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Purpose. To determine and compare the paracellular characteristics of permeability (P,pp) of Caco-2,
MDCK, and 2/4/A1 cell lines.

Methods. The P,,, data from 14 studies were analyzed by weighted nonlinear regression in terms of the
paracellular parameters: porosity-pathlength (¢/5), pore radius (R), and electrostatic potential drop (Ag).
Aqueous diffusivities, D,q, for the analysis, were empirically determined. The required hydrodynamic
radii, rgyyp, were estimated without knowledge of compound density. Mannitol iso-paracellular profiles
allowed comparisons of “leakiness” across labs.

Results. D, (37°C) was predicted as 9.9x107° MW %33, 1y =(0.92+21.8 MW !)1sg, where 15 is the
Stokes-Einstein radius. Values of pore radius ranged from 4.0(x0.1) to 18(£3) A, with the 2/4/Al
indicating the largest pores. The &/5 capacity factor ranged from 0.2 (+0.1) to 69 (+5) cm !, with most
values <1.5 cm™*. The average potential drop for Caco-2 models Was A@y; ay"?=—43+20 mV. The
paracellular model predicted measured log P,y values with pooled #=0.93 and s=0.17 (n=108).
Conclusion. R and ¢/6 are negatively correlated to a large extent. P, can be rate-limited by either factor,
with a wide range of possible combinations still indicating nearly constant leakiness for a given marker.

KEY WORDS: 2/4/A1 cell line; Caco-2; paracellular permeability; interlaboratory comparison; MDCK.

INTRODUCTION

The epithelial cell monolayer is an integral part of the
inner lining of the intestine, in direct contact with the passing
luminal fluid. The individual cells are held together by a
complex of proteins that circumscribe the cells near the
luminal surface (1). Diamond (2) described the epithelium
akin to a “six-pack of beer,” with each can representing a
barrel-shaped epithelial cell and the plastic holder ring
(“flannister”) encircling each cell at the top side, holding the
cells together. The bottoms of the cans represent the baso-
lateral membranes, which face the blood stream in the
neighboring basal capillaries. The flannister, in this cartoon,
represents the tight junction barrier complex.

The tight junction forms an important protective barrier
in the gastrointestinal tract (GIT) that regulates the para-
cellular diffusion of small polar molecules and ions through
size-restricted water-filled channels between the cells, but
excludes potentially toxic large molecules and microbes. The
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ease with which small solvated ions, such as Na* and Cl, can
move through these channels can be estimated by the
transepithelial electrical resistance (TEER) (2). The human
stomach surface is usually classed as “tight,” with a 2,000 ().
cm? TEER value; the small intestine is thought to be “leaky,”
indicated by 50-100 Q.cm?; the colonic TEER is
“intermediate” in tightness, with 300-400 Q.cm? values (3).
Usually, the surface area assumed in the intestinal resistance
measurement is based on the “smooth cylinder” model (4,5).
However, the fold and villus structures in the small intestine
can effectively expand the available surface area by up to 30
times (4-9), and if this were taken into account, the intestinal
TEER values could more closely match those of the stomach,
given the smoother gastric surface (4-11).

The understanding of paracellular transport has been
derived mainly from the study of in vitro cultured cell models,
such as the Caco-2 and MDCK (Madin-Darby Canine
Kidney) immortalized cell lines (10,12-21). A very leaky cell
line, 2/4/A1, was studied by Tavelin et al. (18), as a possible
model to represent the human small intestine. The restrictive-
ness of the paracellular junction to the permeation of small
hydrophilic drug-like solutes depends on the number of
paracellular channels per unit area of surface, the size of the
pores in the channels, and the charged residues lining the
channels (2) (e.g., negatively charged groups, some being
carboxylic acid residues, characterized by a pK, of about 4.5).
The charge gives rise to cation selectivity. For example,
junctional conductance of Na* increases with pH from 3 to 6,
while that of CI™ decreases (2). The effective porosity, &, of
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the epithelium depends on the area of exposed aqueous
channels intercalating the cells in relation to the total surface
area of cells exposed to the lumen. Estimates range from 10>
to 10> for & (3,10). Using an effusion theory approach,
Linnankoski e al. (22) estimated & to be between 2.4x10 7
(MDCK) and 1.5x10°° (2/4/A1). Small cells (e.g., those lining
the crypt of the intestinal barrier structure) have larger
fractions of available paracellular channels than larger cells
(e.g., those lining the villus tips of the intestinal wall) (11). A
capacity factor may be defined as the ratio of ¢ to o, the rate-
limiting paracellular junction pathlength. Common values of
the capacity factor ¢/6 are ~ 1 cm™’. In the various in vitro
cellular models, reported values of the pore radius, R, range
from 3.7 A (18) to 12-15 A (13,22), with a value near 6 A
thought to be characteristic of tight junctions (13-19). There
are many discussions in the literature of the magnitude of R,
but few of the capacity factor, /6.

