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New data on the permeabilities of hydrophilic markers in two com-
monly used in vitro models, i.e., excised intestinal segments from
the rat and monolayers of Caco-2 cells, are presented. The results
are compared to human in vivo data. Two groups of hydrophilic
marker molecules were tested: (1) monodisperse polyethylene gly-
cols of molecular weights ranging from 194 to 502 g/mol and (2) a
heterogeneous group of molecules consisting of urea, creatinine,
erythritol, and mannitol (60—182 g/mol). The permeabilities of the
marker molecules showed a nonlinear dependence on the molecular
weight and decreased in the order rat ileum > rat colon > Caco-2
cells. Surprisingly, the polyethylene glycols permeated more easily
than the other marker molecules, indicating that characteristics
other than molecular weight, e.g., the flexibility of the structure,
may also be important for permeation through the membrane. Com-
parisons with the published permeability profiles of polyethylene
glycols in human intestinal segments in vivo (i.e., calculated perme-
ability coefficients as a function of molecular weight) indicate that
the human intestine is more permeable than the in virro models.
However, the permeability profiles of the corresponding segments in
the human intestine and the in vitro models were comparable. Thus,
good correlations were established between permeabilities of the
human ileum and rat ileum and between those of human colon, rat
colon, and the Caco-2 cells. We conclude that the paracellular ab-
sorption in humans can be studied mechanistically in these in vitro
models.

KEY WORDS: paracellular permeability; drug absorption models;
hydrophilic markers; Caco-2 cells; rat intestinal segments.

INTRODUCTION

A major function of the intestinal epithelium is to absorb
nutrients, electrolytes, and water. At the same time, the ep-
ithelium should serve as a barrier to potentially harmful com-
pounds and microorganisms in the intestinal lumen. This se-
lective barrier function can be characterized by certain hy-
drophilic molecules, i.e., those that permeate the epithelium
by passive diffusion. Usually, metabolically inert molecules
of different molecular weights are used. These include cre-
atinine, mannitol, lactulose, rhamnose, raffinose, inulin,
SICr-EDTA, and polydisperse polyethylene glycols with mo-
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lecular weights between 200 and 2000 (see Ref. 1). These
markers are too hydrophilic to be distributed into the li-
pophilic cell membranes. Instead, they are absorbed across
the intercellular spaces by the paracellular pathway.

The intercellular spaces are gated by tight junctions
which regulate the absorption by the paracellular pathway.
The barrier function of the tight junctions contributes signif-
icantly to the total barrier function of the intestinal epithe-
lium. Indeed, it is generally accepted that variations in tight
junction permeability explain differences in barrier function
between different epithelia. Measurements of paracellular
permeability can therefore be used to characterize the bar-
rier function of the intestinal epithelium.

Most studies on intestinal permeability have been per-
formed after oral intake or after intestinal load of the hydro-
philic marker molecules. These studies have shown that the
permeability to different marker molecules varies along the
intestinal canal. In general, the permeability decreases in the
order jejunum > ileum > colon (e.g., Refs. 2—-4). The per-
meability of a given intestinal segment varies with the size of
the marker molecule. Smaller molecules can permeate more
casily than larger ones. For a homogeneous series of com-
pounds (e.g., polyethylene glycols), the permeability is
inversely related to the molecular weight (4). When the per-
meabilities of compounds with different molecular geome-
tries are compared, other size measures such as cross-
sectional diameter have been suggested (5).

Although intestinal permeability has been extensively
characterized in vivo, few systematic studies have been per-
formed in virro. This is surprising since excised intestinal
segments and, more recently, monolayers of intestinal epi-
thelial cells have been extensively used to study the barrier
function of normal and affected epithelia to nutrients, ions,
and drugs (6—12). Thus, no studies on the influence of mo-
lecular weight on the permeation across in vitro models have
been published. Such information would be valuable in the
extrapolation of findings in the ir vitro models to the in vivo
situation.

In this study, the permeabilities of two groups of hydro-
philic marker compounds were investigated in two com-
monly used in vitro models: excised intestinal segments (il-
eum and colon) from the rat and monolayers of an intestinal
epithelial cell line (Caco-2), originally derived from a human
colorectal carcinoma (13). The first group of hydrophilic
compounds was comprised of a series of monodisperse poly-
ethylene glycols (M,,, 194-502 g/mol). The second group
was comprised of relatively small molecules (M., 60182
g/mol) with varying molecular geometry. Permeability pro-
files were established and compared with permeability pro-
files of the polyethylene glycols in human jejunum, ileum,
and colon calculated from the literature (4). The permeability
profiles of human ileum and rat ileum were in good agree-
ment, as were those of human colon, rat colon, and Caco-2
cells.

