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Fig. 5. Possible Cascade Displacement Model in a Fatty
Acid-uremic Toxin-drug System
Heavy arrows: fatty acid binding to its high-affinity site, thin arrows:
fatty acid binding to its low-affinity site, whife arrows: allosteric effect of
FFA at site II, broken arrows: allosteric effect of FFA on site I-bound drug.
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Fig. 6. Relation between Extraction Efficiency and the Pres-
ence of Protein Binding
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Fig. 7. A Mechanism for Overcoming the Diuretics Resistance to Furosemide Using Drug Displacement on Albumin
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Recombinant technology allows engineering and production of proteins with desirable properties. Human
serum albumin has been developed with recombinant technology, and thus plays an increasing role as a drug
carrier in the clinical setting. Genetic variations usually occur on the surface of the protein, and do not impose
significant effects on the conformation of albumin. However, binding of fatty acids by genetic variants is affected
according to the location of the mutation. Albumin undergoes three major posttranslational modifications,
namely, oxidation, glycation, and S-nitrosylation. This review gives an account of the different posttranslational
modifications that should be taken into consideration when designing albumin mutant analogues with desirable

pharmaceutical properties.
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INTRODUCTION

Human serum albumin (HSA) is a single-chain protein
synthesized in and secreted from liver cells. The protein is
formed by a single polypeptide chain of 585 amino acids and
has a molecular mass of approximately 67000. It is a simple
protein without prosthetic groups, glycans, or lipid. It is the
most abundant plasma protein, and an important circulating
carrier of endogenous and exogenous ligands in the blood.
It contributes to the maintenance of osmotic pressure and
plasma pH and to the Donnan-effect in the capillaries.”

Albumin has about 67% alpha-helix but no beta-sheet.
Based on X-ray crystallographic analyses of recombinant
HSA (rHSA), the polypeptide chain of 585 amino acids
forms a heart-shaped protein with dimensions 808080 A
and with a thickness of 30 A. The analyses also showed that
the heart-shaped protein is made up of three homologous do-
mains (I, II, and III), each comprising two subdomains (A
and B) with distinct helical folding patterns that are con-
nected by flexible loops.?

HSA is an important plasma expander. Clinically, HSA is
used to treat severe hypoalbuminemia or traumatic shock,
and the usual dosages of HSA are in excess of 10 g/dose. To
date, albumin has been produced by fractionation of whole
blood. However, the potential risk of HSA contamination
with blood-derived pathogens has prompted the development
of an alternative method of industrial production of HSA.
Recombinant HSA expressed by Pichia pastoris is commer-
cially available. >

The clinical safety and efficacy of HSA administration to
critically ill patients have been debated due to the hetero-
geneity and oxidation status of commercial HSA prepara-
tions. Significant differences in posttranslational modifica-
tions exist among the various commercial preparations of al-
bumin. Administration of such products to critically ill pa-
tients might elicit undesirable immune responses.™® In re-
gard to this potential risk, recombinant HSA may be less
problematic than plasma-derived human albumin.” Further
to improve the stability of HSA products, stabilizers such as
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N-acetyl-tryptophan and N-acetyl-methioninate which have
protective effect on thiol group, can be included.®” In addi-
tion, Anraku et al.'” found that chitosan is as effective as
vitamin C in preventing formation of carbonyl and hydroper-
oxide groups in HSA exposed to peroxy! radicals. Co-admin-
istration of low-molecular weight chitosans may inhibit neu-
trophil activation and oxidation of HSA commonly seen in
patients undergoing hemodialysis (HD), resulting in reduc-
tion of uremia related oxidative stress.

The half-life of HSA in humans is 19d. From a clinical
point of view, it would be beneficial if the protein could be
engineered to have a longer half-life in the circulation. In ad-
dition, its ease of synthesis and its known structure has made
albumin an attractive candidate for use in recombinant fusion
proteins for the purpose of extending the half-life of small
proteins that would otherwise be rapidly cleared.''™'> HSA
is known to undergo various modifications upon secretion
into the general circulation, with oxidation, glycation, and
nitrosylation being the three main posttranslational modifica-
tions. Despite multiple reports on its clinical use and applica-
tion possibilities as a drug carrier, not much has been done to
clarify the effects of posttranslational modifications on the
pharmaceutically desirable properties of HSA.

EFFECT OF GENETIC VARIATION ON HSA

Genetic Variants There are 77 genetic variants of
human albumin compiled by Peters.'® Twenty-two genetic
variants were found in domain I, 30 in domain II, and 25 in
domain III (Table 1; Fig. 1).'® Most of the mutations are
benign; a total of 65 mutations result in bisalbuminemia.'”
The effect of genetic variation on the thermal stability of
HSA was studied at our laboratories. Reversible thermal
denaturation of 33 genetic variants of HSA appeared to be
a two-state process when studied by circular dichroism. For
all variants, no clear relationship was found between the
changes in the thermodynamic parameters and the type of
substitution, changes in protein charge, and hydrophobicity.
However, the protein changes taking place in domain I have a

