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Abstract

The purpose of the present study was to examine a correlation between the human intestinal pernigabpitityd(the
bio-mimetic artificial membrane permeability corrected by the paracellular pathway model based on the Renkin function
(Pramea-pr-rr) @nd to construct a prediction scheme. The effect of the unstirred water layer was incorporated to the predic-
tion scheme. EightedPy values of passively absorbed drugs were employed for the analysis. The correlation coefficient (CC)
between the predicted and observediggwas 0.91P; of furosemide, hydrochlorothiazide and creatinine were underestimated
by Pepamvpa-pe-re- When these compounds were excluded, CC was 0.97. Without the correction for the paracellular [Pathway,
of small, cationic and hydrophilic compounds were underestimated. Ther&@ima-rr-rr Was found to be an adequate in
vitro surrogate foPey.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction cesses are required. Previously, as a kinetic parameter
of intestinal membrane permeation, the effective hu-
In the recent drug discovery and development pro- man intestinal permeability coefficienPds), which
cess, the prediction of in vivo pharmacokinetics (PK) was measured in vivo in humans, was validated for
from in vitro data is recognized as a key technique. in vivo PK simulation {u et al., 1996; Lennernas,
As an in vivo PK parameter of intestinal absorption, 1998. However,Pef itself, of course, could not be
the fraction of a dose absorbed in humans (Fa%) measured at the drug discovery stage.
has been intensively investigated for the prediction The parallel artificial membrane permeation as-
(Hidalgo, 200). However, Fa% is not a kinetic pa- say (PAMPA) was first introduced by Kansy et al.
rameter and it could not be used to predict the plasma as a rapid in vitro assay of transcellular permeation
concentration—-time profile, which is necessary to (Kansy et al., 1998 PAMPA is an application of the
simulate the drug—drug interaction and pharmacody- filter supported lipid membrane, and is completely
namics, etc. To predict the plasma concentration—time artificial without pores and active transporter systems
profile, kinetic parameters of oral absorption pro- (Thompson et al., 1990 PAMPA is currently used
by many pharmaceutical companieke(ns, 2001;
"+ Corresponding author. Tel81-550-87-6376: Wohnsland and Faller, 2001; Veber et al._, 2002; Z_hu
fax: 481-550-87-5397. et al., 2002. Recently, we introduced a bio-mimetic
E-mail addressssuganokyh@chugai-pharm.co.jp (K. Sugano). version of PAMPA which utilized a lipid compaosition
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similar to the intestinal brush border membrane
(Proulx, 1991; Sugano et al., 2001n addition, the
bio-mimetic PAMPA was combined with the paracel-
lular pathway model based on the Renkin function
(bio-mimetic PAMPA-PP-RF system) resulting in the
precise prediction of Fa% for drugs absorbed via both
the passive transcellular and paracellular pathway
(Sugano et al., 2002However, thePes predictability

of the bio-mimetic PAMPA-PP-RF system remains
unknown.
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added to the filter plate and incubated at’@0for 2
or 15h. The compound concentration in the acceptor
compartment was quantified by UV spectroscopy.

2.3. Calculation of the paracellular pathway
corrected permeability (PampA-PP-RF)

Ppampa-pp-rr Was calculated usingq. (1) which
utilizes the theory of molecular size-restricted dif-
fusion within a negative electrostatic field of force

The purpose of the present study was to examine theas described previoushA¢son et al., 1994; Sugano

Pesi predictability of the bio-mimetic PAMPA-PP-RF
system and to enable the prediction Ry directly
using the bio-mimetic PAMPA-PP-RF system.

2. Materials and methods
2.1. Materials

L-a-Phosphatidylserine (PS);a-phosphatidylino-
sitol (PI), and cholesterol (CHO) were purchased from
Sigma Chemical (St. Louis, MO).-a-Phosphatidyl-
choline (PC) and.-a-phosphatidylethanolamine (PE)
were purchased from Nippon Oil & Fats Corporation
(Tokyo, Japan). 1,7-Octadiene was purchased from
Tokyo Kasei Kogyo (Tokyo, Japan). All generic drugs
were purchased from Sigma Chemical (St. Louis, MO)
or Wako Pure Chemicals (Tokyo, Japan), except for
fluvastatine which was extracted from marketed for-
mulations. The hydrophobic filter plate (PVDF, pore
size 0.45.m) was purchased from Millipore Corpo-
ration (Bedford, MA).

