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Abstract

In the present study, the permeation characteristics of a hydrophilic basic compound (HBC) in a bio-mimetic parallel ar-
tificial membrane permeability assay (bio-mimetic PAMPA) were investigated in detail. The bio-mimetic PAMPA membrane
was constructed on a hydrophobic filter by impregnating a lipid solution consisting of phosphatidylcholine (0.8%, w/w), phos-
phatidylethanolamine (0.8%, w/w), phosphatidylserine (0.2%, w/w), phosphatidylinositol (0.2%, w/w), cholesterol (1.0%, w/w),
and 1,7-octadiene (97.0%, w/w). The pH—permeability curve (pH 3—-10), the effect of lipid composition, concentration dependency
(0.02—2.00 mM), and inhibition by other cationic compounds, were investigated for several HBCs. Ketoprofen and methylchlor-
promazine were also employed as an acidic and a quaternary ammonium compound, respectively. At pH 3—6, the permeability of
timolol, a HBC, was higher than expected from the pH-partition hypothesis, especially in the Pl-containing membrane, whereas
the pH—permeability curve of ketoprofen followed the pH-partition hypothesis. Permeation of HBC was saturable and inhibited
by basic and quaternary ammonium compounds. Similar results were also found for methylchlorpromazine. The permeation
characteristics of HBC observed in the present study are not usually expected in a passive permeation process across an artificia
membrane. The participation of facilitated permeation of cationic species was suggested, in addition to a simple passive diffusion
of un-dissociated species. lon pair transport was suggested as a possible permeation mechanism of cationic species. However
further investigation is necessary to clarify the reason for the permeation characteristics of HBC.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Di et al.,, 2003. PAMPA is an application of a
filter-supported lipid membrane, and is completely
The parallel artificial membrane permeation assay artificial, without pores or active transport systems
(PAMPA) is currently used in many pharmaceuti- (Thompson et al., 1992 Previously, we constructed
cal companies as a rapid in vitro assay of passive a bio-mimetic version of PAMPA (bio-mimetic
bio-membrane permeation in the drug discovery PAMPA) (Sugano et al., 200}a The lipid com-
stage Kansy et al.,, 1998; Kerns, 2001; Sugano position of the bio-mimetic PAMPA membrane is
et al., 2001a; Wohnsland and Faller, 2001; Barton similar to the intestinal brush border membrane, e.g.
et al., 2002; Veber et al., 2002; Zhu et al., 2002; phosphatidylcholine (PC)/phosphatidylethanolamine
(PE)/phosphatidylserine  (PS)/phosphatidylinositol
"+ Corresponding author. Tel+81-550-6707: (PI)/choIeste_roI (_CHO_) Rroulx, 1991; Lipka et al.,
fax: +81-550-5397. 1991). The bio-mimetic PAMPA membrane was neg-
E-mail address:suganokyh@chugai-pharm.co.jp (K. Sugano). atively charged by anionic phospholipids, i.e. PS and
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Pl. The bio-mimetic PAMPA was found to quan-
titatively predict the oral absorption of structurally
diverse compounds including hydrophilic basic com-
pound (HBC) Sugano et al.,, 2001a, 2002, 2003
Several other PAMPA membrane variations also
contain anionic lipids Barton et al., 2002; Avdeef,
2003; Di et al., 2008 Addition of anionic lipids to

the membrane was found to increase the permeabil-

ity of HBC, resulting in the satisfactory prediction
of in vivo absorption $ugano et al., 2001a; Barton
et al., 2002; Avdeef, 2003 However, reason(s) be-
hind the HBC permeation enhancement by anionic
lipids remains unclear. Previously, in the bio-mimetic
PAMPA, permeation of acidic compounds was found
to follow the pH-partition hypothesidHpgben et al.,
1959; Sugano et al., 200LHowever, permeation of
some HBCs, i.e. timolol, pindolol, etc. did not follow
the pH-partition hypothesisSligano et al., 200}b
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2.2. Permeability studies

