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Abstract

Background and purpose: The free fraction theory (FFT) plays a central role in pharmacokinetics and
pharmacodynamics. However, for acidic drugs, deviations from FFT have been reported in cell-based assays
involving albumin binding. The purpose of the present study was to investigate the effect of albumin on the
passive membrane permeation of acidic drugs in the parallel artificial membrane permeation assay (PAMPA).
Experimental approach: Eight acidic drugs (atorvastatin, bosentan, entacapone, fluvastatin, meloxicam,
pitavastatin, rosuvastatin, and tolbutamide) were used as model drugs. The PAMPA membrane consisted of
phospholipids dissolved in decane. The effective permeation coefficient (Pe) was measured in the absence and
presence of 4 % bovine serum albumin (BSA) in the donor solution. The unbound fraction (f.) was determined
using equilibrium dialysis. Concentration dependence and phospholipid-composition dependence of P. were
examined. Key results: P. was substantially reduced by the addition of BSA, showing good consistency with
FFT. The minor deviation from FFT was explained by a concentration-dependent increase in the membrane
permeability of unbound drug molecules, except for rosuvastatin. The effect of BSA on the permeability of
rosuvastatin was influenced by phospholipid composition, possibly suggesting albumin-phospholipid
interactions. Conclusion: PAMPA permeation showed good consistency with FFT. The slight deviations from
FFT observed for the low-permeability drugs can be explained by the concentration dependence of unbound
drug permeability, except for rosuvastatin.

©2026 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

The free fraction theory (FFT) plays a central role in pharmacokinetics and pharmacodynamics [1-3]. In
plasma and cytosol, drug molecules exist in an equilibrium between protein-bound and unbound states.
According to FFT, only unbound (free) drug molecules can permeate cellular membranes and interact with
pharmacological targets and metabolic enzymes [1]. FFT has proven valid in most cases [1]; however, several
exceptions have also been documented [4-7]. In hepatic drug clearance, deviations from FFT have been
reported in both hepatic uptake [8-12] and metabolism [5,6,13]. This phenomenon is referred to as
albumin-mediated uptake [14,15]. Albumin-mediated uptake has been experimentally observed mainly for
acidic drugs that are substrates of organic anion transporting polypeptides (OATPs) [16]. However,
albumin-mediated uptake has also been observed in wild-type human embryonic kidney 293 cells (wt-HEK293),
which do not express OATPs [8]. Various molecular-level mechanisms have been proposed to explain the
deviation from FFT [6,10,16]. Because unknown transporter(s) may be involved in wt-HEK293, it is important to
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evaluate the impact of albumin on drug membrane permeation using a membrane system that isolates passive
transport [17,18]. The parallel artificial membrane permeation assay (PAMPA) has been widely used in drug
discovery and development [19-21]. A PAMPA membrane is suitable for evaluating passive transport
exclusively. Previously, the effect of albumin in the acceptor solution has been investigated using a PAMPA
system without phospholipids [22,23]. However, it has remained unclear whether PAMPA permeation is
affected by albumin in the donor solution when using a PAMPA system containing phospholipids.

The purpose of the present study was to investigate the effect of albumin on the PAMPA permeation of
acidic drugs regarding FFT. In this study, eight acidic drugs (atorvastatin, bosentan, entacapone, fluvastatin,
meloxicam, pitavastatin, rosuvastatin, and tolbutamide) were used as model drugs (Figure 1, Table 1). The
effect of albumin on the uptake in wt-HEK293 cells has been reported for these model drugs except
meloxicam [8]. Phospholipid-decane solutions were used to construct the PAMPA membrane [24]. Bovine