MATERIALS AND METHODS

Solutions

Tracer amounts of the following radiolabeled com-
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pounds were added to a Krebs—bicarbonate Ringer’s solu-
tion (KBR; excised segments) and to Hank’s balanced salt
solution (HBSS; cell monolayers): *C-urea (American Ra-
diolabeled Chemicals Inc.), “C-creatinine (American Ra-
diolabeled Chemicals Inc.), '*C-erythritol (American Radio-
labeled Chemicals Inc.), "*C-mannitol (New England Nu-
clear), and monodisperse “C-PEG (polyethylene glycol).
14C_PEG (400) was obtained from Berol Kemi Stenungsund
AB, Sweden, and was size fractioned into the molecular
fractions 194, 238, 282, 326, 370, 414, 458, and 502 g/mol, as
described by Johansson et al. (22).

The KBR solution had the following composition (mM):
108.0 NaCl, 4.7 KCl, 1.8 Na,HPO,, 0.4 KH,PO,, 15.0
NaHCO,, 1.2 MgSO,, 1.25 CaCl,, 11.5 p-glucose, and the
additional respiratory substrates 4.9 Na-L-glutamate, 5.4
Na,~-fumarate, and 4.9 Na—pyruvate. It was gassed with a
0,/CO, (95/5%) gas mixture to a constant pH of 7.4.

The HBSS solution consisted of Hank’s balanced salt
solution (pH 7.4) and contained benzylpenicillin (100 U/mL),
streptomycin (10 pg/mL), and Hepes (25 mM). All mono-
layer experiments were carried out in air at 37°C and 95%
relative humidity.

Preparation

Excised Segments. Female Sprague—Dawley rats
weighing 250-300 g were used in this study and were re-
ceived at least 1 week prior to use. The rats had free access
to food and water prior to sacrifice.

After sacrifice with CO,, the whole intestine was re-
moved and washed with cold Krebs—bicarbonate Ringer’s
solution (KBR) put in a beaker with KBR on ice which was
continuously gassed with a O,/CO, (95/5%) gas mixture.

For the experiments, the distal part of the ileum 5 cm
proximal to the ileocecal junction and the descending colon
were used and were opened along the mesenteric border.
Care was taken to avoid the Peyer’s patches.

Blunt dissection was used to remove the serosa from the
ileum segments and the serosa and muscularis externa from
the colon segments. During the preparation the tissues were
submerged in KBR (12°C) which was gassed continuously.
Each segment was then mounted on a segment holder, which
was connected to a transport chamber (modified Ussing
chamber) consisting of two 10-mL chambers with rotors for
effective stirring of the test solutions as described earlier (8).

Cell Culture. Caco-2 cells, referred to as Caco-2 parent
cells (Caco-2p), originating from a human colorectal carci-
noma, were obtained from the American Cell Culture Col-
lection, Rockville, MD. Caco-2 cell clone 40 (Caco-2cl 40)
was obtained from Dr. Martin Mackay, Ciba-Geigy Pharma-
ceuticals, Horsham, England (15).

The cells were cultivated on polycarbonate filter cell
culture inserts with a filter diameter of 25 or 6.5 mm and a
mean pore diameter of 0.45 wm (Transwell, Costar, Cam-
bridge, MA) as described elsewhere (11,15). Caco-2p cells of
passage numbers 89-99 and Caco-2cl 40 of passage numbers
16—19 were used. The permeability studies were carried out
with cells cultivated in the filter chambers for 3—4 weeks. At
this time Caco-2p and Caco-2cl 40 have differentiated into
monolayers of polarized cells with well-developed apical
brush borders and tight junctions (11,15).
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Measurement of Electrical Parameters

Excised Segments. The electrical parameters, PD and
SCC, were recorded simultaneously during the experiments
as described previously (8). Any tissue with values below 30
or 60 - cm® and 3 or S mV in PD for ileum and colon,
respectively, was omitted before the start of the experi-
ments. Unidirectional flux studies were performed with the
tissues unclamped.

