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Human plasma haptoglobin (Hp) is classified according to three phenotypes: Hp 1-1, 2-1, and
2-2 attributed by their two common alleles 1 and 2. Clinically, the 2–2 phenotype is associated
with the risk of cardiovascular diseases and diabetes mellitus in patients. In this study, we
demonstrate that Hp is an extremely potent antioxidant, which directly protects low density
lipoprotein from Cu21-induced oxidation. Its potency was markedly superior to probucol (one
of the most potent antioxidants). Ranking of the IC50 of antioxidant activity was as follows:
Hp 1-1 . Hp 2-1 . Hp 2-2 . probucol . vitamin E. Blockage of disulfide linkages between
Hp subunits, not only abolished the a-helical content but also diminished the ability of Hp to
form a complex with hemoglobin. The modified Hp subunits exerted almost 4 times greater
antioxidant activity than that of native Hp. To investigate the antioxidant role of Hp on the
cellular level, the cDNA of Hp 1-1 was cloned, introduced into the pcDNA3.0 vector which
contains the cytomega lovirus promoter and transfected into chinese hamster ovary (CHO)-
K1 cells. Following transfection, CHO cells were able to express Hp 1–1 protein and signifi-
cantly (p , 0.001) elevated cell tolerance against oxidative stress. Transfected cells showed 2-
fold higher resistance to hydrogen peroxide exposure for 24 h compared to control cells. Thus,
Hp plays a provocative antioxidant role as demonstrated by our in vitro and ex vivo studies.
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1 Introduction

Hemoglobin (Hb) is the most abundant and functionally
important protein in erythrocytes. However, once it is
released from red blood cells, it becomes highly toxic be-
cause of the oxidative nature of iron-containing heme,
which participates in the Fenton reaction to produce reac-
tive oxygen species which cause cell injury [1–2]. Human
plasma haptoglobin (Hp), a known acute phase protein
[3–5], can capture Hb by forming a high affinity Hp-Hb
complex [1, 3, 4]. The complex is then metabolized
through a receptor-mediated process involving the CD
163 receptor of macrophages [6]. Therefore, Hb binding
by Hp is essential for rapid clearance of Hb from plasma
[7]. For this reason, Hp plays a crucial role against Hb-

induced oxidative stress by a mechanism thought to
involve its high-affinity binding with Hb and prevents iron
release from Hb. However, it has yet to be shown that Hp
itself is an antioxidant molecule.

The Hp phenotypes 1-1, 2-1, and 2-2 are attributed to
two common alleles, 1 and 2, located at chromosome
16q22.1. Structurally, the minimal unit of Hp (b-a-a-b) is
joined by disulfide linkages of the two a and two b chains
[6, 8, 9]. Fig. 1 shows that the phenotypes all share the
same two b chains (each with Mr 40 000 kDa containing
245 amino acids and about 30% carbohydrate). A typical
structure of homozygous Hp 1-1 (b-a1-a1-b) is composed
of two identical a1 chains (Mr 9000 kDa containing 83
amino acids). Homozygous Hp 2-2 is composed of two
identical a2 chains (Mr 16 500 kDa containing 142 amino
acids) whereas heterozygous Hp 2-1 contains one a2 and
one a1 chain (Fig. 1). Due to an extra thio group in the a-2
chain, Hp 2-1 and 2-2 form large polymers of monomeric,
trimeric, tetrameric, pentameric, hexameric, and even
larger arrangement through the disulfide-linkages (Fig. 1).
Clinically, diabetic patients with the Hp 1-1 phenotype are
markedly resistant to the development of diabetic retino-
pathy, diabetic nephropathy, and cardiovascular disease
(CAD) [10–12]. In a prospective study, participants
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Figure 1. Schematic drawing of the proposed structure of
human Hp 1-1, 2-1, and 2-2. All three phenotypes share a
common structure of b chains, while Hp 2-1 and 2-2 are
heterogeneous polymeric forms. Essentially, the a2 chain
represents one entire copy of a1 (1–83) plus an insertion of
a partial sequence of a1 (residues 12–70). The degree of
polymerization within the intermolecular arrangement is
shown. Due to an extra thio group in the b-chain Hp 2-1
and 2-2 can form large polymers (see Fig. 3).

homozygous for the Hp 2-2 allele had a 5-fold increased
risk for the development of CAD as compared to partici-
pants homozygous for the Hp 1-1, allele [13]. The risk in
heterozygous Hp 2-1 participates is intermediate [13].