serum albumin (4 %) was added to the donor solution.
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Figure 1. Chemical structures of model drugs
Table 1. Physicochemical properties of model drugs
Drug MW pKa log Poct  Log Doctpr7.4®>  ref. (pKa)  ref. (log Poct)
High-permeability drugs
Atorvastatin 559 4.2 (acid)? 4.0 0.80 [25] [25]
Bosentan 552 4.9 (acid) (37 °C,/=0.168 M) 3.8 1.27 [26] [27]
Fluvastatin 411 4.3 (acid) (25°C, /=0.15 M) 4.2 1.11 [28] [28]
Pitavastatin 421 4.4 (acid), 5.4 (base)® 3.0¢ 1.03 [29] [29]
Low-permeability drugs
Entacapone 305 4.5 (acid)? 2.2 -0.24¢ [30] [31]
Meloxicam 351 4.2 (acid) (23 °C,/=0.1 M)? 2.7 0.07¢ [32] [32]
Rosuvastatin 482 4.3 (acid) (25°C,/=0.15 M) 2.5¢ -0.39 [28] [33]
Tolbutamide 270 5.2 (acid) (24 °C, I = 0.01 M) 2.2 -0.01 [28] [34]

aTemperature and ionic strength were not reported; POctanol-water distribution coefficient (log Doct) at pH 7.4 calculated from log
Poct and pK, (unless otherwise noted): cEstimated from log Dot = 1.49 at pH 6.93, assuming negligible distribution of the zwitterionic
species in octanol: 9Experimental value; eLog Po was estimated from log Dot and pKo.
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Experimental

Material

Bovine serum albumin (BSA), tolbutamide, decane, acetonitrile, and 0.1 vol.% trifluoroacetic acid -
acetonitrile was purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Atorvastatin
calcium trihydrate, fluvastatin sodium, meloxicam, rosuvastatin calcium, and pitavastatin calcium were
purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Bosentan hydrate was purchased from
Combi-Blocks Inc (CA, USA). Entacapone was extracted from the Entacapone tablet purchased from KYOWA
Pharmaceutical Industry Co., Ltd (Tokyo, Japan). Phosphate-buffered saline (PBS, 0.14 M sodium chloride,
0.0027 M HCI, 0.010 M Phosphate) was purchased from TOHO Co., Ltd (Tokyo, Japan). 0.1 vol% trifluoroacetic
acid-distilled water was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). A cellulose dialysis
membrane (MWCO 3500) was purchased from As-One Corporation (Osaka, Japan). Soybean lecithin (SLP-
white and SLP-PC 70) (Table 2) was provided by Tsuji Qil Mills Co., Ltd. (Mie, Japan). Egg yolk lecithin (PC-98N)
was purchased from Kewpie Corporation (Tokyo, Japan).

Table 2. Composition of phospholipid?®

Content, %

Phospholipid SLP-white SLP-PC70 PC-98N
Phosphatidylcholine 24 to 32 65 to 75 98.8
Phosphatidylethanolamine 20to 28 10to 15 -
Phosphatidylinositol 12-20 Oto1l -
Phosphatidic acid 81to 15 1to3 -
Lysophosphatidylcholines 1to5 1to5 0.9

@Taken from the product information provided by the manufacturer
Methods

Measurement of albumin unbound fraction by equilibrium dialysis

Albumin unbound fraction (f,) was measured by equilibrium dialysis using a side-by-side chamber with
the acceptor chamber sandwiched between two donor chambers (SANPLATEC Co., Ltd., Osaka, Japan). The
area of the dialysis membranes was 4.0 cm? (2.0 cm? per membrane). The fluid volume was 0.9 mL in the
acceptor and 3.0 mL in the donor chambers (1.5 mL per chamber). Each drug solution (0.1 mM in pH 7.4 PBS)
with 4 % BSA (0.60 mM) was added to the donor side. PBS without a drug was added to the acceptor chamber.
After incubation for 24 h at 37 °C, the drug concentration in the acceptor chamber was measured by HPLC
(Shimadzu Prominence LC-20 series, column: ZORBAX Eclipse Plus (C18 2.1x50 mm, 3.5 um) (Agilent
Technologies), flow rate: 0.6 mL min~, column temperature: 40 °C, and injection volume of 10 pL). The mobile
phase composition and the detection wavelength are listed in Supplemental Material Table S1.

