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ARTICLE INFO ABSTRACT
Article history: Aims: Transthyretin (TTR)-related familial amyloidotic polyneuropathy (FAP) is characterized by the systemic ac-
Received 7 August 2013 curnulation of amyloid fibrils caused by amyloidogenic. Our previous studies demonstrated that albumin played a
Accepted 28 October 2013 role in the inhibition of TTR amyloid-formation. The aim of this study was to evaluate the effect of albumin on TTR
disposition and tissue deposition in vivo.
?g{‘g’“m Main methods: For pharmacokinetic studies, recombinant wild-type TTR (rTTR) and recombinant amyloidogenic
Famili aiy: myloidotic polyneuropathy TTR Vai30Met (rATTR V30M) were labeled with iodine and administered to Spragungawiey rats and
Albumin analbuminemia rats {NAR: Nagase Analbuminemia Rats). The deposition of ATTR V30M was also analyzed by im-
munohistochemistry in the transgenic (Tg) rats possessing a human ATTR V30M gene {ATTR V30M Tg rats) and
NAR possessing.a human ATIR V30M gene (ATTR V30M Tg NAR).
Key findings: The presence of albumin had no effect on the tissue distribution of either rTTR or rATTR V30M. How-
ever, more ATTR V30M was deposited in the hearts, stomachs and small intestines of ATTR V30M Tg NAR rats,
compared to ATTR V30M Tg rats,
Significance: Although the disposition of TTR and ATTR V30M was unaffected by the presence of albumin, the
deposition of ATTR V30M in some organs was apparently increased in the absence of albumin compared to the
presence of albumin. These results show that albumin would contribute to suppressing the tissue deposition of
TTR in pathogenesis of FAP, but does not affect the disposition of TTR.
© 2013 Elsevier Inc. All rights reserved.
Introduction Chuang, 2009). In addition, the cysteine residue at position 34 (Cys34)

in albumin provides antioxidant activity {Stewart et al., 2005), which,

Albumin is the most abundant protein in the blood, and an impor-
tant carrier of endogenous and exogenous ligands in the circulation. It
contributes to the maintenance of osmotic pressure and plasma pH
and to the Donnan-effect in capillaries (Otagiri et al., 2013; Otagiri and

Abbreviations; TTR, transthyretin; FAP, familial amyloidotic polyneuropathy;
ATTR, amyloidogenic transthyretin; NAR, Nagase Analbuminemia Rats; Tg, transgenic;
123, iodine; % of ID, % of injection of dose; &y . distribution-phase half-life: t2 p.
elimination-phase half-life; CL, clearance; AUC, area under the concentration-time
curve; Vi, distribution volume of central compartment; Vs, distribution volume of periph-
eral compartment; Vg, distribution volume.

* Albumin plays key roles in transthyretin disposition.
* Corresponding author at: Faculty of Pharmaceutical Sciences, Sojo University, 4-22-1
Tkeda, Kumamoto 862-0082, Japan. Tel.: -+81 96 326 3887; fax: + 81 96 326 5048,
E-mail address: otagitim@ph.sojo-v.acjp (M. Otagiri).

0024-3205/3 - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/115.2013.10.031

in turn, influences the plasma thiol-dependent antioxidant status of
albumin, as well as the extent of oxidative damage to proteins
{(Quinlan et al., 1998, 2004). These multiple functions of albumin have
a key role in the maintenance of physiological homeostasis. In fact, it
was reported that hypoalbuminemia is strongly associated with the
progression of and mortality in a number of disorders (Okamirra et al.,
2013; Staples et al,, 2010; Zisman et al., 2009). We also reported that
serum albumin levels and the reduced form at Cys34 of albumin were
decreased in familial amyloidotic polyneuropathy (FAP) patients as
the disease progressed (Kugimiya et al,, 2011).

Transthyretin (TTR)-related FAP is an autosomal dominant form of a
fatal form of heredity amyloidosis characterized by the systemic accu-
mulation of amyloid fibrils in organs (Ando et al,, 1993, 2005). To
date, more than 100 different points of mutation in the TTR gene have
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been reported, and most of these mutations are amyloidogenic
(Ando et al., 2005; Benson and Kincaid, 2007; Connors et al., 2003).
Of the different types of amyloidogenic transthyretin (ATTR), ATTR
Val30Met (ATTR V30M) is the most commeon {Benson and Uemichi,
1996). Although many attempts have been made to identify various
types of ATTR-related FAP (Connors et al., 2003}, the mechanisms re-
sponsible for the self-assembly of naturaily occurring proteins into amy-
loid deposits remain a mystery even given the progress made in
biochemical and diagnosis methods. Our previous in vitro studies
showed that S-nitrosylated TTRs and ATIR V30M induced more amyloid
fibrils than did unmodified TTRs and wild-type TIR, respectively, which
indicates that oxidative stress is a facilitator of amyloid formation (Saito
et al., 2005). Furthermore, we also revealed that albumin, which main-
tains antioxidant activity, may possibly play an inhibitory role in the
TTR amyloid-formation process in organs (Kugimiya et al., 2011). How-
ever, the precise roles of albumin in the deposition of TTR in organs re-
main unknown.

The objective of this study was to evaluate the role of albumin in TTR
disposition and tissue deposition in vivo. In initial experiments, we la-
beled recombinant TTR (rTTR) or recombinant ATTR V30M (rATTR
V30M) with iodine (?°I) to produce ?5{-labeled TTR ('?°I-rTTR) or
ATTR V30M (*2°~rATTR V30M) and subsequently examined changes
in the pharmacokinetic properties of fTTR or rATTR V30M using
Sprague-Dawley (SD) rats and analbuminemia rats (NAR: Nagase
Analbuminemia Rats). Next, to evaluate in detail the effect of albumin
on TTR deposition, we compared the extent of TTR deposition between
the transgenic (Tg} rats possessing the human ATTR V30M gene {ATTR
V30M Tg rats) and NAR possessing the human ATTR V30M gene {ATTR
V30M Tg NAR).

Materials and methods
Expression and purification of the rTTR and rATIR V30M

The rTTR and rATTR V30M were expressed and purified as reported
in a previous study (Matsubara et al., 2003). In this preparation, the TTR
or ATTR V30M vector ( pQE30) was mixed with the E. coli strain M15. A
preculture was grown overnight at 37 °C in Luria broth medium with
ampicillin and kanamycin and was inoculated to 100 mL of the fresh
Luria broth medium. Protein expression was induced with 1 mM
isopropyl-3-D-thiogalactopyranoside when the absorbance at 600 nm
reached 0.6. After growth for 7 h at 37 °C with shaking, the cells were
immediately chilled on ice and harvested by centrifugation at 5000 g
for 20 min at 4 °C. The pelleted cells were resuspended and lysed by
sonication at 4 °C. After centrifugation at 5000 g for 40 min at 4 °C,
the supernatant was filtered and the proteins were isolated by passage
through DEAE sepharose gel. Finally, the proteins were purified and
concentrated by high performance liquid chromatography.

rTIR and rATTR V30M labeling with '

The rTTR and rATTR V30M were labeled with '2*1 as previously re-
ported, with minor modifications (Matsushita et al., 2006). '**I-rTTR
and "3I-rATTR V30M were prepared by incubation of rTTR and rATTR
V30M with Na'?*l (PerkinElmer Inc., Piscataway, Nj, USA) in an lodo-
Gen (1, 3, 4, 6-tetrachloro-3a, 6a-diphenylglycoluril} tube for 30 min
at room temperature. Thereafter, '?*I-rTTR and '*3-rATTR V30M were
isolated from free '2° by passage through a PD-10 column (GE
Healthcare Bio-Sciences AB; Patent Department Bjérkgatan 30, 75184
Uppsala, SE).

