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Purpose. The objective of this investigation was to determine, using
the Caco-2 cell culture model, the extent to which the paracellular and
transcellular routes contributed to the transport of passively absorbed
drugs. An effort was also made to determine the controlling factors in
this process.

Methods. We selected a heterologous series of drugs with varying
physicochemical parameters for the investigation. Effective permeabil-
ity coefficients of the model drugs (naproxen, phenytoin, salicylic
acid, chlorothiazide, furosemide, propranolol, diltiazem, ephedrine, and
cimetidine), at pH 7.2 and pH 5.4, were estimated using confluent
monolayers of Caco-2 cells. The biophysical model approach, based
on molecular size restricted diffusion within an electrostatic field of
force, used by Adson er al. (1,2), was employed to estimate the perme-
ability coefficients of the ionized and unionized forms of the drugs for
the paracellular and transcellular route.

Results and Conclusions. The permeability coefficients of the acidic
drugs was greater at pH 5.4, whereas that of the basic drugs was greater
at pH 7.2 and the transcellular pathway was the favored pathway for
most drugs, probably due to its larger accessible surface area. The
paracellular permeability of the drugs was size and charge dependent.
The permeability of the drugs through the tight junctions decreased
with increasing molecular size. Further, the pathway also appeared to
be cation-selective, with the positively charged cations of weak bases
permeating the aqueous pores of the paracellular pathway at a faster
rate than the negatively charged anions of weak acids. Thus, the extent
to which the paracellular and transcellular routes are utilized in drug
transport is influenced by the fraction of ionized and unionized species
(which in turn depends upon the pKa of the drug and the pH of the
solution), the intrinsic partition coefficient of the drug, the size of the
molecule and its charge.
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Caco-2.

INTRODUCTION

Transport of solutes across the intestinal epithelium can
occur transcellularly or paracellularly. The extent to which these
pathways contribute to the overall flux of the drug depends
upon the environment of the gastrointestinal tract, the physico-
chemical parameters of the solute, and the properties of the
intestinal epithelium. Paracellular transport involves only pas-
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sive diffusion, whereas transcellular transport can occur by
passive, facilitated or active processes. Generally, hydrophilic,
passively transported, polar solutes diffuse through the paracel-
lular route, while the more lipophilic solutes use the transcellular
route. This research article focuses on describing the effective
permeability coéfficients of diverse, passively absorbed solutes
in terms of their paracellular and transcellular components. The
Caco-2 cell culture model, an established model for studying
intestinal absorption (3-6), was used for this purpose. The
Caco-2 cell line, which is derived from a human colorectal
adenocarcinoma, undergoes spontaneous enterocytic differenti-
ation in culture, forming monolayers of polarized enterocytes
that exhibit morphological and functional similarities to the
small intestinal epithelium (7-9). The effective permeability
coefficients measured across Caco-2 cell monolayers includes
contributions from the aqueous boundary layer, the polycarbo-
nate filter support and the cell monolayer. The permeability
of the cell monolayer itself is a combination of the drug’s
permeability through the transcellular and the paracellular path-
ways. Further, for passively absorbed drugs, the relative contri-
bution of each of these pathways to drug transport depends
upon the pKa, partition coefficient, molecular radius and charge
of the drug, the pH of luminal solution, and the area of the
absorbing surface after accounting for the permeability through
the aqueous boundary layer and the filter support. The effective
permeability coefficients of model drugs: naproxen, phenytoin,
salicylic acid, chlorothiazide, furosemide, propranolol, diltia-
zem, ephedrine, and cimetidine, were estimated using fifteen
day old Caco-2 monolayers grown on microporous polycarbo-
nate membranes. Transport studies were conducted at pH 7.2
and pH 5.4 (pHs which are representative of the human small
intestine) to study the effect of pH, pKa, and partition coefficient
on permeability. The effect of molecular size and charge on
permeability was also investigated.

MATERIALS AND METHODS

Chemicals

4C-mannitol (56.7 mCi/mmol), “*C-salicylic acid (56.1
mCi/mmol), “C-phenytoin (47.2 mCi/mmol), >H-diltiazem
(84.2 Ci/mmol), and *H-propranolol (21.2 Ci/mmol) were
obtained from New England Nuclear Research Products (Bos-
ton, MA). ?H-cimetidine (21 Ci/mmol) was obtained from
Amersham (Arlington Heights, IL). All labeled compounds
used in the permeability experiments had radiochemical purity
greater than 99%. Unlabeled furosemide, naproxen sodium,
chlorothiazide, ephedrine, salicylic acid, phenytoin, proprano-
lol, diltiazem, and cimetidine, were obtained from Sigma Chem-
ical Company (St. Louis, MO). Solvents used in high
performance liquid chromatographic procedures were of HPLC
grade. All other reagents were analytical grade.