Adson et al. (13) were the first to characterize quantita-
tively the leakiness and size exclusion properties of the
paracellular junctions in Caco-2 monolayers in terms of all
three parameters: €/6, R, and Ae. They judiciously selected
nine marker molecules, including positively and negatively
charged solutes, spanning a wide range of sizes. Their
computational procedure involved selecting pairs of marker
molecules to extract R from the ratio of their apparent
permeability coefficients. From the average value of R=12 A,
they calculated the capacity factor, £/6=1.22 cm *. Pade and
Stavchansky (15) reported a /6 value of 0.267 cm ™. Values
for the human intestine have not been reported. From the
enhancement/attenuation of permeability of the cationic/
anionic species, in relation to that of the neutral molecules,
the average potential drop, Ap=-17.7 mV, was determined
by these investigators in their landmark study.

In the published analyses of the junction parameters,
molecular radii, r, are sometimes calculated from molar
volumes (when the densities of the compounds are available).
Aqueous diffusivities, D,q, are then calculated from r, using
the Stokes-Einstein (SE) equation: D,q=kgT / (6w 1 1), where
kg = Boltzmann constant, T = absolute temperature, and 1 =
kinematic viscosity of the solvent. Implicit in this association
is that D,y is proportional to the inverse cube root of
molecular weight. However, for small drug-like molecules
(<1,000 Da), D, is more accurately predicted as a function of
inverse square root of molecular weight (21,23,24). The SE
equation works well for large and nearly-spherical macro-
molecules, but becomes less predictive for molecules with
solute size less than five times that of the solvent (25). The
Sutherland (Su) equation (25) is thought to be better suited
for small spherical molecules; the factor 6 in the SE equation
is replaced with 4 in the Su equation.

We were interested to re-examine the earlier analyses of
the paracellular parameters and to compare results from
different laboratories by using an empirically derived rela-
tionship between D,, and MW (21,24) and by using a
modified Stokes-Einstein equation to estimate hydrodynamic
radii, where the denominator coefficient “6” is set to be a
function of MW, taking on values between 6 (SE) and 4 (Su).
In the course of the study, we developed a more general
mathematical procedure for determining /0, R, and A, and
other related paracellular parameters, and applied it to the in
vitro epithelial cell permeability data from 14 different studies
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(12-21). Preliminary results of this analysis, based on the data
of Adson et al. (13), were used in an “in combo” PAMPA
model developed to predict the absorption properties of 33
ampholytes (mostly zwitterions) (26). Here, we present the
first interlaboratory analysis of the leakiness and size exclu-
sion properties of three different epithelial cell models (Caco-
2, MDCK, and 2/4/A1) (12-21).

COMPUTATIONAL METHOD
Aqueous Diffusivity Equation Derived from Measured Data

The aqueous diffusivity data at 25°C were collected from
standard tabulations (25,27,28), Flynn et al. (23), and sources
containing measured data for drug molecules (29,30). The 160
compounds with MW<1,200 Da (cf., Supplemental Table)
were analyzed using linear regression, as had been done by us
earlier for 87 molecules (21). The analysis tested the depend-
ent variables log D,q as a function of the independent
variables, log MW and log Pocr (octanol-water partition
coefficient):

log Dy = A + B log MW+C log Pocr (1)

where A, B, and C are multi-linear regression coefficients.
The rationale for including log Pocr stemmed from the
tendency of lipophilic molecules to form aggregates in
solution, with markedly attenuated diffusivity.

Paracellular Pore Radius, Porosity, and Electric Gradient
Analysis

The apparent (measured) permeability of a cellular mono-
layer encompasses three permeability contributions: (a) aque-
ous boundary layer (Pagy), (b) transcellular (Pgans), and (c)
paracellular (Py,,,), according to the well-tested equation (10)

N S
Papp PABL Ptr(m.v + Ppara

©)

PapL represents the resistance of the stagnant water layer
adjacent to the cellular monolayer surface, and is related to the
aqueous diffusivity (D,q) of the permeant and the thickness of
the boundary layer (hapy) according to the simple expression

PapL = hDaq 3)
ABL

Here, Dyq (cm2 s_]) values were empirically determined,
using Eq. 1. The factor 1.339 was used to convert D, values
from 25 to 37°C. The thickness of the boundary layer, hagy,
depends on the rate of stirring in the in vitro permeability
assay, with typical values being about 1,000-4,000 pm in
unstirred solutions and about 500 um in solutions efficiently
stirred at 50 RPM (rev min ') (21,24).

The transcellular permeability, Py..ns, represents the per-
meation of the apical and basolateral bilayer membranes of the
cells. In the absence of carrier-mediated or active transport, the
transcellular permeability can be well-modeled by PAMPA
measurements (21). To a lesser degree of precision, the octanol-
water partition coefficient, measured at pH 7.4 as log Docr, can
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be a suitable substitute. To determine the Py, contribution of
paracellular marker molecules to the apparent permeability,
P.pp, We chose to use log Docr here, since for many of the
marker molecules (e.g., mannitol, methylamine, urea, acetic
acid, etc.), reliable PAMPA values are not available. In the
permeability model, it was assumed that

log Pians = a@ + b log Docr (4)

where a and b are empirical parameters determined by
regression analysis of P,,, data, and log Docr values were
calculated at pH 7.4 using the measured pK, values and the
measured log Pocr, taken from the literature (13,24,31).