The pharmacokinetic experiments
All animal experiments were performed according to the guide-

lines, principles, and procedures for the care and use of laboratory
animals of Kumamoto University. All rats were given water

containing 5 mM sodium iodide for the duration of the experiment to
avoid specific accumulation in the glandula thyreoidea. Male SD rats
(Kyudou Co., Kumamoto, Japan) or NAR (Kyudou Co., Kumamoto,
Japan) were anesthetized with ether and injected with the '2%1-rTTR
or "’LrATTR V30M via the tail vein at a dose of 0.1 mg/kg. Blood
samples were collected at multiple time points after the '3I-rTTR
or '#|-rATTR V30M (10 min, 15 min, 30 min, 1.5 h,3 h and 4 h)
and the plasma was separated by centrifugation (3000 g, 5 min). De-
graded rTTR or rATTR V30M and free ">l were removed from the
plasma by centrifugation in 1% bovine serum albumin and 40% tri-
chloroacetic acid. After obtaining the last blood sampling, the organs
were excised (kidneys, liver, spleen, lungs, heart, stomach, and small
intestine), rinsed with saline, and weighed. The radioactivity of the
samples was determined by means of a y-counter {(ARC-5000,
Aloka, Tokyo, Japan).

Preparation of ATIR V30M Tg rats and ATIR V30M Tg NAR

NAR were isolated from SD rats of CLEA Japan (japan CLEA Co.,
Kanagawa, Japan) (Nagase et al,, 1979). ATTR V30M Tg rats were gener-
ated as previously described {Ueda et al., 2007). The ATTR V30M Tg NAR
were developed by mating NAR and V30M Tg rats and were genotyped
by a PCR analysis of ear DNA. The animals were maintained in a specific
pathogen-free environment at the Center for Animal Resources and De-
velopment, Kumamoto University,

Immunohistochemical staining

9-month-old ATTR V30M Tg rats and ATTR V30M Tg NAR were
sacrificed by acute bleeding from the abdominal aorta and selected or-
gans (kidneys, liver, spleen, lungs, heart, stomach and small intestirie)
removed. The organs were then resected en bloc for immunohistochem-
ical staining. The organs were fixed in 4% paraformaldehyde overnight
and embedded in paraffin.

Paraffin-embedded 4 um-thick sections were prepared and
deparaffinated in xylene and rehydrated in a graded series of alcohols.
Deparaffinized sections were pretreated by heating for 20 min in an au-
toclave apparatus. The slides were then treated with periodic acid for
10 min at room temperature, after which they were incubated in 5%
normal serum for 1 h at room temperature in a moist chamber. The pri-
mary antibodies were rabbit polyclonal anti-TTR (Dako, Glostrup,
Denmark) and were used at a 1:50 dilution, The secondary antibody
was a horseradish peroxidase-conjugated goat anti-rabbit immuno-
globulin antibody (Dako, Glostrup, Denmark) diluted 1:100 in buffer.
Reactivity was visualized with the DAB Liquid System ({Dako, Glostrup,
Denmark). Sections were counterstained with hematoxylin,

Histopathological scoring system of TIR deposition in organs

The sections were examined by light microscopy. For each organ, 5
different selected areas per specimen used for semiquantitative immu-
nochemistry were analyzed by two independent investigators blind
manner. The deposition of TTR in organs was assessed according to
the degree of deposition using a 0 to 2 grading system. A score of 0 indi-
cates the absence of deposition, a score of 1 indicates mild deposition
(<50% of the total muscle layer in visual field), a score of 2 corresponds
to severe deposition (>50% of the total muscle layer in visual field).
Scores for each organ were then averaged per group (ATTR V30M Tg
rats and ATTR V30M Tg NAR).

Data analysis

A two-compartment model was used for the pharmacokinetic anal-
ysis after the administration of ">[-rTTR or '*I-rATTR V30M. Each pa-
rameter was calculated by fitting using MULTI, a normal least-squares
program (Yamaoka et al., 1981). Data are reported as the mean = SD
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for the indicated number of animals. Significant differences among each
group were examined using the Student’s t-test. A probability value of
p < 0.05 was considered to indicate statistical significance.

Results
Pharmacokinetic study of rTIR with or without albumin

Fig. 1A shows the time course for the plasma concentration of
1251_FTTR that had been injécted into SD rats or NAR at a dose of
0.1 mg/kg, and Table 1 lists the pharmacokinetic parameters obtained
using the two-compartment model. The plasma concentration curves
and pharmacokinetic parameters of '2’[-rTTR were similar between
the SD rats and NAR (elimination-phase half-life (t;2p): 2.53 + 0.26
and 3.02 4+ 0.39 h, for the SD rats and NAR, respectively).

Fig. 1B shows the tissue distribution of the *23I-rTTR (% of injec-
tion of dose (% of ID)) at 4 h after administration to SD rats or NAR.
1231 ¢TTR was distributed at relatively high levels in kidneys, liver,
stomach and small intestine in both SD rats and NAR. However, no
significant difference in the amount of ***|-rTTR between the SD
rats and NAR was observed in any of the organs.

Pharmacokinetic study of rATIR V30M with or without albumin

A pharmacokinetic study of rATTR V30M was also performed in SD
rats and NAR. As shown in Fig. 2A, the plasma concentration of '*°1-
rATTR V30M in NAR was essentially the same as that in SD rats. With
the change in plasma concentration of **I-rATTR V30M, the pharmaco-
kinetic parameters for NAR were also similar to that in SD rats (Table 2).
However, the pharmacokinetic parameters were obviously different be-
tween administration of '**I-rTTR and '2°I-rATTR V30M in both SD rats
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Fig. 1. (A) The time course for the relative plasma concentration of "**-rTTR after i.v.
administration to SD rats {open circle} and NAR {closed circle). (B) Tissue distribution of
radioactivity at 4 hours after i.v. administration of "*I-¢TTR to SD rats {open bar) and NAR
(closed bar). '**-rTTR were injected to SD rats (» = 6) and NAR (1 = 6} at a dose of
0.1 mg/kg. The radioactivities were determined using a -y-counter. Each data point repre-
sents the mean £ $D. % of ID: % of injection of dose.
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Table 1

Pharmacokinetic parameters after the administration of **I-TTR by an intravenous injec-
tion to SD rats or NARs, Both SD rats and NARs received a single injection of ™*I-TTR ata
dose of 0.1 mg/kg. At each time after the injection of **I-TTR, a blood sample was collect-
ed from the tail vein, and plasma was obtained. Each parameter was calculated by MULT]
using a two-compartment model.

