o
el

(A)

T///////r

T%

E.

Q
<

> o ©
o o
o

[4Y] ~—
(luy/Bu) 2gxL.

— RN

(=]
™

1
Wy (=] [T} o

r— -

(Wu) uuojoias

—RaaeaS . &
|72
g SN

o (o] o [ ]
() o -
(jw/Bu) S31NVY

Wakamoto et al.

Fig. 3



MBEZEDH LU WEZ
—8IHHE DT L&A {LIRICDOWVWT—

New Movement of Blood Program
—Eight Strategies for the Sake of Safer Blood Products—

R’OE, EAR
Hiroshi Azuma, Hisami Tkeda

e

2005%E 4 BRSBTS N AWEFEREETE, MV FOMOEDICHETLILORPEMBEE LTHEShIEESB X
VESEER%S0S LIEREEL, BUOEELZETALOLEYHEEMLERL, S TORIIHEEMBRREME
WHLOEREHRLS, CThizEWhRERo) bHRBICUEEMC LI REFE LOBEORE T ZIIMAEZHIET S
THOEBELETAIIEILELZLORET. £TOMREAN2EDTCORENIOREEYHRERICAS. HERTR
HEhTwa YRy —AGBEOATHREIE, © FHEOAETIUEYEHHLTWALEE, coREEHERER
OFBEICALTENAS B EZ 20N, (- THE, BRTRIMEAD I L LTV ARERIERNENEDLILIOTH
Z0EEMAILBEETHAD. FIT, ABETRBRRTFEELN, FEEIS, VAL LZ2EEL TS 8HEEOM
R OREWBRANE L) BRATEHESA FI4 Y OfR, 2) FHEFRNROFEREORIE, 3) MOANEL
BRHEFOREL  4) SEBEEBEREORERL, 5) HEHBOERBNOBA B TomMEREECRTIEH
HEOE, 6) ERFRY A VAOEENREOEK, 7) REWHNKBREZORE, 8) MO FHROKRAMER
OEBADEAT, 2oV T, TOHEELIRYEY LV LRFET 5.

Abstract

In the revised Pharmaceutical Affairs Law that is supposed to become completely effective as from April 2005, it is described
that among pharmaceuticals and medical equipments made from materials derived from human and other animals, those to
which we should pay special attention with regards to health and hygiene are defined as biological products. In addition, among
biclogical products, the specific biological products are defined. Once the specific biclogical products are on the market, one
should take actions to prevent the occurrence and/or spread of any damages to health and hygiene caused by these products.
Fifty items including all the blood products are recognized as specific biological-products. Since liposome encapsulated artificial
red blood cells (ARCs) in Japan contains hemoglobin molecules which are derived from human red blood cells, it is probable
that this type of ARCs is also categorized as a specific biological product. Therefore, it may be important for us to share the
information on the eight strategies that Japanese Red Cross is about to take to enhance the safety of blood products.

Keywords
Look back, Quarantine, Inactivation, NAT, Hepatitis E virus, Prestorage leukoreduction
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BHF, FLTREFEAMIOEIRFRMNHIVIIH IR
FEME V- 50mBXOREEWHERRICASL. BE,
BATRESNTWE YRy — 28RO AR, &b
HAROANEZFOE VEEHLTWARRER, OB EEMEE
BEOFFICALTRHRENERIIBLELLRE, Thbb
BEORFE LTORSETRZL, BFEdEhBEEML LT,
EEOMBHALASE - ZFhUEoRESEEHERELTVWELE
MESLTHHFENREILICAEE. ATHRMNRIERIT B~
EFQE YOV —AEMRICKDIPITLoTH, BElER
OFREVFELRDLIDITTH LN, L ELBERSTR, L
BEOAESOY V2@ S Ltk a0, BHE, BRTRY
MLHELTWAREMENENEDL IR LOTHoD0E
HMBILREETHA).

BAR+TFITR, HEIL, SHEOMBERNEZENER
ERECRMYVMEOLILEEELTWS. TORAFR
1) BRAZEEHF A P54~ Ok,

2) FEFEMEOREREDER,

3) & A o BREEE T ONEL

4) BEEEREORERL,

5) BREROEFEBOBHEFCOBRERBEIINTS

SHAEDOE,

6) ERFLY A VAOEENAEOER,

7) RIERTEMIRRRE DR,

8) BMFIHITHORAEROEB~DRIT
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(1] MEREAEH T KS1 DR

HRoml, EELEFHE I BHROMRERE (Look
back) HIOFHEBHEINBRALEHEN A FIA X2 1ER
THIEIRY, 4% (2004F) 08 AISHEREZ, ZoFA
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i, EEEBICIOFREREMAL, FoMEMRnn s B
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Bl o 2 RBRROBLE#HAZETHD. TATIRERD
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FAHTIE, BEUBREFRZRELALAAOEZIZEETS. T
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BWAHRHTE B L WHRETDH D, HBcHifkiZ, EBEEFHK
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FEmmBmR: LTIRBASATWS., —F, SEgERE
(Nucleic Acid Amplification Test (NAT)) 2o 4 LA
¥ LrEREBREICRUTEIREETH Y, OIEFIRE
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WeHoBREREH (YA NVARECREK) Bk, 0
EWRESHEL L THERTD L 74 VAIHET O TREY
Zhd, —ARARBEZDRE(OPICFELETS. 7140
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1
{ERINAT | BBINAT (=) | 507 —JLNAT |507-ANAT(—)! MiEFERE  |507-ANAT(+)
WP B R WP e R MR WP WARHERS
HBY 348* 68H 460 928 80(44-125) B*2 1258
HCV 23Q% 468 24,86 508 82(54-192) H*! 1928
HIV 118! 52H*? 148 58| *3 22(5-38) B *! 68EH *?
ok 21-350*¢ 350
HERMMOEESZ .

Schreiber®3BE L A=y r > K98 (WP) RPERHEEFRTAH, BAEICLEZPESLUTIAIOMBREELEEL TS0

T = IUNATERHRS IR DB BRI L SWPD 2 D BEE L 2, T 4507~ UNATEAE IO RIERE 2 IR FHIREOWP D

BESMET S, ££ L, HVEDWTRERES A & FOME® 2 MR r 2 SR 7 1 2 KoM 3 RX

BIAEMBELAARE LA,

%1 Schreiber GB et al. The risk of transfusion transmitted viral infection.N Eng J Med. 1996:334,1685-90.

#2 50-pooiNATEBIEE MIERFATEICE D ( RPHAD 1 > KO RIOHER

*3 BBt L FOMEEE L AMBR, SHXE. £ rREFEYI AR, WITR. BARRMPSIEEESEEE
AUF15 L, BARMPRETESEEHES S UL 27 4ERRE, 2003; 285-288.