From the solution to the differential flux equation describ-
ing size-restricted diffusion through a cylindrical channel
containing charged groups, under sink boundary condition, the
paracellular permeability, Py, can be expressed as (10,13)

Poara = (5) - Dag - F(5) - E69) 5)

The €/6 capacity factor represents the porosity-path-
length ratio, where the porosity is the relative surface area of
the junction opening divided by the total epithelial surface
area, and the pathlength, 6, represents the thickness of the
restricted-junction domain times the tortuosity of the water
channels. In the study here, no differentiation was made
between the tight-junction and the lateral-space (10) contri-
butions to the paracellular resistance, so the refined &/6 may
be viewed as an “apparent” porosity-pathlength ratio.

F(1/R) is the Renkin (32) hydrodynamic sieving function
for cylindrical water channels, defined as

) =[- @)
- {1 ~2.104 (%) +2.09 (%)3 ~0.95 (%)5} (6)

The junction pore radius is denoted as R (A).
The hydrodynamic radius, r (A), can be estimated from
the Stokes-Einstein large spherical-particle equation:

kg T

-_— 7
61 Dyg (72)

I'sE =

provided the aqueous diffusivity is known; or it can be
estimated by the less-commonly cited Sutherland equation
(25):

kg T

— 7b
4rn Daq (7b)

rsu =

which is more appropriate than the Stokes-Einstein equation
when small molecules are considered (25); or the Glasstone
equation, which has the factor 27 (in place of 4 m and 6m)
and is thought to better match some experimental results
(25); or the molecular radius can be estimated from the
molar volume (not requiring knowledge of D,q), as was
done by Adson et al. (13):

(7¢)
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where 1 is the kinematic viscosity (0.006962 cm® s~' at

37°C), p is the compound density (g cm°), Np is the
Avagadro number, and the other terms have their usual
meaning. (For the usual choice of units, Egs. 7a-7c need to be
multiplied by 10*® to convert from cm to A.) It is not convenient
to use Eq. 7c for research compounds, since the compound
density is usually not known. On the other hand, Egs. 7a and 7b
can be generally applied, since diffusivity can be estimated from
MW, according to Eq. 1. The compound density values for most
of the paracellular markers considered here are readily
available. This allowed us to compare the various different
estimates of the hydrodynamic radii. In the present study, we
expected that for very large molecules, Eq. 7a would be most
suitable, but for very small molecules, Eq. 7b would be most
suitable. The largest paracellular marker in the Adson study,
Phe;Gly (516.6 Da), indicates rsg/ryy=5.59/5.46 = 1.03, while
the smallest marker, methylamine (31.1 Da), indicates rsg/ryv=
1.56/2.60 = 0.60; these ratios approximately match the 6:4
relationship between the SE and Su equations. A fit of rsg/rvy
vs. MW allowed us to define the scaling factor, g, whose value
ranges from about 4 to 6, in the equation developed here:

kT

S —— 7d
g'”’qDaq ( )

YHYD =

The E(Ao) term in Eq. 5 is a function of the potential drop
across the electric field created by negatively charged residues
lining the junctional pores, and can be defined as (10)

K - |Ag|

k- [Ag|
=Jfo +fw 1w o

E(ag) e ®

where f(,), f(,), and f are the concentration fractions of the
molecule in the uncharged, cationic, and anionic forms,
respectively (where f(y+f.,)+f) =1). The potential drop across
the electric gradient is denoted by Ae. The constant, x=(F/
NakpT)=0.037414 mV ! at 37°C, where f is the Faraday
constant, and other symbols have their usual meaning. A
potential drop, A, of —=17.7 mV was estimated by Adson et al.
(13) for their Caco-2 model. Accordingly, a negatively charged
molecule would have E(A¢)=0.7, and a positively charged drug
would have E(A¢)=1.4.

Refinement of the Paracellular Parameters
The pCEL-X v2.0 program (pION) was used to deter-
mine the a, b, €/6, R, and Ag parameters by a nonlinear

weighted regression analysis. The regression equation was
constructed from Egs. 2-8:

hasL
Dy

Dy F(”ZD).E(M)] 9)

1
G =log (—P%’EOZ -

= —log[a -D%p +5 5

The partial derivatives of G with respect to a, b, /6, R, and
A were calculated explicitly in the pCEL-X program, using
standard mathematical techniques. The function minimized was

Gobs GC!IIL
5= zz: (Ut 10gPapP)>

(10)



Leakiness and Exclusion of Paracellular Channels in Epithelial Cell

where n is the number of paracellular marker molecules used in
the model, and o;(log P.y) is the reported standard deviation of
the logarithm of the i™ measured Caco-2 permeability
corresponding to the markers. The effectiveness of the
simultaneous refinement of ny parameters was characterized by
the “goodness-of-fit,” GOF = [S/(n-ny)]"?, which has the
expectation value of 1 if the model is suitable for the data and
the measured standard deviations accurately reflect the precision
of the data.