Cell Culture

The Caco-2 cell line was obtained from American Type
Culture Collection (Rockville, MD). Cells from passage number
35 to 41 were used for the transport experiments. The details
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Caco-2 cells were grown in 162 cm? T-flasks, obtained from
Corning Costar Corporation (Cambridge, MA). Cells for trans-
port studies were grown in Transwell® cell culture chambers
(diameter 24 mm, pore size 3.0 w, growth area 4.71 cm?), also
obtained from Corning Costar. The integrity of the monolayers
was checked by using mannitol as a paracellular marker, and
by measuring the transepithelial electrical resistance.

Transport Studies

Transport of each drug from the apical to the basolateral
chamber was studied at pH 7.2 and pH 5.4. The pH 7.2 transport
buffer was comprised of phosphate buffer saline (PBS), 15 mM
HEPES and 1 g/liter glucose, whereas the pH 5.4 transport
buffer comprised of PBS containing 10mM sodium citrate and
10 mM citric acid, with 1 g/liter glucose. All transport experi-
ments were conducted in triplicate at 37°C in an atmosphere
of 5% CO, and 95% relative humidity. The amount of drug
transported to the receiver was normalized to account for loss in
the apical concentration during each time interval. The effective
permeability coefficients were calculated using equation 1.

Vi A%
R
where, P, is the effective permeability coefficient measured in
cm/sec, Vy is the volume (cm®) in the donor compartment, A
is the surface area of the monolayers, 4.71 cm?, and A%/At is
the percent mass transported per time interval. Finally, a mass
balance calculation was also performed to determine if accumu-
lation or metabolism of the solute, or adsorption to the apparatus
had occurred.

The average recovery from the apical to basolateral dirce-
tion at pH 7.2 with and without the monolayer were found to
be 91.1 = 13.7, and 102 * 6.14, respectively. From the basolat-
eral to apical direction the recoveries were found to be 97.2 =
9.81 and 103 * 5.54, respectively. Finally, the recovery from
the apical to basolateral direction with and without the mono-
layer were found to be 94.8 = 11.7 and 103.9 * 5.76,
respectively.

Estimation of the Relative Contribution of the
Paracellular and Transcellular Pathways to Drug
Transport

The effective permeability coefficient, P, is composed of
permeability coefficients of the various transport barriers in
series, namely the aqueous boundary layer, the cell monolayer
and the filter support. The total resistance to the transport of a
solute can be expressed as the sum of the resistances offered
by each barrier, as shown in equation 2 (2).

1 1 1
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/here, Py, is the permeability coefficient of the aqueous bound-

-y layer, P; is the permeability coefficient of the polycarbonate

lter support, and, Py, is the permeability coefficient of the cell
onolayer. For the unstirred system, Burton and coworkers
ersonal communication) have determined the Py, to be 8 X
=5 cm/sec. This value is in close agreement with the value
vorted by Adson of 5.4 X 1073 cm/sec at 25 rpm. In our
culations we use 8 X 107> cm/sec.
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Permeability Coefficient of the Filter Support

The permeability coefficient for the filter was estimated

using equation 3.
r
» fg)

Pe = % 3

where, € is the filter porosity (0.15), 8 is the filter thickness
(10 w), and R¢ is the radius of the pores of the filter (1.5 w).
F(1/Ry) is the molecular sieving function which compares the
radius of the molecule to the radius of the filter pore, and D
is the aqueous diffusion coefficient of the molecule.

Permeabiliry Coefficient of the Cell Monolayer

In order to determine the relative contribution of the trans-
cellular and paracellular routes on the diffusion of the ionized
and the unionized species, the following approach, developed
by Adson er al. was applied (1,2). It was assumed that only
the unionized species of the drug could partition into the cell
membrane, and diffuse across the cell (transcellular transport),
whereas, both unionized and ionized species could diffuse
across the tight junctions (paracellular transport). Based on this
assumption, the permeability of the monolayer is expressed by
equation 4.