2.2. Measurement of apparent artificial membrane
permeability (Rm)

Permeability studies were performed in the same
manner as described previouskapsy et al., 1998;
Sugano et al., 2001In brief, a 96-well microplate
(acceptor compartment) was completely filled with
pH 6.0 Na-PQ buffer containing 5% DMSO. A
hydrophobic filter plate was fixed on the buffer
filled plate. The filter surface was impregnated with
5ul lipid solution, which was composed of PC
(0.8% w/w)/PE (0.8% w/w)/PS (0.2% w/w)/PI (0.2%
w/w)/CHO (1.0% wiw), and 1,7-octadiene (97.0%
wiw). A 0.5mM sample stock solution (1¢J) was

et al., 2002.

1
PpaMPA-PP-RF = Pam+ PppRF = Pam+ A-F

(%)
(3 _BZB)) @

r\12 r

- ()] [1— 2104(%)
r\3 7 \5

+2.09 (E) - 0.95(5) ]
where Py, is the apparent artificial membrane per-
meability which corresponds the passive transcellular
pathway permeabilityPpprr is the relative paracel-
lular pathway permeability;, is the molecular radius
(A), zis the molecular chargéjs the fraction of each
charged specie®} = ez/kgT, eis the unit charge of
anion, 48 x 10~ %esu, Aw| is the apparent potential
drop across the barriekg is the Boltzmann constant,
1.38 x 10723 J/K, T is the temperature in Kelvin and
R is the apparent pore size of the paracellular path-
way (A). As a molecular sieving function, the Renkin
function (F(r/R)) was employedR = 5.61A, A =
7.8x10%and|A¥| = 75mV (B = 2.94) were used
in the present studySugano et al., 2002 The rela-
tive contribution ratio of the paracellular pathway to
Prampa-pr-rE (Para%) was calculated usifg. (3)

2(z#0)

x (fo + )
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)

P
Para%= PPRF
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x 100 3

2.4. Non-linear regression analysis

Non-linear regression analysisiBf. (5)(described
in Section 3 were performed by the weighted least
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square method (Excel 2000, Microsoft, Redmont, this region, the rate-limiting process was suggested
WA). Sum of the squares of the difference between to be the membrane permeation in both in vivo and
calculated and observeeLs, weighted by the recip-  PAMPA (Lennernés, 1998; Avdeef, 200However,
rocal of the square of observés, was minimized in the higher permeability rangeP§s > 3 x 1074,
using the Quasi-Newton method to obtain each coef- Ppampa-pr-re > 20 x 107), Per reached the upper
ficient. limit. This finding suggested that, in vivo, permeation
through the unstirred water layer (UWL), which is
adjacent to the membrane, would limit the intestinal
3. Results and discussion permeation in this permeability range. To take the
resistance of UWL RywL) to the transport into ac-

In the present study, 18 in vivBes values were ~ count, the permeability through UWLP(w.) was
collected from the literatureéViniwarter et al., 1998; ~ represented by the diffusion coefficieri?)(and the
Takamatsu et al., 2001; Lennernas et al., 3002 thickness §) of UWL. The diffusion coefficient®)
values were obtained by using a technique based onWas assumed to follow the Stokes-Einstein equation
single-pass perfusion of human jejunum segment be- for small, spherical molecules:

tween two inflated balloond_énnernas, 1998 Pgs 1 D  ksT 1 P’

was previously validated for in vivo PK simulation (Yu Pow = RowL 8 _6xmdr 10°= - )

et al., 1999) P of actively transported compounds ) ) ]

were excluded from this study. where,n was the viscosity of UWLPes and effective
Pravpa-prrF COrrelated adequately Ry (Fig. 1). resistance to the transpoRe) were represented as:

In the lower permeability range_Peff < 2 x 1074, 1 1 1

PpampA-PRRE < 10 x 1079), a linear relation was Por — (@P 7 +3

found in the logarithmic plot betweefPer and eff PAMP?'PPRF rUW'-

Ppampa-Pr-re. Therefore, the membrane permeation =5 =+ = (5)
was assumed to be an exponentPphmpa-perr. IN (aPpAmMPA-PP-RF) ¢
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Fig. 1. Pes VS. Ppampa-pr-RE OF Pam. The circles represempampa-pr-re and the triangles represeRgm. The detection limitPym values
were used for creatinine and terbutaline. The curved line is the fitting lifigo{5) for a molecular radiugr) = 4.28 A, which corresponds
to ketoprofen. The curved line was obtained excluding creatinine, furosemde and hydrochlorothiazide.
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Fig. 2. Predicted vs. observé®i. Peir was predicted usingq. (5) without hydrochlorothiazide, furosemide and creatinine.