*4 Orion 5, Shyphillis and blood donars: What we know, what we do not know, and what we need to know, Transfusion
Medicine Reviews 2001, 15;282-91.
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+ >
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* ZOHGIC LY BELHORER, RRC—ELTER - BREBENFTRECT S,
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ABSTRACT:

Human «,-acid glycoprotein (hAGP) is a plasma glycoprotein that
functions as a major carrier of basic ligands. This is the first report
of the recomnbinant hAGP {rhAGF). In this study, rhAGP was ex-
pressed in the methylotropic yeast Pichia pastoris {GS115) using
the expression vector, pPIC9, and then purified by anionic ex-
change, hydrophobic interaction, and gel filtration chromatogra-
phy. The malecular weight of rhAGP was much lower than that of
hAGP, because of the difference in glycan chain content. Results of
glycopeptidase F digestion suggest that the peptide moiety of
rhAGP was the same as that of hAGP. The results of circular

dichroism spectra measurement indicated that rhAGP predomi-
nantly formed a g-sheet-rich structure that was the same as that of
hAGP and typical of the lipocalin family. From the experiments
using AGP-binding drugs {chlorpromazine, warfarin, and proges-
terone) and quinaldine red as a probe for the binding site, it was
indicated that rhAGP also had the same ligand-binding capacity
and binding site structure as hAGP. These findings strongly sug-
gest that this recombinant hAGP (rhAGP) is very useful for the
exploration of the ligand-binding site and biological function of
hAGP.

Human «,-acid glycoprotein (hAGP), 2 member of the lipocalin
family, is a polypeptide with two disulfide bonds and five carbohy-
drate chains that account for about 40% of the total mass of 36 kDa
(Halsall et al., 2000). Although the three-dimensional structure and
biological functions of hAGP are still unlmown, circular dichroism
{CD) measurement (Aubert and Loucheux-Lefebvre, 1976) and mo-
lecular modsling (Rojo-Dominguez and Hernandez-Arana, 1993)
have revealed that it has a predominantly B-sheet structure in aqueous
solution. Furthermore, the common structure of the lipocalin protein
fold is now well described (Flower et al., 2000). The lipocalin fold is
a highly symmetrical all-B-sheet structure dominated by a single
eight-stranded antiparallel B-sheet closed back on itself to form a
continuously hydrogen-bonded S-barrel.

“The main activity of hAGP is the binding of basic drugs and steroid
hormones in plasma (Kremer et al, 1988; Baumann et al.,, 1989;
Treuheit et al., 1992). Tt is very important to evaluate the binding site
on hAGP molecules to understand the pharmacokinetics of these
drugs. Previous studies have proposed that several amino acid resi-
dues were involved in these binding sites (Kremer et al., 1988; Halsall
et al., 2000; Kopecky et al., 2003), but their detailed positions are not
clear. These residue positions have not been examined using mutants,
mainly because of the lack of an established hAGP expression system.
Dente et al, {1988) reported the expression of thAGP in the cultured
cell line and in transgenic mice, but there was no evidence of purified
rthAGP.

In the present study, we used the methylotropic yeast Pichia pas-

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.
doi:10.1124/dmd. 104.000513.

toris as the expression host (Sreekrishna et al,, 1988; Cregg and
Higgins, 1995; Romanos, 1995) for construction of the hAGP expres-
sion system, because of its ability to grow to very high cell density
{Cregg and Higgins, 1995} while producing alcohol oxidase at up to
30% of its total soluble protein when fully induced (Cregg et al.,
1989); it also secretes very little of its own native protein, simplifying
purification of heterologous secreted protein (Barr et al.,, 1992). Fur-
thermore, Escherichia coli and mammalian cells may not be suitable
for the AGP expression system for the following reasons. 1) Carbo-
hydrate chains of hAGP have an important role in aqueous solubility.
However, E. coli can produce only nonglycosylated protein because it
lacks an endoplasmic reticulum and Golgi apparatus. 2) In mamuna-
lian cells, quantities of recombinant proteins expressed are generally
less than in P. pastoris.

Materials and Methods

Materials. hAGP, chlorpromazine, and progesterone were purchased from
Sigma-Aldrich (St. Louis, MQ). Potassiumn warfarin was donated by Eisai Co.
{Tokyo, Japan). Restriction enzymes, E. coli IM109, the DNA ligation kit and
the DNA polymerase Premix Tag (EX Tag version), and glycopeptidase F
(GPF) were obtained from Takara Biotechnology Co. {(Kyoto, Japan). The
DNA sequencing kit was obtained from Applied Biosystems (Tokyo, Japan).
The Pichia expression kit was purchased from Invitrogen (Carlsbad, CA).
DEAE Sephace), Phenyl Sepharose Fast Flow, and Sephadex G-75 superfine
were purchased from Amersham Biosciences Inc, (Piscataway, NI).

Strain and Plasmid. E. coli IM109 was used as the host strain for
constructing hAGP/pPICY. pPICY contains the alcohol exidase I promoter,
His™* selectable marker, and prepro-a-mating factor secretion signal derived
from Saccharomyces cerevisioe. hAGP ¢cDNA (AGP-A gene) was a gift from
Kyowa Hakko Co. (Tokyo, Japan). P. pastoris (G8115) was selected as the
host strain for expression (Cregg et al., 1989).

ABBREVIATIONS: AGP, a,-acid glycoprotein; hAGP, human AGP; rhAGP, recombinant hAGP; CD, circular dichroism; GPF, glycopeptidase F;
BMGY, buffered glycerol-complex medium; BMMY, buffered methanol-complex medium; MD, minimal dextrose; MM, minimal methanol; Mut,
methanol util:zation; Mut™, high methanol utilization; Mut®, siow methanol utilization; PAGE, pelyacrylamide gel electrophoresis; PCR, polymerase
chain reaction.
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FiG. 1. Expression construct for thAGP in Pichia pastoris (GS115).

Medium. E. coli IM109 was grown in Luria broth {Ausubel ¢t al,, 1990)
containing ampicillin (50 mg/ml). Buffered glycerol-complex medium
(BMGY; 1% weast extract, 2% peptone, 0.1 M potassium phosphate, 1.34%
yeast nitrogen base, 4 X 107*% bictin, and 1% glycerol; pH 6.0) and buffered
methancl-comalex medium (BMMY; same as BMGY except that 0.5% meth-
anol was used. instead of glycerol) were used for growing P. pasroris and
producing rhAGP, respectively. Minimal dextrose (MD) agar (1.34% yeast
nitrogen base, 4 X 10™5% biotin, 1% dextrose) was used for screening of His™
transformants, and minimal methanol (MM) agar (same as MD except that
0.5% methano! was used instead of dextrose) was used for methanol utilization
{Mut) screenirg.

Construction of Expression Vector. A 549-base pair DNA fragment
encoding hAGP was amplified by PCR using hAGP ¢DNA (template) and the
following oligonucleotide primers: 5 GGACTAGTCTCGAGAAAAGACA-
GATCCCATTGTGTGCC-3 (5* Xhol) and 5* GCGGAATTCCTAGGATTC-
CCCCTCCTCCTG-3 (3" EcoRI). The PCR reaction mixture (final volume, 50
w1} contained :he following: 50 ng of template, 1 wl of primers (20 pmol), 25
il of Premix Tag (0.05 unit/ul) containing 4 mM Mg?*, and 0.4 mM
deoxynucleotide. The mixture was subjected to denaturation at 96°C for 5 min
and 25 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min, using a 9600
DNA Thermal Cycler (PerkinElmer Life and Analytical Sciences, Boston,
MA). The PCR product was purified using a QIAGEN kit (QIAGEN, Valen-
cia, CA), and afier digestion with Xhol and EcoRl, it was cloned into the Xhol
and EcoRl siwes of pPICY, generating hAGP/pPICY (Fig. 1). Portions of
hAGP/pPICY were sequenced using a 5' Xhol primer.