Pm = fu(P?rans + Pgam) + (1 — fu)Pp:ara 4)

where, f, is the fraction of unionized species, P, is the perme-
ability of the unionized species for the transcellular route,
Plar 1s the permeability coefficient of the unionized species for
the paracellular route, and Py, is the permeability coefficient
of the ionized species (cationic or anionic) for the paracellu-
lar route.

Adson et al. (1) have derived a systematic and quantitative
approach to passive transport by the paracellular route across
cultured cell monolayers, using several hydrophilic solutes of
varying molecular size and charge. The approach utilizes the
theory of molecular size-restricted diffusion of cations and
anions within a negative electrostatic field of force (10). The
permeabilities of cations and anions across the aqueous pores
of the paracellular pathway of the cell monolayer are expressed
by equation 5 and 6.

e-D- F(ﬁ)
. K
Ppa.ra - 3 (1 _ C~K) (5)
e-D- F(é)
_ K
PPa:a - 5 <CK —_ 1) ©)

where, Py, and P, represent the paracellular permeabilities
of the cations and anions, respectively, € is the porosity, D is
the aqueous diffusion coefficient of the ion, r is the radius of
the molecule, R is the radius of the pore, F(r/R) is the molecular
sieving factor, and k is the dimensionless electrochemical
energy function across the pore of length, 8. The electrochemi-
cal energy function is estimated using equation 7.
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where, e is the unit charge of an ion, 4.8 X 107'° esu, z is the
valence of the ion (sign included), IAWI is the potential drop
across the barrier, kg is the Boltzmann constant, 1.38 X 1072
Joules/Kelvin, and T is the temperature in degrees Kelvin.
The permeability of the neutral molecule, Py, is given

by equation 8.
r
e-D- F(ﬁ)

)

The molecular radii of the drugs were estimated from their
molecular volumes using equation 9, which is the equation for
the volume of a sphere.

0 —_
Ppara -
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where, V is the molecular volume and r is the molecular radius.
The molecular weights of the model drugs used in this investiga-
tion were in the range of 100-450 g/mole, and therefore, these
molecules were assumed to be spherical molecules.

The program, SAVOL (11), was used to calculate the
molecular volumes of the model drugs. The aqueous diffusion
coefficients of the model drugs at 37°C were, then, estimated
using the Stokes-Einstein equation. Equation 10 represents the
Stokes-Einstein equation for small, spherical molecules (12).

kgT

D= (10)

where, D is the diffusion coefficient in cm?/sec, kg is the Boltz-
mann constant, T is the temperature in degrees Kelvin, 1 is
the viscosity of water (0.006915 poise at 37°C), and r is the
radius of the molecule in cm.

The dimensionless molecular sieving function, F(1/R),
compares the molecular radius, r, with the pore radius, R, and,
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0 < F(r/R) < 1. The molecular sieving function for cylindrical
channels is calculated using the Renkin equation (13,14), and
is expressed by equation 11.

=[G -2
RO

RESULTS AND DISCUSSION

(11

Model drugs selected for the investigation included both
acidic drugs: naproxen, phenytoin, salicylic acid, chlorothia-
zide, and furosemide, and basic drugs: propranolol, diltiazem,
ephedrine and cimetidine. The drugs belong to different struc-
tural classes, and have a wide range of partition coefficients.
The physicochemical parameters of the model dugs along with
the molecular radii (estimated using equation 9) and the aqueous
diffusion coefficients at 37°C (estimated using equation 10) are
presented in Table 1.

Transport Studies

The apical to basolateral transport of the model drugs at
pH 7.2 and pH 5.4 was linear over the time periods studied
and is depicted in Figures 1 and 2. The effective permeability
coefficients of the model drugs across Caco-2 monolayers at
pH 7.2 and pH 5.4 are presented in Table II. For the acidic
drugs, naproxen, phenytoin, salicylic acid, chlorothiazide, and
furosemide, the fraction of unionized species is greater at pH
5.4 compared to pH 7.2. Consequently, it was observed that
the permeability at pH 5.4 was higher than the permeability at
pH 7.2. Similarly, in the case of the basic drugs, propranolol,
diltiazem, ephedrine, and cimetidine, the fraction of unionized
species is greater at pH 7.2 than at pH 5.4. Therefore, the
transport of the basic drugs was observed to be faster at pH
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Fig. 1. Apical to basolateral transport of the model drugs across Caco-2 cell monolayers
at pH 7.2.
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Fig. 2. Apical to basolateral transport of the model drugs across Caco-2 cell monolayers at pH 5.4.