Permeability measurement was performed in the
same manner as described previouSydano et al.,
20013. A 96-well microplate (acceptor compartment)
was filled with a buffer solution. The buffer solutions
consisted of 50mM sodium citrate (pH 3.0-5.5),
50 mM sodium phosphate (pH 6.0-7.5) and 50 mM
sodium borate (pH 8.0-10.0). pH 6.0 was used ex-
cept in the pH dependency study. The ionic strength
of the buffer was adjusted to 0.23 M by NaCl. A hy-
drophobic filter plate (donor compartment) was fixed
on the buffer-filled plate. The filter surface was im-
pregnated with pul lipid solution in 1,7-octadiene.
(1,7-Octadiene is an irritant and inhalation should be
avoided.) PE, PS, and Pl were added at 0.8% (w/w),
0.2% (w/w), and 0.2% (w/w), respectively, and the
total phospholipid concentration was adjusted to 2.0%

In the present study, the permeation characteristics of (w/w) by PC. CHO was added at 1.0% (w/w). The

HBC across a bio-mimetic PAMPA membrane were
investigated in detail.

2. Materials and methods
2.1. Materials

Pindolol, timolol maleate, metoprolol tartrate, ke-
toprofen, tetrahexyl ammonium chloride, propanthe-
line bromide, procainamide hydrochloride, PS, PI,
and CHO were purchased from Sigma Chemical (St.
Louis, MO, USA). PC and PE were purchased from
Nippon Oil & Fats Corporation (Tokyo, Japan). Pro-
pranolol hydrochloride, diphenhydramine hydrochlo-
ride, chlorpheniramine hydrochloride, tetra-alkyl
ammonium chlorides except tetrahexyl ammonium
chloride, trialkylamines, choline, methyliodide and
1,7-octadiene were purchased from Tokyo Kasei
Kogyo (Tokyo, Japan). Chlorpromazine hydrochlo-
ride and guanidine hydrochloride were purchased
from Wako Pure Chemicals (Tokyo, Japan). Other
reagents were of analytical grade. The hydrophobic
filter plate (PVDF, pore size 0.48m) was purchased
from Millipore Corporation (Bedford, MA, USA).
Methylchlorpromazine iodide was synthesized from
chlorpromazine and methyliodide in our laboratory
(Huang et al., 1970 The structure of methylchlor-
promazine was ascertained Byl NMR (270 MHz).

lipid composition used in each assay is indicated in the
text as an enumeration of lipid species. For example,
PC (1.2%), PE (0.8%), CHO (1.0%) in 1,7-octadiene
is indicated as PC/PE/CHO. A sample solution
(0.5mM, 100wl or otherwise noted in the text) of
the same buffer was added to the filter plate and
incubated at 30C for 2 h (or 15 h in the methylchlor-
promazine study). The filter plate was then carefully
removed. The concentration of the solution in the
acceptor compartment was determined by UV spec-
troscopy, using the microtiter plate reader Spectramax
190 (Molecular Devices) at 240-440 nm at intervals
of 10nm Kansy et al., 1998 A blank assay without

a sample was also performed and the UV spectrum
of the blank assay was subtracted from that of the
sample assay. The apparent permeability through
the artificial membraneRyy) was calculated using
Eq. (1) In the concentration dependency study and
the inhibition study, the concentration in the acceptor
compartment was quantified by HPLC (Alliance 2790
separation module, Waters) using a C18 column
(Develosil ODS-UG-3, #mm x 75mm, Nomura
Chemical Co., Ltd.) with 1 ml/min flow rate. The
mobile phase was consisted of 20% acetonitril and
0.1% trifluoroacetic acid. Detection wavelengths of
timolol, pindolol, and metoprolol were, 290, 265, and
270 nm, respectively. The flux ratd, (mmol/cnt/s)
was calculated as a product of initial concentration
(mM) andPgm.
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P — 2303 VanVac 1 of permeability. Therefore, the apparent permeability
am = TESSX VT Vae - St (Pam) was expressed as,
flux % 1 1 1
xlog|1— 1 —_— = 5
g( 100) () Pam Pm+PUWL ()
By combiningEgs. (3)—(5) Pam was obtained as,
Fqu%:EX Vdn+VacX100 @ y gEgs. (3)—(5) Pam
Cdo Vdn 1 1+ 10PKapH 1
— = + (base (6)
where Vg (ml) = volume of the donor compart- Pam Po Pywr
ment (0.1 ml),Vac (ml) = volume of the acceptor 1 1+ 10PHPKa 1
compartment (0.30 or 0.38 mlfj3c = concentration — = + (acid) )
Pam Po PuwL