SDrat NAR

G () 0.12 £ 0.02 0.13 £ 0.03
tiap (h) 253 + 026 302 £ 039%
CL{ml/h} 9.33 £ 099 869+ 078
AUC (h *¥ of dose/mL}) 108 + 1.15 11.6 £ 107
Vi (mb) 8.45 + 0.66 826 % 2.14
V, {mL}) 207 £ 36 237 £ 35
Vi (mL) 292 £ 37 319 = 44

Each value represents the mean % S.D. (n = 6).

t12 o the distribution-phase half-fife, t; 5 p: the elimination-phase half-life, CL: clearance,

AUC: area under the concentration-time curve, Vy: distribution volume of central com-

partment, Vs distribution volume of peripheral compartment, V. distribution volume,
* p<005vsSDrat.

and NAR: the area under the concentration-time curve (AUC) for
1251rATTR V30M was decreased compared to that for '*°I-rTTR,
and the distribution volume (V4¢s), the distribution velume of the
central compartment (V) and the peripheral compartment (Vs},
the clearance (CL) of ®°l-rATTR V30M were increased compared to
that of "3[-¢TTR (Tables 1 and 2).

As shown in Fig. 2B, the '*L-rATTR V30M in both SD rats and NAR
was mainly distributed in the kidneys, liver, stomach and small intes-
tine, similar to the case of ?>-rTTR. Among the organs observed, no sig-
nificant differences in the distribution of *#-rATTR V30M between the
SD rats and NAR were found.

A) 1006
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B 80

® 4 O
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: 8

8 8 &
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@ NAR
1 > -
0 1 2 3 4 (hour)
B)s
. [] sDrats
g 4 B NAR
5 :
é 3 4 -
]
3 2.
[ d
& ,
5 1
0. ~ e [l D

kidney liver spleen heart stomach small

intestine

lung

Fig. 2. (A) The time course for the relative plasma concentration of *ZI-rATTR V30M after
i.v.administration to SD rats {open circle) and NAR {closed circle). {B) Tissue distribution
of radioactivity at 4 h after i.v. administration of "*>I-rATTR V30M to SD rats {open bar)
and NAR {closed bar}. '*3I-rATTR V30M were injected to SD rats (n = 3) and NAR
(n = 4) at a dose of 0.1 mg/kg. The radioactivities were determined using a y-counter.
Each data point represents the mean £ SD. % of ID: % of injection of dose.
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Table 2

Pharmacokinetic parameters after the administration of '*’[-ATTR V30M by an intrave-
nous injection to SD rats or NARs. Both SD rats and NARs received a single injection of
1251 ATTR V30M at a dose of 0.1 mg/kg. At each time after the injection of 'P1-ATTR
V30M, a blood sample was collected from the il vein, and plasma was obtained. Each
parameter was calculated by MULT! using a two-compartment model.

sD NAR
tiz e () 0.12 + 0.01 0.17 + 004
tizp () 261 £ 025 3.16 + 1.06
CL (mi/h) 234+ 19 176 + 2.0°
AUC {h *% of dose/mL) 429 4+ 036 574 + 0.59*
Vi (mL} 139+ 1.7 126+ 1.1
Vy {mi) 525 & 9.3 441 + 136
Ve (ml} 664 + 110 56.7 &+ 14.5

Each value represents the mean £ S.D. (SDrats; n = 3,NAR; n = 4).

t112 : the distribution-phase half-life, t; 7 o the elimination-phase half-life, CL: clearance,

AUC: area under the concentration-time curve, Vy: distribution volume of central com-

partment, V,: distribution volume of peripheral compartment, V,: distribution volume.
# p<005vsSDrat.

ATTR V30M deposition in ATIR V30M Tg rats and ATIR V30M Tg NAR
We further evaluated the effect of albumin on the deposition of ATTR

V30M in the organs (kidneys, liver, spleen, heart, lungs, stomach and
small intestine) using ATTR V30M Tg rats and ATTR V30M Tg NAR. As

A) Heart

ATTR V30M Tg rats

B) Stomach

ATTR V30M Tg rats

C) Small intestine

ATTR V30M Tg rats

ATTR V30M Tg NAR

ATTR V30M Tg NAR

ATTR V30M Tg NAR

aresult, the score of degree of ATTR V30M deposition in the heart, stom-
ach and small intestine of the ATTR V30M Tg NAR was significantly
higher than that of the ATTR V30M Tg rats (Fig. 3), while deposition of
ATTR V30M in other organs {kidneys, liver, spleen and lungs) was not
observed in both groups {data not shown). Furthermore, the deposits
in the heart, stomach and small intestine were almost entirely localized
to the muscle layer, including the myocardial layer, gastric muscularis
and the muscular coat of the small intestine, respectively (Fig. 3).
These data strongly suggest the possibility that the presence of albumin
contributes to the inhibition of ATTR V30M deposition in tissues.

Discussion

The major finding of this study is that the presence of albumin in-
hibits the ATTR V30M deposition process in organs rather than effect
on the pharmacokinetic properties {plasma concentration and tissue
distribution) of rTTR and rATTR V30M.

TTR weighs 55 kDa and is a tetramer composed of four identical
monomer subunits. Each monomer is 127 amino acid residues long
(Peterson et al., 1998). It is mainly biosynthesized in the liver, and, in
normal healthy individuals, the basal level of TTR is maintained at ap-
proximately 20-40 mg/dL. Although TTR normally binds to the retinol
binding protein and thyroxine in plasma, which suppresses their excre-
tion from the kidney and behave as a transporter {Boomsma et al,, 1991;

2.0 Y

1.5 1

1.0

0.5 1

Score of TTR deposition

ATTR V30M ATTR V30M
Tg rats Tg NAR

Score of TTR deposition
5

ATTR V30M ATTR V30M
Tg rats Tg NAR

2.0

1.5 1

1.0 4

Score of TTR deposition

ATTR V30M ATTR V3OM
Tg rats Tg NAR

Fig. 3. Immunobistchemistry for human ATTR V30M and the score for the degree of TTR deposition in heart {A), stomach (B} and small intestine {C) of the transgenic { Tz} rats possessinga
humar ATTR V30M gene (ATTR V30M Tg rats) and analbuminemia rats possessing a human ATTR V30M gene {ATTR V30M Tg NAR). Immunoreactivity with rabbit polycional anti-hurman
TIR antibody in the heart, stomach and small intestine of ATTR V30M Tg rats and V30M Tg NAR at 8 months after birth. The left panels shown are representative images of heart 4,
stomach (B} and smalf intestine {C) collected from ATTR V30M Tg rats and ATTR V30M Tg NAR. Scale bars = 50 pm. The right panels shown are semiquantitative analysis of TT® depo-
sition in each argan of ATTR V30M Tg rats and ATTR V30M Tg NAR. The volume of TTR deposition is classified into the following 3 grades: 0 corresponded with absence of depesition, a
score of 1 indicated the mild deposition, a score of 2 corresponds to severe deposition. Each bar represents the mean = SD (n = 5} *p < 0.01 vs ATTR V30M Tg rats.
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Monaco et al,, 1995; Pettersson et al,, 1995}, its amyloidogenesis, espe-
cially ATTR V30M is the major amyloidogenic source for FAP,
representing the major causative agent of FAP. It is also well-known
that albumin is the most abundant protein in plasma, and has multiple
functions. Among the functional properties of albumin, the binding of
numerous endogenous and exogenous compounds is one of its impor-
tant roles, and this property ultimately exerts a significant degree of in-
fluence on their disposition (Otagiri et al., 2013; Otagiri and Chuang,
2009). In our previous study involving the binding of TTR to various
plasma proteins using BlAcore analysis, albumin had a higher binding
affinity for TTR (dissociation-rate constants (Kq) = 1.49 x 1073 M)
than other proteins (such as, «-1 acid glycoprotein and transferrin)
(Kugimiya et al., 2011), which indicates the possibility that it is associat-
ed with the regulation of TTR disposition, for example the tissue distri-
bution of TTR after being released into the blood circulation from the
liver, where albumin would function as a transporter. Contrary to our
hypothesis, the present pharmacokinetic study demonstrated that the
disposition, was not significantly affected by the plasma concentration
and tissue distribution of both rTTR and rATTR V30M between rats
with and without albumin (Figs. 1 and 2). These results indicate that
the presence of albumin had no effect on the disposition of rTTR and
rATTR V30M.