© 2009 Pharmaceutical Socicty of Japan
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Table 1. Mutation Sites on Human Scrum Albumin Table 1. Continued
. Amino acid change Amino acid change . Amino acid change Amino acid change
Residue From To Residue From ° To
Domain I ) Domain 11T
2@ Arg Cys 407%* Intron 11, #2 Mis-splicing
-2 Arg His 410%%* Arg Cys
-1 Arg Gln 452 Tyr Ser
-1 Arg Pro 479 Glu Lys
-1 Arg Leu 494& Asp Asn
1# Asp Val 501 Glu Lys
3 His Tyr 505 Glu Lys
3 His Splice defect S513%* Tie Asn
3 His Gln 533%% Val Met
32 Gln Stop 536 Lys Glu
52 ThrCys Frameshift 541 Lys Glu
60 Glu Lys 550 Asp Gly
63& Asp Asn 550 Asp Ala
66+ Leu Pro 560%* Lys Glu
82 Glu Lys 563 Asp Asn
114 Arg Gly 565 Gla Lys
114 Arg Stop 567 Cys
119 Glu Lys 570 Glu Lys
122% Val Glu 5728%% Intron 13-3'
128 His Arg 572 Intron 13-5'
1408 Tyr Cys 5728 Exon 14-5/
177% Cys Phe 573 Lys Gh
Domain II 574 Lys Asn
214 Intron 6,3’ 5758%% Leu 28 residuc cxtension
214 Intron 6,3’ 580 Gln
218 Arg His
218%% Arg Pro Taken from ref. 16. = Reference reporting nucleotide base change. ## Added since
225 Lys Gln 1995. @ Malmo 1: 3% proalbumin; 30% Arg-albumin, duc aberrant signal peptide
240 Lys Ghu cleavage. # Blenheim: 10% proalbumin, 40% Val-; Bremen: 20% Arg-Alb, 30% Val- &
of Glycosylated, S Asola: 20—25% variant; Caserta: 60—70% variant: Hawkes Bay: 5%
244 Glu Stop variant; Rugby Park: 8% variant; Venczia: 30% variant; Kénitra: 15% variant.
267 Exon 8
268 Gin Arg
269 Asp Gly ) )
2768 Lys Asn was affected but only variants with +2 changes in charge
313 Lys Asn prolonged it, whereas changes in hydrophobicity decreased
wF . ., . .
g%iw 2:}12 8;’1’ it. Good positive and negative correlations were found be-
318 Asn Lys tween changes in alpl}a~hellcal content taking place.m do-
320& Ala Thr mains [+11I and domain II, respectively, and changes in half-
321 Glu Lys lives.?") Very recently, we reported the plasma half-lives and
333 Glu EYS organ uptakes of these HSAs with slightly longer chain-
ggg g;;’ Lﬁ length (proalbumin variants), three with a slightly shorter
3509+ Lys Asn length (Q«termix}al variants), and three a}loalbumin N—gly;o-
365 Asp His sylated in domains 1, II, and 111, respectively. No correlation
365 Asp Val was found between mutation-induced changes in the pharma-
g;z I/;YS 21“ cokinetic parameters and changes in alpha-helical content or
7ass Azg - changes in heat stability.*” Nakajou ef al.** showed that the
clearance of a recombinant triple-residue mutant (K199A/
376 Glu Lys ° p :
376 Glu Gin K439A/K525A) is faster than that of the wild-type rHSA,
382 Glu Lys confirming the influence of positive charges of lysine at posi-
385 Gln Stop tions 199, 439, and 525 of human albumin.

rather uniform effect; they denature more easily than normal
albumin but they do so at a higher temperature.'®

Changes in hydrophobicity and net charge on the surface
of albumin as a result of chemical modification are known to
affect its in vivo clearance.'**” Screening of HSA genetic
variants identified so far with structural characterization has
been made by Iwao er al?? Seventeen structurally different
genetic variants of HSA with single-residue mutations iso-
lated from heterozygote carriers have been selected for phar-
macokinetic studies in mice. In all cases, the plasma half-life

The plasma half-life of HSA can also be modified by sin-
gle-residue modification. The clearance of six recombinant
single-residue mutants (H146A, K199A, W214A, R218H,
R410A, Y411A) was analyzed in mice. No significant change
in the pharmacokinetics and structural properties was ob-
served for the W214A, R218H, and Y411A mutants. In con-
trast, H146A, K199A, and R410A mutants exhibited differ-
ent properties (extent of mutation effect: R410A>K199A>
HI146A). Liver clearance of these proteins appeared closely
correlated to hydrophobicity and the net charge of the pro-
teins.

Glycosylated Variant A double-mutant albumin, Red-
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Fig. 1. Mutation Sitcs of Human Serum Albumin (HSA) Genetic Variants
hill (-1 Arg, 320 Ala—Thr), is a glycosylated variant of the
protein. The glycan was shown to be a disialylated bianten-
nary complex-type oligosaccharide N-linked to 318 Asn.
However, a minor part (11 mol%) of the glycan was without
sialic acid. The structure is principally the same as that
of glycans bound to two other types of glycosylated albumin
variants. Glycosylation can affect the fatty acid-binding
properties of albumin. Taking the present information into
account, it is apparent that different effects on binding are
caused not by different glycan structures but by different
locations of attachment, with the possible addition of local
conformational changes in the protein molecule.?”

Albumin Kenitra is peculiar because it has an elongated
polypeptide chain, 601 residues instead of 585, and its se-
quence is modified beginning from residue 575. The four ad-
ditional cysteine residues of the variant form two new S-S
bridges and showed that albumin Kenitra is partially O-gly-
cosylated by a monosialylated HexHexNAc structure. This
oligosaccharide chain has been located to Thr596.%¢7

Kinetic dialysis studies of laurate binding at physiological
pH showed that the binding constant of glycosylated Alb
Casebrook (modified in domain III) was decreased to 20%.
Binding to the glycosylated Alb Redhill (modified in domain
II) was also decreased, but to a smaller extent (68%). These
decreases in binding are caused by partial or total blocking of
the high-affinity site by the oligosaccharides, by the negative
charges of the oligosaccharides, and/or by conformational
changes induced by these bulky moieties.*”

Fatty Acid Binding One of HSA’s principal functions is
to transport fatty acids. In the circulation, non-esterified fatty
acids are transported by albumin, which also facilitates their
removal from donor cells and uptake into receptor cells. The
primary association constants increased, but not linearly. with
chain length. The number of high-affinity sites also increased
with chain length; octanoate and decanoate bind to one such
site, whereas laurate and myristate most probably bind to two
sites. Amino acid substitutions of genetic albumin variants
(alloalbumins) are situated at the surface of the protein; usu-
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No. 268
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No. 320
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allynfhese substitutions have no effect on fatty acid bind-
ing.”