Reff = Rmem+ RuwL (6)
whereRmnem is the membrane resistance to the trans-
port. By multiple non-linear regression analysis uti-
lizing 18 compoundsa, b, and ¢ were obtained as
7.0 x 10%, 3.2 and 27 x 102, respectively, and the
correlation coefficient (CC) between the predicted
and observed loBes; was 0.91Pgf of hydrochloroth-
iazide (HZz), furosemide (FS) and creatinine (CR)
were underestimated. However, g of HZ, FS and
CR were also lower than expected from their Fa% (70,
60 and 80%, respectively) and Caco-2 permeability
(0.42+0.03, 011+0.01 and 077+0.03 (x10~6 cm/s),
respectively) Karlsson et al., 1999; Yu and Amidon,
1999; Yamashita et al., 20R0T herefore Pest of HZ,

and UWL was found to be adequate for the prediction
of Pes.

Previously, a correlation betweéhs and PAMPA
with the PC/dodecane membrane was examined
(Avdeef, 2001, 200R The slope of the logarith-
mic plot (b) was reported to be approximately 0.5,
4-5-fold lower than that of the present study. The
difference between the previous and present findings
could be derived from the correction for the paracellu-
lar pathway and the difference in the membrane lipid
composition. In the present study, when the paracel-
lular pathway was not corrected, the slope between
logPam and logPef became approximately unit or
less. In addition, permeability of the basic compound
was larger in bio-mimetic PAMPA than in the PC sys-

FS and CR could have been under assessed. Wheriem, due to the negative charge of PS and PI on the

HZ, FS and CR were excluded from the regression
analysisa, b, ¢, CC were obtained as®x 10°, 2.3,

2.6 x 1073 and 0.97, respectivelyF{gs. 1 and 2
Without the correction for the paracellular pathway,
Pesf of small, cationic and hydrophilic compounds

membrane $ugano et al., 2001PS and PI increase
the binding of a basic compound to the membrane
(Kréamer et al., 1998 and might facilitate the trans-
port of a basic compound through the hydrophobic
part of the membrane by formation of an ion pair

were underestimated. In these sorts of compounds, (Neubert, 1989Sugano et al., unpublished results).

the paracellular pathway permeation would contribute

significantly to the intestinal permeabilityigble 1
Para%). Above all, bio-mimetic artificial membrane
permeability corrected for the paracellular pathway

In the present studyPyw. was obtained as
5.2-87 x 10~*cm/s for compounds with = 3-5A.
Previously, as an UWL limited permeation com-
pound, glucose was employed to measure the UWL
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Table 1

Fa%, permeability and molecular properties

Compound r (A)a Chargé Pam® (106 cm/s) Ppampa-p-RE (1076 cmi/s) Para% Pett9 (104 cm/s)
Amiloride 3.91 + 0.93+ 0.08 5.74 84 1.63t 0.51
Antipyrine 3.89 0 9.12+ 0.70 10.7 15 4.5k 25
Atenolol 4.42 + 0.56 + 0.11 2.44 77 0.2- 0.2
Carbamazepine 4.16 0 539 0.4 54.0 2 4.3+ 2.7
Cimetidine 4.27 + 0.86+ 0.16 3.26 74 0.3G6t 0.05
Creatinine 3.21 + <0.1C¢° <6.56° >98° 0.3+ 0.2
Desipramine 4.47 + 12.2+ 0.8 13.9 12 44+ 1.8
Fluvastatine 4.99 - 6.62 0.05' 6.64 0 2.4+ 1.8
Furosemide 4.37 - 3.6& 0.08 3.71 3 0.05t 0.04
Hydrochlorothiazide 4.09 0 1.7% 0.06 2.83 40 0.04- 0.05
Ketoprofen 4.28 — 33.& 2.1 33.9 0 8.4+ 3.3
Metoprolol 4.47 + 5.67+ 0.55 7.35 23 1.3 1.0
Naproxen 4.13 — 49.5 3.2 49.7 0 8.3+ 4.8
Piroxicam 4.47 - 59.3 7.6 59.4 0 78+ 75
Propranolol 4.40 + 13.7+ 14 15.6 12 2.9 2.2
Ranitidine 4.56 + 1.63+ 0.03 3.01 46 0.27 0.06
Terbutaline 4.18 + <0.2% <3.2¢° >03F 0.3+ 0.3
Verapamil 5.32 + 38.4+ 0.9 38.4 0 6.7+ 2.9

2 Molecular radius.

b Charge at pH 6.0.