Parallel artificial membrane permeation assay

The PAMPA sandwich consisted of a 96-well filter plate (hydrophobic PVDF, 0.45 um) and a PAMPA
acceptor plate (Merck Millipore, MA, USA). The acceptor plate was filled with 300 pL of PBS. The filter of the
donor well was coated with 5 pL (10 % SLP-white) or 10 uL (5 % SLP-white, 5 % SLP-PC70 or 5 % PC-98N) of a
phospholipid-decane solution. A drug solution (0.1 mM (except for the concentration-dependency study),
PBS, 200 uL) with or without 4 % BSA was added to the donor compartment. The pH was set to 7.4 on both
donor and acceptor sides. The PAMPA sandwich was then incubated at 37 °C for 4 h (atorvastatin, bosentan,
fluvastatin, and pitavastatin) or 20 h (entacapone, meloxicam, rosuvastatin, and tolbutamide). The donor
solution (0.1 mL) was mixed with acetonitrile (0.1 mL) and centrifuged at 2000 g for 10 min (ForceMini, BM
Equipment Co., Ltd., Tokyo, Japan). The supernatant was filtered through a 0.22 um PVDF membrane
(Millipore Corporation, Billerica, MA, USA). The first few drops of the filtrate were discarded to minimize
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adsorption to the filter. Drug concentrations were measured by HPLC. The HPLC conditions were the same
as those described above. The effective permeability (P.) was calculated using the following equations [28].

&:_230m6[ 1 jbgfn+[1+n]65&)] (1)
At (1+r, 1-R, )C,(0)

_.G(t) 16(1) 2
&_1g@)5%@) @
rt (3)

v,

where A is the filter surface area (0.266 cm?), Vp and V4 are the fluid volumes, mL of the donor and acceptor
phases, respectively, t is the incubation time, Cp(t) and Ca(t) are the concentrations of a drug in the donor and
acceptor phases, respectively, R:is the membrane retention factor and r, is the volume ratio. It should be noted
that Cp(t) is the sum of BSA-bound and unbound drug molecules in the donor solution, and P. is defined by this
drug concentration. The details for the derivation of these equations have been reported elsewhere [17]. In
PAMPA, P. is usually calculated from one-time point data. In typical PAMPA experiments, the steady state is
achieved within 0 to 45 min. Therefore, P. was calculated from one-time-point data at > 2 h.

Results and discussion

Effect of BSA on PAMPA permeability

The effective permeability of the model drugs is summarized in Table 3. In the absence of BSA, atorvastatin,
bosentan, fluvastatin, and pitavastatin showed high permeability (P > 10x10® cm s), whereas entacapone,
meloxicam, rosuvastatin, and tolbutamide showed low permeability (Pe < 5%10° cm s1). In the presence of BSA,
P. was substantially reduced in all cases (Figure 2). Reampa is defined as the ratio of the PAMPA permeability
values measured with and without BSA. The ratio Reamrea/fu quantifies the extent of deviation from FFT. For
comparison, the same ratio for the wt-HEK293 cells (Rwt-Hex293/fu) Was calculated using the data reported in the
literature [8]. Reamea/fu Was close to unity (0.9 to 1.6) and substantially smaller than Rutrexz03/fu, indicating that
the deviation from FFT in PAMPA is minimal relative to that in wt-HEK293 cells (Figure 3).

Table 3. Effective permeability and unbound fraction (f.) (Mean £ S.D., N = 3)
Pe (x10® cm s1)?

