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Sodium Caprate Elicits Dilatations in
Human Intestinal Tight Junctions and
Enhances Drug Absorption by the
Paracellular Route
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The effects of the absorption enhancer sodium caprate on human
intestinal epithelial cells were investigated using Caco-2 cell mono-
layers. The effects on epithelial integrity and drug transport are
dependent on time and concentration and are decreased by Ca?",
most likely through the formation of Ca?* soaps. Morphological
data indicate that exposure to sodium caprate results in cytoskeletal
changes and in structural alterations of the tight junctions in the
form of dilatations, while the effects on the apical cell membranes
are limited. We conclude that sodium caprate increases the absorp-
tion of drugs mainly by the paracellular route.

KEY WORDS: absorption enhancer; tight junction; drug absorp-
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INTRODUCTION

Passive absorption of drugs and peptides across the in-
testinal epithelium involves two pathways—transcellular
and paracellular. Absorption via these pathways is selective:
only lipophilic compounds partition into the membrane lipids
of the epithelial cells to be absorbed by the transcellular
route (1). Absorption of hydrophilic drugs is therefore re-
stricted to the paracellular pathway (2). However, the para-
cellular pathway occupies <0.1% of the total surface area of
the intestinal epithelium (3). This, together with restricted
permeation through the tight junctions, often limits the para-
cellular absorption of hydrophilic drugs and peptides (4).

Consequently, various compounds that increase the
permeability of the intestinal epithelium have been used to
facilitate the absorption of incompletely absorbed drugs and
peptides (5). Many natural and synthetic surfactants have
been investigated. The mechanisms of action of most of
these compounds are relatively nonspecific and seem to in-
volve both the transcellular and the paracellular pathways
(6). So far, most studies have focused on the membrane
solubilization properties of the surfactants. As a result, it is
generally assumed that surfactants increase the permeability
of epithelia via the transcellular route. However, in some
studies, clear effects on the tight junctions have also been
observed (e.g., Ref. 7).

A particularly interesting absorption enhancer is the so-
dium salt of the saturated fatty acid decanoic acid (sodium
caprate; C10), which is used in Japan to enhance the absorp-
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tion of drugs in humans (8). C10 is relatively well studied in
comparison to many other absorption enhancers and has
been suggested to enhance absorption by paracellular as well
as transcellular pathways (9,10). Studies published during
the course of this investigation suggest that C10 increases
the permeability of the rat colon mainly by the paracellular
pathway (11).

We recently developed a cell culture model for studying
the effects of pharmaceutical additives and absorption en-
hancers on the human intestinal epithelium (7,12). The
model, which is based on monolayers of the human intestinal
epithelial Caco-2 cell line, has been used to study the ab-
sorption enhancing effects of common wetting agents used in
solid oral dosage forms (12). In this study, investigation of
surfactants has been extended to the absorption enhancing
agent C10. The results show that C10 has a more specific
mechanism of action than the wetting agents and that it re-
versibly enhances the absorption of drugs mainly via the
paracellular pathway.

MATERIALS AND METHODS

Materials

14C_Mannitol (MW 182; sp radioact, 271 mCi/g) and >H-
mannitol (MW 182; sp radioact, 165 Ci/g) were obtained from
New England Nuclear, Boston, MA, through Du Pont Scan-
dinavia AB, Kista. The sodium salt of capric acid (99-100%
purity) was obtained from Sigma Chemical Co, St. Louis,
MO. Potassium fenoximethylpenicillin (penicillin V; PcV;
MW 388) was a gift from Astra Likemedel AB, Sodertilje,
Sweden. Propidium iodide and rhodamine phalloidin were
purchased from Molecular Probes Inc., Eugene, OR.