Mutations in domains I and II and the propeptide resulted
in smaller effects, if any, and these were often reductions in
binding. High-affinity binding of laurate to naturally occur-
ring mutants of human serum albumin and proalbumin
showed that the first stoichiometric association constant for
binding to proalbumin Lille (Arg-2—His) and albumin (Alb)
Roma (Glu321—Lys) was increased to 126% and 136%,
respectively. compared with that for binding to normal albu-
min. Albumin Brest (Asp314—Val) has improved in vivo
fatty acid-binding properties, whereas the structural modifi-
cation(s) of albumin lldut (Arg-2—Cys) does not affect fatty
acid binding.?”

The most pronounced changes and the majority of cases
of increased binding were caused by molecular changes in
domain [lI. While the fatty acid binding properties of a
proalbumin variant Zagreb (-1Arg—Gln) are normal, albu-
min Krapina with amino acid substitution in position 573
resulted in a general decrease of fatty acid binding.” The
binding constant of laurate for Alb Maku (Lys541—Glu) was
decreased to 80%. Laurate binding to two chain-termination
mutants (Alb Catania and Alb Venezia) was normal, indicat-
ing that the C-terminus of albumin is not important for bind-
ing.””” Among the three variants detected in Italy that are
caused by single point mutations, Trieste, (Lys359—Asn),
Milano Slow (Asp375—His). and Liprizzi (Argd10—Cys),
albumins Trieste and Milano Slow have mutations involving
residues on the surface of the molecule. In contrast, albumin
Liprizzi represents the first example of a mutation in the
most active binding pocket of the molecule, placed in subdo-
main I1A?Y

Thirteen recombinant isoforms mutated in four different
subdomains were synthesized to study the binding of oc-
tanoate, decanoate, laurate, and myristate by a rate-of-dialy-
sis technique. The results showed that octanoate and de-
canoate bind to a single site in subdomain [1IA; laurate binds
to sites in subdomains 1I1A and 111B, whereas myristate binds
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in subdomains IB and I1IB. The results also showed that pri-
mary fatty acid binding is sensitive to amino acid substitu-
tions in other parts of the protein.’?

The association constants for Ni*~ decreased by more than
one order of magnitude in proalbumin (proAlb) Varese (Arg-
2—His), proAlb Christchurch (Arg-1—-Gln) and proAlb
Blenheim (Aspl—Val) and by the presence of only an extra
Arg residue (Arg-1) as in Arg-Alb and albumin (Alb) Red-
hill. The modification of Alb Blenheim (Aspl--»Val) reduces
the binding constant to 50%. This could be explained by the
ion binds to a site in the N-terminal region of the protein,
which is partially blocked by the presence of a propeptide.
Ca”" binding is decreased to about 60—80% by the presence
of a propeptide and the mutation Aspl—Val. Arg-1 alone
does not affect binding. In contrast, Alb Redhill binds Ca*"
more strongly than the normal protein (125%). The binding
constant for Zn*" is increased to 125% in the case of proAlb
Varese, decreased to 50—60% for proAlb Christchurch and
Alb Redhill, and is normal for proAlb Blenheim, Alb
Blenheim, and Arg-Alb.>¥

High-affinity binding of progesterone, testosterone, pro-
staglandin F, alpha, and L-thyroxine to five genetic variants
of human serum albumin with defined point mutations was
investigated by equilibrium dialysis (pH 7.4). Variants Albu-
min Niigata (Asp269—Gly), Albumin Roma (Glu321-Lys).
Albumin Parklands (Asp365—His), and Albumin Verona
(Glu570—Lys) all had normal progesterone-binding proper-
ties whereas Albumin Canterbury (Lys313—Asn) was 1.5
times that calculated for binding to the corresponding en-
dogenous albumin. Specificity with respect to the type of
mutation was also found for the binding of testosterone and
prostaglandin F, alpha. Testosterone binding to Albumin
Roma was only 0.7 of that determined for endogenous albu-
min, whereas prostaglandin F, alpha binding to Albumin Ni-
igata was increased by a factor 2.4. On the other hand, nor-
mal binding properties were found for all the variants in the
case of L-thyroxine.*

POSTTRANSLATIONAL MODIFICATION OF ALBUMIN

Oxidation Free raicals are a normal component of cellu-
lar oxygen metabolism in mammals. However, free radical-
associated damage is an important factor in many pathologi-
cal processes. Oxidative posttranslational modifications of
plasma proteins may serve as hallmarks of disease severity
and could result in altered protein function and structure. Ox-
idation of HSA is also age related where in the elderly it be-
comes more oxidized than in young subjects.*® Mild oxida-
tion of HSA has no detectable effect on the binding of drugs
to site I in subdomain IIA. In contrast, the ligand-binding
property of site Il and the esterase-like activity of oxidized
HSA are decreased, most probably due to conformational
changes in subdomain I11A.*® Liver and spleen uptake clear-
ance of oxidized HSA were significantly greater than those
of normal HSA *” Oxidation of key amino acid residues such
as R410 may promote the elimination of HSA.>*

HSA has 35 cysteine residues. All of these cysteine
residues except Cys34 are involved in the formation of stabi-
lizing disulfide bonds. Cys34 in domain | of albumin is the
binding site for a wide variety of biologically and clinically
important small molecules. It provides antioxidant activity

Vol. 32, No. 4

and constitutes the largest portion of free thiol in blood.’® In
patients with acute lung injury or sepsis syndrome, albumin
administration favorably influences plasma thiol-dependent
antioxidant status as well as levels of protein oxidative dam-
age.***” Bourdon ef al.*" found that Met and Cys accounted
for 40—80% of total antioxidant activity of HSA. They con-
cluded that Cys chiefly works as a free radical scavenger
whereas Met mainly acts as a metal chelator.*”’ Their findings
have been confirmed by our laboratory in a study using sin-
gle-residue mutant (Cys34A) and six-residue mutant (M87A/
MI123A/M298A/M329A/M446A/M548A) forms (unpublished
data). The major structural change in oxidized HSA in healthy
human plasma is a disulfide-bonded cysteine at the thiol of
Cys34 of reduced HSA.*