Interestingly, the AUC for '25|-rATTR V30M was decreased compared
to that of 2|-rTTR in both SD rats and NAR, while each distribution vol-
ume (V;, Va2 and V) and the CLof '25I-rATTR V30M was increased com-
pared to that of '*I-rTTR in both SD rats and NAR (Tables 1 and 2).Ina
previous study, Longo Alves et al. (1997) reported that ATTR V30M had
a faster CL than TTR T119M, which is known as a non-amyloidogenetic
TTR variant, and ATTR V30M had a lower stability than TIR T118M.
Based on these findings, they concluded that these physical differences
between ATTR V30M and TTR T119M may be an important factor in
amyloidogenesis. It was reported that ATTR V30M is the most common
amyloidogenic mutation (Benson and Uemichi, 1996), while wild-type
TTR is a non-amyloidogenetic TTR. In addition, the stability of ATTR
V30M was lower than that of non-mutated TTR (Zhang et al.,, 2013).
Taken together these findings indicate that the pharmacokinetic differ-
ence between ATTR V30M and wild-type TTR possibly involves a higher
systemic accumulation of amyloid fibrils derived from ATTR V30M than
non-mutated TTR. Further investigations will be needed to elucidate the
detailed mechanism responsible for the kinetic differences between
rATTR V30M and rTTR, and whether these kinetic changes between var-
iants relate to the progression of FAP.

In a previous study, we reported that ATTR V30M Tg NAR showed a
tendency to exhibit more severe ATTR V30M deposition in the colon
than the ATTR V30M Tg rats (Kugimiya et al,, 2011). In patients with
systemic amyloidosis, including FAP, amyloid deposition in not only
the colon but also the heart and throughout the entire gastrointestinal
tract wall is a common finding (Ikeda et al., 2002}, Thus, to better under-
stand the effect of albumin on the deposition of ATTR V30M in some or-
gans, we examined the issue of whether ATTR V30M Tg NAR showed a
higher deposition of ATTR V30M in organs (kidneys, liver, spleen, heart,
lungs, stomach and small intestine) than thatin ATTR V30M Tg rats. The
findings indicate that in ATTR V30M Tg NAR, there was apparently more
ATTR V30M deposition in the muscle layer of the heart, stomach, small
intestine than ATTR V30M Tg rats (Fig. 3). This finding indicates that the
absence of albumin accelerated ATTR V30M deposition. It was reported
that FAP patients show malnutrition and/or renal disorders as a result of
amyloid deposition in the gastrointestinal tracts and kidney, which
causes the induction of hypoalbuminemia (Benson and Wallace, 1989;
Margarson and Soni, 1998; Nakazato et al,, 1986). Furthermore, oxida-
tive stress plays a crucial role in the pathogenesis of FAP (Fiszman
et al,, 2003). Since albumin functions as an antioxidant unless Cys34 is
not maintained (Otagiri and Chuang, 2009), it is possible that the quan-
titative and qualitative loss of albumin, especially antioxidant activity,
may be associated with the process of the FAP progression. In fact, the
serum atbumin levels and the total reduced form of albumin, considered

as the redox state of Cys34 in albumin, decreased in patients with FAP
with the progression of the disease (Kugimiya et al., 2011). Moreover,
TTR also caused amyloid fibril formation in senile systemic amyloidosis
{Westermnark et al., 1990), which has been shown to affect to some de-
gree 25% of the population greater than 80 years of age (Cornwell et al.,
1983). It is well documented that serum albumin levels decrease with
aging (Peters, 1996). Taken together, although details of the mechanism
for amyloid formation in senile systemic amyloidosis have also not been
clarified (Cornwell et al., 1988), the maintenance of serum albumin
levels may possibly prevent the onset of, not only FAP, but also senile
systemic amyloidosis.

In conclusion, the findings reported herein indicate that albumin
plays key roles in the deposition of TTR except for the possible effects
of TTR pharmacokinetics. Because TTR is predominantly biosynthesized
in the liver, liver transplantation is thought to be the only promiising and
effective symptomatic therapy (Ando, 2005; Ando et al, 1995;
Holmgren et al,, 1993). In the present circumstances, liver transplanta-
tion is hampered by shortages of donor organs and disparity exists be-
tween the number of donated organs and patients waiting for liver
transplants. Therefore, it would be desirable to develop simple and con-
venient practical alternative therapies based on the precise mechanism
for amyloid fibril formation, but no practical alternatives have vet been
developed. Clinically, albumin is commercially available as a plasma ex-
pander, and also the administration of albumin is generally considered
to be the gold standard for treating severe hypoalbuminemia as a result
of conditions such as burns, the nephritic syndrome, reduction in the
synthesis of albumin induced by chronic liver cirrhosis and hemorrhagic
shock. Hence, it would be expected that albumin administration at early
stage of FAP could be a new type of pharmaceutical therapy that would
arrest FAP in patients with this syndrome.
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Backgmund Human serum albumm acts as a reservoir and transport protein for endogenous (e.g. fatty acids or
bilirubin) and exogenous compounds {e. g drugs or numents} in the blood. The binding of adrug to albuminisa
major determinant of its pharmacokmeuc and pharmacodynamnc profile.

‘Scope of review; The present review discusses recent findings regarding the nature of drug bmdmg sites,

drug-albumin binding in certain diseased states or in the presence of coadministered drugs, and the potential
of utilizing albumin-drug interactions in clinical applications.

Major conclusions: Drug-albumin interactions appear to predominantly occur at one or two specific binding
sites. The nature of these drug binding sites has been fundamentally investigated as to location, size, charge,
hydrophobicity or changes that can occur under conditions such as the content of the endogenous substances
in question. Such findings can be useful tools for the analysis of drug-drug interactions or protein binding in dis-
eased states. A change in protein binding is not always a problem in terms of drug therapy, but it can be used to
enhance the efficacy of. therapeutic agents or to enhance the accumulation of radmpharmaceuucais to targets
for diagnostic purposes. kFurthermare several extracorporeal dlalysns procedures using aibumm-contammg
dialysates have proven to be an effective too( for removing endogenous toxins or overdosed drugs from patients.
General sxgmﬁcance Recent ﬁndmgs refated to albummvdrug interactions as described in this review are useful
for providing safer and efficient therapies and diagnoses in ‘clinical settings. This article is part of a Special Issue

entitled Serum Albumin.

© 2013 Elsevier B.V. Al rights reserved.

