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Abstract

This paper describes a means to predict the absorbability of poorly water-soluble drugs in humans based on rat intestinal permeability

assessed by the in vitro Ussing-type chamber method. We investigated the correlation between the apparent permeability coefficients ðPappÞ

of 10 water-soluble drugs obtained by the in vitro chamber method, in which the excised rat small intestinal tissue was used as the membrane,

and the fractions absorbed ðFaÞ in humans. Using this correlation, we predicted Fa values of 5 poorly water-soluble drugs based on their Papp

obtained through our modified chamber method using an additive. For water-soluble drugs, a good correlation between Papp and Fa;

expressed by the equation: Fa ¼ 1 2 expð2Papp £ 1:51 £ 105Þðr2 ¼ 0:920Þ; was found. The poorly water-soluble drugs used in the present

study could be solubilized with 5% (final concentration) dimethylsulfoxide, and their Papp could be obtained through our modified chamber

method. For poorly water-soluble drugs whose dose:solubility ratio ranged from 2500 to 3500 ml, predicted Fa values were favorably

comparable with their Fa values reported in humans in the literature. These results showed that the in vitro Ussing-type chamber method was

a useful method for predicting the Fa of poorly water-soluble drugs.

q 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Permeability and solubility are key underlying para-

meters for controlling drug absorption [1]. Therefore, in the

development of the drugs given orally, those which have

high solubility and high permeability have been chosen. For

estimating permeability, in vitro chamber experiments using

Caco-2 cell monolayers or isolated intestinal tissues are

widely used. Arturrson et al. report a good correlation

between the apparent permeability coefficients ðPappÞ of

water-soluble drugs obtained in the in vitro chamber

experiment using Caco-2 cell monolayers, and fraction

absorbed ðFaÞ in humans [2]. Therefore, the Caco-2 system

has been used not only for the research of absorption

mechanisms in academic fields but also as part of the high

throughput screening system (HTS) in the pharmaceutical

industry [3].

New drug compounds such as those synthesized by

combinatorial chemistry tend to be large molecules, and

almost all of them are poorly water-soluble [3]. Therefore,

the development of poorly water-soluble drugs for oral

administration is increasing, and many attempts to improve

solubility of poorly water-soluble drugs using the tech-

niques/materials such as solid dispersion, melt extrusion and

cyclodextrin have been reported [4–6]. However, even if

the poorly water-soluble drug improves solubility using the

above-mentioned techniques, the dissolution rate is gener-

ally slow and high absorbability is not expected. More

recently, a technology has been developed to seal liquids

into hard gelatin capsules (e.g. Licapse produced by the

Capsugel Division of Pfizer Inc.) [7]. Since the oral dosage
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form in which the drug solution is encapsulated does not

require the process of drug dissolution in the gastrointestinal

tract, the high permeability drug can be considered to have a

high absorbability regardless of its solubility. Therefore,

estimation of permeability of poorly water-soluble drugs

will be more important in the near future.

However, estimation of permeability of poorly water-

soluble drugs is almost never reported because they easily

precipitate in the transport medium during the permeation

experiment.

As an approach to overcome this problem, additives are

used as solubilizing agents. Though additives prevent

precipitation and maintain high drug concentrations in the

transport medium during the experiment, they cannot be

used for the Caco-2 system because of its tendency to be

easily damaged by them [8,9]. In this respect, isolated rat

intestinal tissues mounted on the chamber are not affected

by the additives [10]. Therefore, this modified chamber

method using an additive has the potential to be applied to

poorly water-soluble drugs as well as water-soluble drugs.

However, it is unknown whether Papp of water-soluble drugs

obtained through the in vitro chamber experiment using

isolated rat intestinal tissues and Fa in humans have a

quantitative correlation, as with Papp obtained through the

Caco-2 system.

In the present study, we investigated the correlation

between Papp values of 10 water-soluble drugs obtained

through the usual chamber method [10] and their Fa values

obtained in humans [2,11–15]. Secondly, Papp values of 5

poorly water-soluble drugs were obtained through our

modified method using an additive. Finally, the relationship

between Papp values of these poorly water-soluble drugs and

their Fa values previously obtained in humans [11,13,

16–18] were investigated, and the relationship between Papp

and Fa values for these poorly water-soluble drugs were

compared with that for water-soluble drugs.