in the acceptor compartment after incubation (mM),
Cdo = concentration of the initial donor compartment Eqs. (6) and (7)were fitted to the observed pRam

(mM), S(cm?) = membrane area (0.266 éjnt (s) = curves of timolol and ketoprofen, respectively. Curve

incubation time. fitting of Eqgs. (6) and (7Wwas calculated by the least
square method (EXCEL 2000, Microsoft, Redmont,

2.3. pH—-permeability equation WA, USA). Sum of squares of the difference between

calculated and observéty,, was minimized using the

The pH-—permeability equation is based on the Quasi-Newton method.
pH-partition hypothesis and corrected for the ef-
fect of the unstirred water layer (UWL)Walter 2.4. Statistical analysis
and Gutknecht, 1984; Avdeef, 2001n a buffered
medium, dissociable compounds exist as an equi- The paired-test, Dunnett’s test or Tukey’s test was
librium of un-dissociated and dissociated (charged) used to evaluate the significance of difference. A min-
species. Membrane permeation of dissociable com-imum P-value of 0.05 was used as the significance
pound is sum of permeation of both un-dissociated level for all tests.
and dissociated species. In the pH—permeability equa-
tion, the following assumptions are made: (a) mem-
brane permeation of charged species is negligible, 3. Results
(b) membrane permeation of un-dissociated species
is a simple passive diffusion across a membrane and3.1. pH-Rm curve and its membrane composition
constant over the employed pH range, (c) UWL per- dependency
meation is a simple passive diffusion and constant
over the employed pH range, and (d) effects of other  In the case of timololKig. 1A), in the range of pH
factors on apparent permeability is negligible. From 7.5-10.0, the pHPay, curves were similar for each

the assumptions (a) and (b), we obtain, membrane composition. The pHam curve in this pH
range was analyzed liq. (6) In this pH range, the
Py = L_ (base () pH-Pam curve adhered tag. (6) ThePg andPyw of
14 10pKapH timolol in the PC/PE/PS/PI/CHO membrane were ob-
Po _ tained as Bx 103 and 26 x 10> cm/s, respectively.
Pm = 15 10Foka (acid) (4) However, at pH< 7.5, the pHP,m curves deviated

from Eq. (6)and differed for each membrane compo-
where Py, is the membrane permeability is the sition. The deviation fronfEq. (6)was more markedly
intrinsic membrane permeability of un-dissociated observed in the PC/PI and PC/PE/PS/PI/CHO mem-
species, andK, is the dissociation constant. It may branes than in the PC, PC/PE, PC/PS, and PC/CHO
be assumed that total resistance to permeation is themembranes. At pH< 5 in the PC/PE/PS/PI/CHO
sum of the resistances of the membrane and UWL on membrane, timolol was more than 100-fold more per-
each side of the membrane. Resistance is the inversemeable than predicted frofq. (6) At the physiolog-
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- the meant S.D., n = 6.
8 1.0E-05
k= In the case of ketoproferF{g. 1B), the pH-Pam
é" curves of the PC and PC/PE/PS/PI/CHO were similar
g for all pH ranges. The pHm, curves in the range of
1.0E-06 5.0-8.0 were analyzed yqg. (7) No deviation from
Eq. (7)was observed. Theg andPyw of ketoprofen
in the PC/PE/PS/PI/CHO membrane were obtained as
9.4 x 102 and 61 x 10~°cml/s, respectively.
1.0E-07 ‘ ‘ :
5.0 6.0 7.0 8.0 .
H 3.2. Concentration dependency of the HBC flux rate
(B) p
Fig. 1. pH-permeability Rar) profile of (A) timolol and (B) The concentration dependenc_y of the tim_o!ol, meto-
ketoprofen. Lipid composition: PQJ), PC/PE ), PC/PS [0), prolol, and pindolol flux rates is shown iRig. 2
PC/PI @), PC/CHO @A), and PC/PE/PS/PI/CHOM). Pam of In the PC/PE/PS/PI/CHO membrane, the flux rate of