1. Introduction

Human serum albumin (HSA) is a major protein component of
blood plasma and plays an important role in the regulation of colloidal
osmotic pressure and the transport of numerous endogenous com-
pounds such as fatty acids, hormones, toxic metabolites (e.g. bilirubin),
bile acids, amino acids, and metals [ 1-4]. HSA also binds a wide variety
of drug molecules [1,3,56]. Drug molecules in the general circulation
are either bound to plasma proteins or exist in unbound (free) form.
Depending on the chemical properties of the drug molecules, unbound
drugs can passwely diffuse through the barriers constituted by endo-
thelial cells and USSUE cells into organ tissue and undergo metabolism,
blhary excretion or glomerular filtration in kidney [7.8]. The unbound
drugs can also be distributed intracellularly via specific transport sys-
tems {e.g. receptor-mediated endocytosis, protein-mediated transport).

Abbreviations: HSA, human serum albumin: 6-MNA, 6-methoxy naphthalene acetic
acidi CYP, cytochrome P450
 This article is part of a Special Issue entitled Serum Albumin,
* Corresponding author at: Faculty of Pharmaceutical Sciences, Sojo University, 4-22-1
tkeda, Kumamato 860-0082, japan. Tel.:-+81 96 326 3887: fax: + 81 96 326 5048.
E-mail address: otagirim@ph.sejo-u.acjp (M. Otagiri).

0304-4165/3 - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.dei.org/10.1016/i.bbagen.2013.05.005

Only free drug molecules interact with therapeutic targets (e.g. recep-
tors) to produce therapeutic effects [9]. In most cases, the tissue unbound
concentration is in proportion to the plasma unbound concentration of
drug. Thus, serum albumin=drug binding is an important factor in our
understanding of the pharmacokinetics and phannacoiagxcal effects of
drugs [5,10-12].

Drugs that bind to HSA with high affinities usually interact with one
or two specific sites on the protein. The nature of these sites has been a
subject of investigation [1.3,5,6,13]. Recent X-ray crystallographic data
clearly demonstrated the location of these sites on.HSA [6,14). Changes
in protein binding are often discussed based on this binding site con-
cept. Competitive dnsplacement between coadmlmstered drugs which
share the same binding site is a typical example [3,5]. Such knowledge
of drug binding sites is one of the im{:forta'né issues for analyzing the
mechanism of altered pharmacological effect accompanied with altered
protein binding.

The binding of many drugs to HSA in patients can be changed by
diseased states (e.g. renal and liver diseases) [2,5,15]. Understanding
the pharmacokinetics and pharmacological activity of a drug in a dis-
eased state is important and useful in terms of providing patients
with effective medications. In addition, diagnoses and novel therapy
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using drug-albumin interactions or drug-drug interactions at protein
bmdmg level are expected to produce a more effective treatment for
patients. Thus, understanding drug-albumin interactions has become
important for optimal therapy.

In this review, the nature of binding sites on HSA and mechanism of
drug bmdmg ) HSA will be described. Furthermore, drug-HSA binding
in certain diseased states or in the presence of coadministered drugs,
and the possible utility.of HSA in clinical applications will be described.

2. Drug binding to human serum albumin

HSA is a single-chain, non-glycosylated polypeptide that contains
585 amino acids with a molecular weight of 66,500 Da. Crystallographic
data show that HSA contains three structurally similar o-helical do-
mains, i.e., [-lll, which can be further divided into subdomains A and B
(Fig. 1)[1,14,16]. The polypeptide chain forms a heart-shaped structure
with an approximate dimension of 80 x 80 x 30 A [17]. HSA contains
35 cysteine residues, and all of these except one, Cys34 (in domain 1),
are involved in disulfide bond formation that serves to stabilize HSA.
Crystallographic data also show that interdomain and intersubdomain
interactions contribute significantly to the stability of the HSA molecule.

Pioneering studies by Sudlow using a fluorescent probe displace-
ment method in 1975 and 1976 showed the presence of two specific
drug binding sites, namely, site 1 (also called the warfarin binding
site) and site 11 {the benzodxazepme binding sxte} on HSA through
screening [18,19]. These excellent studies accelerated the topology
analysis and mapping of the drug binding sites on HSA. Bos et al. pro-
posed that sites [ and 1I are located in domains 1l and 1iI, respectively,
using albumin fragments derived from pepsin and trypsin digestions
[20,21]. At present, through crystallographic studies, the locations of
sites | and Il are-assigned to subdomains IIA and IIA, respectively
[1.14,16]. The entrance to site [ in subdomain NIA faces subdomain
IHA [6,13,22]. Furthermore, the site has an extended binding region
owing to the residues from subdomain IIB and 1IIA. In contrast to
site 1 with an entrance with contribution from different nexghbonng
subdomains, the involvement of other subdomains in the drug-
binding capacity of site Il in subdomain [lIA is relatively modest. The
entrance to site I is completely open to solvent, where salt-bridges

Site [T

Fig. 1. Crystal structure of rHSA. The subdivision of rHSA into domains {I-ll} and
subdomains (A and B} is indicated, and the approximate locations of site | and site 1l are
also shown. Atomic coordinates were taken from the PDB entry TUOR. The illustration
was made with PYMOL

from Glu450 and Arg485 (in subdomain HIA) to Arg348 and Glu383
(in subdomain IIB), respectively, stabilize the flanking wall of the
pocket close to the entrance.

2.1.Site |

After the seminal work by Sudlow [18,19], a number of studies

-weredirected toward characterizing the environment of site L Initially,

Fehske et al. reported that site | contains a warfarin-azapropazone
binding area, consisting of two overlapping binding sites for warfarin
and azapropazone [23-25]. They also showed the existence of a lone
tryptophan residue, Trp2 14, in the non-overlapping part of the warfarin
site. Similarly, Yamasaki et al. proposed three binding regions, subsite
fa, Ib and Ic within site 1 [26]. Results from other studies also indicated
the presence of two independent binding regions within this site
[27-30] Ligands that strongly bound to site 1 are generally believed to
be dicarboxylic acids and/or bulky heterocyclic molecules with a nega-
tive charge localized in the middle of the molecule (Table 1} [3.5.22].
Kragh-Hansen described this site as “a large and flexible region™ based
on the diversity of interaction ligands and the apparent ability to
accommodate more than one of them at a time [29]. Crystallographic
studies directed at HSA-site I drug complexes demonstrated that site |
is larger than site Il and that site | drugs occupy different parts of the
binding pocket of subdomam lIA, even to the part adjacent to the inter-
face with subdomain 1B [6,31]. Furthermore, this site was conﬁrmed
tobea pocket compnsed of two largely apeiar clusters with a pair of
cemrany located. polar features (formed by the side-chains of Tyr150,

His242, Arg257 located at the bottorn of the pocket -and Lys185,

Lys199, Arg218 and Arg222 on an outer cluster at the pocket entrance)
(Fig, 2a){6,22]. The preference for flat aromatic compounds (as CMPF;

3-carboxy-4-methyl-5-propyl-2-furanpropionic acid) arises because
they-are able to fit:snugly between the side-chains of Leu238 and
Ala291 in the center of the cleft [6,22]. The enantiomers of warfarin
bind in’the ‘same position, both involved in three hydrogen bonding
interactions with Tyr150, His242, and either Lys159 or Arg222 [6,32].
Thus, site I 'shows poor stereoselectivity, which might also be due to
the flexibility of this site.