Cells

Caco-2 cells originating from a human colorectal carci-
noma (13) were obtained from the American Type Culture
Collection, Rockville, MD. The cells were cultivated on
polycarbonate filters for transport experiments (Transwell
cell culture inserts with a mean pore diameter of 0.45 pm;
Costar, Badhoevedorp, The Netherlands) and on polyethyl-
eneterephtalate filters (Falcon cell culture inserts with a
mean pore diameter of 0.45 pm; Becton Dickinson, Oxford,
England) for fluorescence microscopy: 0.4-0.6 X 108
cells/cm? were seeded onto filters and allowed to grow and
differentiate for 21-35 days. The cells were maintained in
Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum, 1% nonessential amino acids, and benzylpenicil-
lin (10 IU/mL) and streptomycin (10 wg/mL) as described
previously (14). Cells of passages 90-100 were used.

Determination of the Critical Micelle Concentration (CMC)

A DuNouy interfacial tensiometer (A. Kruss Optische-
Mechanische Werkstitten, Hamburg, Germany) was used to
determine the critical micelle concentration (CMC) of C10 in
Hank’s balanced salt solution containing 25 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid buffer
(HBSS) without Ca?*. Measurements were performed at
room temperature, 22 = 1°C. The CMC value, obtained from
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a plot of surface tension versus surfactant concentration,
was 13 mM.

Osmolality

Osmolalities were measured with a 5500 Vapor Pressure
Osmometer (Wescor Inc., Logan, UT).

Transport Studies

The transport of '*C- or *H-mannitol and PcV across
Caco-2 cell monolayers was studied as described previously
(14). The transport studies were performed in air at 37°C and
95% relative humidity in HBSS. Solutions were added to the
donor chamber and samples were taken at regular time in-
tervals from the basolateral side. The apparent permeability
coefficient (P,,,) was determined according to the following
equation:

P.,, = dQ/dt 1/AC,

where dQ/dt is the permeability rate (steady state flux,
mol/sec), C, is the initial concentration in the donor chamber
(mol/mL), and A is the surface area of the membrane (cm?).

Absorption Enhancement. The effects of C10 (10-24
mM) on the transport rate of *H- and *C-mannitol (0.20-24
pM) and PcV (10 mM) were studied for 60 min. In general,
HBSS without Ca?>* was used in the apical chamber, while
the basolateral chamber always contained Ca2*. The osmo-
lalities of the C10 solutions never exceeded 350 mOsm. Con-
trol experiments with HBSS to which mannitol had been
added to obtain an osmolality of 350 mOsm showed that this
slightly hyperosmotic solution did not affect the integrity of
the cell monolayers. The transport of PcV across the mono-
layers was found to be a passive process (not shown).

Recovery Experiments. Initially, monolayers were ex-
posed to HBSS for 20 min. The medium was then changed to
HBSS containing 10 mM C10 and *C-mannitol and the cells
were incubated for another 20 min. Finally, the C10 solution
was replaced by Dulbecco’s modified Eagle’s medium con-
taining 10% fetal calf serum, 1% nonessential amino acids,
and '*C-mannitol. This complete medium was needed in or-
der to obtain complete recovery of the monolayers. The
transport rates for *C-mannitol were measured as described
above. Similar experiments, excluding C10, were used as
controls. The absorption enhancement was quantified by
calculating the area under the curve (AUC) with the trape-
zoidal rule:

AUC = pP,_ ¢

app

where AUC is the fraction absorbed of the applied dose
(cm), P, is the apparent permeability coefficient (cm
sec 1), and ¢ is the time (sec).

Transmission Electron Microscopy

Glutaraldehyde-fixed specimens were immersed con-
secutively in 1% osmium tetroxide and 1% uranyl acetate,
dehydrated, and embedded in Epon. Thin sections were
stained with uranyl acetate and lead citrate and examined
with a Philips 420 electron microscope operated at 60 kV.
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Transepithelial Electrical Resistance Measurements

The transepithelial electrical resistance (TEER) was
measured, as described previously (15). The resistance of
the control monolayers was 385 + 19 Q cm? (n = 4).