timolol at pH < 4 in the PC/PS membrane affdm of ketoprofen these compounds showed saturable concentration de-

at pH > 8 were less than the_detectlon limit. Each point represents pendency. In the PC membrane, the flux rate was also

the mean ofn = 3-6. In typical cases, CV was less than 20%. .

The solid line in (A) and (B) indicates the fitting line &s. () ~ found to show saturable concentration dependency, al-

and (7) respectively. though to a lesser extent than in the PC/PE/PS/PI/CHO
membrane. The flux rate in the PC/PE/PS/PI/CHO
membrane was larger than that in the PC membrane

ical microclimate pH of the intestinal membrane sur- in the 0.02-2.0mM range.

face (pH 6.0) Maxwell et al., 1968 the Py in the

PC/PE/PS/PI/CHO membrane was 6-fold larger than 3.3. Inhibitory effect of basic compounds and

that in the PC membrane, and 20-fold larger than ex- quaternary ammonium compounds on HBC

pected fromEq. (6) However, thePym in the PC/PI permeation

membrane was the same as that in the PC membrane

at pH 6.0. A similar pH—permeability profile was also To investigate the inhibitory effect of basic com-

found in the case of pindolol (data not shown). pounds and quaternary ammonium compounds (QAC)
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Fig. 3. Inhibitory effect of secondary amine, tertiary amine, and quaternary ammonium compounds on the permeation of timolol across the
PC/PE/PS/PI/CHO membrane. Permeability ratio against the control is indicated (cerit®@I%, 1624+ 0.06 x 10~ cm/s (meant S.D.,

n = 12)). The concentration of timolol and inhibitors was 0.25 and 2.00 mM, respectively. Each point represents theSiean = 6.

** P < 0.001 (Dunett’s test against control).

on the permeation of timolol across the PC/PE/PS/ Methylchlorpromazine permeated the PC/PE/PS/PI/
PI/CHO membrane, 2.0 mM of basic compound and CHO membrane, but did not permeate the PC mem-
QAC was added to the donor compartment at the samebrane (less than the detection limit). In the PC/PE/PS/
time as the addition of timololHig. 3). Several struc-  PI/CHO membrane, tetrahexylammonium (THA) in-
turally diverse basic compounds and QACs were found hibited the transport of methylchlorpromazinB &

to inhibit the transport of timolol. QACs with longer  0.001, Tukey’s test).

alkyl chain length inhibited the transport of timolol

more strongly. However, obvious alkyl chain length Table 1

dependency was not observed for basic compounds.Effect of THA on permeability

In addition, tributylamine and trinexylamine increased compound Pam (x10-6 cm/s)

the transport of timolol. Transport of pindolol, meto-

. . M Control +THAP
prolol, and procainamide were also inhibited by THA
(Table . Timolol 16.2+ 0.65 3.18+ 0.26%*
Pindolol 9.11+ 1.84 1.60+ 0.42°*
. . Metoprolol 12.8+ 1.03 2.31+ 0.19%*
3.4. Permeation characteristics of Procainamide 6.7G 028 0.40+ 0.00°**

methylchlorpromazine

2 Substrate concentration was 0.25 mM. Values represent sieans

. - SD., n =6.
The permeation characteristics of methylchlorpro- "

mazine (a QAC) at pH 6.0 are shown Trable 2

b Tetrahexylammonium (2.0 mM).
#* P < 0.001 (pairedt-test against control).
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Table 2
Permeability and membrane binding of methylchlorpromazine

crease the permeability more than PC membrane per-
meability.