22, Site Il

In addition tosite 1, detailed investigations have also been conducted
to better understand the environment within site Il. Wanwimorluck,
through a quantitative structure-activity relationship (QSAR} study,
suggested that site Il comprised a hydrophobic cleft of about 16 A
deep and 8 A wide with a cationic group located near the surface [33].
Accordmg to the crystal structure of HSA, sitelis a iargeiy apo!ar cavity
with a single dominant polar patch near the pocket entrance, centered
on Tyr411 and Argd10 (Fig. 2b} [13]. This arrangement of polar and
apolar features is consistent with the typical structures of site II cirugs
which are aromatic carbowllc acids with a negatively charged acid
group at one end of the molecule that is separated by a hydrophoblc
center (Table 2) 13,51 Diazepam, dxﬂumsai and ibuprofen, the site 1l
drugs, interact with the hydroxyl group of Tyr411 [6]. Arg410 and
Ser489 also contribute to salt-bridge formation and hydrogen-bond
interactions with dnﬁumsa! and ibuprofen. Site Il was proposed to be a
smaller or narrower site than site I because large molecules rarely
bind tossite 11 [3.5, 6,13]. Indeed, to date no one has succeeded in dividing
this site in to different sub-binding regions as in the case of site L. Site Il
also appears to be less flexible, since ligand binding to this site often
shows stereoselectivity and is strongly affected by structural modifica-
tion of ligand with a relatively small group [3,5]. (R)-ibuprofen binds
tosite lfwith an affinity thatis 2.3 times higher than the (§)-enantiomer
[34]. Furthermore, diazepam but not its fluorinated analog flunitraz-
epam binds to site Il [35]. Thus, although the site can bind a variety
of ligands, it appears to be more restricted than site I. Meanwhile,
recent crystallographic data suggest that site Il can adapt to ligands
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Table 1
Typical drugs binding to site L.
Drugs {association constants) Structures Drugs (association constants) Structures
Warfarin [ lodiparide - 1
(3.4 x 10° M~} [26] oH (9.9 x 10° M~y [26] Ho S M ot
H
i H
Phenylbutazone @ o lophenoxic acid H
{15 x 10% M~y [26] » (7.7 x 107 M1 {10) ! !
) HO.
A T
Q a ) o i
Azapropazone Furosemide o
(2.8 = 10° M~ ¥)* [29] @" o {2.0 = 10° M™")" [54] @} P
h NH;
o ‘
\g ' H
P

Indomethacin
(14 x 108 M1 [53]

Tolbutamide
(4.0 = 10* M1 [10]

A

Bucolome
{15 = 10° M~ 1)?[54]

Sulfisoxazole
{1.8 x 10° M~ [55]

The table shows drugs that have been proposed to bind to site | with high affinity {association constant: ;).
* The number of high affinity of binding site (n;}is 1.

" Data are represented as n; K, in literatures.

(e.g. diazepam and long-chain fatty acid), as has been observed in'site |
[6}. Although there is comparatively little side-chain movement associ-
ated with site II ligand binding, the binding of diazepam, which has a

(a) Warfarin binding to site [

relatively large and branched structure, is accompanied by large rota-
tions in the side-chains of Leu387 and Leu453 to accommodate the
phenyl moiety of this drug [6,13,36]. Battacharya demonstrated binding

(b) Diazepam binding to site I

Fig. 2. Crystal structure of HSA complexed with watfarin (a) and diazepam (b}. Drisgs and amino acid residues mentioned were depicted in stick or space filling mptesgntaﬁorgs, and
color-coded by atom-type: carbon; yellow (warfarin}, orange {diazepam} or gray {residues); oxygen; red, nitrogen; blue, chlorine; green. Atomic coordinates were taken from the
PDB entries 2BXD and 2BXF for warfarin and diazepam, respectively. The illustrations were made with PyMol.
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Table 2
Typical drugs binding to site I

Drugs {association constants) Structures

Drugs {association constants} Structures

Diazepam

(1.3 % 10° M~y {26]

O

Diflunisal 0

¥
53 x 10°M™')" (56 o
(53T
4

Ketoprofen 0
{23 % 10°M7')*[57]

[buprofen
(3.5 = 10° M~ [26]

Naproxen
(12 % 10°M~1) 58]

6-MNA® OH

(1.2 % 10° M1y [59] m@z

Diclofenac

(3.8 x 105 M™ ') [59) oo oH
X

Etodolac

(2.0 = 10° M~ '™ [60] ?“Oﬂ

S8

Clofibrate o

{76 x 105 M~y [61] /@f“}(%”\
o

lopanoic acid t a

(6.7 x 10° M~*)* [10]

The table shows drugs that have been proposed to bind to site If with high affinity (association constant: K;}.

* The number of high affinity of binding site {n,}is 1.

" The number of high affinity of binding site {n,) is 2.

© Data are represented as K, in literatures,

4 Data is Ky for (S)-enantiomer.

* G-methoxy-2-naphthylacetic acid, the active metabolite of nabumetone.

that subdomain IlIA can bind two molecules of long-chain fatty acid,
suggesting binding flexibility exists in site [[ {37].

2.3. Other sites

Not ail drugs bind to sites I or I (subdomains A or 1lIA). Sudlow et
al. suggested the existence of at least one other binding site for proben-
ecid, amitrityline, and debrisoquine ‘which strongly bind to albumin
{19]. Furthermore, Sjoholm [38] and Kragh-Hansen [28] demonstrated
the digitoxin binding site which location has not yet been fully clarified.
A crystallographic analysis by Bhattacharya et al. showed that propofol
binds to both subdomains IlIA (site If) and 1B {39} Fusidic acid, a
steroid antibiotic, binds speaﬁcaliy to subdomain IB, the same region
as the primary binding site for bilirubin and hemin {40]. Subdomain
IB was also identified as a pnmary bmdmg site for lidocaine {41],
and as secondary binding site for site | drugs such as azapropazone,
indomethacine, iophenoxic acid, m:odobenzoxc acid, warfarin and AZT
(3r-azide-3'-deoxythymidine) {6 16,3132, 36} Secondary binding site
for ibuprofen and diflunisal is at the interface between subdomains lA
and HB, and that for oxyphenylbutazone is in subdomain liIB [6]. Thus,
some drug binding sites different from sites { and Il have been identified
in subdomains that are not subdomains lA or [lIA.

Cys34 in subdomain IA which is located in a crevice on the surface
of the protein appears to play a role in the binding of some drugs
to HSA. In healthy adults, about 70-80% of the Cys34 contains a free
sulfhydryl group (mercaptoalbumin). The remainders are present as
mixed disulfides with small molecular weight thiols, such as cysteine,
homocysteine and glutathione (nonmercaptoalbumin) or are oxidized
to the sulfenic, sulfinic or sulfonic acid form [42]. Covalent interaction
between thiol-containing drugs and Cys34 of albumin takes place
in vivo, In plasma, Cys34 in mercaptoalbumin, and probably also in
nonmercaptoalbumin, has been reported to be able to participate in
covalent binding with drugs and drug metabolites, such as bucillamine
derivatives, p-penicillamine, captopril, ethacrynic acid, auranofin (also
other gold complex) cisplatin {which mainly binds to methionine resi-
dues), nitrogen mustard and N-acetyl-p-benzoquinoneimine {a reactive
metabolite of acetoaminophen) [43-50]. p-penicillamine, captopril, and
SA3786 {a bucillamine derivative) covalently bind to albumin in the
serum of patients or healthy volunteers who are receiving these drugs
[45,46,51,52]. The reactivity of these drugs in patient sera is much

higher than those found in albumin solutions [46] and in sera of healthy
volunteers [52].