7.2 as compared to pH 5.4. These observations are in agreement
with the pH-partition theory which states that a drug is absorbed
from the gastrointestinal tract mainly in its unionized form (15).

Permeability Coefficient of the Filter Support

The molecular restriction factor, F(i/Ry), comparing the
radius of the molecule with the radius of the filter, was calcu-
lated for each model drug. The pore radius of the polycarbonate
membrane support was sufficiently large so that molecular size-
restricted diffusion was negligible, and F(r/Ry) =~ 1.

Permeability Coefficient of the Cell Monolayer

The permeability coefficient for the cell monolayer was
then simply calculated by subtraction of 1/P; and 1/p,; from 1/
P.. The next step was to determine the extent to which the
paracellular and transcellular pathways contributed towards the
passage of the drug across the cell monolayer. In order to
calculate the paracellular permeabilities of the unionized and
ionized species using equation 5, 6, and 8, it was necessary to
get an estimate of the effective pore radius of the cell monolayer.

Table I. Physiochemical Parameters of the Model Drugs

It has been reported that the pore radius of human colonic T84
cells is between 3.6 and 11.6 A (16), and that of jejunal epithelia
is between 6.7 to 8.8 A (17). Based on these reports, the effective
pore radius of the Caco-2 cell monolayer was assumed to be
7.75 A, which is the average of 6.7 A and 8.8 A. Regardless of
weather the jejunal or the T84 cell data is chosen the difference
between the averages of the T84 cells and jejunal epithelial
pore radiuses is slight and it is not expected to influence the final
analysis of the data or the conclusions arrived from the data.
Mannitol, a neutral molecule, is absorbed exclusively by
passive diffusion through the paracellular route. Therefore, P,
of mannitol was utilized in the estimation of €/3, using equation
8. The effective permeability coefficients of mannitol ranged
from 0.14 X 107610 0.26 X 107%, (0.2 X 107% + 0.04 X 1079,
n = 12),
Pmannitol

% = = 0.267 cm "}
r
D - Fl=
It was assumed that the ratio remained constant through the

duration of the transport experiments.

Table II. Mean Effective Permeability Coefficients of the Model
Drugs Across Caco-2 Monolayers, at pH 7.2 and pH 5.4

Molecular Molecular D, at 37°C P.(Ap — B1) P.(Ap — BI)
weight Intrinsic radius X 108 X 10° X 10 cm/sec X 10% comv/sec
Drug (g/mole) pKa logP (cm) (cm?/sec) Drug at pH 7.2 at pH 5.4
Naproxen 2303 42 2.8 3.69 8.88 Naproxen 39.5 £ 0.27 131.0 = 1.19
Phenytoin 2523 83 2.5 3.73 8.79 Phenytoin 343 £ 175 35.11 £ 096
Salicylic acid  138.1 3.0 33 3.03 10.8 Salicylic acid 18.6 = 0.86 143.8 = 5.52
Chlorothiazide 295.7 6.7 ~0.1 3.61 9.08 Chlorothiazide 0.15 = 001 0.23 + 0.0t
Furosemide 330.4 47 08 3.91 8.39 Furosemide 0.12 = 0.01 5.06 £ 0.21
Propranolol 2593 95 3.6 3.84 8.54 Propranolol 30.1 = 1.23 5.45 = 0.08
Diltiazem 414.5 1.7 2.7 4.62 7.11 Diltiazem 29.8 +£0.22 298 + 0.07
Ephedrine 1652 96 0.9 343 9.58 Ephedrine 102 £ 0.58 312 £ 0.19 -
Cimetidine 2523 7.1 0.4 3.81 8.62 Cimetidine 0.74 * 0.09 0.50 = 0.02
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Adson er al. (1) have reported that k, and the potential
drop across the barrier, IAWI, are essentially identical among
the singly charged, cationic and anionic permeants studied.
Solutes used in their study included both weak acids and bases
whose molecular radii ranged from 2.65 to 5.99 A. The electro-
chemical energy function estimated by them for each permeant
ranged from 0.62 to 0.78, and their estimate of IAW| was 17.7
mV (range 15.9 mV to 20 mV). The potential drop across the
barrier was, therefore, assumed to be 17.7 mV in our calcula-
tions, and the dimensionless electrochemical energy function,
k, was then estimated using equation 7.