Lipid composition ~ Concentration THA2 Py The pH-permeability curve of ketoprofen was
(mMm) (x10-6cm/sp found to adhere t&q. (7)(Fig. 1B). The Py, became
PC/PE/PS/PI/ICHO  0.50 - 0.76 £+ 0.10 larger as the pH lowered, with a slope ofl, even-
ig/PE/PS/P”CHO 0-0525 - f%’i’ 010 tually leveling off at about 6< 10~° because of the
POIPEPS/PICHO  0.25 N 0494 017 resistance of the unstirred water lay&ugll et al.,

2003. This result suggested that permeation mecha-
nism of ketoprofen was a simple passive diffusion of
un-dissociated species across the membrane.

@ Tetrahexylammonium (2.0 mM).
b Values represent meansS.D., n = 6.
¢ Less than the detection limit. Detection limit was set at,©B
0.005.
4.2. Saturation and inhibition of HBC permeation

4. Discussion

Concentration dependency and inhibition by other
basic compounds and QACs were then investigated
(Fig. 2. Saturation and inhibition were observed in
the PC/PE/PS/PI/CHO membrane, suggesting the par-

4.1. pH-Rny curve of HBC and its membrane
composition dependency

Previously, in the PC/PE/PS/PI/CHO membrane
(bio-mimetic PAMPA membrane), the pH dependency
of the Pym for some HBCs was found to deviate
from pH-partition hypothesis in the pH 5.5-7.4 range

ticipation of facilitated permeation.

In the PC membrane, saturation was only slightly
observed. Therefore, the saturable portion of perme-
ation in the PC/PE/PS/PI/CHO membrane was caused

(Sugano et al., 200)bTherefore, we investigated the
pH—Pam curve of timolol and pindolol for a wider pH
range and various membrane compositidfig.(1A).
In addition, ketoprofen was employed as an acidic
compound. ally in the drug discovery stage, a 0.2-0.5mM sam-
We firstly examined the possibility of the decom- ple concentration is employed for routine PAMPA be-
position and precipitation of the permeants (timolol, cause UV spectroscopy is utilized for concentration
pindolol, and ketoprofen), and membrane breakage in measurement. In this concentration range, permeation
the employed pH range. Stability and solubility of the was not saturated.
permeants had been ensured (data not shown). In ad- Several structurally diverse basic compounds and
dition, leakage of trypan blue (non-permeable marker) QACs inhibited timolol permeation across the PC/PE/
was not observed, indicating that no aqueous pores PS/PI/CHO membrane at pH 6.Bi¢. 3). In addition,
existed in the membrane. Therefore, artifacts from the permeation of HBCs was also inhibited by THA.
decomposition and precipitation of the permeants, and These results suggested that these compounds might
membrane breakage, can be negligible. (at least partly) share a common permeation process.
Deviation of the observed pHRzm curve from In the case of QACs, the size of the hydrophobic part
Eq. (6) suggested that permeation of HBC was not correlated with the inhibitory effect. Therefore, hy-
only a simple passive permeation of un-dissociated drophobic interaction was suggested to play a role in
species. the inhibition mechanism, as well as the electrostatic
The appearance of a peak in the low-pH range interaction Gaitoh et al., 1990 In contrast to QAC,
(pH 3-6) was markedly observed in the Pl-containing the inhibitory effect of basic compounds does not
membranes, suggesting that Pl caused the low-pH appear to be simply explained by the size of the hy-
range peak. However, at pH 6, the PC and the PC/PI drophobic part. In basic compounds, steric hindrance
membranes showed similar permeability, whereas around the cationic center might influence the inhibi-
the PC/PE/PS/PI/CHO membrane showed greatertion mechanismSaitoh et al., 1990 The reason for
permeability. These results suggested that, at pH 6, the increase in th®,y, of timolol by tributylamine
some combination of phospholipids is required to in- and trihexylamine remains unclear.