Cell Monolayers. The electrical permeabilities of the
cell monolayers were determined by electrical resistance
measurements using the method of von Bonsdorff et al. (14).
A direct current of 100 pA was applied across the monolay-
ers and the potential difference was measured. The electrical
resistance was then derived from Ohm’s law.

Permeability Experiments

Excised Segments. The experiments were started by
changing both the mucosal and the serosal KBR solution.
The mucosal solution contained the radiolabeled substance
to be tested. Samples of 50 uL. were withdrawn from the
serosal compartment at different time intervals for up to 180
min and were replaced with fresh KBR. Ten milliliters of
Ready Safe (Beckman Instruments) was added to each sam-
ple and the amount of radioactivity determined in a LKB
Rackbeta Scintillation Counter.

Cell Monolayers. HBSS containing trace amounts of
the radiolabeled marker molecules was added to the apical
side of the cells. The cell monolayers were agitated with a
calibrated plate shaker (Titertec, Flow Laboratories Ltd.,
UK). The agitation minimizes the influence of the aqueous
boundary layer on the measured permeability coefficients,
as described previously (16).

At five regular time intervals (i.e., when a measurable
amount of the marker compound had diffused across the
monolayers), the cell culture inserts were moved to another
serosal chamber. The radioactive contents in the serosal
chambers were analyzed in a liquid scintillation spectrome-
ter (Tricarb 1900 CA, Packard Instruments) and the accumu-
lated radioactivity was calculated for each time point.

Calculations of Permeability Coefficients

In Vitro Models. The apparent permeability coeffi-
cients (P,,,) in the in vitro models were calculated using Eq.

).
Py = dQldt - 1/AC, )

where dQ/dt is the steady-state appearance rate of the com-
pound on the serosal side, C, the initial concentration of the
compound on the mucosal side of the membranes, and A the
surface area of the membrane exposed to the compound (21).

Calculations of Permeability Coefficients in Humans

Human Data. Apparent permeability coefficients of
monodisperse PEGs in the human intestinal segments were
calculated from the study by Chadwick et al. (4), in which
the intestinal absorption of polydisperse PEG was studied in
vivo in humans by the use of a triple-lumen perfusion tech-
nique. The data calculated from the disappearance rates of
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the markers from the lumen were used instead of urinary
recovery data, since it has been shown that the urinary re-
covery of polydisperse PEGs is dependent on molecular
weight (17). The apparent permeability coefficients were cal-
culated according to Komiya et al. (18):

-2 &
Par = 3en 10, @

In this equation @ is the flow rate and C}/C, is the fraction of
marker molecule remaining in the intestinal lumen of length
! and effective radius r. The expression 2nrl is equal to the
inner smooth area of the intestinal segment. The inner
smooth areas of the human small intestinal segments were
calculated to be approx. 240 cm?, while the corresponding
value for the colon was 336 cm? (19).

RESULTS

Transepithelial Electrical Resistance

A common method to characterize the barrier proper-
ties of various epithelia in vitro is to measure the transepi-
thelial electrical resistance (TEER), which is a direct mea-
sure of the epithelial resistance to passive ion flow (2). A
comparison between the TEER of the excised segments and
the cell lines is shown in Table I. Rat ileum had a TEER that
was approximately three times lower than that of rat colon.
The original Caco-2 cell line (Caco-2p) had a TEER that was
approximately four times higher than that of rat colon, while
a newly isolated clone of Caco-2p (Caco-2¢cl.40) had a TEER
that was significantly higher than that of Caco-2p.

Permeability Profiles

The results from the permeability experiments with the
PEGs are shown in Fig. 1. The excised rat ileum was more
permeable than both the rat colon and the cell lines. When
compared to rat colon the permeabilities of the PEGs in rat
ileum were approximately four to six times greater. For both
tissues, however, the marked molecular weight dependence
of the permeability was not as pronounced for molecular
weights above approximately 400. )

The permeabilities of the cell lines were more similar to
those of rat colon than to rat ileum (Fig. 1). For PEGs of
higher molecular weights there was a gradual decrease in the
permeability of the cell lines as compared to the rat tissues.
Thus, for the largest PEGs the cell lines were approximately
10 and 50 times less permeable than rat colon and ileum,
respectively. As for the rat tissues, the molecular weight

Table I. Transepithelial Electrical Resistance (TEER) of the Rat II-
eum, the Rat Colon, and the Two Cell Lines, Caco-2p and Caco-
2¢l.40, in the Presented Experiments

Tissue/cell line Resistance (2 - cm?)*?