Selection Criteria for Paracellular Permeability Data
from Various Laboratories

Due to the focus of the study, marker molecules chosen
for paracellular analysis from the various published studies
were compounds likely not to have significant transcellular
component in the transport, so that Eq. 4 would only play a
minor corrective role (since the accuracy of predicting Pyans
from Docr is expected to be limited). With two borderline
exceptions, all compounds were characterized by log Docr<
0. The marker selection task in three publications (12-14) was
made easy, since the investigators specifically selected mole-
cules to characterize the paracellular mechanism. In the more
general source studies, we looked for a wide range in sizes of
marker molecules, preferring urea (found in 9 of 14 studies)
at the low end and mannitol (in 8 of 14 studies) at the high
end. In some selected studies, small charged solutes were
characterized as well, including methylamine (13,14) and
acetate (13). The Garberg et al. (20) study considered several
epithelial cell lines with the same set of compounds and
contained information on carrier-mediated transport, such as
that of lactic acid, alanine, L-DOPA, and a-Me-DOPA. Also,
Caco-2 cells are known to express enzymes such as sucrase,
that can hydrolyze sucrose and other disaccharides, as noted
by Garberg et al. (20). The MDCK P,y of sucrose in the
study averaged 0.3x10° cm s ', whereas the Caco-2 Papp
indicated (20) an average value about three times higher, but
the standard deviation was also high (cf., Fig. 3h). In this one
instance, the sucrose Caco-2 value was used in our study. As
another example, the glycerol Caco-2 (but not MDCK)
absorptive (apical-to-basolateral) P,,, was about six times
higher than the excretive Py, suggesting the possibility of a
facilitated uptake mechanism. That value was excluded in our
study. Thus, only compounds, which were not knowingly
substrates of transporters based upon the literature, were
chosen for the final analysis.

As a point of nomenclature in the cited papers, the
MDCK cell lines were called simply “MDCK” from Amer-
ican Type Culture Collection (13,20), “MDCK mdr-1" (trans-
fected mdr-1 gene) (20), and “MDCK wt” (wild type,
untransfected version) (20), the latter two originating from
The Netherlands Cancer Institute. Table I lists the marker
molecules considered in the 14 selected studies, reported in
eight different publications (12-14,16-20).

RESULTS AND DISCUSSION
Analysis of Aqueous Diffusivity

Fig. 1 shows a plot of the log D,y vs. log MW for 160
drug-like and other simple (mostly neutral) molecules,
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ranging in MW from 30 to 1,200 Da. (The Supplementary
Data contains the list of compounds used.) All of the data are
normalized to 25°C. The symbols in filled circles are com-
pounds with log Pocr<3. The unfilled circles are associated
with compounds with 3<log Pocr<4, and the checkered
symbols are of compounds with log Pocr>4. The data were
tested by linear regression, using Eq. 1, but the improvement in
the quality of the fit was minimal with the inclusion of the log
Poct The compounds with log Pocr>4 ultimately were
assigned zero weights, on the concern that possible aggregates
may have formed with some of the steroidal derivatives in the
group.
The analysis of compounds with log Pocr<4 produced
the empirical relationship (r*=0.94, s=0.04, n=147):
log Dyq = —4.13—0.453 log MW (11)
The two coefficients are nearly the same as those
published previously, albeit then using about half the number
of compounds in the correlation analysis (21). Table I lists the
D, values for paracellular markers calculated with the above
equation.

Analysis of the Hydrodynamic Radius of Drugs

To calculate molecular radii using Eq. 7c, it is necessary
to know compound density. Adson et al. (13) reported the
densities of their paracellular markers (although some values
may have been estimates—e.g., atenolol and the peptides).
Additional values were collected from numerous sources. For
a few markers whose density values were not found, ACD/
ChemSketch (v3.0) from Advanced Chemistry Development
(Toronto, Canada) was used to calculate the missing values.
Table I lists the density values used. Also listed are the
estimated molecular radii, rgg, based on the Stokes-Einstein
relationship (Eq. 7a), and values of 1y, calculated based on
the molar volume, according to Eq. 7c. Fig. 2 shows a plot of
rse/tvmy vs. MW for the marker molecules in Table 1. The data
were fitted to a hyperbolic function, from which we deduced
the g-factor for the Sutherland-Stokes-Einstein relationship,
Eq. 7d.

kpT 21.8
FayD = MMWB = (0.92 +—MW) rse (12)
<MW+23.7> 71 Dag

D,q in the above equation was derived from Eq. 11. The
rgyp then were used in the Renkin function (Eq. 6) in all
subsequent analysis of the paracellular parameters. A linear
regression analysis of the relationship between the diffusivity-
based and the molar volume-based radii produces the
relationship: ryv=—0.16(x0.21)+1.06(x0.05) ryp (r*=0.92,
s=0.25, F=426, n=38). Hence, ryyp is a useful estimate of
ryy in the absence of density data, which may be helpful
particularly with research compounds.