3. Clinical implications and potential applications of albumin binding

Drug binding to HSA can be affected by the presence of other
drugs or endogenous compounds, or by the change of HSA structure
in certain types of diseased states. As mentioned above, a change in
the free fraction (f,) may result in altered pharmacokinetics and
pharmacodynamics, It is important to evaluate the clinical therapeutic
outcomes (e.g. efficacy or adverse reactions) based on albumin-drug
interactions. Furthermore, safer and more efficient therapies and diag-
noses using dmg~aibumm interactions have recently been applied in
clinical stages.

3.1. Displacement and drug-drug interactions in human serum albumin

Diminished plasma drug binding by the coadministered drugs is
usually a result of either competitive displacement from the same
binding site or allosteric displacement following microenvironmental
changes at the binding site {3,5].

Historically, some drug-drug interactions have been explained
based on the displacement of one drug bound to albumin by ancther
drug, and the validity of explanations or the clinical relevance of
interactions has been discussed so far [9,62-66]. The anticoagulant
activity of warfarin is known to be enhanced by the coadministered
anti-inflammatory drugs, phenylbutazone or bucolome [67-71]. All
these drugs bind to site [ with high affinities. Competitive displacement
of warfarin from the binding site by phenylbutazone or bucolome
occurred resulting in an increased free fraction (f;) for warfarin. Accord-
ingly, it was previously believed that the enhancement of anticoagulant
activity was caused by the displacement of warfarin in plasma
{increment of fp) {72-76]. Theoretically, the average free concentration
of warfarin (Cl) under steady state conditions should be constant in
this case [9,64], meaning no obvious change in pharmacologxcal activity
should be evident, Through detailed investigations, the enhancement of
anticoagulant activity was finally concluded to be mainly due to inhibi-
tion of the metabolism of warfarin, particularly the pharmacologically
more active (S)-enantiomer, by cytochrome P450 2C9 (CYP2C9)
[77.78]. In addition to the interaction of warfarin~phenylbutazone or

— 100 —



K. Yamasaki et al. / Biochimica et Biophysica Acta 1830 {2013) 5435-5443 5439

a) Normal renal function
(normal glomerular filtration)
Afferent -

“arterioles

Glomerutar
capillaries

R Enhanced
Bownan's .

Proximal
tubule

b) Nephrotic syndrome
{diuretic resistance}

C) Nephrotic syndrome
(overcoming diuretic resistance)

Enhanced

&5 Albumin @, Furosemide

/| Displacer {Bucalome) . Sodium ion

m . Sodium-potassium chloride cotransport system (Active)

g } + Sodium-potassium chloride cotransport system (Inactive)

p——: Inactivation of sodium-potassium chloride cotransport system by unbound form of furosemide

Fig. 3. Mechanism for overconﬁng the diuretics resistance to furosemide using drug displacement on albumin.

bucolome, the interaction between tolbutamide and suiphonamides
which was alse regarded to be due only to displacement, is currently
explained ‘as being mainly the result of other processes such as
metabolism {79,80}].

Setoguchi et al. recently reported that the pain relief in rheuma-
toid arthritis patients using diclofenac suppository was increased by
concomitant oral administration of nabumetone [59]. {59]. Diclofenac
and 6-methoxy-2-naphthylacetic acid (6-MNA; the active metabolite of
nabumetone) both bind strongiy to:site Il on’ HSA. Since nabumetone
and 6-MNA do not inhibit CYP2CS, the rate-limiting enzyme in the met-
abolic clearance of diclofenac [81], they concluded that the increased
pharmacological - activity of the diclofenac suppository-nabumetone
therapy was not due to inhibition of metabolism, but due to the transient
increase in the: free concentration: of diclofenac. Thus, the transient
change in free drug concentration due to displacement may influence
the pharmacological activity of a drug in some cases.-A similar observa-
tion was reported in the'study on the combination therapy of flurbiprofen
axetil and a lipid emulsion using a preclinical model {82} i

Several -attempts have been made to apply: the albumin drug
displacement phenomenonin achieving a particular clinical therapeutic
goal [54,83,84]). An attenuated response to diuretics is frequently ob-
served in nephrotic syndromepatients. One of the possible reasons
for this diuretic resistance is albumin binding in urine. Thus, the dis-
placement of furosemide bound to albumin was examined by Takamura
et al.'in an attempt to normalize the natriuretic effects of drugs in
the renal-tubules [54].-Bucolome was selected as a displacer drug for
furosemide because of the following desirable properties: 1) it potently
inhibits the binding of furosemide to albumin; 2) when administered in
large doses, its plasma concentration reaches high levels: 3} it is excreted
mainly in the urine; and 4] it is quite safe and suitable for repeated
administration. The results obtamed clearly suggest that bucolome has
a potent inhibitory effect on the binding of furosemide to albumin in
the urine and can partially restore the diuretic response of furosemide
in patients with nephrotic syndrome by increasing the free fraction of
furosemide at the site of action (Fig. 3).

Drug displacement phenomenon can also be applied in radiopharma-
ceutical diagnoses {83,84]. N-isopropyl-p-'**l-iodoamphetamine (IMP),

better suited for cerebral ‘imaging, binds toalbumin -and the o-add
glycoprotein. The displacement of IMP by concurrent aming acid infu-
sion or 6-MNA infusion results'in an increase in the free concentration
of IMP, thereby causing a rapid and pronounced cerebral accumulation
[83] Furthermore, #¥™Tc-labeled mercaptoacetylglycylglycylglycin
(9°™Tc-MAG3); which is widely used in renal scintigraphy, is displaced
from albumin by the coadministration of bucolome, resulting in raptd
accumulation in the kidney and an accelerated clearance [84]. Thus,
the dxspiacement of such radxopharmaceuucals mnght r:ontnbute to

lower radiation doses for pattents
3.2. Altered drug-albumin binding in diseased states -

Altered drug-albumin binding as a consequence of disease can be
a result of altered albumin concentrations, structural changes in albu-
min. molecules, and/or displacement by accumulated ‘endogenous
substances [15]. Drug binding to albumin is decreased, especially in
renal and liver diseases; with a resulting increase in f; [2,5,15]. Such
an increase in f, usually does not lead toa change in the pharmacalcg;ca}
activity of drucs [9,64]. However, understanding the extent of change in
protein binding and the mechanism can:be useful in terms-of setting
optimal dosage regimens for patients suffering from certain diseases.