Transformation of P. pasforis. P. pastoris GS115 (His™) was transformed
with hAGP/pPIC9 digested with Bglll. Approximately 20 ug of linearized
plasmid DNA was used for electroporation in 0.2-cm cuvettes, using 2 Gene
Pulser (Bio-Rad, Hercules, CA) at 1.5 kV, 25 uF, and 200 W. Immediately
afier pulsing, 1 m! of cold ! M sorbitol was added to the cuvettes. Cells were
plated onto MDD agar for the selection of His™ transformants. To screen for
methanol utilization, each colony on the MD plate was first spotted onto MM
agar and then onto a new MD plate. After 48 h, Mut® and Mut™ colonies were
identified.

Screening for rhAGP. Colonies for selection of GS115/Mut® and Mut™
[hAGP/pPICY] were inoculated from MD plates to 5 ml of BMMY and
incubated for 3 days at 30°C with shaking. Methanol was added every 24 hto
a final concentration of 0.5%. Secretion of thAGP into the culture medium was
monitored using 12,5% SDS-PAGE and Coomassie Blue staining. hAGP was
used as a reference standard.
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v

Dialysis against water and freeze drying
FiG. 2. Flow chart for purification of ThAGP.

Expression of thAGP. In the growth phase, a Mut® colony was proliferated
in 100 ml of BMGY in a 1-liter flask at 30°C with shaking. In the induction
phase, the growth-phase cells were harvested by centrifugation (1500g, 10 min,
20°C), and cell pellets were resuspended in 1 liter of BMMY in a 3-liter flask
at 30°C with shaking. The cells were then grown for an additional 96 h.
Methanol was added to a final concentration of 0.5% every 24 h to maintain
induction.

Purification of rhAGP. The growth medium was separated from the yeast
by centrifugation (6000g, 10 min, 4°C), and the secreted rhAGP was isolated
from the medium as follows (Fig. 2). The medium was brought to 65%
saturation with ammonium sulfate at room temperature. The temperature was
then lowered to 4°C, and the pH was adjusted to 4.0. After shaking for 12 h,
the precipitzted protein was collected by centrifugation (12,000g, 60 min, 4°C)
and resuspended in distilled water, Dialysis was performed for 48 h at 4°C
against 100 volumes of distilled water, followed by a further 24 h of dialysis
against 100 volumes of 10 mM Tris-HCI buffer (pH 7.4). Then, the solution
was loaded onto a column of DEAE Sephacel. rhAGP was eluted with a linear
gradient of 0 to 1 M NaCl in 10 mM Tris-HCl buffer (pH 7.4). The eluted
thAGP was loaded onto a column of Phenyl Sepharose Fast Flow. Finally,
rhAGP was purified using Sephadex G-75 superfine.

CD Measurement. The CD spectra were measured using a Jasco Model
J-720 spectropolarimeter (Jasco, Tokyo, Japan) at 25°C. The data were ex-
pressed as mean residue ellipticity, {6). The protein concentration was 0.5
mg/ml for the far-UV CD measurements in 20 mM sodium phosphate buffer
(pH 7.4). Cells with 1-mm and 10-mm lightpaths were used for the far- and
near-UV CD measuremenits, respectively.

Western Blot analysis. thAGP was subjected to 12.5% SDS-PAGE and
electroblotted onto polyvinylidene difluoride membranes. Immunoreactive
protein was detected using polyclonal antibodies against hAGP raised in
Japanese white rabbits (Tissot ¢t al,, 1990). Primary antibody/antigen com-
plexes were conjugated to horseradish peroxidase and developed using the
Bio-Rad HRP substrate.

Deglycosylation of hAGP &nd rhAGP. The deglycosylation of hAGP and
thAGP was performed using GPF. After denaturing with 1% SDS and 2-mer-
captoethanol, 25 mg of denatured AGPs were incubated with 1 mU of GPF at
37°C and pH 8.6 for 12 h. Treated and untreated proteins were analyzed by
electrophoresis.

Fluorescence Measurement of Quinaldine Red. Fluorescence of quinal-
dine red was measured using a Jasco FP-770 fluorometer. AGP was dissolved
at 10 puM in appropriate buffers. For the measurements of quinaldine red
fluorescence, the excitation wavelength was 495 nm, and emission was mon-
itored from 550 to 650 nm. Quinaldine red concentration was varied between
1 and 30 uM in AGP solution (10 uM), because it was reported that hAGP had
a single binding site for quinaldine red, which was also the site for hAGP-
binding drugs (Imamura et al., 1993, 1994). Spectra were recorded immedi-
ately after mixing,

Ligand Binding Assay. Drug-binding parameters were calculated using the
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Muts Mut*

Fic. 3. Screening of secreted colonies (Mu1® and Mut*).

tryptophan fluorescence quenching method (Nishi et al., 2002). We obiained a
fluorometric titration curve by plotting the tryptophanyl fluorescence intensity
of AGP (excitation = 295 nm) using a Jasco FP-770 fluorometer. The drug
concentration was varied between 0.1 and 60 M in 2 ml of AGP solution (10
#M). The fluorescence intensity was corrected for the change in AGP con-
centration with the change in volume. Based on the fluorometric titration
curve, straight lines were drawn to represent the lowest and highest concen-
trations of the drug. The intersection point of these lines was used to obtain the
number of binding sites and the binding constant, using eqs. 1 to 6:

[P + n[D] < [PD,] n

K, =[P-D)n( D] (2)
[P-D,]=AQ(R] 3)

(2] =[PI(1 - AQ) 4)

n[D] =[D, - nAQ{P] - (%)

K, = AQ/(D] - n AQ{PD( — AQ) (6

where [P,] and [P] are the concentrations of total and free protein, respec-
tively, [D] and [D] are the concentrations of total and free drug, respectively,
n is the number of binding sites, and A, is the quenching fraction,

Results

Construction of pPIC9 Expression Vector. To secrete thAGP in
culture medinm, hAGP ¢DNA was inserted into a multicloning site on
pPIC9 expression vector (Fig. 1). Heterologous proteins fused to the
downstream signal sequence (a-factor sequence) are cleaved in the
sequence Glu-Lys-Arg-X by the KEX 2 endopeptidase, which cleaves
on the carboxy! side of dibasic residues (Julius et al,, 1984). In §.
cerevisiae, it has been observed that the Glu-Ala repeats adjacent to
the KEX 2 cleavage site are not necessary for cleavage by KEX2
(Brake et al., 1984).

Screening of Secreting Clones. For transformation of hAGP/
pPICS into F. pastoris, the plasmid was linearized by digestion with
Bglll. His* transformants (GS115/His™) that appeared on the MD
plate were spotted onto a MM plate to score for Mut* and Mut®. For
protein concentration analysis and electrophoresis, 20 colonies of
Mut* and 10 colonies of Mut5, respectively, were monitored in 5 ml
of BMMY at 30°C for 3 days. Average protein concentration of Mut®
were higher than that of Mut™ (Fig. 3). In electrophoresis of Mut®,
bands other than thAGP were very faint (data not shown). Based on
these results, the Mut® clone that expressed rhAGP most abundantly
was selected for large-scale culture.