Drug BSA- BSA+ Reampa fube Reampa / fuf Ruwt-Hek293 / fu®

High-permeability drugs

Atorvastatin 19.8+0.4 1.19+0.03 0.060 + 0.001 0.054 £ 0.001 1.1 2.4

Bosentan 26.4+2.2 1.30+0.03 0.049 + 0.001 0.055 +0.001 0.9 0.8

Fluvastatin 39.9+0.7 1.11+0.03 0.028 + 0.001 0.029 £ 0.000 1.0 0.9

Pitavastatin 249 +0.5 1.13+0.07 0.045 + 0.003 0.037 £ 0.000 1.2 3.3
Low-permeability drugs

Entacapone 1.19+0.03 0.09 £ 0.00 0.074 £ 0.004 0.047 £ 0.000 1.6 6.7

Meloxicam 2.37 £0.06 0.06 + 0.00 0.024 +0.001 0.021 +0.000 1.2 -
Rosuvastatin 0.60 £ 0.01 0.14 £ 0.01 0.24+0.01 0.17 £0.00 14 1.4
Tolbutamide 3.12 £ 0.05 0.60 £ 0.02 0.19+0.01 0.18 £ 0.00 1.1 5.5

aPAMPA membrane: 10 % SLP-white/decane, 5 pL. Drug concentration: 0.1 mM; "Measured by equilibrium dialysis; ‘With bovine
serum albumin; dWith human serum albumin [8]

In the 96-well PAMPA assay, the effective permeability of high-permeability drugs (P. > 10x10® cm s?) is
influenced by the unstirred water layer (UWL) [35]. This is also evident from the fact that P. reaches a plateau
as lipophilicity increases in this study (Figure 4). In such cases, the slow diffusion coefficient of BSA-bound drug
molecules in the UWL affects Pe, and the slow dissociation rate of the drug from BSA may also affect P. [36].
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The theoretical analysis of this reaction-diffusion system in the UWL is of great interest; however, it lies outside
the scope of the present study.

(1) High-permeability drugs (2) Low-permeability drugs
45 r 35 r
W BSA- M BSA-
20 }
W BSA+ 3 I mBsa+
35 F
25 F
30}
§ x| g 2
& £
X 20 r = 15
Hm a
& 15
1
10
05 |
5
0

Atorvastatin  Bosentan  Fluvastatin  Pitavastatin Entacapone Meloxicam Rosuvastatin Tolbutamide

Figure 2. Effect of BSA on PAMPA permeability. 4 % BSA was added to the donor side of the PAMPA
membrane. Mean +S.D., N=3
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Figure 3. Correlation between Rut-+ekz93/fu and Figure 4. Correlation between log Doct, pH 7.4 and
Reampa/fu. The black solid line indicates Rwt-Hek293/ log Pe

/ fu = Reamea/fu. The blue dotted line is Reamea/fu =1

In contrast, for low-permeability drugs, interference from the unstirred water layer is negligible. In
addition, as shown in Table 3, Reamrea/fu tended to be slightly higher than unity. Therefore, to focus on FFT,
the membrane permeation of the low-permeability drugs is examined in the following sections.

Concentration dependency of parallel artificial membrane permeation assay membrane permeation

For the low-permeability drugs, there are at least two possible reasons for the slight positive deviation
from FFT: (i) aloumin-mediated uptake, and (ii) concentration dependence of P.. To explore the possibility of
(i), the effect of drug concentration on P, was investigated (Table 4). The lowest concentration was set close
to the unbound (free) drug concentration in the presence of 4 % BSA (= f,Co(0)) at Cp(0) = 100 uM. The P
values increased as drug concentration decreased.

For entacapone and meloxicam, the concentration-dependent decrease in P. in the absence of BSA was
similar to the Rpawmpa/fu value, suggesting that the deviation from FFT is likely due to the concentration
dependence of passive permeation of unbound drug molecules. Passive transport of a drug is usually
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considered to be concentration-independent. However, some weak base drugs have previously been
reported to show concentration-dependent permeability in PAMPA due to ion-pair transport with anionic
phospholipids [37,38]. By contrast, in acidic drugs, such ion-pair-mediated transport cannot occur because
both the drug and the phospholipid carry negative charges. For acidic drugs, the formation of dimers or
aggregates in the donor solution at higher concentrations may underlie the observed concentration
dependence [39]. This possibility remains to be investigated.