Oxidation of lysine residues leads to the formation of 2-
aminoadipic semi-aldehyde residues. Under metal-catalyzed
oxidation conditions, only two of the 59 lysine residues of
HSA appeared modified (Lys-97 and Lys-186). On the other
hand, five different lysine modification sites were identified
(Lys-130, Lys-257, Lys-438, Lys-500, and Lys-598) in
hypochlorous acid treatment, suggesting that the preferred
site of modification is dependent on the nature of the oxidant
and that the process relies on specific structural motifs in the
protein to direct the oxidation (Fig. 2).** Pulmonary hyper-
tension in sickle cell anemia is characterized by decreased
nitric oxide bioavailability that might, in part, be related to
oxidative stress. Amino acid residue K159 of albumin has
been demonstrated a site of malondialdehyde modification
that was differentially present in patients with idiopathic pul-
monary arterial hypertension and pulmonary hypertension in
sickle cell anemia.**

HSA exists in both reduced and oxidized forms. and the
percentage of oxidized albumin increases in several diseases.
An increased level of oxidized HSA may impair HSA func-
tion in a number of pathological conditions.”* Oxidative
stress is believed to play an important role in the pathogene-
sis of liver failure. The serum albumin level is related to
prognosis in advanced liver disease. Progressive oxidative
modification of albumin was found with increasing severity
of liver failure indicated by an increased content of carbonyl
groups and oxidation of cysteine-34, with a preferred binding

No. 123

No. 130

No. 34, S-nitrosylation site

No. 159

No. 548
No. 87

No. 500

Oxidation Sites of Human Serum Albumin (HSA)

Fig. 2.
Cysteine 34 is particularly susceptible to oxidation. and also the site for S-nitrosyla-
tion.
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of bilirubin to the fully reduced form of albumin in patients
with acute-on-chronic liver failure.*®

Oxidative stress was enhanced in correlation with the level
of renal dysfunction among patients with chronic renal fail-
ure.*” Plasma albumin has been found to undergo massive
oxidation in primary nephrotic syndrome.* Oxidized albu-
min is a reliable marker of oxidative stress in HD patients
because albumin is the major plasma protein target of oxi-
dant stress in chronic renal failure and HD patients.*” An
increase in plasma protein carbonyl levels in HD patients was
largely due to an increase in oxidized albumin. HD-HSA was
found to have a lower antioxidant activity than normal HSA.
HD-HSA was also able to trigger the oxidative burst of human
neutrophils. Uremia plays an important role in the progres-
sion of oxidative stress in HD patients because uremic toxins
may possibly play a role in mediating free radical-initiated
protein damage.’” Diabetic complications exacerbate the
condition by further increasing the amount of oxidized HSA
molecules.”'"?

End-stage renal disease is associated with enhanced oxida-
tive stress and may contribute to substantial cardiovascular
complications in HD patients. The quality and integrity of
HSA molecule in HD patients have been shown subtly
altered and as a result HSA’s biological properties are im-
paired. Intravenous iron administration, which is effective for
correcting anemia in HD patients, enhances generation of hy-
droxyl radicals and thus oxidation of albumin in those pa-
tients.”>** Oxidative alterations of this major plasma protein
might adversely affect its vasculoprotective effects in HD pa-
tients. Hence antioxidant strategies should become part of
treatment for predialysis renal failure.>”

Non-enzymatic Glycation Structural modification of
protein by carbohydrate falls into two broad categories:
nonenzymatic glycation, which refers to the attachment of
free carbohydrate to proteins in the Amadori construct, and
advanced glycation endproducts (AGE), which refers to a
heterogeneous group of carbohydrate-modified products gen-
erated from the Amadori adduct by oxidation, polymeriza-
tion, and other spontaneous reactions.’® Nonenzymatic gly-
cation is one of the underlying factors contributing to the
development of complications of diabetes. HSA is nonenzy-
matically glycated by reducing sugars in the general circula-
tion. The reference range of glycated albumin in normal
humans is 6—10%. However, this proportion typically in-
creases to between 20% and 30% in hyperglycemic patients.

Arg-410 was found to be a hotspot of modification by
methylglyoxal in albumin glycated in vivo. Other sites of
minor modification were: Arg-114, Lys-186, Arg-218, and
Arg-428 (Fig. 3).>” On the other hand, the other principal site
of glycation on HSA is Lys-525, but the lysine residues in
positions 199, 281, and 439 are also susceptible to glycation.
AGE formation of HSA is associated with extensive damage
to histidine and tryptophan side chains, main chain fragmen-
tation, and loss of both secondary and tertiary structure as a
result of oxidation.® In structural analysis, the increases in
advanced oxidation protein products and dityrosine content
of HSA induced slight decreases in its alpha-helical con-
tent.’” Using mesangial cells from SR-A knockout mice
Nakajou’s group**®” showed that a class A scavenger recep-
tor. SR-A, contributes approximately 40% to the binding and
approximately 80% to the subsequent degradation of AGE-
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Fig. 3. Nonenzymatic Glycation Sites of Human Serum Albumin (HSA)
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Fig. 4. Proposed Mechanism of Biological Fate for Glycoaldchyde-Scrum
Albumin (GA-SA)
ROS, reactive oxygen specics.

modified proteins. This pathway may contribute to the patho-
genesis of AGE-induced diabetic nephropathy (Fig. 4). The
advanced oxidation protein products have been shown in-
volved in the development of renal fibrosis via the CD36
pathway.®"

Free radical production is increased during diabetes. Gly-
cation and oxidative damage cause protein modifications, as
can be frequently observed in numerous diseases. Albumin is
a major and important circulating antioxidant.*” Structural
modification of albumin induced by glucose or free radicals
impairs its antioxidant properties.®> HSA of type 1 diabetes
mellitus patients is conformationally altered, with more
exposure of its hydrophobic regions. In addition, hydroxyl
radical modified HSA was found highly immunogenic in rab-
bits as compared with native HSA. Sera from elderly type 1
diabetes mellitus patients having smoking history, and ad-
vanced disease showed substantially stronger binding to hy-
droxy] radical-modified HSA over normal HSA. These find-
ings suggest that oxidation of plasma proteins, especially
HSA, might enhance oxidative stress in type 1 diabetes mel-
litus patients.*” Serum albumin of type 2 diabetes mellitus
patients has decreased antioxidant properties that may aggra-
vate oxidative stress.®® Similarly decreased antioxidant activ-
ity of serum albumin can be found in obstructive sleep apnea
patients.®