Physical Characterization. thAGP was purified using anionic
exchange (DEAE Sephacel), hydrophobic interaction (Phenyl
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FiG. 4. SDS-PAGE and Western blot analysis of hAGP (lane 2) and thAGP (lane
3). A, SDS-PAGE of hAGP and thAGP. B, Western blot analysis of hAGP and
rhAGP using hAGP polyclonal antibody. C, SDS-PAGE of hAGP and thAGP
treated with GPF. Lane ] represents a molecular weight marker.

Sepharose Fast Flow), and gel filtration (Sephadex G-75 superfine)
chromatography. Although results of SDS-PAGE and Western
blotting showed a single band, its molecular weight was different
from that of hAGP (Fig. 4, A and B). This difference seemed to
derive from the difference in molecular weight per glycan chain of
each AGP molecule, because it has been reported that most foreign
protein secreted from P. pasioris is not subjected to extensive
glycosylation (mannosylation). Furthermore, it was observed that
bands for thAGP and hAGP treated with GPF appeared at the same
position, indicating that the peptide moiety of thAGP was identical
to that of hAGP (Fig. 4C).

Structural Characteristics. Conformational structure of thAGP
was evaluated by the far- and near-UV CD spectra. The far-UV CD
spectrum of thAGP at pH 7.4 and 25°C had a minimum at 217 nm,
consistent with the abundance of B-sheet structure (Fig. SA). On the
other hand, the near-UV CD spectrum for rhAGP generated the
significant decrease of CD intensity without changing the spectrum
pattern compared with that of hAGP (Fig. 5B). These results sug-
gested that thAGP has formed the same secondary structure as that of
hAGP, and the difference in type of glycan chain resulted in the minor
change of the tertiary structure of rhAGP,

Ligand-Binding Characteristics. It is known that hAGP has the
binding sites for acidic and basic ligands and steroid hormones,
respectively, and these sites overlap each other (Maruyama et al,
1990). To investigate the binding capacity of thAGP to three drugs,
chlorpromazine, warfarin, and progesterone, the values of n, the
number of binding site, and K,, association constant, were calculated
using the tryptophan fluorescence quenching method (Nishi et al,,
2002). Figure 6 shows the titration curves of tryptophanyl fluores-
cence intensity using chlorpromazine as a typical example. Significant
differences in drug-binding properties of these three drugs between
hAGP and ThAGP were not observed (Table 1). This result indicated
that & ligand-binding capacity of thAGP was similar or equivalent to
that of hAGP.

It has recently been shown in our laboratories that quinaldine red
binds strongly and selectively to hAGP and then emits the fluo-
rescence (Imamura et al., 1993, 1994). Therefore, to obtain pre-
liminary information on the binding site on thAGP, we examined
the effect of chlorpromazine, warfarin, and progesterone on the
fluorescence of quinaldine red bound to hAGP and thAGP (Fig. 7).
As shown in Fig. 7, in both hAGP and rhAGP, all drugs caused
significant decreases in the fluorescence of quinaldine red in the
order chlorpromazine > warfarin > progesterone. These results
indicated that thAGP had almost the same drug-binding site struc-
ture as that of hAGP. i
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Discussion

hAGP is a plasma protein that contains 183 amino acid residues,
five glycan chains, and a largely B-sheet structure in aqueous solution
(Halsall et al., 2000). This structural pattern is common to proteins in
the lipocalin family (Flower et al., 2000), but detaiied structure and
biological functions remain obscure.

Of the nurnerous activities of hAGP that have been described, the
most commcn is binding of ligands, particularly therapeutic drugs.
For example, hAGP binds thalidomide and thereby affects the drug’s
immunomodulatory activity against tumor necrosis factor-a (Turk et
al,, 1996). hAGP is reportedly involved in intracellular events, such as
controlling thrombocytic agghitinability, controlling bacterial en-
globement, extension during engrafting, and inhibiting lymphocyte
growth (Krerner et al., 1988; Baumann et al., 1989; Turk et al., 1996).
Although many functions of hAGP are reported, it is not known which
part of the hAGP molecule is involved in each function. One of the
major reasons for this is the lack of an established thAGP expression
system.

In this study, we constructed the first hAGP expression system that
uses the yeast Pichia pastoris. Two phenotypes, Mut® and Mut ™, were
observed in the screening process after linearized hAGP/pPICY di-

gested with Bglll was inserted into P. pastoris (G8115) by a single
crossover event, From the level and pattern of rhAGP expression,
Mut® strains were selected, although it has been reported that Mut™
strains of P. pastoris produce high levels of biomass in fermentation
and, for S. cerevisiae, secretion is localized to the growing bud tip
(Schekman and Novick, 1982; Digan et al., 1989).

The prepro-a-mating factor leader sequence derived from S, cer-
evisiae allows effective secretion and processing of rhAGP in P.
pastoris. Cleavage of the leader is apparently mediated via KEX 2
activity in P. pastoris. In the secretory pathway of yeast, the signal
peptide is removed by a peptidase (Blobel, 1977), and folding occurs
in the endoplasmic reticulum with the assistance of accessory proteins
including disulfide isomerase (Freedman, 1989). P. pastoris seems to
have an advantage in the glycosylation of secreted proteins in that it
does not appear to hyperglycosylate proteins, unlike S, cerevisiae.
Both yeasts mainly produce N-linked glycosylation of the high-man-
nose type. However, the length of the oligosaccharide chains added
post-translationally to proteins is much shorter in P. pasroris (average,
8-14 mannose residues per side chain) than in 8. cerevisiae (50-150
mannose residues) (Grinna and Tschopp, 1989), and very little O-
linked glvcosylation has been observed in P. pastoris.

In the experiments for the drug-binding function, the order in the
degree of the quenching of tryptophanyl fluorescence (data not
shown) and displacement of quinaldine red for hAGP and thAGP was
as follows: chlorpromazine > warfarin > progesterone. This could be
due to a slight difference in the binding region of the drugs, since
rhAGP has almost the same binding capacity and number of binding
sites as that of hAGP (Table 1). The binding region of chlorpromazine
may be in the neighborhood of tryptophan residues and may overlap
with that of quinaldine red to an extent greater than that between
quinaldine red and progesterone. Since quinaldine red and chlorprom-
azine belong to the basic drug group, they may interact with hAGP
and rhAGP at the basic drug-binding region.