Paracellular Analysis
Refined Paracellular Parameters

Fig. 3 shows the paracellular analysis results for eleven of
the fourteen studies considered here. The preliminary Caco-2
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Table I. Data for the Marker Compounds Used in the Paracellular Analysis®
D, (10°°
COMPOUND MW log Docr cm s p (g cm™) rse (A) vy (A) ruyp (A) % para
NEUTRAL
urea 60.1 -1.66 15.5 1.32 2.11 2.62 271 90-98
glycerol 92.1 -1.76 12.7 1.25 2.56 3.08 2.96 95-98
creatinine 113.1 -1.77 11.6 1.37 2.81 3.20 3.13 90-96
erythritol 122.1 -2.29 11.2 1.32 291 332 3.20 97
alanine 89.1 -2.96 12.9 1.42 2.52 2.92 2.94 99
mannitol 182.2 -3.10 9.4 1.52 3.49 3.62 3.63 91-99
L-DOPA 197.2 -2.76 9.0 1.47 3.61 3.76 3.72 99
a-ME-DOPA 2112 -2.27 8.8 1.40 3.73 3.91 3.81 94
acyclovir 225.2 -1.81 8.5 1.77 3.84 3.69 3.90 88-92
D-Phe-Gly 2222 -2.16 8.6 1.24 3.82 4.14 3.88 96
cimetidine 2523 0.35 8.1 1.31 4.04 4.24 4.07 29-69
hydrochlorothiazide 297.7 —0.05 7.5 1.69 4.36 412 433 19-67
lactulose 3423 -3.59 7.0 1.32 4.64 4.68 4.56 93
sucrose 3423 —-3.65 7.0 1.29 4.64 4.72 4.56 96-99
raffinose 504.4 —-8.09 5.9 1.59 5.53 5.01 5.33 95-100
POSITIVE
methylamine 31.1 —-3.86 20.9 0.70 1.56 2.60 2.54 74-96
terbutaline 2253 -1.37 8.5 1.17 3.84 4.24 3.90 87
atenolol 266.3 -1.92 7.9 1.13 4.14 4.54 4.15 92-97
ranitidine 314.4 0.32 7.3 1.18 4.47 4.72 4.42 18-71
sulpiride 341.4 —0.42 7.0 1.34 4.64 4.66 4.56 59-91
NEGATIVE
formate 46.0 -4.18 17.5 1.22 1.87 2.46 2.61 97
acetate 60.1 -3.18 155 1.05 211 2.83 2.71 98
lactate 90.1 -4.36 12.9 1.36 2.53 297 2.94 98-100
foscarnet 126.0 —6.13 11.1 2.14 2.95 2.86 322 96-100
hippurate 179.2 —3.44 9.4 1.37 3.46 3.73 3.60 98
clodronate 244.9 —4.14 8.2 2.31 3.99 3.48 4.02 85-97
chlorothiazide 295.7 —-0.51 7.5 2.04 4.34 3.86 432 23-70
furosemide 330.8 -1.17 7.1 1.61 4.57 4.34 4.50 57
D-Phe-Phe-Gly 369.4 -1.46 6.8 1.26 4.80 4.88 4.70 85
D-Phe-Phe-Phe-Gly 516.6 —0.66 5.8 1.26 5.59 5.46 5.38 56
PROPYLENE GLYCOLS
PEG19%4 194.2 -3.00 9.1 1.11 3.59 4.11 3.71 86
PEG238 238.3 —4.48 8.3 1.11 3.94 4.39 3.98 96
PEG282 282.3 —4.47 7.7 1.11 425 4.65 424 97
PEG326 326.4 —4.46 72 1.11 4.54 4.88 4.48 99
PEG370 370.4 —4.45 6.8 1.12 4.81 5.09 4.71 99
PEG414 414.5 —4.44 6.4 1.12 5.06 5.28 4.92 100
PEG458 458.5 —4.43 6.2 1.12 5.30 5.46 5.13 100
PEGS502 502.6 —-4.80 5.9 1.12 5.52 5.63 532 100

“D,q calculated by Eq. 11. The density, p, values in italics are calculated values (ACD/ChemSketch Rev. 3.0, Advanced Chemistry
Development, Toronto, Canada). The molecular radii rsg, ryy, and rgyp were calculated with Eqs. 7a, 7c, and 12, respectively. %para
represents the fraction of the transport that involves the paracellular junction route.

re-analysis of the Adson er al (13) data are presented
elsewhere (26). The frames in Fig. 3 are arranged in the
increasing order of the estimated pore radius, R. Lower
values of R are indicated by higher slopes in the plot of log
P,pp—log D,q. (The inclusion of D,q helps to normalize the
plots for ordinate changes due to molecular weight.) The
solid best-fit curve is associated with the uncharged markers
(cf., Table I). These curves were calculated as the product of
refined parameters: &/6-F(rgyp/R) (cf., Egs. 5 and 6, with E
(Agp)=1). In the studies that included cationic and anionic
solutes, the best-fit curves for the charged solutes are
indicated by plus and minus symbol curves, respectively.
The actual measured points may not necessarily lie on the
curves, even when the data are well-fitted, if the molecules
are transported appreciably by the transcellular route. Table I
summarizes the ranges of percentage of transport due to the

paracellular mode, as “%para,” for each of the markers
studied. It’s clear that some compounds indicated significant
percentage of transcellular contribution (e.g., ranitidine,
hydrochlorothiazide, and cimetidine in some of the studies).
Modeling Py.,,s with the octanol-water partition coefficient
has a long history, e.g., early efforts by Levin et al. (31), who
reported the coefficient b=0.56 for Eq. 4. The value we used
was fixed at b=0.54, based on our own correlation compar-
isons between Caco-2 Py, and log Docr (data not shown). It
was not possible to refine both a and b in Eq. 4, based on the
paracellular marker data. In fact, only in two of the 14 sets
(Table II) was it possible to refine the value of a, since most
of the markers were dominantly paracellular in character.
Table II summarizes the results of the paracellular model
refinement using the interlaboratory epithelial cell data and the
regression design Eq. 9. The pore radius ranged from 4.0 (+0.1)
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AQUEOUS DIFFUSIVITY

i b8 ® Jog D = -4.131 -0.4531 log MW
- a
.\e e ?=0.94,5=0.038, n=147, F = 2171
O\g\ﬂ P (exclusive of 13 compounds with log P .7 > 4)
—
‘TU) '5 - O ~ v % 4-n-Bu-pyridine 250C
o hd 20
£
L b2 DX
g capric acicge
Q n-Bu-paraben
[@)) _5 4 - deoxy-corticosterone acetat(;e s\
o @
- betamethasone valerate ’.\3
30 < MW < 1200 Da .\