S-Nitrosylation Nitric oxide (NO) is a short-lived physi-
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ological messenger. lts various biological activities can be
preserved in a more stable form of S-nitrosothiols.®” The S-
nitrosylated forms of certain proteins such as albumin have
been thought to be circulating endogenous reservoirs of NO
and may have potential as NO donors in therapeutic applica-
tions.®* In addition to serving as a reservoir for NO, S-
nitrosothiols themselves have various biological activities,
possibly through transnitrosylation, S-thiolation, and direct
action of other biological molecules.”™

Many potential clinical uses for S-nitrosothiols have been
suggested such as its potential use as a therapeutic agent.””
S-Nitroso HSA acts primarily as a venodilator in vivo and
represents a stable reservoir of NO that can release NO when
the concentrations of low-molecular-weight thiols are ele-
vated.”” S-Nitroso HSA has been shown to reduce ischemia
or reperfusion injury in the pig heart after unprotected warm
ischemia through long-lasting release of NO. This prevents
uncoupling of endothelial NO synthase, which is a major
contributor to vascular reactive oxygen species generation
in ischemia and reperfusion injury, and thereby improves sys-
tolic and diastolic function, myocardial perfusion, and the
energetic reserve of the heart after such insults.”* Similar
cardioprotective effect on rabbit has also been reported.” In
a recent study, S-nitrosylated HSA was shown to have antitu-
mor activity through apoptosis induction without causing
hepatic or renal damage. This suggests that NO-HSA has
chemopreventive and/or chemotherapeutic activity with few
side effects.”

Ishima ef al.”” showed in a rat ischemia/reperfusion model
that binding of oleate to S-nitrosylated HSA enhances its
cytoprotective effect on liver cells. Addition of oleate in-
creased the accessibility of the single thiol group of albumin
and improved S-denitrosation of SNO-HSA by HepG2 cells.
It enhances the antiapoptotic effect of SNO-HSA on HepG2
cells exposed to anti-Fas antibody. This may lead to prepara-
tion of an S-nitrosylated HSA dosage form that will produce
better treatment outcome.’”

DESIGN OF ALBUMIN MUTANT ANALOGUES WITH
DESIRABLE PHARMACEUTICAL PROPERTIES

Extended Half-Life Albumin Analogue Oxidation pro-
motes elimination of albumin®¥ It is therefore tempting to
design an oxidation-resistant albumin analogue that has a
prolonged half-life. Nevertheless, the antioxidant property of
albumin helps to improve the conditions of critically ill
patients. One possible approach is genetically to fuse two
molecules of human albumin to produce a recombinant albu-
min dimer. This will allow the desired antioxidant property
to be sustained in the dimer.

Dimerization of human albumin has been reported to ex-
tend the half-life by approximately 1.5 times greater than that
of the wild-type HSA monomer. Dimerization also causes a
significant decrease in the total body clearance and distribu-
tion volume at steady state of HSA. In addition, tHSA dimer
also has a high retention rate in circulating blood and a lower
vascular permeability than normal HSA. This dimer has
good potential for use in critically ill patients with hypov-
olemia, burns, and hypoalbuminemia.”

The MHC class I-related neonatal Fc receptor (FcRn) has
been reported to serve in the homeostatic regulation of IgG
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and albumin by increasing their half-lives. Elucidation of the
FcRn-albumin interaction will shed light on a more sophisti-
cated design of albumin analogue with long half-life without
compromising its antioxidant property.”

Antibacterial Albumin Analogue Albumin Liprizzi is a
genetic variant of HSA detected in Italy that represents the
first example of a mutation in the most active binding pocket
of the molecule, Argd10—Cys, placed in subdomain II1A.F"
S-Nitrosylation of human variant albumin Liprizzi (R410C)
confers potent antibacterial activity against Salmonella
typhimurium in vitro and cytoprotective properties via sup-
pressing apoptosis of U937 human promonocytic cells
induced by Fas ligand. S-Nitrosylated R410C treatment of
ischemia—reperfusion liver injury in a rat model significantly
reduced liver damage.®” The increased cytoprotective effect
appears enhanced by fatty acid binding.”” Iwao er al*¥
reported that a single amino acid substitution at position 410
from arginine to alanine (R410A) shortened the half-life of
the HSA mutant in circulation. Interestingly, S-nitrosylation
of R410C prolonged its half-life in circulation, probably
through reduced liver uptake. Based on these advantages,
further investigation of the use of S-nitrosylation R410C
albumin in clinical settings is warranted.

Oxidation-Resistant Albumin Analogue The accumu-
lation of albumin-bound toxins such as bilirubin in liver fail-
ure is believed responsible for the development of associated
end-organ dysfunctions. Albumin-bound toxins are also im-
portant in the pathophysiology of systemic inflammatory
response syndrome, and poisoning. Due to its intrinsic ability
to bind molecules, albumin has been used in blood purifi-
cation techniques such as single-pass albumin dialysis,'*
the molecular adsorbent tecirculating system,®%¥ and the
Prometheus systems.***® The molecular adsorbent recircu-
lating system of albumin dialysis is a high-flux dialysis set-
ting using HSA as a molecular adsorbent to the dialysate
with subsequent recirculation of the dialysate over sorbents.
It is a useful tool to treat acute liver failure and decompen-
sated chronic liver disease, and to provide a bridge for pa-
tients to liver transplantation.®**”

Since oxidation of albumin compromises its ligand-bind-
ing property and shortens its shelf life, it is logical to use an
oxidation-resistant albumin analogue for the purpose of albu-
min dialysis. Oxidation resistance could be conferred to an
albumin molecule through mutation of cysteine or methio-
nine residues that are susceptible to free radical attack. How-
ever, it is of interest to investigate whether antioxidant prop-
erty of albumin is desirable for facilitating radical species
removal in albumin dialysis.®

Komatsu and coworkers® ! genetically engineered heme
pocket on recombinant HSA for complexation of iron proto-
porphyrin IX to generate an artificial hemoprotein, which
was effective in binding oxygen in much the same way as he-
moglobin (Hb). Although the pharmacokinetic profile of this
albumin-heme is yet to be investigated, it is possible that the
bound oxygen may reduce the half-life of albumin through
preferential oxidation. Hence another potential use of oxida-
tion-resistant albumin analogue is in the production of albu-
min-heme complex.