by the addition of lipids other than PC. Even though
bio-mimetic PAMPA is an assay of passive transport,
this result indicates that concentration could be an im-
portant determinant for the permeation of HBC. Usu-
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4.3. Permeation characteristics of
methylchlorpromazine

Previously, methylchlorpromazine was found to
permeate across the intestinal membrakgagawa
et al., 1999, and therefore, it was used in the present
study. The results of methylchlorpromazine perme-
ation are surprising, given the assumption of the
pH-partition hypothesis that the passive permeation
of cationic species across a lipid membrane is negli-
gible. The permeation characteristics of methylchlor-
promazine were similar to those of HBC permeation,

277

the previously reported mechanisms, ion pair transport
remains a possible transport mechanism of cationic
species. lon pair transport can explain the saturation
and inhibition, because counter anion may act as a
carrier Ozaki et al., 2000 The results of membrane
composition dependency suggested that Pl could be
a counter anion for cationic species. Another anionic
phospholipid, PS, did not cause the low pH range
peak in the pHP,y curve, probably because the
PS—cationic species complex contains two ion pairs
and requires more energy to partition into the hy-
drophobic part of the membrane (anienphosphate

suggesting that there is a common permeation processand carboxylate of PS; catioa ammonium of PS

between QAC and HBC.

4.4. Permeation mechanism of HBC

and substrate cation). In addition, PS became less
negatively charged at pH 5.5 (K5 of carboxylate
of PS is 5.5 in the membrangydeef, 2003.

However, further investigation is necessary to clar-

As described above, the permeation characteristicsify the reason for the permeation characteristics of

of HBC in the PC/PE/PS/PI/CHO membrane (i.e.
deviation of the pHRym curve fromEq. (6) satu-

ration, and inhibition) suggested the participation of
facilitated permeation, in addition to a simple passive
diffusion of un-dissociated species. The membrane
permeability of dissociable compound is sum of both

HBC. At present, the structure of the PAMPA mem-
brane is not known with certainty. It is noteworthy
that some deviation of the plPg, curve from the
pH-partition hypothesis (i.e. slope of pH-IBgm
curve <1) was also observed in the PC membrane. A
similar pH-Pay curve was also previously reported

the un-dissociated and dissociated species permeabilin the DOPC/dodecane membraedeef, 2003.

ity. In the case of ketoprofen, the permeability of
un-dissociated specie®d) was found to be unaf-
fected by pH and membrane composition. In addition,
previously, the permeability of un-dissociable com-
pounds was found to be unaffected by pH and mem-
brane compositionJugano et al., 20013,bThese

5. Conclusion

The pH-permeability curve of HBC was not ex-
plained by the pH-partition hypothesis and unstirred

findings suggested that permeation of un-dissociated water layer resistance. Permeation of HBC was sat-
species of HBC was also unaffected by pH and mem- urable and inhibited by other basic compounds and
brane composition. Therefore, permeation of cationic QACs. These results suggested the participation of fa-
species was suggested as a reason for the permeatiogilitated permeation of cationic species, in addition to a
characteristics of HBC. The similarity of the perme- simple passive diffusion of un-dissociated species. lon
ation characteristics between HBC and methylchlor- pair transport was suggested as a possible permeation
promazine (a permanent cation) also supported this mechanism. However, further investigation is neces-
suggestion. Previously, as a permeation mechanism ofsary to clarify the reason for the permeation character-
cationic species across a membrane, the active transstics. The findings of the present study would be ben-
port systemTsuji and Tamai, 1996 electric potential eficial for improving PAMPA, understanding PAMPA
difference across the charged membraBwaitoh et al., data, and constructing an in silico prediction method.
1988, and ion pair transport with counter anions
(Hallen et al., 1985; Neubert, 1989; Takacs-Novak
and Szasz, 199%ave been reported. The bio-mimetic
PAMPA membrane has neither an active transport sys-
tem nor the an electric potential difference across the
membrane. Therefore, in the bio-mimetic PAMPA, of
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