2. Experiment

2.1. Chemicals

Sulfasalazine, furosemide, atenolol, acetaminophen,

propranolol, theophyline, diclofenac, metoprolol, anti-

pyrine, naproxen, indomethacin (IDM), triamterene

(TAT), nifedipine (NFD), phenytoin (PHT) and griseofulvin

(GSF) were purchased from Sigma Chemical Co. Ltd. (St

Louis, MO). Other chemicals used were of analytical grade.

2.2. Poorly water-soluble drugs

In Japanese Pharmacopoeia XIV, the degree of

dissolution of the drug whose solubility in water was

lower than 100 mg/ml was defined as ‘practically insoluble’

or ‘insoluble’. Therefore, we defined a drug whose

solubility in water was lower than 100 mg/ml as a poorly

water-soluble drug. In the present study, we used

IDM, TAT, NFD, PHT and GSF as poorly water-soluble

drugs.

2.3. Animals

Male Wistar rats at age of 7 weeks or older (body weight

about 200–250 g) were used. The rats were fasted for about

24 h with free access to water before the experiment.

Necessary approvals for the experimental protocol of

animals were obtained from the Ethical Committee of

Science University of Tokyo (Tokyo, Japan).

2.4. Methods

2.4.1. In vitro Ussing-type chamber method

Details have been previously reported [10,19,20]. In the

present study, a jejunum segment was mounted to the

Ussing-type chamber. Samples (100 ml) were withdrawn

from both sides every 20 min up to 100 min. For the

chamber experiment with a poorly water-soluble drug, the

drug solution solubilized by 5% (final concentration)

dimethylsulfoxide (DMSO) was added to the mucosal

side. The initial drug concentration on the mucosal side

was 0.2 mM in all cases.

2.4.2. Measurement of solubility and distribution

coefficients of poorly water-soluble drugs

The experimental method to obtain the apparent

solubility of a poorly water-soluble drug has been

previously reported [10]. The solvents used were distilled

water, Japanese Pharmacopoeia XIV (JP) disintegration

media 1st-fluid (JP1; pH 1.2), JP 2nd-fluid (JP2; pH6.8)

and DMSO. Drug distribution coefficients ½D� were

calculated by the flask method. Two millilitres of a

poorly water-soluble drug (0.5 mg/ml) in octyl alcohol

was accurately pipetted into a glass tube. Then an equal

volume of phosphate buffer saline (pH 6.8) was pipetted

into the glass tube, and the tube was closed with a

stopper. The glass tube was vigorously shaken for 30 min.

The glass tube was allowed to sit in a tube stand until the

two phases separated. Each layer was collected for assay.

The octyl alcohol phase was diluted by pipetting 0.1 ml

into 4.9 ml of the HPLC mobile phase in a clean glass

tube. The drug distribution coefficient was calculated

based on the difference in concentration between the two

layers.

2.5. Assay

The concentration of the drug was determined by

reversed-phase HPLC using an isocratic system (Alliance

2690, Waters Corporation, MA, USA) and a Waters 2487

Dual Absorbance Detector (Waters). Details of HPLC

conditions for the determination of water-soluble drugs

have been previously reported [19,20]. For the poorly
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water-soluble drugs, the experimental conditions of the

various HPLC methods are outlined in Table 1.

2.6. Data analysis

2.6.1. Calculation of the apparent permeability coefficient

The apparent permeability coefficient per unit membrane

surface area (Papp (cm/s)) was calculated according to the

following equation:

Papp ¼ dM=dt £ 1=AC0 ð1Þ

where dM=dt was the steady-state appearance rate of drugs

to the serosal side (mmol/s), C0 was the initial drug

concentration on the mucosal side (mM), and A was the

surface area of the membrane (cm2) [10,19,20].

2.6.2. Estimation of the fraction absorbed in humans

Fa values of 10 water-soluble drugs and 5 poorly water-

soluble drugs were taken from the literature [2,11–18].

