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ABSTRACT

The permeability of some guanine derivatives (acyclovir [ACV], deoxyacyclovir
[DCV], and their N-acetyl congeners) through native porcine mucus and crude
porcine mucin dispersions (30% and 50% w/v) was investigated in two-compart-
ment dialysis cells. High correlation between apparent permeability coefficients
Papp of tested substances determined in these two models was observed, although
the examined compounds permeated faster through the native mucus. It was also
established that Papp values decrease with increasing hydrophilicity and molecular
mass of the tested substances. Furthermore, the influence of some substances that
affect mucus structure (cysteine, N-acetylcysteine [NCY], sodium taurocholate
[ST], and sodium chloride) on the permeation rate of the examined compounds
through mucus and mucin dispersions was examined. It was shown that the Papp
values of guanine derivatives were generally lower after the addition of these
substances to the native mucus and mucin dispersions, although the lowering
effect was more pronounced in the case of native mucus.
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INTRODUCTION

Mucus forms a continuous viscoelastic and water-
insoluble gel layer on the gastrointestinal cell surface,
where its primary function is acting as a lubricant
and a protective barrier against harmful agents,
such as hydrogen ions and pepsin (1). Second, the
gastrointestinal tract (GIT) mucus layer acts as a
barrier to the diffusion and/or absorption of various
drug molecules, although there are some disagree-
ments about which components of mucus are
responsible for the barrier properties (2–7). Recent
studies (5,7) indicate that the most important is the
distribution of drugs to the hydrophobic areas
within the mucus since it was established that high
lipophilicity correlates with low diffusion of drugs
through pig intestinal mucus. Moreover, it was
found that the purified (delipidized) pig gastric
mucin gives limited information about drug-mucus
interaction (7).
The primary aim of this study was to compare

the permeability of some guanine derivatives
(acyclovir [ACV], deoxyacyclovir [DCV], and their
N-acetyl derivatives NAcACV and NAcDCV)
through native pig gastric mucus and through the
aqueous dispersions of crude pig gastric mucin
(CPGM), which was evaluated as a potential model
for native mucus. In addition, the effect of some
agents that affect mucus structure (i.e., cysteine, N-
acetylcysteine [NCY], sodium chloride, and sodium
taurocholate [ST]) (3,8) on the permeability of
tested guanine derivatives through native porcine
mucus and CPGM dispersions also was investi-
gated. Finally, an attempt was made to clarify the
discrepancy between in vitro and in vivo data for
ACV and DCV. It was reported (9) that DCV
permeates slower than ACV through rat jejunum in
side-by-side diffusion cells, although DCV exhibits
much higher oral bioavailability in humans (>75%)
compared to ACV (15%–20%) (10).

EXPERIMENTAL

Materials

Acyclovir, deoxyacyclovir, and their N-acetyl
congeners were synthesized at the National Institute
of Chemistry, Ljubljana, Slovenia (11); the purity
determined by high-performance liquid chromatog-
raphy (HPLC) was more than 99%. The fluorescent
marker, disodium fluorescein, was purchased from

Fluka. Crude pig gastric mucin (type II), L-cysteine
(CY), NCY, and ST were obtained from Sigma (St.
Louis, MO).

Permeability Experiments

Porcine gastric mucus was obtained from an
abattoir using healthy animals immediately after
slaughter. The stomachs were split open; the lumi-
nal surface was washed with water; and the gel was
collected by gently scraping the mucosal surface with
a metal scoop. Pooled mucus scrapings (ca. 100 g)
from 4–6 stomachs were stored at 4�C until the per-
meation studies (not longer than 24 h). The 30%
and 50% (w/v) dispersions of CPGM were
prepared in the same manner as described
previously (12).
Permeability experiments carried out at room