Whereas there are some reports that oligosaccharide chain and
sialic acid influence the structure of hAGP (Sebankova et al., 1999)
and the binding of some drugs to hAGP (Friedman et al., 1986;
Shiono et al., 1997), our data indicate that the types of glycan chain
attached to hAGP and thAGP do not greatly affect its ligand-binding
properties, despite minor changes of tertiary structure. It is known that
some biological functions of hAGP were strongly linked to glyco-
form, including sialic acid (Sialyl Lewis™) (Fournier et al., 2000), and
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TABLE 1
Comparison of ligand-binding capacity between hAGP and rhAGP

Three ligands were used: warfarin, chlorpromazine, and progesterone. Data are presented as mean * standard deviation. m and X, (10%) represent the number of binding sites and association

constant, respectively,

Chlorpromazine Progesterone Warfarin
n K, n K, n K,
hAGP 0.98 = 0.04 1.53 =0.57 1.03 + 0.06 273 * 040 1.01 £0.10 365123
rthAGP 0.99 = 0.07 216 = 1.35 100 +0.12 1.83+0.32 0.95 = 0.04 304 £0.56
A B
160 100
B 2
2 80 B 80
a £
E® 3
1= ey
£e 60 2 60
85 8%
878 £ E
S5 40 €3 40
E& e
W@ C v O
= 2
B2 T 20
2 &
0 e 0o+
0 1 2 3 1] 1 2 3
[Drug] / [hAGP] [Drug}/ [rhAGP)

Fi1G. 7. Displacement of quinaldine red by AGP-binding drug. The experiments were performed at a quinaldine red concentration of 10 uM, and hAGP (A) and rhAGP
{B) concentration of 10 uM. Drugs used in this experiment were as follows: progesterone (squares), warfarin (triangles), and chlorpromazine (circles).

others to peptide moiety (Boutten et al., 1992; Van Molle et al., 1997).
Therefore, thAGP, studied here, is fully used for drug binding studies,
but it may or may not be used for the investigation of the biclogical
functions.

The present results indicate that rhAGP produced in P. pastoris is
very useful for evaluation of structural and functional properties of
hAGP. Therefore, mutants prepared using this expression system may
bring a lot of information about structural and drug-binding proper-
ties. However, in most individuals, hAGP exists as a mixture of two
or three genetic variants: A variant and the mixture of F1/S variant,
and more thzn 20 substitutions of amino acid residues between these
variants were found (Yuasa et al., 1987; Eap and Baumann, 1989). It
has been reported that there are differences in the binding capacity of
some ligands between these hAGP variants (Herve ¢t al., 1998),
although the structure of these variants is almost the same in physi-
ological condition (Kuroda et al., 2003). In the present study, we used
F1/8 variant coded by AGP-A gene, not A variant coded by AGP-B/
B’, for expression of hAGP because, in blood, F1/S variant comprises
about 70% of whole AGP (Yuasa et al.,, 1987; Eap and Baumann,
1989). Of course, the expression of A variant should be investigated,
and this study is currently underway.
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Intravenous iron administration induces oxidation of serum al-
bumin in hemodialysis patients,

Background. Intravenous iron administration (IVIR) is ef-
fective for correcting anemia in hemodialysis (HD) patients.
However, it may also enhance the generation of hydroxyl rad-
icals. Recently, plasma proteins have been demonstrated to be
extremely susceptible to oxidative stress. Therefore, we inves-
tigated the effect of IVIR on the oxidative status of albumin, a
major plasma protein, in HD patients.

Methods. Eleven hemodialysis (HD) patients were treated
with 40 mg of saccharated ferric oxide intravenously after every
dialysis session for four weeks, and 11 age-/gender-matched HD
patients were treated with vehicle. We performed high perfor-
mance liquid chromatography {HPLC) analysis of serum albu-
min and determined the levels of reduced and oxidized albumin.
Carbony! formation of plasma proteins were also measured us-
ing an anti-2 4 dinitrophenylhydrazine antibody in patients with
or without IVIR.

Results. IVIR resulted in an increase in both disulfide form
(f(HNA-1)) and oxidized form (f{HNA-2)) of albumin in HD
patients (36.0 & 6.03 vs. 41.7 & 6.27; 546 £ 1.50 vs. 87 =
2.22, respectively, P < 0.05). The findings here also show that
IVIR substantially increased plasma protein carbonyl content
by oxidizing albumin. In addition, we found a strong correlation
between plasma carbonyl content and the levels of oxidized al-
bumin (f(HNA-1) and f(HNA-2)) in HD patients (R = 0.674
and R = 0.724, respectively, P < 0.01).

Conclusion. The results of this study indicate that the HPLC
analysis of serum albumin represents a potentially useful
method for the quantitative and qualitative evaluation of oxida-
tive stress in HD patients, and strongly suggest the possibility
that oxidative stress, generated by IVIR, enhances the oxidation
of albumin in those patients.
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Oxidative stress has long been incriminated in the de-
velopment of dialysis-related pathologic conditions, such
as B:-microgloblin amyloid arthropathy and accelerated
atherosclerosis [1]. Until recently, direct evidence for in
vivo oxidative stress in HD patients relied almost entirely
on the measurement of lipid peroxidation by-products
such as malondialdehyde (MDA) and thiobarbituric acid-
reactive substances (TBARS){2]. Despite the fact that
proteins are extremely susceptible to oxidative stress, re-
ports on the detection of oxidatively modified proteins
have not been extensive. However, the measurement of
the markers for protein oxidation, such as advanced pro-
tein oxidation products (AOPP) or carbonyl contents, has
recently been applied to assess the oxidative stress in the
pathologic conditions. In 2001, Himmelfarb et al [3] re-
ported for the first time that the oxidation of albumin
accounts for almost all of the excess plasma protein oxi-
dation in uremic patients as evidenced by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and an immunoassay using an anti-2,4 dinitrophenylhy-
drazine (DNP) antibody developed by Shacter et al [4,
5]. Human serum albumin (HSA) is a mixture of mer-
captalbumin (HMA; reduced form) and nonmercaptal-
bumin (HNA; oxidized form} [6, 7]. HMA contains one
highly reactive sulfhydryl group at position 34 (Cys-34),
while other serum proteins have little or none [8]. HNA
is composed of at least three types of molecules. The ma-
jor HNA component is a mixed disulfide with cysteine or
glutathione (HNA(Cys) or HNA(Glut})){6, 7]. The other
is a more highly oxidized product than the mixed disul-
fide, such as sulfenic (—SOH), sulfinic (~SO,;H) and sul-
fonic (—SO;H) states (HNA(Oxi)), the proportions of
which are extremely small in extracellular fluids [9-11].
The high-performance liquid chromatography (HPLC)
analysis of albumin developed by Sogami et al permits
the clear separation of HSA into HMA and HNA [6],
and is used for the determination of the redox state for
various pathophysiologic conditions {12-15].
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Anemia is a major complication in HD patients, and
because of this, most patients routinely receive iron intra-
vencusly (IVIR) for anemia correction. Although IVIR
has been shown to improve both survival and quality of
life of HD patients [16-18], it has been suggested that
IVIR may enhance the generation of hydroxyl radicals in
the body through the inflammation process and the Fen-
ton reaction {19, 20]. Tovbin et al reported that IVIR in
HD patients induced an increase in the level of protein
oxidation products, as assessed by AOPP levels, and that
this effect is positively related to the inflammatory state
of patients [21]. They proposed that IVIR and inflam-
mation synergistically induce oxidative stress. However,
the effect of IVIR in HD patients on individual plasma
proteins, especially albumin, the most abundant protein,
has not been extensively investigated. Therefore, the pur-
pose of this study was to determine the effect of iron and
reactive oxygen species on the HPLC profiles of serum al-
bumin in vitro, and then to investigate the effect of IVIR
on the oxidation levels in serum albumin in HD patients.