High Toxin-Capturing Albumin Analogue Bilirubin
and uremic toxins, endogenous substances that cause jaun-
dice, are difficult to remove from blood by conventional HD
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because most toxins including bilirubin are water-insoluble
and bind albumin with high affinities. Recently, molecular
adsorbent recirculating system (MARS), which utilizes dialy-
sis solution containing HSA, has been developed for removal
of toxins such as bilirubin and furan dicarboxylic acid. How-
ever, this system needs to overcome a problem in that biliru-
bin also binds to other components of blood.

This system’s shortcoming can be overcome by developing
an albumin analogue that binds bilirubin with higher affinity
than other plasma proteins. In addition, this high toxin-captur-
ing albumin analogue may also benefit from oxidation-resistant
property for use in dialysis solution of MARS (Fig. 5).

CONCLUSION

It appears that albumin is playing an increasing role as a
drug carrier in clinical settings. However, the design of
human albumin mutant analogues with desirable pharmaceu-
tical properties can be a difficult and mammoth task because
the protein undergoes multiple postiranslational modifica-
tions. With clarification of the effect of each postiranslational
modification onto the protein molecule, an albumin analogue
might be designed for a specific application. This “old but
new plasma protein” has great potential for various applica-
tions than ever expected.
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DSPE-PEGTH o7z, mFEIL, HIIEY 2 v 7OEFNVT v bZ2HWT, HbV OXEE K EHESEICBIT 2 ENEES
MEL-EC A, HIMEY 3 v 7EBEOEELEBIIEERICLENERE L2, 2B BRSBEOMI LRI SRS
HRERL, BERLIALANVETEHELZ. SHICCALOBRICEDEX, L PIBITAHDVOEFHEEZ 7O A MY
vIREBHAVER LA IAR 34 BEFRESNL. UEOKEELIL, BEERBTRENTW2HDVOREERUES)
e, BLQFEASBREEOBAIVBEL 2L

Abstract
Hemoglobin vesicles (HbV) have been developed as a cellular type of oxygen carrier, in which highly concentrated hemoglobin

(Hb) is encapsulated in a phospholipid bilayer membrane with polyethylene glycol (PEG), and the diameter of HbV can be
tailored to approximately 250 nm. Despite evidence for many types of effectiveness of HbV evaluation, including formulation test
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and pharmacological test, the pharmacokinetics of HbV have not been well characterized. Therefore, we examined the pr'e-
clinical pharmacokinetic studies of HbV. Using HbV in which the internal Hb was labeled with iodine-125 (*I-HbV) and cell-free
1.Hb, it was found that encapsulation of Hb increased the half-life by 30 times, accompanied by a decreased distribution in both
the liver and kidney. The uptake clearances for the liver and spleen were decreased with increasing dose of HbV, and the half-
life of HbV was increased up to approximately 19 hours at a dose of 1400 mg Hb/kg. The pharmacokinetics of HbV components
(internal Hb and liposomal lipid) were also investigated using *I-HbV and *H-HbV (liposomal cholesterol was radiolabeled with
tritium-3 °H)). Similar plasma concentration curves of *I-HbV were observed for *H-HbV, and time course for the plasma iron
concentration curve derived from HbV was consistent with the plasma concentration curves for both labeled-HbV. **I-HbV and
*H-HbV were mainly distributed to the liver and spleen. In an in vitro study, the specific uptake and degradation of HbV in
RAW 264.7 cells was observed, but this was not the case for parenchymal and endothelial cells. After degrading HbV in liver
and spleen, internal Hb disappeared from both the liver and spleen 5 days after injection, and the liposomal cholesterol
disappeared at about 14 days. Internal Hb was excreted into the urine and cholesterol into feces via biliary excretion. To
examine whether HbV induces the Accelerated Blood Clearance (ABC) phenomenon in mice, at 7 days after the first injection of
non-labeled HbV (0.1 or 1400 mg Hb/kg), the mice received *I-HbV (0.1 or 1400 mg Hb/kg). At a dose of 0.1 mg Hb/kg, *I-HbV
was rapidly cleared from the circulation and uptake clearances in liver and spleen were significantly increased, and at this time,
IgM against HbV was produced. In contrast, at a dose of 1400 mg Hb/kg, the pharmacokinetics of HbV were negligibly affected
by repeated injection despite the production of IgM against HbV. This is due to the saturation of phagocytic processing by the
mononuclear phagocyte system. In addition, the recognition site was determined to be DSPE-PEG in HbV. Next, we investigated
the pharmacokinetics of single versus repeated administration of HbV during hemorrhagic shock. The halflife was shorter in
hemorrhagic shock rats as comparison with normal rats, but it returned to levels similar to those of normal rats after the second
HbV injection in hemorrhagic shock rat. Finally, the half-life of HbV in humans was estimated to be approximately 3-4 days
using an allometric equation. We could determine the detailed pharmacokinetics properties of HbV, and our results suggest that
HbV could be used as an oxygen carrier from the view point of pharmacokinetic studies.