temperature (23�C� 2�C) were performed in
equilibrium dialysis cells (Scienceware, USA) con-
sisting of two half chambers (volume of each half
chamber was 1 cm3) separated by a dialysis cellulose
membrane (exposed area was 2.01 cm2) with a
cutoff of 6000–8000 (Spectra/Por, molecular porous
membrane tubing, Thomas Scientific, USA). The
donor compartment was filled with an investigated
dispersion (native mucus, 30% or 50%w/v disper-
sions of CPGM), while the acceptor compartment
was filled with phosphate buffer (pH 6.7). In the
case of reference experiments, both compartments
were filled with phosphate buffer (pH 6.7) only. The
initial concentrations of tested guanine derivative
and the fluorescent transport marker (fluorescein) in
the donor compartment were 0.5mM and 5 mM,
respectively. When necessary, the substance that
affects mucus structure was added to the donor
compartment in the concentration of 0.74M [similar
high concentrations were used previously in the
rheological investigations of mucus and mucin dis-
persions (8) and showed a very pronounced effect
on viscosity]. At 20-min intervals up to 80min,
100-ml samples were taken from the acceptor com-
partment and replaced by the same volume of
phosphate buffer (pH 6.7).
It was also established by monitoring the concen-

tration of examined substances in the solution bath-
ing the dialysis cells and cellulose membrane without
native mucus or CPGM dispersions that there was
no binding of examined substances to the cellulose
membrane or to the dialysis cells. No change of
concentration was observed for at least 2 h.
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Because of the membrane high cutoff, the osmot-
ic pressure cannot influence the diffusion of tested
compounds; as well, the Donnan equilibrium, which
might be established because of huge mucin mole-
cules, could not affect the permeability of guanine
derivatives since these compounds are not ionized at
experimental pH.

Analytical Procedures

The samples taken from the acceptor compart-
ment were assayed by HPLC analysis using a
Nucleosil C-8 (5 mm, 250� 4 mm, id) and a mobile
phase composed of phosphate buffer (pH 7.9,
m¼ 0.05), methanol, and acetonitrile at different
proportions, depending on the substance analyzed.
The detection was by ultraviolet absorption for the
guanine derivatives and fluorescence for fluorescein.

Analysis of Transport Data and Statistic

The in vitro apparent permeability coefficient
Papp for transport of the substance from donor to
acceptor compartment was calculated according to
the following equation:

Papp ¼
dC

dt
�

V

C0 � A

where dC/dt is the change in concentration per unit
time in the acceptor compartment, V is the volume of
acceptor compartment, A is the exposed surface area,
and C0 is the initial concentration of the diffusing
molecule.
Means plus or minus standard deviation are

provided throughout, and the differences (t test)
were considered significant at the P<.05 level.

RESULTS AND DISCUSSION

The CPGM is commercially available and was
tested as a possible alternative to the native mucus
for permeation studies. The experiments were per-
formed in the equilibrium dialysis cells similar to
those used by Matthes et al. (4) for studies on drug-
mucus interaction. CPGM cannot reconstitute the
gel structure at the same concentration as native
mucus (5%w/v) (12). Therefore, 30% and 50%
(w/v) dispersions of CPGM were prepared.
It was shown previously that 30% CPGM disper-

sion has similar rigidity properties to the native

porcine gastric mucus, although at this concentra-
tion, no gel is formed. The 50% CPGM dispersion
is much more rigid than native porcine gastric
mucus, and it forms a gel similar to that of native
mucus, although not as strong (12). The results in
Table 1 show that all Papp values obtained for the
permeation of the tested substances through CPGM
dispersions are lower than those obtained for native
mucus, indicating that the interactions of these
molecules with CPGM are much more pronounced
than those with native mucus. In addition, the
higher complex viscosity of 30% and 50% CPGM
dispersions compared to the native mucus (8) goes
well with the lower permeability of tested com-
pounds in the case of CPGM dispersions. However,
one can observe good correlation between the Papp
values obtained in native mucus and the CPGM
model (Pearson coefficient r¼ 0.99) (Fig. 1).
The Papp values obtained under control condi-