Fluorescence Microscopy

Membrane Permeability. The intercalating dye, propid-
ium iodide (PI), was used to discern cells with damaged
membranes (16). Propidium iodide does not permeate intact
cell membranes. The monolayers were rinsed twice with
PBS and incubated with 30 png/mL propidium iodide in phos-
phate-buffered saline (PBS) for exactly 3 min. They were
rinsed twice with PBS and fixed for 10 min in 4% formalde-
hyde in PBS on ice before being rinsed again in PBS (four
times). Finally, the filters were mounted on glass slides in a
1:1 solution of PBS and glycerol.

Actin. F-actin was stained with rhodamine-labeled
phalloidin according to the manufacturers’ specification.
Ten microliters of a stock solution (200 U/mL rhodamine
phalloidin in methanol) was evaporated under nitrogen gas.
The residue was redissolved in 400 pL PBS. The monolayers
were rinsed three times with PBS, fixed for 10 min in 4%
formaldehyde in PBS on ice, rinsed with PBS three times,
and extracted over 5 min with 1% Triton X-100 on ice. They
were then rinsed with PBS twice, air-dried, and stained with
rhodamine phalloidin for 20 min in the dark. The monolayers
were again rinsed with PBS three times and the filters were
then mounted on glass slides as described above.

All preparations were examined with a fluorescence mi-
croscope (Zeiss Axioskop, Oberkochen, Germany) fitted
with a x40 objective for oil immersion. The photographs
were taken with a microscope camera (MC 100, Zeiss,
Oberkochen, Germany) and Kodak T-Max 400 film.

Sample Analysis

The radioactive markers were analyzed in a liquid scin-
tillator and PcV was analyzed by an HPLC method at
ASTRA Likemedel AB, Sédertilje, Sweden.

Statistics

All figures are expressed as means + SD. The AUCs
and the effects of calcium were analyzed using the unpaired,
two-tailed Students ¢ test. The concentration- and time-
dependent effects on mannitol and PcV transport were ana-
lyzed using the one-factor ANOVA.

RESULTS

Effects of Ca2*

Initial experiments showed that the addition of C10 to
the buffer used in the transport experiments resulted in pre-
cipitation. No precipitation occurred after omitting Ca2?*
from the buffer (not shown). Therefore, the effect of Ca®™
on the absorption enhancing effect of C10 was investigated.
The depletion of apical Ca’>™ did not affect the integrity of
the cell monolayers. The P, values for *H-mannitol in the
presence and absence of apical Ca?>* were 3.67 = 1.07 x
10~7 and 3.06 + 0.47 x 107 cm/sec, respectively (P >
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0.05). The enhancement of *H-mannitol transport by C10
was concentration dependent in both the presence and ab-
sence of apical Ca®* (Fig. 1, inset). However, the absorption
enhancing effect was higher when Ca®* was excluded from
the apical medium. This finding, together with the potential
difficulties in controlling the Ca®*-mediated precipitation of
C10, motivated the exclusion of Ca®>* from the apical me-
dium in further studies.

Time- and Concentration-Dependent Effects

Exposure to different concentrations of C10 for 20, 40,
and 60 min revealed that the transport of mannitol was de-
pendent on concentration and time (Fig. 1). A clear concen-
tration dependence was observed at 10-24 mM. The time
dependence was studied by determining P, values at con-
secutive time intervals during the exposure to C10. At C10
concentrations of 10 mM the time-dependent effect was
small and nonsignificant, but at 13 mM and higher concen-
trations significant time dependent effects were observed (P
< 0.05). Thus, after the first 20 min of exposure to 13 mM
C10, the P,,, value was 9.22 * 5.55 X 10~7 cm/sec, or four
times higher than in control monolayers exposed to buffer
only (P,,, = 2.36 = 0.54 X 10~7 cm/sec), while the corre-
sponding P,,, value after the last 20 min of exposure was
3.82 = 1.37 x 107° cm/sec, or 15 times higher than the
control (P,,, = 2.62 = 0.20 X 10~7 cm/sec). Experiments
with PcV as a hydrophilic marker drug gave similar results
(Fig. 2).