Keywords
hemoglobin based oxygen carrier, pharmacokinetic, accelerated blood clearance (ABC) phenomenon, anti-HbV IgM, hemorrhagic

shock, extrapolation

L oI FLvrya—u (PEG) ZRFRENEATHIELILLY,

BE, EARICBWTAEZOE Y (Hb) BRIKNICHE
L, FUBZREROBRE2E-oTWa. BUOERIIBWT,
B DOEH e R O KE H M I ERMEKBEE R OR ST
T2, BEHO AIDSRHF#RY 4 VAR URMDY = X
FFANT 4 VR EDRBREHEICZ, MRER—HEDER
EETFEBEITEENTETERY. 61T, HEICE
VB RIMERRE R ORI ERmE, BET3EME W) E
WHIE TH AR L o oA LHBEAFREN TS, 20
I3 MEERERTADIC, TRETIZ A=t oy —FK
v (Perfluorocarbon; PFC) % IEfAE K MR Hb-based
oxygen carrier (HBOCs) % & ATHMEEREOREINED
LT &,

Hb /M4 (hemoglobin vesicle ; HbV) (3 EEH 250nm @
W fE) VIBREZSFEL VBRI N /NRAEFIZ, e b
RMEFEROBEHD 2 HRETHE S EMEE HBOCs T
HbH., INFTRTNVTIVERMTAI LI Y BERER
DREHFTRETH B &, DI, 7TuxATY vy 7RFEL
T Pyridoxal 5-phosphate 2 &£ AT E I L ICLABEFED
REVRETH A L2, Rk L BMEOYRILFERFEE
HMTAHIENTELTENFRESINTWEY, T/, KT

170

NN FREOBRENG L oBREEFMEL, BRIRET?2
EDLOERBEFLZWRRIC LT TR, MBNERMR
(MPS) #o0BREIHTEL Z EFHFEEN TS, [{
ReiZ, & bARILERA 5 HbV OFE & 7% 5 Hb OB IC BT
574 VADBRERUCAFELTRBICELTHEZEZ S ORET %
BN, BVRENPHERENODOHDLERD. ZOYHAL
ERBREICINE, BEEPRIZOVWTY, Ty b EHWVA50%
Wi a v 7 EFVOBREL SOBYWHRBRICB VT, Ri¥ks
FSEOHMREET A EPHHASNTEY, SHROBIRISHD
HEEshTwas,

—fRIC, EEROREEBROPT, FERKRARS LA
HER, EERE, EUHEBHEER, I0IERReEEBRLR £
DEMBERET, 20FMEEREMEEZHEL L T, 20084,
Journal of American Medical Association (JAMA) EEiZBW
T, BRAKTHFE RN HemAssist, Hemopure, Hemolink,
PolyHeme, Hemospan @ 5 fEIE D IEMAZE HBOCs O FRIKHER
BEEZEI, 254 T7F) VX EFTobl A, FEMBHE
HBOCs# S5 HORTERB L U LHEERERSHBEICLN
BVWEW) ZEF Y ARHFE SN, I e FiT Natanson b
EATERZEREOREBRE CEHWRERIIBIT S T 0 RED
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DETHALEHLTBY, DANCD LT, 352 AFHK
RE L TOMROBEEUIRDOND L)k o720,

B L= X512, HbVoEAEIEES K OmBRRRARICS
WTHERR SN T WA DS, HERRABR TUEARTRZMFER D
10 CHhHENSHECHET L ERIFREL TS, 19974,
Kennedy t&, FEBEBHSOBEBEICR+5 2 EYEREHERDT
KRELHELTWAZ LZHELTCAEY. ZHIZEYERRHER
WTz7E B B, EOWIT (Absorption) « 4% (Distribution) -
R# (Metabolism) - Bt (Excretion) &\Wwioi:, wWbw3
ADMEZBEBT A2 TR, Iho0F—52BEFz 2L
TEANEXPEUER 2 FUT AL L, 2 D ENEREER
REZLETHERTH:0THA. EBIC, BRICEEEN
P ANTLEBREZEEREDO—DTHAHPFCIE, Z0OFHAMED in vivo
B in vitro REEICBWTEH I NZ2S, 72075 VA (BRi)
DEI,IG, 1EDRICHIAEEER & PERE 2
AEIVERAMER I LAY, ZOMBIIAHNEREREBEORE,S
FHIICFRETELLEDNS, 72, VRV —ABFIIERS
NB LI o> THPNENZD, EROBHNHTHENENE
WEOWTHARHAZEIRINTWA, A THWOEKE, K
MERBYTH 51 DBESEFEBED ) RV — LEH D 1004
PEELL, SRETOBESNTEBERITOREL LT
EHBIERTELR . TOH, FEHEREIERESCEKRER
HRBEEINS EREIC, FHICHY OBRFERRRETT—
Y EBETHLEND .

A, EATERNTv5 Amphotericin BAHE U Ky — 2 53]
(AmBisome®) ZBEANLREBEEICL - THEAFEF—HE
LT EFREINTAE®Y, F72, PEGEBHiYRY -2
BWT, prHEHBC2EHES 2T L 2MERS S
PEGHBH#i Y RY — A DIH 7 )75V ADTLET B E Vo Tz,
Wi A Accelerated Blood Clearance Phenomenon (ABCZR
H) PHFEINDZIELPRESINTHBY. Dz, PEGHE
HURY —ABHTHLHVIIBWTLEEREFER (K
BEHmE), FAEERSBIBWTEKANBSEFER W RE
BBRAEEIN, T0OL)REHE ST L THYY OFRAERFHE
PIRBTLZERHEDVEREPOFNICEREHRTA12DIC
BEETHHIEEZONS.

ARETIE, BAPINTTHL2ICLTE bV OHRE
B DOV TN 5.