tions (buffer solution in both compartments) and
with native mucus differ significantly only for ACV
(P<.05) and even more in the case of the marker
fluorescein (P<.0001), while for DCV, NAcACV,
and NAcDCV, we did not find any statistical differ-
ences (Table 1). This suggests that mucus represents
an absorption barrier only for ACV and fluorescein
in the case of the tested compounds. The marker
fluorescein, which permeated through the native
mucus at the lowest rate, is added to the donor com-
partment in the form of disodium salt, and ACV is
the most hydrophilic substance (it has the lowest
logP value, �1.57) among the tested guanine deriva-
tives. Mucus/mucin interactions with polar/ionized
groups of tested molecules are also supported with
positive correlation between logP (octanol/water)
and Papp values in the case of native mucus (r¼
0.91), as well as in the case of CPGM (r¼ 0.89 and
r¼ 0.90 for 30% and 50%w/v dispersions, respec-
tively) (Table 1). On the other hand, Papp values for
the permeation of tested substances through native
mucus and CPGM dispersions decreased with the
molecular weight of the substances.
The influence of some substances (which affect

mucus structure) on the permeation of tested gua-
nine derivatives through native mucus and CPGM
dispersions was also studied. Cysteine and N-acetyl-
cysteine act as mucolytic substances, and they
degrade the disulfide bridges between the glycopro-
tein subunits. This leads to the reduction of visco-
elastic properties of mucus (3,8,14). One can see
that almost all Papp values of tested substances
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decreased significantly after the addition of cysteine
or N-acetylcysteine to the native mucus, while for
the CPGM dispersions, only a few values decreased
(Table 1). The effect of these two mucolytic com-
pounds is most probably based on the degradation
of mucin macromolecules into smaller entities, and
thus more interactions can take place between the
permeated molecule and mucus. The degradation
products of polymeric glycoproteins caused by
cysteine or N-acetylcysteine in the donor compart-
ment could be noticed also as additional peaks in
HPLC chromatograms during analysis of the accep-
tor phase. Some degradation products are probably
small enough and thus permeate through the
dialysis membrane to the acceptor phase.
Sodium chloride and sodium taurocholate affect

mucus structure by disrupting the ionic and second-
ary bonds between or within the carbohydrate chains
(3). The action of sodium chloride results only in
small changes in gel structure (15). Consequently,
the smallest effects on Papp values were observed
when this electrolyte was added to the native mucus
and CPGM dispersions (Table 1). The most pro-
nounced reduction of the permeability through
native mucus and CPGM dispersions was observed
after the addition of sodium taurocholate (Table 1).
The explanation for this phenomenon could be that
taurocholate and glycoproteins may compete with
each other with respect to the binding of the diffus-
ing compounds, resulting in a reduced permeation
rate (16).
On the basis of the results obtained for the per-

meation of examined guanine derivatives through
native mucus and CPGM dispersions, one cannot
explain the above-mentioned discrepancy between
in vitro and in vivo data for ACV and DCV perme-
ability and bioavailability. However, the permeabil-

ity experiments through mucin dispersions were
designed in completely different ways than the per-
meability experiments through rat jejunum in vitro
in a previous study (9), and therefore the results
(Papp values) of both studies cannot be compared
directly. On the other hand, the differences in Papp
values for ACV and DCV determined in mucin
dispersions are relatively small, indicating that the
permeability of these substances through rat
jejunum (i.e., mucosa) is the rate-limiting step
rather than permeability through mucus.

CONCLUSION

Native porcine mucus and CPGM dispersions
could offer relatively similar experimental conditions
for the studied substances, but the values of Papp
and the reduction of Papp values after the addition
of substances that affect mucus structure in CPGM
dispersions were in general lower than those for
native mucus. Therefore, it might be questionable to
replace native mucus with CPGM in the experi-
ments when absolute values for Papp are needed.
Because of stronger mucus/mucin interactions with
more polar ACV and fluorescein, we suggest that
native mucus represents a more rigorous absorption
barrier for polar/ionized compounds than for
nonpolar ones.
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11. Štimac, A.; Kobe, J. Synthesis 1990, 461.

12. Kocevar-Nared, J.; Kristl, J.; Šmid-Korbar, J.
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