Table 4. Concentration dependency of PAMPA permeability for low-permeability drugs in the absence of BSA?

Drug C/uM Pe/ 1085 cm st Pe ratio (vs. Pe at 100 uM)
4 1.5+0.1 1.4
Entacapone 10 1.3+0.1 1.3
20 1.2+0.0 1.2
100 1.0x0.1 1.0
2 24+0.0 1.3
Meloxicam 4 2.1+0.1 1.1
21 2.0+£0.0 1.1
100 1.8+0.0 1.0
14 0.60+0.01 1.1
Rosuvastatin 28 0.52+0.10 1.0
93 0.52 +0.02 1.0
12.5 3.3+0.3 1.1
Tolbutamide 25 3.2+0.2 1.0
100 3.1+0.4 1.0

aPAMPA membrane: 10 % SLP-white/decane, 5 L.

In contrast, for rosuvastatin, the deviation from FFT was not fully attributable to concentration-dependent
passive permeation. Therefore, the possibility of albumin-mediated uptake remains.

Effect of phospholipid composition

The effect of phospholipid composition on P. was investigated for rosuvastatin and tolbutamide because little
concentration dependence in their P. was observed. Since the purified phosphatidylcholine (PC-98N) could not be
dissolved in decane at 10 %, its concentration was reduced to 5 %, and the same concentration was used for the
other phospholipids for comparison. In Reames, @ small but statistically significant difference was observed among
the phospholipids, possibly indicating an interaction between BSA and the PAMPA membrane (Table 5).

Table 5. Effect of phospholipid composition on PAMPA permeability (Mean +S.D., N = 6)

Pe/10°cmstP

Drug Phospholipid?® “BSA +BSA Reampa Reampa / fu Reampa p-value®
Rosuvastatin SLP-white 0.31+0.01 0.10 £ 0.00 0.32+0.01 1.9
SLP-PC 70 0.27 £0.01 0.10+0.01 0.37 £0.03 2.2 0.0085¢
SLP-white 1.67 £0.05 0.34+0.01 0.20+0.01 1.1
Tolbutamide SLP-PC 70 1.94 +0.08 0.48 £ 0.02 0.25+0.01 1.4 0.001¢
PC-98N 0.79 £ 0.03 0.18 £ 0.02 0.23 £ 0.02 1.3 0.041¢

aPAMPA membrane: 5 % phospholipid/decane, 10 puL. See Table 2 for phospholipid composition. No permeation of rosuvastatin was
detected when PC-98N was used; "Drug concentration: 0.1 mM; Calculated using EZR software [40]; 9Student's t-test vs. SLP-white
€Tukey’s test vs. SLP-white

Limitations of this study

The results obtained in the present PAMPA study do not negate the possibility of albumin-mediated
uptake in passive diffusion across cellular membranes. The PAMPA membrane consists of phospholipids
dissolved in an organic solvent, and therefore its properties may differ from those of the phospholipid bilayer
in cells. PAMPA may not be suitable for evaluating albumin-mediated uptake.
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Conclusions

In conclusion, the PAMPA permeation of the model drugs was substantially reduced by the addition of
BSA, showing good consistency with FFT. The deviation from FFT in PAMPA is minimal relative to that in
wt-HEK293 cells [8]. In the present study, the slight deviations from FFT observed for entacapone and
meloxicam were likely due to concentration-dependent passive permeation. In contrast, the slight deviation
from FFT for rosuvastatin may be attributed to albumin-phospholipid interactions.

Supplementary material

Additional data are available at https://pub.iapchem.org/ojs/index.php/admet/article/view/3700, or from
the corresponding author on request.
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