2.6.3. Calculation of parameters to indicate the relationship

between the apparent permeability coefficient and fraction

absorbed in humans

The relationship between the in vitro permeability of

water-soluble drugs in rats and in vivo absorption in humans

was investigated using complete radial mixing model (CRM)

[12,21,22]. The numerical expression which indicated a

relationship between Papp (cm/s) of water-soluble drugs and

the fraction absorbed in humans ðFaÞ was described by:

Fa ¼ 1 2 expð2Papp £ f Þ ð2Þ

The relationship between Papp and Fa; which was

expressed as the correction factor f was determined by

non-linear regression (Levenberg–Marquardt least squares

algorithm; Delta Graph 4.0(r) by SPSS Inc., USA).

2.6.4. Calculation of dose:solubility ratio of poorly

water-soluble drugs

The dose:solubility ratio ðRD=SÞ was calculated as

proposed by Dressman et al. [23]. RD=S was described by

the following equation:

RD=S ¼ M0=Cs ð3Þ

where M0 (mg) was the dose, and Cs (mg/ml) was the

luminal solubility. In the present study, the solubility in JP1

or JP2 was substituted for Cs: The M0 of poorly water-

soluble drugs was taken from the literature [11,13,16–18].

3. Results

3.1. Estimation of relationship between the in vitro

permeability and in vivo absorption of water-soluble drugs

Table 2 shows Papp values of 10 water-soluble drugs and

their Fa values. Papp values ranged from 3 £ 1026 to

30 £ 1026 cm/s, and Fa values from 0.1 to 1.0. The

relationship between Papp values and Fa values is shown in

Fig. 1. The best fit for the data ðr2 ¼ 0:920Þ was observed

when f was 1.51 £ 105. Consequently, Fa could be predicted

from 1 2 expð2Papp £ 1:51 £ 105Þ:

3.2. Solubility and distribution coefficients of poorly

water-soluble drugs

Table 3 shows solubility and distribution coefficients of 5

poorly water-soluble drugs. The molecular weights of the

poorly water-soluble drugs used in the present study were

Table 1

HPLC conditions for the determination of poorly water-soluble drugs

Drug Column Eluent Wavelength of

detection (nm)

Flow rate

(ml/min)

Indomethacin A 1% acetic acid solution/acetonitrile ¼ 40/60 240 1.0

Triamterene B 20 mM diammonium hydrogen phosphate/methanol ¼ 55/45 260 0.8

Nifedipine B 50 mM phosphate buffer (pH 2.5)/acetonitrile ¼ 40/60 240 1.0

Phenytoin B 50 mM phosphate buffer (pH 2.5)/acetonitrile ¼ 55/45 210 1.0

Griseofulvin A 50 mM phosphate buffer (pH 2.5)/acetonitrile ¼ 50/50 280 0.8

A: Symmetry C18; i.d., 4.6 mm; length, 150 mm; octadecylsilarized silica gel column (3.5 mm in particle diameter), Waters Corporation, MA, USA.

B: L-column ODS; i.d., 4.6 mm; length, 150 mm; octadecylsilarized silica gel column (5 mm in particle diameter), Chemicals Evaluation and Research

Institute, Japan. Column temperature was 40 8C.

Table 2

The apparent permeability coefficients ðPappÞ of 10 water-soluble drugs

obtained through the usual in vitro Ussing-type chamber method, and their

fractions absorbed ðFaÞ in humans

Water-soluble drugs Papp; mean ^ SD (1026 cm/s) Fa
a

Sulfasalazine 2.76 ^ 0.19 0.13 [11]

Furosemide 6.06 ^ 0.74 0.60 [12]

Atenolol 6.95 ^ 3.07 0.50 [12]

Acetaminophen 8.67 ^ 0.01 0.80 [13]

Propranolol 11.80 ^ 3.51 0.90 [2]

Theophyline 12.82 ^ 0.14 1.00 [14]

Diclofenac 14.26 ^ 2.11 0.99 [15]

Metoprolol 23.99 ^ 1.98 0.95 [12]

Antipyrine 24.19 ^ 1.99 1.00 [12]

Naproxen 30.13 ^ 3.15 1.00 [12]

a Fa values were quoted from references shown in square brackets.