The effect of C10 (13 mM) on the structure of the tight
junctions was markedly dependent on time (Fig. 3). After a
20-min exposure, less than 5% of the tight junctions were
slightly dilated (Fig. 3b). After a 40-min exposure, approx.
10% of the tight junctions were dilated, and the dilatations
were more pronounced than after the shorter exposure time
(Fig. 3c). After exposure for 1 hr, more than one-third of the
tight junctions displayed large dilatations (Fig. 3d). The junc-
tional structure was, however, partly preserved, with the
cell membranes of adjacent cells remaining in close associ-
ation at the most apical and basal parts of the junctions.
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Fig. 1. Concentration- and time-dependent effects of sodium cap-
rate on the transport of *H-mannitol. The graphs represent P,
values determined during different time intervals after the addition
of sodium caprate: (@) 0-20 min, (O) 2040 min, and (W) 40-60 min,
respectively. Mean values = SD (n = 3). The inset shows the con-
centration-dependent effects of sodium caprate on the transport of
3H-mannitol in the presence (O) and absence (@) of Ca?*. The Poo
values are mean values = SD from 60-min experiments (n = 3).
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Fig. 2. Concentration- and time-dependent effects of sodium cap-
rate on the transport of PcV. The graphs represent P, values de-
termined during different time intervals after the addition of sodium
caprate: (@) 0-20 min, (O) 2040 min, and (W) 40-60 min, respec-
tively. Mean values = SD (n = 3).

Moreover, the adherence junctions were unaffected by the
C10 exposure. Similar dilatations were found in the presence
of Ca’™ in the apical medium (Fig. 3¢). The morphology of
the apical cell membranes after exposure to C10 was gener-
ally indistinguishable from control cells (not shown).

The effect of C10 on TEER was immediate (Fig. 4).
Exposure to 10, 13, and 16 mM CI10 for 1 min reduced the
resistance to approximately 75, 50, and 30% of the initial
value, respectively. At the lowest concentration (10 mM) of
C10, no further decrease with time could be observed after
the first min. After exposure to 13 and 16 mM C10, the initial
rapid decrease was followed by a second phase during which
the resistance continued to decrease slowly. However, no
further decrease in the resistance was observed after the
initial 10 min. Thus, the resistance values after exposure to
C10 for 10 and 60 min were comparable (data not shown).

Exposure to C10 also resulted in an increase in the per-
meability of the apical cell membrane, as detected with the
fluorescent probe propidium iodide (Fig. 5). The untreated
control monolayers had intact cell membranes and were not
stained by propidium iodide (Fig. 5a). After exposure to 13
mM C10 for 1 min, patches of stained cells could be ob-
served, indicating that C10 rapidly increased the permeabil-
ity of the apical cell membranes of these cells (Fig. 5b). The
number of stained cells increased slightly during the first 20
min of exposure (Fig. 5¢c). No further increase in the number
of stained cells could be observed after longer exposure
times (40 and 60 min; not shown).