_5'6 1 | I 1 1 | | L
16 18 20 22 24 26 28 3.0

log MW

Fig. 1. Correlation plot of aqueous diffusivity (normalized to 25°C)
vs. molecular weight, as log Dyq vs. log MW, for 160 drug-like and
other simple (mostly neutral) molecules. Filled circles: compounds
with log Pocr<3; unfilled circles: 3<log Pocr<4; checkered symbols:
compounds with log Pocr>4.

to 18(23) A, with the high end associated with the leaky 2/4/A1
line developed in the Artursson laboratory (18) and the low end
(Caco-2) also originating from the same laboratory. The &/6
capacity factor spanned a larger range of values, from 0.2 (£0.1)
cm ! for the MDCK (ATCC) data of Garberg et al. (20) to 69
(£5) em ™! for the MDCK data of Adson et al. (13), reflecting an
unexpected 345-fold range in capacity. Half of the values of &/6
in Table II were 1.5 cm ™! or lower.

The potential drops across the junctions for Caco-2 cells
ranged from —15 to —82 mV, but the uncertainty in the
determination was greater than that of the other two parameters.
The weighted average value for Caco-2 models was AQyt avg
Caco2_—43+20 mV. Only two results based on the MDCK cells
were obtained (A@Qy angDCK:7104iS6 mV), but these
evaluations can only be viewed as tentative, since the MDCK
sampling was so small and the relative errors so high. The 2/4/A1
cell line indicated only a very minimal electrical potential effect.

The parameters for Eq. 4 were generally set at a=—6.40
and b=0.54, and were not refined. However, in two cases, it
was possible to refine the former parameter as —6.40+0.31 for
the Adson data (13) and —6.36+0.33 for the Alsenz and
Haenel data (19).

Fig. 3 indicates the apparent deviations of measured P,
data (corrected for diffusivity) from the predicted curves,
some deviations appearing substantial. In part, this is because
Fig. 3 does not separate out the effects of transcellular
component of transport. The 14 individual lab/cell line
refinement results were actually quite good, with data points
agreeing with calculation to within an average of 2.4 standard
deviations (cf., GOF values in Table II). Fig. 4 shows these
individual-treatment residuals collated from all 14 calcula-
tions. This is not a global calculation that may suggest an
over-fitting of the data.

Iso-paracellular Profiles

Since each of the laboratories whose data were used here
had somewhat different paracellular markers, and since the
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protocols used to prepare the cell lines differed from lab to
lab, it was challenging to compare the ¢/6 and R between
different groups. As is evident in Table II, the lowest four
pore radii (4.0-5.4 A) were nearly the same, suggesting
comparable “leakiness.” But the apparent leakiness varied
substantially due to the seven-fold variation in the capacity
factors (10-69 cm™!), seemingly not depending on the pore
radii. Furthermore, the capacity factors for these tightest
junction cases were substantially larger than those cases
associated with larger pore radii (R>6 A), which were
characterized by &/6<6 cm'. Comparing “leakiness” was
not so straight-forward, although there appeared to be an
inverse relationship between the capacity factor and the pore
radius.

Consistent with the above collations, but not evident
from any discussions in the published literature, was that the
simultaneous refinement of ¢/6 and R parameters indicated
very extensive negative correlation, with correlation coeffi-
cients often above 90%. Nonetheless, the generally high
quality of the published in vitro data allowed for determi-
nation of the individual parameters, with relatively good
precision in many instances (Table II).

A method to compare the relative “leakiness” of the
various cell lines was developed in this study. Mannitol was
selected as a standard paracellular marker for the leakiness
scale. It was assumed that it is possible to have a wide range of &/
& and R (correlated) parameters such that the paracellular
permeability of mannitol would be the same for each pair over a
range of value combinations. Fig. 5 illustrates this concept. The
vertical axis is a plot of log (¢/5), and the horizontal axis is the
pore radius. The analyzed /6 and R parameters are indicated by
the symbols: squares for MDCK, circles for Caco-2 and diamond
for 2/4/A1 cell lines. Each symbol is associated with a continuous
capacity curve, where any position on the curve would have the
same value of predicted P,p, of mannitol. Py, of mannitol was
calculated according to the refined paracellular parameters
(Table II). The capacity curve was then calculated by dividing
Ppara™™™°' by D, F(ruyp/R), as suggested by Eq. 5 (E(A¢) =
1). The capacity curve vs. R for a constant paracellular
permeability is called the iso-paracellular profile here.

o o O
10 . ?———D—%‘a """" o
L% ///E:%DD o
\cL,U) 08} l:l’gﬂ:| g=6(rs—EJ= 6.52 MW
= 'fb ry ) MW +23.7
/
0.6 -I;:l 2 =076,5=0.086 F=87,n=30
l’ 1 1 1 1 1
100 200 300 400 500
MW