E. Watanabe et al. / European Journal of Pharmaceutics and Biopharmaceutics 58 (2004) 659–665 661



between 250 and 360. Their solubility in distilled water, JP1

and JP2 was below 0.2 mM, except for solubility of IDM in

JP2. They showed good solubility in DMSO. The log D

values were more than 1.0 in all the 5 poorly water-soluble

drugs (from the lowest to the highest, IDM, TAT, GSF,

PHT, and NFD).

3.3. Permeability of poorly water-soluble drugs

Papp values for 5 poorly water-soluble drugs were

obtained through the modified method using an additive.

During the experiment, each poorly water-soluble drug did

not precipitate out in aqueous media. Additionally, the drug

concentration on the serosal side of the poorly water-soluble

drugs used in the present study after 100-min transportation

was less than 10% of the solubility in JP2 (data not shown).

Since pH value of the transport medium was similar to that

of JP2, the drugs transported to the serosal side were

expected to be dissolved completely. Table 4 shows Papp

values and Fa values. TAT had the lowest Papp value,

followed by IDM, NFD, PHT, and GSF. Though a drug with

high log D value was expected to have a high permeability

according to the pH partition theory, there was no

parallelism with the order of log D values (Table 3).

Winiwarter et al. have also reported that Papp of water-

soluble drugs does not necessarily correlate to physico-

chemical properties of a drug such as log D and the polar

surface area [24]. This indicates that it is necessary to obtain

Papp of a drug through an appropriate experiment to evaluate

its membrane permeability.

3.4. The relationship between the Papp of 5 poorly

water-soluble drugs and their Fa in humans

The relationship between Papp of 5 poorly water-soluble

drugs and their Fa is shown in Fig. 2. The correlation curve

Fig. 1. Plot of the fraction absorbed in humans versus the apparent

permeability coefficients ðPappÞ of 10 water-soluble drugs. The fraction

absorbed was adapted from the data in Refs. [2,11–15]. The theoretical line

(solid line) was calculated using the data of the 10 water-soluble drugs in

Table 2 by non-linear regression as described in the text. Papp values

represent the mean of the data from more than three experiments.

Table 3

Solubility and distribution coefficients of poorly water-soluble drugs

Drug Solvent Triamterene (TAT) Indomethacin (IDM) Nifedipine (NFD) Phenytoin (PHT) Griseofulvin (GSF)

Molecular weight 253.27 357.79 346.34 252.27 352.77

Solubilitya mg/ml (mM) Dist. water 27.7 (0.11) 21.8 (0.061) 3.1 (0.090) 20.4 (0.081) 8.7 (0.025)

JP1 29.5 (0.12) ,0.1 (,0.00028) 4.3 (0.012) 18.8 (0.075) 8.4 (0.024)

JP2 31.2 (0.12) 218.2 (0.61) 4.0 (0.012) 19.1 (0.076) 7.6 (0.022)

DMSO .2000 (.7.90) .2000 (.5.59) .2000 (.5.77) .2000 (.7.93) .2000 (.5.67)

log D6:8 Octanol/PBS (pH 6.8) 1.55 1.01 3.19 2.33 2.17

Values represent the means of three experiments.
a The solubility is determined based on the final concentration obtained in our system.

Table 4

Apparent permeability coefficients ðPappÞ of poorly water-soluble drugs, and predicted fractions absorbed ðFaÞ in humans

Poorly water-soluble drugsa Papp; mean ^ SDb (1026 cm/s) Predicted Fa
c Previously reported Fa in humansd

Triamterene 5.11 ^ 1.91 0.467 0.40–0.70 [16]

Indomethacin 9.04 ^ 1.35 0.800 1.00 [11]

Nifedipine 15.12 ^ 3.19 0.956 0.90–1.00 [17]

Phenytoin 22.01 ^ 2.26 0.992 1.00 [13]