3.2.1. Renal diseases :
Albumin binding of drugs'is decreased in patients with renai dlS-
eases such as nephrotic syndrome, chronic renal failure and uremia. In
the nephrotic'syndrome; the albumin concentration drops to 7-25 g/L
(the normal concentration in adults; 42.0 + 3.5 g/L) [1]. An increase
in the f; of albumin binding drugs in nephrotic syndrome is known
to be mainly due to hypoalbuminemia [85]. The f; for phenytoin and
clofibrate is reported to be 90 and 200% higher, respectively, in patients
with nephrotic syndrome compared to normal subjects {85]. In contrast,
the increased f;, in patients with chronic renal failure and uremia cannot
be fully expiamed only by the degree of hypoalbuminemia {1} ‘There-
fore, other factors affecting drug binding such as accumulationi of
endogenous inhibitors or carbamylation of albumin should be taken
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into consideration [86-89]. Among these, the accumulations of endoge-
nous inhibitors, such as uremic toxins or fatty acids, are believed to pre-
dominantly account for most of the decreased drug binding to albumin
[87]. To date the binding of anionic uremic toxins such as indoxyl sulfate
(1S), indole acetate (IA), hippuric acid (HA), and CMPF to albumin has
been reported in human serum I90,91] These compounds are largely
responsible for the impaired binding of many drugs [91]. To elucidate
the mechanism responsible for defecti ve drug- binding induced by
uremic toxins, it is necessary to examine the relationship between the
drug and uremic toxin-binding sites. Uremzc toxins with- an indole
ring and HA primarily bind to site II, which is located in subdomain
HIA, whereas the location of CMPF-| bmdmg site is subdomain 11A, corre-
sponding to site | [6,92]. Takamura et al. proposed that the redaced drug
binding observed in uremic patients was due to direct and/or indirect
displacements of drug from the binding sites by the increased levels of

fatty acids and uremic toxins [93]. Mera et al. suggested that oxidative -

modification of HSA in hemodla}ysxs patients led to alterations in HSA

conformation, which decreased. speaﬁta!iy the site Il drug bmdmg to-

HSA [94]. Thus, in uremia, almost all factors (altered alburnin concentra-
tions, structural change in the aibumin molecules, and displacement by
accumulated endogenous substances) may be involved in the altered
protein bindings of drugs.

3.2.2. Liver diseases

[n general, the rate of albumin synthesis is normal even in cases
of severe liver disease [95]. Thus, other factors such as degradation
and distribution between the intra- and extravascular spaces may
be responsible for the reduced albumin levels associated with tiver
diseases (generally approximately 30 g/L) [1,95]. Decreased drug
binding in liver diseases may be due to-a decrease in albumin coricen-
tration, the accumulation of endogenous inhibitors (e:g. bilirubin}; or
changes in albumin structure: The 43% higher f, of tiagabine in
patients with moderate hepatic impairment compared with healthy
subjects was proposed to be related to the lower albumin concentra-
tions in these patients|96]. Meanwhile; the f; of phenytoin in patients
with hepatitis or cirrhosis (15.9% compared with 10.6% for control
subjects) was not correlated with albumin concentration, but the con-
centration of plasma bilirubin [96]. Kober et al., using serum from cir-
rhosis patients, reported the presence of specific-inhibitory effects on
the drug binding to the diazepam binding site (site If) [97]. Recently,
the albumin binding capacity in site If {ABiC) was clinically introduced
as a convenient method for evaluating the severity of liver failure and
to monitor the therapeutic effects of liver support systems (e.g. dialysis)
{98]. Thus; factors affecting site It binding might play a role in the
progression of liver diseases, and also decreased drug binding.

Furthermore; the effects of several diseases (e.g. diabetes, shock,
acute head trauma or:cancer) on drug binding to albumin have been
reported [99-102]. In.most cases, as mentioned above, the change in
drug binding to HSA is mainly. due to altered albumin concentrations,
structural changes in albumin molecules, and/or displacement by accu-
mulated endogenous substances,

A change in f; usually does not cause a change in the pharmacolog-
ical activity because if f, were to increase, the free concentration (ctyis
constant in contrast to a decrease in total concentration (C%) [7,16). For
therapeutic drug monitoring; therapeutic windows are usually set for
C%, but not Cl,. Thus; the C% of patients (CS’) should be translated
using the following equation to confirm whether or not it-is within
the therapeutic window [107].

¢l = (cs';') x '(fp" ff;,)

where f, and f,' are free fraction of normal subjects and patient,
respectively.

t.” can then be interpreted on the basis of the therapeutic
window,

While it would be ideal to measure fy, it is not routinely available
in a clinical setting. Therefore, if possible, the following alternate
equation is often used [15,103,104].

. =~(c;') x (Alb;'Arb')

where Alb and Alb’ are the albumm concentration of normal subjects
and the patient, respectlvely 4.4 mg/dL is normally used as Alb.

It should be noted that this equation can only be used for drugs that
bind to albumin to a significant extent, when abnormal concentrations
are the primary cause of binding alterations [103]. In other words, it
cannot be used when drug displacing agents are present, when the
affinity of drugs to proteins has been altered by coadministered drugs
or endogenous substances, or when plasma proteins other than albumin
bind a significant amount of the drug.

3.3. Extracorporeal albumin dialysis

The ligand binding property of albumin is applied to extracorporeal
dialysis to remove endogenous toxins in cases of liver failure [105-112].
This method is employed to produce a more effective liver support

system than the conventional hemodialysis, hemofiltration systems
or charcoal hemoperfusion, because the essential toxins are water-
insoluble and/or blood-bound and are therefore poorly removed by
the conventional- methods [108,113}. The initial clinically available
systems were MARS® (Molecular Adsorbent Recirculating System)
and SPAD {Single-Pass Albumin Dialysis} {113.114]. These two systems
involve dialyzing blood against-an albumin-containing solution {an
albumin dialysate) across a highly permeable high-flux membrane. The
bleod-bound toxins are cleared by diffusion and taken up.by the binding
sites of the albumin. In MARS®, the albumin dialysate is regenerated by
passage through a second dialyzer and two absorber columns {charcoal
and. an anion exchange columns) (F ig. 4). Another albumin dialysis
method was recently: made available, namely Prometheus; which is
based on a Fractionated Plasma Separation and Adsorption (FPSA) sys-
tem [108,113,115,116} This systern. differs from MARS® and SPAD in
that the patient's plasma is separated across a membrane and is. then
runthrough the adsorptive columns,

Such methods can also be used to treat drug overdose [I 17-1 22}
Drugs stisceptible to these treatments generally have a narrow therapeu-
tic range and show severe toxicity at high plasma levels, and. bind to
blood components: Sen et al. reported that MARS® was effective in the
treatment of patients with acute renal failure and severe phenytoin
toxicity, associated -with cardiac-arrhythmias, hepatotoxicity. and
altered sensorium:[119]: Serum phenytoin concentrations declined
sharply, in contrast to the minor effect of the usual continuous veno-
venous hemodiafiltration. In addition, MARS® is effective.in removing
theophiline and: diltiazem. from overdosed patients- [118,121,122].
However, application of this technique for overdosed patients is in
its infancy. Further qualitative and quantitative determinations of the
drug clearance by dialysis are necessary, as in-the case of charcoal
hemoperfusion {123,124]. Moreover, modifications of these methods
also could be considered for improving the performance of the existing
systems (e. g. the use of albumin mutants withincreased bmdmg affinity
for bilirubin or drug [125]).

4. Condusion

Drug-HSA interaction on which huge studies have been made over
a long period of-time. is still an attractive research area not:only
because it is one of the key determinants of the pharmacokinetics
and pharmacodynamics of therapeutic agents, but also because it
has recently been applied for therapeutic and diagnostic purposes.
In this review we summarized knowledge on the nature of binding
sites on HSA and mechanisms of drugs binding to HSA. We also
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reviewed alterations of drug binding in different diseases or in the pres-
ence of coadministered drugs. Furthermore, we reviewed the possible
use of HSA in clinical applications. The information presented herein
is useful in terms of providing safer and efficient therapy and diagnosis
in clinical settings.
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