Reversibility of the Absorption Enhancement

The highest concentration of C10 to enhance the trans-
port of mannitol in a reversible manner after 20 min of ex-
posure was 10 mM (Fig. 6). The recovery could be divided
into two phases, one initial rapid phase which lasted for
approx. 40 min and a second slower recovery phase (Fig. 6).
The area under the curve (AUC) after exposure to C10 was
approximately 10 times higher than for the untreated control
(P < 0.001). Thus, the absorption enhancement was larger
than that obtained in previous experiments (see Fig. 1). This
can be explained partly by the change from *H-mannitol in
the previous experiments to *C-mannitol in the recovery
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Fig. 3. Time-dependent effects of 13 mM sodium caprate on the structure of the tight junctions. The bars
indicate 0.2 pm. (a) Control cells with tight junction (1) and adherence junction (2). (b) Cells exposed to
sodium caprate for 20 min. Note the structural deformation of the tight junctions in the form of a dilatation
(arrowhead). (c) Cells exposed to sodium caprate for 40 min. A large dilatation can be seen in the tight
junction. Note that the most apical part of the tight junction remains attached (arrowhead). (d) Cells
exposed to sodium caprate for 60 min. One large (1) and one small (2) dilatation in the tight junction can
be seen. Note the dense staining of the apical cell membrane surrounding the larger dilatation, indicating
an intact cell membrane (small arrowheads). The structure of the adherence junction is normal (large
arrowhead). (¢) Cells exposed to 13 mM sodium caprate for 60 min in medium containing Ca’*. A
dilatation can be seen in the tight junction (1). Note that the most apical part of the tight junction remains
attached (arrowhead).
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Fig. 4. Effect of 10 mM (O), 13 mM (@), and 16 mM (O) sodium

caprate on TEER. (B) Control cells exposed to buffer only. Mean
values = SD (n = 3).

experiments. Since different batches of *H-mannitol were
found to have different permeability coefficients, despite re-
moval of tritium-labeled water by evaporation, we substi-
tuted *H-mannitol for '*C-mannitol. The latter had a P,
value approximately three times lower than that of *H-
mannitol, and consequently, in Fig. 6, the P, value of the
control is at least three times lower than those presented in
the earlier experiments. Another explanation for the differ-
ence may be related to the different design of the experi-
ments. In the recovery experiment, P, continued to in-
crease rapidly for at least 20 min after the removal of C10.
The increase was faster than that observed without removal
of C10 (Fig. 1). It is possible that the change of medium in
the recovery experiment diluted essential repair factors pro-
duced by the monolayers with delayed recovery as a result.

The reversible effects on mannitol transport coincided
with reversible effects on the cellular distribution of F-actin
(Figs. 6a—d). After exposure to C10 (10 mM) for 20 min,
areas with markedly diminished or disbanded actin staining
were found, and the F actin appeared more aggregated than
in untreated controls (Figs. 6a and b). Forty minutes after
exposure, cells with disbanded actin could still be observed.
In some cases the perijunctional F actin rings of adjacent
cells were clearly separated (Fig. 6¢). Ninety minutes after
exposure, the intensity of the actin staining was almost re-
stored but the actin was still more aggregated than in con-
trols (Fig. 6d).

The effects of a 20-min exposure to C10 (10 mM) on the
cellular morphology were similar to but less pronounced
than those produced by 13 mM C10 (Fig. 3). Twenty minutes
after exposure, clear dilatations were observed in approx.
5% of the tight junctions (transmission electron microscopy;
data not shown). After the initial (40-min) recovery period,
the dilatations were fewer but persisted in some cells. After
90 min of recovery no dilatations were observed.

DISCUSSION

The effects of C10 on epithelial integrity and drug ab-
sorption are complicated by its ability to complex with Ca2*
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(17,18). This is not unique for C10; many lipids, including
bile acids and other fatty acids, complex with Ca®* (19,20).
The formation of biologically inert Ca®* soaps is believed to
be an important mechanism for the protection of the intes-
tinal mucosa against the irritating effects of the dietary lipids
(17,19,20). Indeed, in studies on the effects of C10 on the
intestinal epithelium, Ca?* reduces the absorption enhanc-
ing effect of C10 to a minimum (21).