¢ Values fromSugano et al., 2008r otherwise noted. Values are represented as the #a&dD. The assays were performed in triplicate.

d Measured in this study.

€ Less than the detection limit. Detection limit was set at @B 0.005. The detection limit value was used Bg. to calculate
Ppampa-pr-rr and Para%.

f Contribution of the paracellular pathway to the predicted total passive transport.

9 Human intestinal permeability frofdiniwarter et al., 1998Takamatsu et al., 200and Lennernas et al., 2002

permeability in vivo Levitt et al., 1990. The intesti- 20-50x 10~ for compounds with = 4-5 A (Avdeef,

nal membrane permeability of glucose £ 3.74A) 2002. In the present bio-mimetic PAMPA system,
was reported to be 10+ 8.2 and 16:2x 10~ *cm/s,  the unstirred water layer permeability was found to
in humans and dogs, respectivelyeitt et al., 1990;  pe 61x 1076 for ketoprofen (data not shown). These
Lennernas, 1998; Winiwarter et al., 1993"]9 UwL values were approximate|y 10-fold smaller t“ﬁﬁWL

of the gastrointestinal tract was maintained by the jn humans. However, overaiam was approximately
mucus layer. In the mucus layer, the diffusion co- 1/8-1/40 ofPe. Therefore, the relative contribution
efficient of glucose was found to be about 2-3-fold of the UWL resistance t®am would be less than to
that of lipophilic compoundsLarhed et al., 1997 Peft. In vivo, the membrane surface is approximately
Utilizing these reported value®uw. for lipophilic 30-fold expanded by the villous structure, whereas
compounds was calculated to be 4-430~*cm/s  UWL is not expanded because it locates on top of the
for - = 3-5A. In the present study, compounds with villi (Levitt et al., 1990. In the calculation ofPe,

Pet > 3 x 107* were all lipophilic (iniwarter  the villous structure was not considerdcbinernas,
etal., 1993 ThereforePyw. obtained in the present  1999. Therefore, the intrinsic membrane perme-
study was in agreement with the calculation utilizing ability is smaller tharPe for membrane controlled

reported values. In piroxicam, naproxen, verapamil, permeation, whereas the intrinsic UWL permeability
ketoprofen and desipramine, greater than 75% of the js close toPes for UWL limited permeation.

resistance to the transport was suggested to be derived |n the present study, the slope between Pgg

from the UWL. and logPpampa-pr-RF Was 2.3-3.2-fold larger than
Previously, the unstirred water layer permeabil- nit. Although a wide variability ofPeft was ob-

ity in PAMPA was reported to be approximately served in the human jejunum, it was unlikely that the
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observed increment of the slope was related to the Hidalgo,

variability. Therefore, this would reflect the morpho-
logical and chemical difference between the human
intestinal membrane and the PAMPA membrane. The
human intestinal membrane has a fractal-like struc-
ture, i.e. the ridges oriented circumferentially around
the lumen, villi and microvilli. In addition, although
the structure of the PAMPA membrane remains un-
known, it might not be a single plane bilayer because
it was constructed on the sponge-like filter support
(Avdeef, 200). The difference in morphology results

in generating the permeability dependent concentra-

tion gradient in the inter-villous channel, in addition
to the difference in the surface aredifine, 1978;
Oliver et al., 1998 In addition to the morphological
difference, the difference in the lipid composition
could be another reason of the difference in the ab-
solute value of permeability. The PAMPA membrane
contains organic solvents and lacks some lipids, i.e.
sphingomyelin Proulx, 1991; Xiang et al., 1992
More detailed studies are necessary to clarify the ef-
fect of the morphological and the chemical difference
on the absolute value of permeability.

In conclusion, the bio-mimetic PAMPA-PP-RF sys-
tem predicted th®e adequately. With the predicted
Peff value, it may be possible to simulate the in vivo
plasma concentration—time profile. In addition, the
results of this study provided a basis that, as a per-
meability assay in the early drug discovery stage, the
bio-mimeticPpampa-pp-RE System can be used for the
biopharmaceutics classification systehm(idon et al.,
1995; Obata et al., 2002 This may result in the
discovery of promising clinical candidates.
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