In the current studies we report on the oxidation of
albumin by HPLC analysis and the carbonyl content of
individual plasma proteins in HD patients with or with-
out IVIR, as well as in healthy subjects. The findings here
show that albumin is oxidized to a greater extent in HD
patients than in healthy subjects, and that the oxidation of
albumin was significantly enhanced in patients receiving
IVIR. Since albumin is the major plasma protein target
for oxidative reactions, HPLC analysis represents a po-
tential assay method for the assessment of oxidative stress
levels in HD patients.

METHODS
Patients

The protocol used in this study was approved by the
institutional review board, and informed consent was ob-
tained from all subjects. Twenty-two stable HD patients
{15 men, 7 women) aged 25 to 87 years, with a dialysis
age ranging between 1 and 9 years, were enrolled in this
study. Eleven age- and gender-matched healthy subjects
were also investigated as a control group. End-stage re-
nal failure was caused by glomerulonephritis (N = 8),
nephrosclerosis (N = 3), diabetic nephropathy (N = 9),
and unknown causes (N = 2). At inclusion, all patients
were on regular bicarbonate hemodialysis therapy (4 to
5 hours three times weekly) using high-flux polysulfone
hollow-fiber dialyzers, and had not received IVIR for the
last three months. All patients were not treated with an-
tioxidants such as vitamin E and C in the three months
before inclusion onto the study. Patients were divided
into two groups. The first group (IVIR group) was ad-
ministered 40 mg of saccharated ferric oxide (Fesin®,
Mitsubishi Pharma Co., Ltd., Osaka, Japan) intra-
venously after every dialysis session for four weeks (total

dosage: 480 mg of saccharated ferric oxide). The other
group (no IVIR group) was treated with vehicle (saline)
for four weeks. At the end of the IVIR or vehicle treat-
ment period, blood samples were obtained before the first
dialysis session of the week.

Chromatographic analysis of serum albumin
in hemodialysis patients

HPLC was performed as described by Hayashi et al
[22]. Serum samples obtained from each patient were
immediately frozen and stored at —80°C until used for
HPLC analysis. HPLC analysis of 5 uL. aliquots of each
serum was performed using a Shodex Asahipak ES-502N
column {Showa Denko Co., Ltd., Tokyo, Japan; column
temperature; 35°C £ 0.5°C). The HPL.C system was com-
posed of an intelligent pump L-6200 equipped with a gra-
dient programmer and an F-1050 fluorescence detector
(Hitachi Co., Ltd., Tokyo, Japan). Elution was performed
by means of a linear gradient with increasing ethanol
concentrations from 0% to 5% for serum in 0.05 mol/L
sodium acetate and 0.40 mol/L sodium sulfate mixture
{pH 4.85) at a flow rate of 1.0 mL/min, From the HPLC
profiles of HSA, the value of each albumin fraction
(f(HMA), f(HNA-1), and f(HNA-2)) was estimated by
dividing the area of each fraction by the total area corre-
sponding to HSA.,

Plasma protein carbonyl contents measurement

Plasma protein carbonyl contents were determined by
the method of Climent et al [23].

Western blots

The oxidation of individual plasma proteins was mea-
sured by Western blot analysis as previously described
by Shacter et al [5]. Plasma was diluted to 2 mg/mL of
total protein with phosphate-buffered saline (PBS), and
derivatized with DNP using an GxyBlot Kit (Serolog-
icals Corporation, Norcross, GA, USA). Samples were
diluted to I mg/mL of total protein by the addition of an
equal volume of nonreducing sample buffer, and 15 plL.
samples were electrophoresed on duplicate SDS-PAGE
gels [24). Following electrotransfer to a polyvinylidene
diflucride (PVDF) membrane, one blot was stained for
DNP uvsing the OxyBlot Kit reagents. The second blot
was stained with Coomassie brilliant blue G for protein.
Bands were visualized with chemiluminescent chemicals
and captured on film at 10 minutes,

Analysis of blots

Each Western blot included samples from both pa-
tients and healthy subjects so that in all experiments, pa-
tient samples could be compared with equivalent data on
healthy subjects developed under the same conditions.



Anraki et al: Oxidation of serum albumin by intravenous iron administration 843

+H,0,
1hr

LRI T Pvend
10 20 30 40

10 20 30 40
Retention time, minutes

For each experiment, the carbonyl density was deter-
mined from the blot with the shortest possible exposure
time required to produce clearly visible bands. DNP and
protein blots were scanned using the same size section
of the blot for each scan. The uniform window size and
analysis box ensured that data were being analyzed con-
sistently from band to band and from blot to blot. Because
the concentration of various plasma proteins differs be-
tween patient groups and healthy subjects, densitometry
data for the area of the DNP blot band were divided by
the densitometry data for the area of the protein blot band
obtained under identical gel loading and electrotransfer
conditions. These data are recorded as DNP area/protein
area and are reported in densitometry units. The mean
for each subject group was calculated from each blot.

Statistics

Statistical significance was evaluated using the two-
tailed, unpaired Student ¢ test for comparisons between
two means, or analysis of variance (ANOVA) analysis
followed by Newman-Keuls method for more than two
means. A value of P < 0.05 was regarded as statistically
significant. Results are reported as mean =+ SE.

RESULTS
Oxidation of serum albumin by H; 03 and Fe in vitro

The current study was designed to determine the redox
state of HD patients, and to examine the effect of IVIR on
oxidative stress, especially oxidation of serum albumin, in
HD patients. First of all, we determined the HPLC pro-
file of serum albumin before and after in vitro oxidation
by HO; and Fe treatment. HPLC analysis allowed us
to determine the oxidation status of Cys-34 residues in
the albumin. Sera from healthy subjects were incubated

10 20 30 40

Fig. 1. High-performance liquid chromatog-
raphy (HPLC) profile of in vitro—oxidized
serum albumin. HPLC profile of albumin
from a normal subject under basal condition
(A). Serum was incubated with 200 pmol/L
of H203 in the presence or absence of 180
umol/L of saccharated ferric oxide for 1 hour
(B and D) or 24 hours (C and E). Five-
uL aliguots of each serum were analyzed by
HPLC using a Shodex Asahipak ES-502N col-
umn. HMA: mercaptalbumin (reduced form),
HNA-1;nonmercaptalbumin (disulfide form),
HNA-2:nonmercaptalbumin (oxidized form).

with 200 pmol/L of H2Q4 with or without 180 pmol/L of
saccharated ferric oxide for 1 hour or 24 hours, and then
subjected to HPLC analysis as described in the Methods
section. Figure 1 shows typical HPLC profiles of serum
albumin from a healthy volunteer before and after oxi-
dation treatment. Serum albumin is separated into three
peaks by the HPLC column (Fig. 1A). The first peak rep-
resents HMA (reduced form), the second peak, HNA-1
(disulfide form; HNA(Cys} or HNA(Glut)), and the third
peak HNA.-2 (oxidized from; HNA{Oxi)). Treatment of
serum with 200 pmol/L of H;O; for 1 hour resulted in a
slight increase in HNA-1 and almost no change in HNA-2
(Fig. 1B). Twenty-four hours after incubation, HMA was
reduced and both HNA-1 and HNA.-2 fractions were fur-
therincreased,indicating the oxidation of Cys-34 residues
in the albumin (Fig. 1C). In the presence of 180 pmol/L
of saccharated ferric oxide, treatment of serum with
200 pmol/L of H3O3 further potentiated the oxidation of
albumin both at 1 and 24 hours (Fig. 1D and E). The ratio
of each albumin fraction to the total albumin (f(HMA),
f(HNA-1), and f(HNA.-2)) was calculated, and those data
are summarized in Table 1. As shown in Table 1, incuba-
tion of serum with 200 umol/L. of H20; and 10 pg/mL
of saccharated ferric oxide for 24 hours markedly in-
creased f(HNA-1) and f{HNA-2) values when compared
with those with H, O, treatment alone (P < 0.05). These
results suggest that treatment with saccharated ferric ox-
ide could enhance the oxidation of serum albumin in the
presence of H2O-, and that HPLC analysis of serum albu-
min provides quantitative and qualitative values for the
oxidation status of albumin.