Rat ileum 35.3 £ 4.9 (43)
Rat colon 100.6 = 26.0 (28)
Caco-2p 420.0 = 26.0 (12)
Caco-2¢l.40 662.0 = 42.0 (12)

% Mean values = SD; number of experiments given in parentheses.
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dependence of the permeability in the cell lines was less
pronounced for PEGs with a molecular weight of >400.

The permeability profiles of the second (more heteroge-
neous) group of markers were different from those of the
PEGs (Fig. 2). When represented as a function of molecular
weight, the permeabilities of urea, erythritol, creatinine, and
mannitol were lower than what could be expected from the
results obtained with the PEGs.

A very good correlation between the two cell lines was
obtained for the permeabilities of all marker molecules (Fig.
3). Thus, although Caco-2p and Caco-2¢l.40 differed in
TEER, there was no significant difference in marker perme-
ability between the cell lines (Table I and Fig. 3).

The apparent permeability coefficients for PEG in hu-
man jejunum, ileum, and colon were calculated as described
above, and the permeability profiles were compared with
those obtained in the in vitro models (Fig. 4). The human
intestinal segments were approximately 10 times more per-
meable than the corresponding rat segments, and the human
jejunum was the most permeable tissue. A linear correlation
(¥ = 0.989) was obtained between the permeability coeffi-
cients of human and rat ileum.

Similar but less pronounced differences were observed
between the permeability coefficient of human and that of rat
colon. In general, the permeability coefficients of human
colon were 5-10 times higher than those of rat colon. For
larger PEGs (e.g., 502 g/mol) the difference was only two-
fold. Thus, the permeability of the PEG of the highest mo-
lecular weight (502) was more restricted in human segments.
This was in agreement with the findings in the human intes-
tinal cell line, Caco-2 (Fig. 4). Although human colon was
approximately 20-40 times more permeable than Caco-2
monolayers, the permeability profiles were similar and a lin-
ear correlation (> = 0.985) was obtained between the per-
meability coefficient of human colon and that of Caco-2
cells. The correlations between rat and human colon and rat
colon and Caco-2 cells were also acceptable (#* = 0.976 and
0.951, respectively).

DISCUSSION

In this study the permeabilities of two in vitro models,
i.e., excised rat intestinal segments and monolayers of an
intestinal epithelial cell line, to hydrophilic marker mole-
cules of different molecular weights were investigated. In
general, the permeabilities were lower in the in vitro models
than in the corresponding segments of the human intestine in
vivo. Several factors that are diminished or absent in the in
vitro models could contribute to this difference. For in-
stance, the excised intestinal segments are denervated of
central nervous control to the enteric plexii of the subepi-
thelial tissue. This situation may affect ion and water trans-
port in the in vitro models. Other contributing factors may be
the absence of the systemic blood flow, reduced motility, and
differences in thickness of the mucus layer. Additional fac-
tors that could reduce the permeability further in the cell
monolayers are related to the absence of the crypt-villus
axis, the low turnover rate of these cells (no signs of cell
extrusion), and the absence of goblet cells (20,21).

Despite these differences and the differences in perme-
ability rates, the different permeability profiles in this study
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Fig. 1. Apparent permeability coefficients of monodisperse polyethylene glycols of
different molecular weights in rat ileum, rat colon, Caco-2p, and Caco-2cl.40. The inset
is an enlargement that allows comparison of the apparent permeability coefficients in
rat colon and Caco-2 cells. Values represent the mean + SD (n = 3-6 for each point).

were in good agreement. This indicates that the selective correlation between drug permeability in the Caco-2 model
barrier function of the tight junctions in the different in virro  and intestinal drug absorption in humans (12).

models was comparable to that of the intact human intestine, The permeabilities of different hydrophilic marker mol-
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Fig. 2. Apparent permeability coefficients of urea, creatinine, erythritol, and mannitol in
rat ileum, rat colon, Caco-2p, and Caco-2cl.40. The inset is an enlargement that allows
comparison of the apparent permeability coefficients in rat colon and Caco-2 cells.
Values represent the mean + SD (n = 3-6 for each point).
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Fig. 3. Correlation of apparent permeability coefficients in Caco-2p and Caco-2cl.40.

