ry, were also changed by the addition
of the mixed system. The Ry value is related to the sieving
property of membranes, and a great dependency of molecular
size on the permeability implies a confined pathway. The low
values of Ry observed cannot be due to a change in the small
pathways of the TJs. Because the mixed system comprising
SPM and STC acts on paracellular pathways as well as on
transcellular pathways, small hydrophilic compounds such as
ET could permeate cell membranes following the addition
of the mixed system. The sieving property of these newly
generated pathways might influence the Ry values. The high
es/L value suggests a high occupancy of these new pathways
within the small pathways as the sum of paracellular and tran-
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Fig. 2. Simulation Curves for the MW-P, Relationship Calculated
Using the Four Membrane Parameters Obtained, MW-D Relationship,
and P, Values of IN and FD4

Simulation curves: — —, control; —, mixed system comprising SPM (5.0 mm) and
STC (10mwm); ---, PLA (0.20%). Curves are drawn using the Renkin functions, Eq.
6, and the parameters in Table 2. P,: IN (used to obtain the curves), control (A),
mixed system comprising SPM and STC (M), PLA (@); FD4 (not used to obtain
the curves, mean*S.D.), control (A), mixed system comprising SPM and STC (0),
PLA (O).

scellular pathways for small molecules.

In the mechanism of the penetration enhancement for PLA,
the TJ proteins occludin, ZO-1, claudin-4, and tricellulin can
be internalized in the cell by clathrin-mediated endocytosis."”
This internalization should be directly related with the in-
creasing number of large pathways. When a clathrin-mediated
endocytosis inhibitor was used with PLA in Caco-2 cell ex-
periments, the enhancing effect for FD4 was suppressed while
the effect on ET permeation remained. If there are two steps
involved in the permeation-enhancing mechanism of PLA, an
initial structural change in TJs and latter internalization of TJ
proteins, then the two steps together may induce a large path-
way increase, while the initial structural change may affect
permeation only via the small pathways.

The mixed system comprising SPM and STC can affect
both intercellular and paracellular pathways.? Several mecha-
nisms to increase paracellular permeability have been sug-
gested, and one of the possible mechanisms pertaining to the
mixed system could be the opening of TJs by myosin light-
chain kinase activation related to an inositol-triphosphate-
dependent Ca*" release from the endoplasmic reticulum.'”
SPM can increase the intracellular Ca®* concentration via the
inositol-triphosphate pathway in rat intestine."® A TJ opening
with an increased R; value might induce increased permeation
of bigger molecules such as IN. The enhanced transcellular
permeation might be related to the increase in membrane
fluidity by the mixed system comprising SPM and STC."
Although the permeability-enhancing effects of the mixed
system for the paracellular markers used were not as strong as
for those of PLA, this does not imply a lower potential of the
mixed system. The mixed system can be applied as a possible
enhancer for various drugs that can permeate cell membranes.

The membrane parameters and the relationship between
MW and D (Eq. 6) were used to calculate simulation curves
between MW and P,. The resulting curves are shown in Fig.
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2. These curves predict the P, of drugs having different MW
and the effects enhancers might have on them. To test the
validity of these predictions, a permeation study for FD4, a
widely used paracellular marker, was conducted separately.
The resulting P, values for FD4 are plotted in Fig. 2 and sup-
port our analysis. However, FD4 is not the ideal test marker
because the MW of FD4 is similar to that of IN, FD4 may
have specific interactions with the cell surface, and FD4 may
contaminate free fluorescein. Therefore, additional marker
compounds that are nonmetabolic paracellular markers and
model peptides with different MWs should be tested as the
next step.

In conclusion, we applied the parallel pore permeation
model based on the Renkin molecular sieving function by
using two different-sized pathways for the analysis of the
permeation-enhancing effects of PLA and the mixed system
comprising SPM and STC. The change in the four membrane
parameters following the addition of the enhancers was related
to their mechanisms for enhancing permeation. The simula-
tion curves for MW—P, calculated from the membrane param-
eters could be used to predict the P, values of drugs having
different MWs.
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