Similar results were found in this study: a clear reduc-
tion of the absorption enhancement was observed in the
presence of CaZ*. The magnitude of the reduction is consis-
tent with the Ca?* binding capacity of C10 reported previ-
ously (18): approximately 3.7 mM C10 is required to com-
plex all of the Ca®™ in the buffer in this study. Thus, if we
assume that C10 is inactive as a Ca?* complex, a 3.7 mM
excess of C10 would be required in the presence of apical
Ca®* to produce the same response as in the absence of
apical Ca®™. This is in excellent agreement with our exper-
imental results (see inset in Fig. 1). This shows that in the
present study as well as in the in vivo situation (where the
extracellular Ca®>* concentration is of the same magnitude as
in our buffer), only a fraction of the C10 will be ‘‘neutral-
ized”” by Ca?* complexation. Thus the removal of Ca’*
from the apical side of the monolayers will have only a lim-
ited effect on the results. Indeed, 13 mM (0.25%) of C10 was
recently used to enhance drug absorption across the rat co-
lon, suggesting that C10 functions as absorption enhancer at
the same concentrations in the rat colon as in Caco-2 mono-
layers (11). Since the integrity of the intercellular junctions is
dependent on Ca?™*, cellular access to Ca2* was achieved by
keeping the Ca?>* at normal physiological levels on the ba-
solateral side of the cells. In this way, the structural integrity
of the Caco-2 cell monolayers could be preserved.

The kinetics of the effect of C10 on the TEER and the
integrity of the cell membranes were comparable to those
previously observed for the anionic synthetic surfactant so-
dium dodecyl sulfate (7). In both cases, a distinct effect was
observed within 1 min of addition of the surfactant. How-
ever, while transmission electron microscopy showed that
sodium dodecyl sulfate incubation resulted in severe damage
to the apical cell membranes of the Caco-2 cells, the effects
of C10 were less pronounced and no wounds could be ob-
served, despite the tests with propidium iodide which indi-
cated that C10 increased the membrane permeability. We
conclude that the propidium iodide assay is a more sensitive
marker of membrane permeability than conventional trans-
mission electron microscopy.

Tomita et al. have shown that C10 interacts with mem-
brane proteins and lipids of brush border membrane vesicles
from rat colon at concentrations as low as 0.02% (10). This
concentration is approx. 10 times lower than the lowest con-
centration to produce significant absorption enhancement in
this study (10 mM = 0.19%). Thus, the results of Tomita ef
al. suggest that membrane perturbation may occur at con-
centrations that are substantially lower than those resulting
in absorption enhancement. Consequently, membrane per-
turbation may not be an ideal marker for C10-mediated ab-
sorption enhancement.

In contrast to the findings with the other anionic surfac-
tants (12), exposure to C10 resulted in an increased transport
rate with time. The increase was not specific for the drug
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Fig. 5. Cells stained with propidium iodide. The bars indicate 20 pm. (a) Control cells exclude propidium iodide. Cells exposed to 13 mM
sodium caprate for (b) 1 min and (c) 20 min.

since similar increases were obtained when the transport of
two markers, mannitol and PcV, was studied. PcV was used
as an alternative marker molecule since it is an example of a
commonly used hydrophilic drug associated with problems
of absorption and since incompletely absorbed antibiotics
have previously been used extensively in studies on absorp-
tion enhancement (9,22,23).

Exposure to C10 resulted in structural deformations of
the tight junctions in the form of dilatations. The number and
size of the dilatations increased with time, indicating that the
observed time-dependent increase in permeability involves
the paracellular route. Several alternative explanations can
be advanced to account for the changes in the junctional
structure. Lack of Ca’?* is known to affect the junctional
integrity, especially during the formation of tight junctions
(24). However, it is unlikely that the effect of C10 on the
tight junctions is caused by the depletion of Ca®* since Ca®*
was absent in the apical medium of the control monolayers
without any effects on junctional integrity. In addition, dila-
tations in the tight junctions caused by C10 were indepen-
dent of the Ca®* concentration. Further, the structure of the
adherence junctions, which are situated below the tight junc-
tions (24), was preserved during the exposure to C10.

Another and perhaps more likely explanation for the
dilatations in the tight junctions could be that the interaction
between C10 and the cell membrane results in intracellular
responses, such as mobilization of the intracellular Ca**
stores and contraction of the perijunctional actin ring. Such
changes have previously been suggested to alter the perme-
ability of tight junctions (7,25-28). However, in those stud-
ies, no structural changes in the tight junctions were ob-
served or, alternatively, the structural changes were more
subtle than those obtained after exposure to C10.