Oxidation of serum albumin in HD patients

Next, we determined the oxidation status of serum
albumin by HPLC analysis from HD patients with or
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Table 1. f(HMA), f(1INA-1). and f(HNA-2) values (%) for reduced and oxidized albumin in serum from normal subjects treated with H203 in
the presence or absence of saccharated ferric oxide

Without saccharated ferric oxide

With saccharated ferric oxide

0hr 1hr 24 hrs Ohr 1hr 24 hrs
f(HMA) 69.5+ 02 673+ 0.7 459+ 1.1 699135 623108 449408
H;0, f(HNA-1) 2494+ 07 266+ 1.6 350£14 23.0£05 277+ 0.6 455 = 0.4*
(200 u mol/L) f(HNA-2) 5609 61+1.7 85+£25 71+£20 97102 136112

*P < 0.05 as compared with serum treated with H;O3 in the absence of saccharated ferric oxide. Values are expressed as mean + SE (N = 4},

Table 2. f{HMA), f(HNA-1), and {(}INA-2) values (%) for reduced
and oxidized albumin in serum from normal subjects and patients
without IVIR treated with vehicle or saccharated ferric oxide

Healthy subjecis Patients without IVIR

Saccharated Saccharated
Vehicle ferric oxide Vehicle ferric oxide
f(HMA)  667+07 646+04 454+21 369+ 1.0°
f(HNA-1) 278+ 0.6 29.7+05 413423 436+1.6
f(HNA-2) 55401 56+02 13306 195+15°

*P < (.05 as compared with serum treated with vehicle. Values are expressed
asmean + SE (N =T).

without IVIR, as well as from healthy subjects, because
albumin is the most abundant serum protein and has been
shown to be a target of oxidative stress in uremic patients.
Patient profiles of healthy subject group, IVIR group, and
no-1VIR group are summarized in Table 2. Data in the
patients group were obtained after the treatment period.
Parameters for iron status were examined before and af-
ter IVIR. Patient groups did not differ in respect to age,
gender, diabetes/nondiabetes ratio, duration and efficacy
of dialysis, serum albumin, uric acid, and C-reactive pro-
tein (CRP) levels. Serum Fe and TSAT levels in HD pa-
tients with IVIR were slightly, but not significantly, higher
than in those without IVIR, and serum ferritinlevels were
significantly increased in IVIR group due to iron admin-
istration (£ < 0.05). Figure 2 shows typical HPLC profiles
for serum albumin from healthy subjects (Fig. 2ZA), HD
patients without IVIR (Fig. 2B), and with IVIR (Fig. 2C).
The ratio of each albumin fraction to the total albu-
min (f(HMA), f(HNA-1), and f(HNA-2)) was calculated
and those data are summarized in Table 3. As shown in
Figure 2 and Table 3, {(HMA) was substantially decreased
and both f(HNA-1) and f(HNA-2} were significantly in-
creased in HD patients compared with healthy subjects
(P < 0.03). IVIR treatment resulted in marked increases
in both f(HNA-1) and f(HNA-2) in HD patients (P <
0.05), while there was no significant change in f{{HMA).
These findings suggest that Cys-34 residue in albumin is
highly oxidized in HD patients and that IVIR resulted in
the overoxidation of albumin, In order to determine the
relationship between the redox status of plasma proteins
and the Cys-34 oxidation of serum albumin, as detected
by HPLC, the plasma protein carbonyl contents of these
patients were also determined.

Plasma protein carbonyl contents in HD patients

In most cases, protein oxidation is associated with an
increase in carbonyl content. It is known that an increase
in carbonyl contents reflects the oxidation of Lys, Arg,
or Pro residues in a protein. Plasma protein carbonyl
contents were significantly increased in HD patients, and
IVIR further enhanced the carbonylation of plasma pro-
tein (IVIR: 2.2 £ 0.4 nmol/mg protein, N = 11; no IVIR:
1.0 + 0.1 nmol/mg protein, N = 11; healthy subjects:
0.4 £ 0.03 nmol/mg protein, N = 11, P < 0.05). We next
determined the carbonyl contents of major plasma pro-
teins separately by Western blot analysis using an anti-
DNP antibody. Figure 3A shows arepresentative blot and
Figure 3B summarizes results obtained from the multiple
blots. Interestingly, only albumin was significantly oxi-
dized in HD patients, and IVIR increased the albumin
oxidation (P < 0.05). There was no statistically significant
difference in the carbonyl contents of other plasma pro-
teins such as transferrin, immunoglobulin, and fibrinogen
among three groups (healthy subjects, HD patients with-
out IVIR, and HD patients with IVIR). These findings
suggest that the origin of the increase in plasma protein
carbonyl contents in HD patients was largely from an in-
crease in oxidized albumin, and that IVIR substantially
increased plasma protein carbonyl contents by oxidizing
albumin.

Relationship between HPLC profile of albumin
and plasma protein carbonyl content

In order to validate the usefulness of HPLC analy-
sis of serum albumin for the assessment of oxidative
stress in HD patients, we determined the relationship be-
tween plasma protein carbonyl contents and f(HNA-1) or
f(HNA-2) values because plasma protein carbonyl con-
tents are one of the reliable and widely used oxidative
stress markers. As shown in Figure 4, both {(HNA-1) and
f(HNA-2) have strong correlation with plasma protein
carbonyl contents (R =0.674 and R = 0.724, respectively,
P < 0.01). We also investigated the relationship between
AQOPP levels and f(HNA-1) or f(HNA-2) values, and ob-
tained significant correlation (data not shown). These
findings suggest the possibility that f{(HNA-2) values can
be useful markers for the evaluation of redox status of
HD patients.
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Fig. 2. High-performance liquid chromatog-
raphy {HPLC) profile of serum albumin from
HD patients with or without intravenous iron
administration (IVIR), Five-uL aliquots of
serum from HD patients with or without
IVIR, and healthy subjects were subjected
to HPLC analysis using a Shodex Asahipak
ES-502N column. A representative tracing of
HPLC profiles of serum albumin from nor-
mal subjects (A). A representative tracing of

10 20 30 40 10 20 30 40 10
Retention time, minutes

HPLC profiles of serum albumin from HD
patients without IVIR (B). A representative
tracing of HPLC profile of serum albumin
from patients treated with IVIR (C).