Griseofulvin 22.12 ^ 2.32 0.992 0.27–0.72 [18]

a Solubilized by 5% (final concentration) dimethylsulfoxide.
b Obtained by the modified chamber method.
c Predicted based on the relationship in Fig. 1.
d Quoted from references shown in square brackets.
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of water-soluble drugs was overlaid with Fig. 2. It is

reported by Pruitt et al. [16] that the absorption rate is

calculated to be 40–70% when 100 mg of [14C]-labeled

TAT is administered to humans. Additionally, Gundert

et al. [25] report that the areas under the curve (AUCs)

normalized by dose (AUCs/dose) after oral administration

of 150 and 300 mg TAT are nearly equal. Since this report

suggests that TAT is completely dissolved in the

gastrointestinal tract and TAT concentration does not

exceed its solubility at doses below 300 mg, Fa value of

TAT in humans is considered to be their absorption rate.

Human Fa values of TAT, NFD and GSF reported in

literature vary to some extent. Therefore, when comparing

with the predicted Fa values, the median of reported

human Fa values was considered to be ‘human Fa values’

in this study.

Fa values of TAT, NFD and PHT predicted using the

correlation curve of water-soluble drugs were favorably

comparable with Fa values previously reported in humans.

Predicted Fa values of IDM and GSF were lower and higher,

respectively, than Fa values previously reported in humans.

3.5. Calculation of dose:solubility ratio of poorly

water-soluble drugs

Table 5 shows RD=S of 5 poorly water-soluble drugs. In

the drugs except IDM, RD=S values estimated by JP1 did not

differ from those estimated by JP2. RD=S values of TAT,

NFD and PHT ranged from 2500 to 3500 ml. RD=S value of

GSF was approximately 60,000 ml. Though RD=S value of

IDM estimated by JP1 was more than 250,000 ml, that

estimated by JP2 was about 100 ml.

4. Discussion

As shown in Fig. 1, the compounds that had the

experimentally derived permeability of greater than

approximately 25 £ 1026 cm/s were descriptive of ‘well-

absorbed compounds’. In the Caco-2 system, Stewert et al.

define the compounds having a permeability of greater than

33 £ 1026 cm/s as well-absorbed compounds [13]. Since

the slope based on the relationship between Papp and Fa

(range 0–1.0) in the present study was much the same as the

slope in the study using the Caco-2 system, in vitro Ussing-

type chamber method could be justifiably used for

prediction of the fraction absorbed of water-soluble drugs

in humans, as well as Caco-2 system.

Since poorly water-soluble drugs might easily precipitate

out in aqueous media such as the transport medium for the

chamber experiment, calculating their Papp values was

complicated. Generally, in the analysis of results of the

chamber experiment, Eq. (1) based on Fick’s first law is used

assuming the existence of ‘sink’ condition. Fick’s first law is

described by the equation of dM=dt ¼ Papp £ A £ ðCmucosal 2

CserosalÞ; where dM=dt is the appearance rate on the serosal

side of the chamber, Papp is the apparent permeability

coefficient, A is the exposed surface area of the tissue, Cmucosal

is the drug concentration on the mucosal side, and Cserosal is

the drug concentration on the serosal side. When Cmucosal is

kept constant and equal to the initial concentration and is

much higher than Cserosal during experiment, ‘sink’ con-

ditions exist. However, it is difficult for poorly water-soluble

drugs to keep Cmucosal to be a high concentration. Therefore,

Eq. (1) was not applied to the calculation of Papp values of

poorly water-soluble drugs.

Fig. 2. Plot of the fraction absorbed in humans versus the apparent

permeability coefficients ðPappÞ of 5 poorly water-soluble drugs. The

fraction absorbed was adapted from the data in Refs. [11,13,16–18]. The

drugs were solubilized in 5% (final concentration) DMSO. The dashed line

was the theoretical line for water-soluble drugs as described in Fig. 1. Papp

values represent the mean of the data from more than three experiments.