Fig. 2. Comparison of the ratios of molecular radii determined
from the Stokes-Einstein equation (rsg) and molecular volume
(rmv) to the molecular weight of the paracellular marker molecules
in Table I. The rsg/rpy ratios are fitted to a hyperbolic function of
molecular weight, MW, to deduce the g-factor (cf., Eq. 7d).
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Fig. 3. Plot of the Caco-2, MDCK and 2/4/A1 data, as log P,pp, —log D,q vs. molecular radius, for the paracellular
markers selected in this study. The solid line corresponds to the neutral compounds; the “+++” lines correspond
to the positively-charged molecules, and the dashed line corresponds to the negatively-charged molecules (see
text). Excessive deviations are in part due to transcellular components in the apparent permeability.
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Table II. Results of Paracellular Analysis”

Size Exclusion (urea/sucrose)

Ppara (urea)  Pphar, (mannitol)  Ppur, (sucrose)  Ppara (raffinose)

n

GOF

R(A) —Agp (mV)

(e/8) (cm™)

Source

Cells

>1000

0°

0¢

0.19
3.5

4.7
30

4.5

3 Ob
3 Ob

4.0+0.1

Artursson et al. 1993
Adson et al. 1994

Caco-2

200
157
59

0¢

0.15
0.03
0.22

1.2
2.6

49+0.1
5.0+0.3

MDCK (25°C)
Caco-2

0°¢

0.55

4.7
13

49+107

Liang et al. 2003
Knipp et al. 1997

0°

1.7

1.6
1.2

4.7

Caco-2

o
NN Wn

0.04
0.04
0.27
0.20
0.35
0.10
0.43
6.3

0.17
0.11
0.63
0.43
0.73
0.19
0.79
9.9

1.1

0.83
0.49
1.8
1.8
0.43
1.7

18

24
55
32
5.1
4.4

1.1
39

4.9

9
9
6
14
11
8
10
9

2.9
1.5

0
1.6
1.4
2.8

129+41

55+11
0+
0+
0.1

10.7+0.7
11.1+1.9
12.7+1.5
12.9+1.6
17.8+2.9

4+14

1.4+4
1.11+0.9

0.74+0.2

0.20+0.1

0.78+0.4
52+3

Alsenz & Haenel 2003
Tavelin et al. 2003

Liang et al. 2003

Garberg et al. 2005
Garberg et al. 2005
Garberg et al. 2005

Adson et al. 1994
Tavelin et al. 2003

Caco-2 (3-7 day)
MDCK (NCI)

Caco-2 (7 day)
Caco-2

Caco-2
MDCK (ATCC)

Caco-2 (25°C)

2/4/A1

goodness-of-fit (see

Ppara(urea)/Ppara(mannitol). GOF =

“Ppara values are predicted for urea, mannitol, sucrose, and raffinose, based on the refined paracellular parameters. Size Exclusion index

text); n = number of P,,, values refined in the sources study.

> Not refined.

“Not permeable by paracellular route, since rgyp>R.
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For example, the (&/5, R) values for the Caco-2 data from
Knipp et al. (14), Liang et al. (3-7 day model) (16), Garberg et
al. (20), and Adson et al. (13) are vastly different, yet all four
of the sets are positioned essentially on the same iso-
paracellular curve (Fig. 5). The leakiness (using mannitol as
standard) is nearly identical, even though pore radii range
from 5.4 to 12.9 A. The four sets show different balance of
limiting factors: the Knipp data indicate limited permeability
due to the small pore radius, whereas the Adson data indicate
limited permeability due to the small capacity factor (either
shortage of paracellular channels, €, or especially long para-
cellular pathlengths, &).

The ensemble of iso-paracellular curves in Fig. 5 allows
the comparative visualization of the relative leakiness of the
cell lines and the nature of the leakiness-limiting parameters
(pore vs. capacity factor). As can be seen, the leakiest cell line
is 2/4/A1, and the tightest cell line is that of Caco-2, both
developed by Artursson and coworkers (12,18). The MDCK
characteristics are broadly equal to those of Caco-2 (Fig. 5).

Ranking by Size Exclusion

Fig. 5 indicates a relative leakiness series based on
mannitol. However, if a different standard were chosen, then
the ranking of leakiness would be somewhat different. The
“size exclusion” ratio, Ppara™ ™ / Ppara™ -, is an indication of
how sensitive a particular cell line is to changes in the size of
solute. The last column in Table II lists the size exclusion ratio
for twelve of the cell studies considered. This ratio parallels
the ranking by the pore radius. Fig. 6 shows a bar graph of
twelve studies, each with the predicted paracellular
permeability for four increasingly larger markers: urea,
mannitol, sucrose, and raffinose. As can be seen, the rank
order of leakiness depends on the specific marker used,
although in all cases of comparison, 2/4/A1 ranks as the
leakiest.