Table 3. Characteristics of patient group

Patients without IVIR Patients with IVIR
Healthy subjects (V=11 (V=10
(N=11) After vehicle Before vehicle After IVIR Before IVIR
Age years 677104 68.0+£3.7 68.6 + 5.6
Gender M/F 74 813 74
Duration of dialysis months - 224175 225+71
Diabetes/nondiabetes - 5/6 47
Kt/Vurea - 1.46 £ 0.04 1.52 £ 0.08
Albumin g/dL 4.27 £0.07 373+ 011 353014
Uric acid mg/dL 479+ 0.3 81+06 7804
CRP mg/dL 0.15£0.04 0.28 + 0.06 0.27 + 0.08
Fe ug/dL 83.82 £ 5.55 476 6.5 494+ 58 554426 455+ 44
TSAT % 28.97 £ 261 230+ 6.7 212+ 87 286162 210+ 1.7
Ferritin ng/mL 4327 £ 499 969 £ 19.1 102.5 + 24.3 2314 + 55.4° 754+ 16.2

*P < 0.05, Values are expressed as mean + SE.

DISCUSSION

The current studies demonstrate that serum albumin
is highly oxidized in HD patients, with an increase in the
disulfide form, and that IVIR on these patients signifi-
cantly increased the oxidation status of albumin, as ev-
idenced by a marked increase in the oxidized form. To
our knowledge, this is the first report demonstrating the
effect of IVIR on the oxidation of serum albumin in HD
patients. Plasma is known to contain a wide range of im-
portant antioxidants, including albumin, ascorbate, and
urate. In contrast, the concentrations of superoxide dis-
mutase, reduced glutathione, and catalase, all of which
are known to be important intracellular antioxidants, are
low in the plasma and are not likely to serve as impor-
tant plasma antioxidants [25, 26]. It has previously been
established that certain amino acid residues of proteins
are particularly susceptible to free radical attack [27, 28],
and several studies have confirmed that Cys-34 of serum
albumin is highly accessible to reactive oxygen species
such as H,O3 [29, 30] and carbon-centered free radicals
[31], as well as other oxidizing agents, such as nitric oxide
(NO) [32-34] and peroxynitrite (ONOO-) [29,35]. In ad-
dition, it has been demonstrated that Cys-34 of oxidized
albumin is further oxidized to sulfenic, sulfinic, or sulfonic

state under stronger H>O»-mediated [29, 30] and anaer-
obic NO-mediated [33] oxidizing conditions. In plasma,
free thiol groups are quantitatively the most important
scavengers of oxidants, and are known to be largely
located on the albumin molecule. Furthermore, we
confirmed the carbony! formation of plasma albumin, as
previously demonstrated by Himmelfarb et al [3], sug-
gesting that basic amino acid residues in albumin as well
as Cys-34 are also oxidized. Because albumin is the most
abundant plasma protein, it could play a major role as
an antioxidant in plasma at least by thiol oxidation and
carbonyl formation. We recently demonstrated that the
plasma half-life of radiolabelled- and in vitro oxidized-
albumin was substantially decreased in mice, and that the
liver uptake clearance of oxidized albumin was markedly
increased by 11-fold {36]. These findings suggest that
serum albumin might play an important protective role
against reactive free radicals in extracellular fluids via
its oxidation and the subsequent clearance from the sys-
temic circulation by the liver. In this context, we expected
that the characterization of oxidation status of serum al-
bumin might provide useful information regarding the
redox state of the human body, prompting us to examine
the effect of IVIR on the oxidation of albumin. As shown
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Fig. 3. Carbonyl content of major plasma proteins from normal sub-
jects and HD patients with or without intravenous iron administration
(IVIR), Plasma samples from HD patients with or without IVIR were
derivatized with DNP and subjected to duplicate SDS-PAGE gels (A).
Following electrotransfer, one blot was stained with Coomassie bril-
liant blue G for protein {upper blot) and the second blot was stained
for DNP using OxiBlot kit reagents (lower blot). Carbonyl formation
of major plasma proteins {albumin, transferrin, immunoglobulin, and
fibrinogen) were determined as densitometry ratio of DNP area and
protein area, and are reported in densitemetry units (B). Values are ex-
pressed asmean & SE; N =11 patients per group. * P < 0.05 as compared
with plasma from patients without IVIR.

in Figure 1, an HPLC analysis of serum albumin showed a
clearseparation of HMA, HNA-1,and HNA-2. In HD pa-
tients, we found that serum albumin is oxidized, leading to
anincrease in both f{(HNA-1) and f(HNA-2), and that an
increase in f{(HNA-2) is associated with IVIR, There was
no significant difference between the non-IVIR group
and IVIR group in several markers that can affect oxida-
tive stress levels, such as dialysis efficiency (Kt/Vurea),
uric acid, CRP, and diabetes. These results suggest that
HPLC analysis has the potential to provide quantitative
as well as qualitative information on the states at oxida-
tion of serum albumin in HD patients. Furthermore, our
findings suggest that IVIR is associated with an increase
in the oxidized albumin, as evidenced by an increase in
f(HNA-2) and plasma protein carbonyl contents,
Cardiovascular diseases continue to be the major cause
of both morbidity and mortality for patients on HD ther-
apy. For HD patients, the annual mortality rate caused
by cardiovascular disorders is approximately 9%, which
is 10- to 20-fold higher than the general population, even
when adjusted for age, sex, race, and the presence or
absence of diabetes [37]. A potential link between
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Fig. 4. Relationship between plasma protein carbonyl content and
f(HNA-1) (A} or f{HNA-2) (B). Plasma protein carbonyl contents and
f{HNA-1) or f(HNA-2) values from normal subjects and HD patients
with or without intravenous iron administration (IVIR) are plotted,
and the line shows linear regression of plasma protein carbonyl content
and f(HNA-1) or f(HNA-2) values (N = 33, R = 0.674 and R = 0.724,
respectively, P < 0.01). :

Table 4, f(HMA), f{HNA-1), and f(HNA-2) values (%) for reduced
and oxidized albumin in sera from healthy subjects and HD patients
with or without IVIR

Healthy Patients without Patients with

subjects IVIR IVIR

(N=11) (N=11) (N=11)
f{HMA) 68.1+212 585 £ 7.37° 50.3 & 7.25%
f(HNA-1) 289+176 36.0+6.03° 41,7 £ 6.27*b
f{HNA-2) 2.99 4+ 0.40 5.46 + 1.50° 8.7 £ 22280

Values are expressed as mean + SE.
2P < (.05 as compared with sera from healthy subjects.
B P < (.05 as compared with sera from patients without IVIR.

inflammation, hypoalbuminemia, and subsequent cardio-
vascular risk in HD patients may be through the process
of oxidative stress. Although Fe?* is known to be a pow-
erful source of hydroxyl radicals through the Fenton reac-
tion, the majority of HD patients receive IVIR for anemia
correction. Because iron loading markedly alters the an-
tioxidant system [38], and because uremic patients have
numerous defects in antioxidant defense that are unre-
lated to iron, iron toxicity could amplify these defects,
and IVIR in HD patients may represent a specific condi-
tion that enhances iron toxicity through the generation of
oxidative stress. This hypothesis is also supported by the