It has recently been established that high tuminal con-
centrations of nutrients in the form of amino acids and/or
sugars induce structural changes in the tight junctions and
enhance the absorption of hydrophilic solutes via the para-
cellular pathway (3,29). Interestingly, the structural changes

induced by the nutrients are similar to those obtained with
C10 in this study. It has been suggested that activation of
Na " -nutrient cotransporters is the triggering event that
eventually causes dilatations of, and increased absorption
across, the tight junctions (3,29). This suggestion is consis-
tent with preliminary results in our laboratory indicating that
the effects of C10 are sodium dependent and with the results
obtained by Shiga er al. showing that the effect of C10 is
inhibited by ouabain, an inhibitor of Na™ transport (30). It
can therefore be hypothesized that not only nutrients in the
form of amino acids and sugars, but also lipids in the form of
fatty acids may regulate epithelial permeability.

The reversible effect of C10 on mannitol transport was
consistent with reversible effects on F actin distribution and
the tight junctions. The redistribution of F actin was com-
parable to that observed after exposure to, e.g., cytochalasin
D, Chlostridium difficile toxin A, and sodium dodecyl sulfate
(7,25,26), agents known to affect the permeability of the tight
junctions. However, the structural alterations of tight junc-
tions induced by C10 were more pronounced than those ob-
served in the previous studies.

Interestingly, the effects of C10 on the intestinal epithe-
lium are more selective than those of other, previously in-
vestigated, synthetic and natural anionic surfactants (7,12).
However, whether C10 has all the properties required of a
selective absorption enhancer remains to be seen. As with
other anionic surfactants, the effects of C10 are concentra-
tion dependent. At higher concentrations than those used in
the present investigation, the effects on the intestinal epithe-
lium include membrane solubilization, cell extrusion, and
cell death (data not shown).

The recovery of the Caco-2 cell monolayers from the
effects of C10 was as rapid as the recovery of denuded villus
tips after exposure to emulsified tipids (31). Thus, in the
different models, the intestinal epithelium recovered within
the first few hours. These results may be relevant to studies
on absorption enhancers. In such studies, the morphological
effects of the enhancers are often examined after completion
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Fig. 6. Top: Reversible effect of 20-min exposure (arrows) to sodium caprate (10 mM) on “C-mannitol transport
(@). No absorption enhancement was observed in the control monolayers (O). Mean values = SD (n = 3-6). The
letters a, b, ¢, and d refer to the photomicrographs below. Bottom: (a—d) Cells stained for F actin with rhodamine-
phalloidin before and at different times after 20-min exposure to 10 mM sodium caprate; cf. the letters a—d in the
graph above. The bars indicate 20 um. (a) Control cells with typical perijunctional F actin rings (large arrowhead)
and microvilli (small arrowhead). (b) Directly after the exposure to sodium caprate, cells with disbanded peri-
junctional rings appeared (large arrowhead). The actin was generally more aggregated than in the control cells
(small arrowheads). (¢) Forty minutes after the exposure, cells with disbanded actin could still be observed. In
some cases, the normally closely apposed perijunctional F actin rings of adjacent cells were clearly separated
(arrowheads). (d) Ninety minutes after the exposure the actin distribution was normalized, but the actin was
generally more aggregated than in the control cells (arrowheads).
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of the absorption experiments. Since absorption experi-
ments often last for several hours, the epithelium may have
recovered even from complete denudation by this time.
Thus, morphological examinations performed several hours
after the administration of an absorption enhancer may be
misleading.

In summary, we conclude that C10 mainly increases the
absorption of drugs by the tight junctions. We also conclude
that C10 is a more selective absorption enhancer than other
synthetic (sodium dodecyl sulfate, docusate sodium, sodium
taurodihydrofusidate) and natural (bile acids) anionic surfac-
tants that we have investigated in the Caco-2 model (7,12).
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