Propylene Glycol Oligomers as Markers for Paracellular
Permeability

When we included PEGs in the data to characterize the
paracellular parameters, the PEG compounds indicated

-4 p
. 2 /‘.
= =093 . ®
w 5| s=017 Y3
£ n=108 Dt
S
3
3 br
Q
&
Q 7t K
) ® o
e} e
7/
7 L 1 1

-8 -7 -6 -5 -4
log Papp calc

Fig. 4. Pooled statistics of observed and calculated log Py, based on

the regression model according to Eq. 9.
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'u ..'.' Tavelin: 2/4/A1
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O '_./}dson: MDCK(ATCC) --...,."“""
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Fig. 5. Iso-paracellular profiles: log (&/6) vs. the pore radius, R, at
constant P,,,. The determined [log (&/), R] values are squares for
MDCK, circles for Caco-2 and diamond for 2/4/A1 cell lines. Each
symbol is associated with a continuous capacity curve, where any
position on the curve would correspond to the same value of

predicted P, of mannitol. The capacity curves were calculated as
Ppm'Dacf1 'F(rHYD/R)fl, using mannitol as the standard marker.

18 20

“anomalous” characteristics. This had been noted in the past
in two critical studies: Artursson et al. (12) and Watson et al.
(17), where oligomers ranging from 194 Da to 502 Da were
individually characterized. Artursson and coworkers proposed
that PEGs may be able to permeate the channels more easily
than other molecules used as paracellular markers, due to their
highly non-spherical shapes, perhaps diffusing with decreased
resistance due to the smaller axial cross section. Watson and
coworkers proposed an explanation for the increased perme-
ability of PEGs, compared to other drug-like markers, on the
grounds that the known (33) hydrodynamic radii of the PEGs
are nearly 1 A less than those calculated by Eq. 7c.

A new analysis of the permeability of PEG homologues
(282-898 Da) in Caco-2, MDCK, 2/4/A1 cell lines, as well as
excised human jejunal patches, was recently reported by
Linnankoski et al. (22) They applied the effusion theory-
based equation to estimate the porosities (¢) and pore sizes
(R) of the membranes. In MDCK and Caco-2 cells, the
paracellular route for the PEG homologues was best inter-
preted by a two-pore model, with the smaller pores being 5.5
5.8 A, and the larger pores being 10.4-30.5 A. It is interesting
that the 2/4/A1 cells indicated a single-pore behavior, with
R=14.9 A, an estimate which is larger than the previously
determined value of 9 A (18). The 2/4/A1 R value in our
study, 17.8+2.9 A, agrees reasonably well with that of
Linnankoski et al. (22). The effusion-equation-determined
porosities rank for PEG homologues as MDCK < Caco-2 <2/4/
Al < human jejunal patch. For the MDCK cells (22), e=2.4x
1077, If the &/6 determined from the data of Garber et al. (20)
(0.20 and 0.74 cm™ !, Table II) is combined with the effusion-
based ¢, the paracellular rate-limiting pathlength, &, would be
predicted to be between 3 and 12 nm. The latter range
appears to be less than that determined from histological
studies, 100-250 nm (3,10).

Since both the in situ human jejunal perfusion perme-
ability (Pegr) and the human bioavailability (%F) have been

Avdeef

reported for many of the PEG homologues (34-36), it was
interesting to compare the %F vs. log P plot of PEGs to
that of the 31 drug compounds reviewed by Lennernis (37).
Apparently, there is a clean break between the drug and the
PEG curves, with PEGs showing about a 10-fold higher
permeability for a given level of bioavailability (Avdeef A
and Tam KY, submitted).

The use of PEGs as paracellular markers is clearly
complicated, somewhat controversial, and deserves further
investigation.

CONCLUSION

The interlaboratory comparison of the leakiness and size
exclusion of fourteen cultured epithelial cell monolayer
models (Caco-2, MDCK, 2/4/A1) has shown that the ranking
by relative leakiness depends on the choice of the paracellular
standard compound, since leakiness can be limited either by
the capacity factor or the pore radius, two parameters that are
substantially inversely correlated. With Daq(37°C):9.9X1075
MW %43 and ryyp=(0.92+21.8 MW !)1sg in the weighted
nonlinear regression analysis, values of pore radius were
determined to be 4.0(+0.1) to 18(+3) A and the &/ capacity
factor to be 0.2 (+0.1) to 69 (+5) cm ™ '; the potential drop for
Caco-2 models was Agpwl,avgca“”z = —43+20 mV. This was the
first unified treatment of the paracellular parameters
characterizing the properties of cultured cell lines from

RANKED PARACELLU L/AR PERMEABILITY

rd
Artursson et al. 1993 (Caco-2)

Adson et al. 1994 (MDCK)
Liang et al. 2000 (Caco-2, traditional)

Knipp et al. 1997 (Caco-2)
Alsenz & Haenel 2003 (Caco-2, 7 day)
Tavelin ef al. 2003 (Caco-2)

Liang et al. 2000 (Caco-2, 3-7 day)

Pore Radius (A)
~
o

Garberg et al. 2005 (MDCK-NCI)

Garberg et al. 2005 (Caco-2)
MARKER

E=3 raffinose
=3 sucrose
mannitol
B urea

Tavelin et al. 2003 (2/4/A1)
1 1 1 1 1

20 25 30 35 40

Ppara (1 0-6 cm 8_1)

Fig. 6. Ranking paracellular permeability of four markers (urea,
mannitol, sucrose, raffinose) according to increasing junction pore
radius.
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different laboratories, and may serve as a model for
characterizing newly established cell lines or for monitoring
the constancy of established epithelial cell lines.
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