Table 5

Calculated dose:solubility ratio ðRD=SÞ in poorly water-soluble drugs

Poorly water-soluble drugs Dose (mg) CJP1
S (mg/ml)a CJP2

S (mg/ml)a RD=S (ml) (JP1) RD=S (ml) (JP2)

Triamterene 100 29.5 31.2 3389.8 3205.1

Indomethacin 25 ,0.1 218.2 .25,0000 114.6

Nifedipine 10 4.3 4.0 2325.6 2500

Phenytoin 100 18.8 19.1 5319.1 5235.6

Griseofulvin 500 8.4 7.6 59,523.8 65,789.5

a The soulubility in JP1 or JP2 (see Table 3) were used as the luminal solubility.
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DMSO and polyethylene glycol 600 (PEG600) were used

as a vehicle for the administration of poorly water-soluble

drugs. We had previously reported that 5% (final concen-

tration) DMSO and 10% (final concentration) PEG 600 did

not affect the membrane integrity or the permeability of

compounds which permeated through the intercellular and

intracellular pathways [10]. Therefore, poorly water-soluble

drugs as well as water-soluble drugs could be estimated

using these additives. In the present study, 5% (final

concentration) DMSO was used as an additive. During the

experiment, each poorly water-soluble drug did not

precipitate out in the transport medium. Additionally, the

drug concentration on the serosal side for the poorly water-

soluble drugs used in the present study after 100-min

transportation was less than 10% of the solubility in JP2

(data not shown). Since the pH value of the transport

medium was similar to that of JP2, the drugs transported to

the serosal side were expected to be dissolved completely.

Therefore, it was considered that measurement of the

transported drugs was precise.

Among 5 poorly water-soluble drugs, GSF and IDM did

not conform to the relationship between Papp and Fa of

water-soluble drugs. Predicted Fa of GSF was higher than

Fa previously reported in humans. We had expected that Fa

of GSF was low because of high RD=S: RD=S indicates

whether the capacity of the GI fluids is sufficient to

dissolve the entire dose administered [26]. Based on the

volumes of the upper small intestine in the fed state (as

much as 1.5 l [27]), the secretion rate of gastric juice

(180 ml/h) and intestinal juice secretion (125 ml/h) in

humans [28], the drug in the GI tract 1 h after oral

administration was assumed to be diluted with 2 l of GI

fluids. RD=S values of TAT, NFD and PHT were within the

limits of 4 l. Since TAT, NFD and PHT would be nearly

completely solubilized in the gastrointestinal tract, Fa

value predicted based on the correlation with water-soluble

drugs was favorably comparable with Fa values previously

reported in humans.

Though GSF had the highest Papp value of the 5 poorly

water-soluble drugs, its estimated Fa value in humans was

0.5. Since RD=S value was 30 times as much as the volume of

GI fluids, this phenomenon was thought to be caused by

incomplete solubilization of GSF in the gastrointestinal

tract. Gramatté et al. performed an in vivo perfusion

experiment using the human intestine, and suggested that an

Fa value of GSF is 1.0 if it is completely dissolved in the

intestine [29]. Dressman et al. also report that Fa value of

completely dissolved GSF is 1.0 in their simulation study

[26]. Additionally, it is frequently reported that the

solubility of poorly water-soluble drugs is pharmaceutically

improved in recent years [4–6]. Furthermore, the technique

of sealing liquids into hard gelatin capsules, which enables

the dissolution process to be omitted, has been developed

[7]. Therefore, because of its high membrane permeability,

GSF might be developed as a 100%-absorbable oral dosage

formulations in the near future.

Though RD=S value of IDM estimated by JP1 was more

than 250,000 ml, that estimated by JP2 was about 100 ml.

This result suggested that IDM had low solubility in the

stomach, but it was nearly completely solubilized in the

intestinal lumen. Fa value of IDM predicted based on its

Papp value was 0.80 in the present study, but its Fa value

previously reported in humans was 1.0. It is well known that

IDM undergoes enterohepatic circulation [30]. Therefore,

high Fa value in humans may be ascribable not only to

passive diffusion but also to some other factors.

In conclusion, we have established a new system for

predicting drug permeability of poorly water-soluble

drugs. This system was easy to operate and likely to

give reproducible data, and therefore could be widely

applied to the study of drug permeability. For poorly

water-soluble drugs whose dose:solubility ratio ranged

from 2500 to 3500 ml, the relationship between Papp and

Fa values were found to be equivalent to that for water-

soluble drugs. These results suggest that the in vitro

Ussing-type chamber method is useful for predicting Fa

value of poorly water-soluble drugs.
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