1 Hb RO HbV DIFKNEIEEREHT ™

BE, BMICE ) MEPAREB SN HbidmigEs V87 &
D—DTHINT IRV EEETHIET, FRAD A
FNBZY. NT IOV ERKREL TR RVEEROHD I,
HRPIZ BB L, REEOT A AN T2 T
B ETHREEESZ ), RE~NFREEE. £2°C, ddY
B ACHb RUTHDV OWERHb 2 I v & (%) Zi#L
7=L.Hb & 5 W3 PL1-HbV # 1 mg Hb/kg CRERAES L,
Hb 2/t d 52 10 & B, MHAEIEOE/LIZDO W TEE
L.
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Fig. 1. A, Time course for the plasma level of I-Hb (open circle) and
WT-HbV (closed circle) after administration to mice. DAY mice
received a single injection of I-Hb or I.HbV from the tail vain
at a dose of 1 mg Hb/kg. Blood was collected from the inferior
vena cava under ether anesthesia, and a plasma sample was
obtained. Each point represents the mean = SD (n=3-6). B, Tissue
distributions of ™I-Hb (open bar) and *I-HbV (filled bar) at 3 min
after administration to mice. DAY mice received a single injection
of "*I-Hb or “I-HbV from the tail vain at a dose of 1 mg/kg. At 3
min after injection, each organ was collected. Each bar represents
the mean = SD (n=3-6). *p<0.05, **p<0.01 and. ***p<0.001 vs *I-Hb.

“T.Hb R O*L.HbV % 1 mg Hb/kg TddY v 7 A ZREHIRA
BEBRoOMBTREHER T Fig. 1AICRYT. “LEbIIREHE
RPIICMERI VEET IO LT, PLHV T ERERY
L, FEE (tl/z) i, HNBIEELTW (tx/zi 3.1+1.0,
0.1 = 0.1 hr, p<0.01, for *I-HbV and ®I-Hb, respectively). #
HZRE, PLHbV DR E-RFE iR TEE (AUC) &
PLHbICHARK 3 AL, —FTREZ )T T A (CL)
FAEEWCERAS LA (AUC; 294%9.2, 7.9+ 3.9 hr*% of
dose/mL, p<0.001 and CL; 34 = 0.1 mL/hr, 127 * 21 mL/hr,
p<0.001, for *I.-HbV and "I-Hb, respectively). Z DEEDIRE
3 A BEOEERERE~OSH % Fig. IBIT/RT. ®LHbLV IZ*I-Hb
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EHBLT, BREVUFEANOBITHIEZELLIMEND LD
12, PLHbIZBWTITE A LGH LT Wiz o 2RERHi~D
BITWEERICHERL. ,
ZOBEHIE, MEFRCBVWTED TREETH o772 Hb Z/h
JaEbT 52T, ONT b 7Ry EOKEOIEHE, @miEh
TOHb DBERHEROIE], 2% 0, FREUCEEICBT
% HDV OBLY AADEECHH S iz7z0, mMHmFEEESK
BICHBENEBREINE. T/, VRV —LEHANEMPS
WX DB AR - RSB0, HOVIZEE - M~xZ v
77— VW) AR EZTRER, B - ~0omESEX
L7zDOTikhwhreH#EEINL.

2 HbVIEREREICRIZT RS ERTTHE

Ty ANZBITHPLHDY ORNEROKS ERTFEEICOW
T, %58% 1, 10, 200 mg Hb/kg RUBRKREHRENDER &
EN 51400 mg Hb/kg W fEE L THREF L 72, Fig 21277 AL
BIRARSBOMEFREREB L2 RT. KEEOERE EHIT
MM L, t,131400 mg Hbh/kg DS EIZB VT,
HWIOBE I TEELY (s 3131 3613 72+31 and
18.8 = 1.3 hr at doses of 1, 10, 200 and 1400 mg Hb/kg,
respectively). T v MZBWTHRBOBET 21T o722 5,
BEEMRICEVIFEEEERE L (1, 8807, 115=
0.3 and 30.6 = 40 hr at doses of 10, 200 and 1400 mg Hb/kg,
respectively).
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Fig. 2. Dose-dependent plasma concentration curve of I-HbV after
administration of *I-HbV in mice. All mice received a single
injection of I-HbV at a dose of 1 (closed square), 10 (open
square), 200 (closed circle) and 1400mg Hb/kg (open circle)
containing 5% rHSA. At each time (0.05, 05, 1, 2, 4, 6, 8, 12 and 24
hr) after the *“I-HbV injection, blood samples were collected from
the inferior vena cava, and a plasma sample was obtained. Each
parameter was calculated by MULTI using a two-compartment
model. Each point represents the mean % SD (n=3-6)
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K2 1400 mg Hb/kg DI 5B TLHDV 2= 7 R ICEHRAR
5L, sHEBCBIT»EEEOMSTIEFRREER K) %
BHLbLZh, FERUVEEICBWTOAKpMEIR, 147
Kx<ibh (1.8, 28 mL/g of tissue for liver and spleen,
respectively), FFEEUVBBICEVWEETER T A I LIRE
Ehiz. 22C, i, BERCOWT, SLHbV O5HF0%kS
EBEERFEEHRE LA, FRICBWT, 1, 10 mg Hb/kg
DEFSETIE, BE0DHE TIRIOWBULEDOBE NI IEED
LA, BEBOMKE L IIHHOREZRIS L, 1400
mg Hb/kglZBWTIHBAGH L8613 8%t TlHES N
7z (Fig. 3A). DHEOEEIZELRADbOD, FBOEmMINE
BB Td@BOH LN (Fig 3B). T/, &£EE0O™LHbV
HYRABEZ VT T YA (Clypaee) ZEHL7EZ A, I, B
JBIZB VT, Clypue EESFERFNICES L, B, ML
BieB T ) 2EMIRD bk o7 (Table 1).
Pbkoz & Xy, HbVOEERICITFE, BEFEELREE %
RLTwaZ e, 2, IROEBENOSFICKRSTEIKSF
L7-88fBESEBEINZ &5, HbV ORI AHE
RICITERIEEIES LT AT REIR S .
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Fig. 3. Time dependent distribution of **I-HbV to liver (A) and spleen (B)
after administration of **I-HbV in mice. All mice received a single
injection of “I-HbV at a dose of 1 (closed square), 10 (open square),
200 (closed circle) and 1400mg Hb/kg (open circle) containing 5%
rHSA. At each time after injection, the liver and spleen was
collected. Each point represents the mean = SD (n=3-6)
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