their molecular weights. However, our results show that the
permeabilities of the PEGs were higher than the permeabil-
ities of the other molecules. For instance, in the different
models the permeability of the PEG with a molecular weight
of 194 g/mol was 6- to 28-fold higher than the permeability of
mannitol (M, 182 g/mol). Thus, two permeability profiles
appeared when the permeability coefficients were repre-
sented as a function of molecular weight. The use of the
hydrodynamic radius instead of molecular weight in the pro-
file graphs did not compensate for this difference. These
findings indicate that the permeabilities of the different
marker molecules are not simply inversely proportional to
their molecular weight or molecular radii. A likely explana-
tion to the appearance of two permeability profiles (rather

than one) is given by the differences in molecular structure
between the PEGs and the other molecules. The PEGs are
small and flexible polymers and therefore possible changes
in their molecular dimensions and modes of Brownian mo-
tion should be considered, e.g., reptation motion (25),
through the narrow tight junctions. However, whether these
considerations should be based on cross-sectional diameter
(5) or on the radius of gyration (26) is an open question. If
cross-sectional diameter were used, the treatment would as-
sume that all PEGs are completely stiff, i.e., straight chains.
On the contrary, other hydrophilic marker molecules, includ-
ing those used in this study (urea, erythritol, creatinine, and
mannitol), as well as those used by others (e.g., >'Cr-EDTA,
lactulose, raffinose, rhamnose), can be considered to span
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Fig. 4. Calculated apparent permeability coefficients for polyethylene glycols of
different molecular weight in human jejunum, ileum, and colon compared with
values obtained from the measurements in this study. Calculations of permeability
coefficients for the human data were made from the results of Chadwick ez al. (4).
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negligible changed molecular volumes during their passage
through a restricted space such as the tight junction. There-
fore, suggestions about simple relationships between molec-
ular size parameters and permeability should be treated with
caution.

For all permeability profiles, the molecular weight de-
pendence could be divided into two phases. In the case of
the PEGs, a more pronounced permeability dependence on
molecular weight could be observed for molecular weights of
approximately <400 g/mol. A molecular weight cutoff of
400-500 g/mol is in agreement with data reported in several
other species including man and gives further support to the
statement that the in vifro models used in this study have a
selective barrier function similar to that found in vivo
(1,4,17). However, the tight junction can be regulated by
hormones and nutrients (e.g., Refs. 6 and 23). Therefore,
under some physiological conditions the permeability
through the tight junctions can be altered. It is not yet known
how such alterations affect the permeability profiles in the in
vitro models as compared to in vivo.

An alternative method for the characterization of the
selective barrier function of intestinal epithelium is to mea-
sure the transepithelial electrical resistance (TEER) (2). The
resistance values for the rat tissues and cell monolayers were
in agreement with the literature and increased in the order
rat ileum < rat colon < Caco-2p < Caco-2¢l.40 (2,10,15).
TEER correlates with the permeability of marker molecules
such as mannitol (24); however, there was not a strong linear
correlation between these measurements. Possibly, the
smaller marker molecules are similar in size to the ions +
hydration shell that determine the TEER (mainly sodium and
chloride ions).

The major difference, however, between TEER and
marker permeability measurements is that the resistance re-
flects the total tissue resistance to ion flow (i.e., both passive
paracellular and transcellular ion flow). In more leaky epi-
thelia, such as small intestinal epithelium, the passive para-
cellular ion flow dominates and the transcellular ion flow can
be neglected. However, in tighter epithelia such as the colon,
the passive paracellular ion flow is reduced and the trans-
cellular ion flow is significant (2). Therefore, in colonic tis-
sues, the TEER is influenced significantly by the transcellu-
lar ion flux. A difference in transcellular ion flux would ex-
plain the discrepancy between the measured TEER and the
permeabilities of the marker molecules in the two cell lines.
Thus, e.g., Caco-2p. had a significantly lower resistance
than Caco-2cl.40, but the permeability profiles for the
marker molecules were identical in the two cell lines. These
results also indicate that the permeability to marker mole-
cules gives a more correct description than TEER of the
selective barrier function in tighter epithelia, such as Caco-2
cell monolayers.

In conclusion, the results of this study indicate that both
excised ileal and colonic segments from the rat and mono-
layers of Caco-2 cells have permeability profiles that are
comparable to those found in the normal human intestine in
vivo. These results emphasize the usefulness of these models
in drug absorption studies.
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