_ ezl AW)

k kT

= 0.662

The plot of paracellular permeability (P,..(total)) versus
molecular radius presented in Figure 3 shows the influence of
molecular size and electrical charge on paracellular permeabil-
ity. The intrinsic paracellular permeability of the drugs appeared
to decrease with increasing size. It was also observed that
the intrinsic paracellular permeability of the positively charged
cations of weak bases was greater than that of the anions of
weak acids, indicating that the paracellular pathway is cation-
selective. This transport behavior of permeants conforms with
the hypothesis that the paracellular route may be negatively
charged (19). These results are similar to results of transport
studies with hydrophilic extracellular permeants (neutral, cat-
ionic, anionic, zwitterionic) reported by Adson et al. (1), and
to transport kinetics of ionic permeants across water-filled,
negatively charged, porous collagen matrix of the cuticle of
the roundworm, Ascaris suum (18).

The fraction of unionized and ionized species were, then,
calculated, and from these, the permeabilities of the various
molecular species across the parallel transcellular and paracellu-
lar pathways of the monolayer were obtained. The permeability
of the unionized species for the transcellular pathway was
obtained from equation 4, once the permeabilities of the ionized
and unionized species for the paracellular route were known.
The relative contribution of these two routes towards the trans-
port of each drug at pH 7.2, and pH 5.4, is presented in Table
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Table III. Relative Contribution of the Transcellular and Paracellular
Pathways to the Transport of Model Drugs Across Caco-2 Monolayers,
at pH 7.2 and pH 5.4

pH 7.2 pH 5.4
Paracellular Transcellular Paracellular Transcellular
transport transport transport transport
Drug (%) (%) (%) (%)
Naproxen 0.11 99.89 0 100
Phenytoin 0.20 99.80 0.19 99.81
Salicylic acid 0.91 99.09 0 100
Chlorothiazide  74.34 25.66 69.3 30.7
Furosemide 55.46 44 .54 1.36 98.64
Propranolol 0.29 99.71 2.50 97.50
Diltiazem 0.10 99.90 1.65 98.34
Ephedrine 2.18 97.82 7.89 92.11
Cimetidine 14.79 85.21 30.7 69.3

III. It was observed that the drugs naproxen, phenytoin, salicylic
acid, propranolol, diltiazem, and ephedrine, are transported
mainly by the transcellular route in spite of the fraction of
unionized species being very small at pH 7.2 and pH 5.4. This
is probably due to the fact that the paracellular route represents
a relatively small fraction of accessible area of the cell mono-
layer. It has been reported that the cell membrane occupies a
surface area that is a thousand times greater than the area
occupied by the paracellular spaces. Besides, it was also
observed that the intrinsic paracellular permeability is influ-
enced by molecular size and charge. Thus, the smaller accessible
area, and its size and charge based discrimination make the
paracellular route the less favorable route for drug transport.
Further, it should also be noted that naproxen, phenytoin, sali-
cylic acid, propranolol and diltiazem, have a fairly high intrinsic
partition coefficient, making them lipophilic enough to take
advantage of the large surface area for transcellular permeation.
On the other hand, the drugs, furosemide and cimetidine, are
intrinsically more hydrophilic. Also, furosemide exists mostly
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Fig. 3. Plot of paracellular permeability of the model drugs versus their molecular radii,
illustrating the influence of molecular size and charge on paracellular permeability. ( # ) cations,

(A) anions,
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in the ionized form at pH 7.2, and cimetidine exists mostly in
the ionized form at pH 5.4. Consequently, these drugs are
absorbed to a greater extent by the paracellular pathway at
these pHs. Chlorothiazide, however, is absorbed mainly by
the paracellular pathway at both pHs, probably because of its
extremely poor lipophilicity and solubility. Thus, the extent to
which the various routes are utilized is influenced by the fraction
of species, which in turn is determined by the pKa of the drug
and the pH of the solution.

In summary, the extent to which the paracellular and trans-
cellular routes are utilized is influenced by the fraction of
ionized and unionized species (which in turn depends upon the
pKa of the drug and the pH of the solution), the intrinsic
partition coefficient of the drug, the size of the molecule and
its charge. This research complements the work of Adson et
al. (1,2), in attempting to understand the various factors control-
ling the absorption of passively transported drugs.
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