In the present study, we show that Hp is an extremely
potent antioxidant and the activity of Hp 1-1 was differen-
tially and moderately greater than that of Hp 2-1 and 2-2.
We also demonstrate that Hp 1-1 transfected Chinese
hamster ovary (CHO) K1 cells (which normally do not
express Hp) are significantly resistant to oxidative stress.
The role of Hp as an antioxidant molecule is therefore
identified. The clinical significance with respect to the
structure and function of the Hp phenotype is discussed.

2 Materials and methods

2.1 Purification of human Hp

The Hp phenotype was first identified using plasma sup-
plemented with Hb by PAGE, followed by a peroxidase
substrate staining [14]. The plasma of each Hp phenotype
was then chromatographed on an antibody affinity-col-
umn followed by gel filtration chromatography as pre-
viously described [14, 15]. The homogeneity of each Hp
species employed was greater than 95%.

2.2 Gel electrophoresis

SDS-PAGE containing 15% w/v polyacrylamide gels with
a top stacking gel of 5% polyacrylamide was performed
for Hp characterization [14, 16]. Samples (typically 5 mg)

for SDS-PAGE were preheated at 1007C for 10 min in
loading buffer (12 mM Tris-HCl, pH 6.8, 0.4% w/v SDS,
5% v/v glycerol, 0.02% w/v bromphenol blue) with or
without 2.88 mM 2-mercaptoethanol. The samples were
run for about 1.5 h at 100 V and stained using CBB R-250.

2.3 Western blot

Following protein separation by SDS-PAGE, gels were
soaked in a transfer buffer containing 48 mM Tris-HCl,
39 mM glycine, 0.037% w/v SDS, and 20% v/v methanol
at pH 8.3. Electrotransfer to a nitrocellulose paper (Phar-
macia Diagnostics, Uppsala, Sweden) was performed at
90 mA for 1 h in a semi-dry transfer cell (Bio-Rad, Her-
cules, CA, USA). Immunoblotting and developing were
conducted according to standard procedures previously
described [14–16].

2.4 Reduction and carboxymethylation of Hp

Tris-HCl buffer (pH 8.6, 3.3 mL of 0.01 M) containing 5.4 M

urea, and 1% v/v b-mercaptoethanol was added to 1 mg
HP. The reaction mixture was flushed with nitrogen and incu-
bated at room temperature. After 2 h, 20 mg of iodoacetic
acid was added and the reaction mixture was then main-
tained at pH 8.6 by the addition of 1 M NaOH for 30 min.
Finally, carboxymethylated (CM)-Hp was desalted on a Bio-
Gel P2 (Bio-Rad, Hercules, CA, USA) column eluted with
0.1 M ammonium bicarbonate and lyophilized [17].

2.5 Preparation of human low density
lipoprotein

Human low density lipoprotein (LDL; 1.012–1.063 g/mL)
was prepared from human plasma by sequential ultra-
centrifugation according to the method previously estab-
lished [17]. Sodium azide (0.01%) was added to the
plasma prior to ultracentrifugation and to LDL after isola-
tion. Subsequently, freshly prepared LDL was dialyzed
against PBS to remove EDTA and used for oxidation
assays [1].

2.6 LDL oxidation

Thiobarbituric acid-reactive substances (TBARS) were
used as an index to measure LDL oxidation [1, 18]. In a
typical assay, 4 mM CuSO4 and 40 mg of LDL were incu-
bated with native Hp, CM-Hp, probucol, or vitamin E in a
final volume of 100 mL. For oxidation induced by water-
soluble initiator (5 mM 2,2’-azobis(2-amidinopropane)-
dihydrochloride (AAPH)), only Hp 2-1 was employed.
Incubation was carried out at 377C for 2 h, after which
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time 250 mL of 20% w/v TCA was added to precipitate
proteins. Subsequently, 250 mL of 0.67% w/v 2-thiobarbi-
turic acid was added and the reaction was incubated at
807C for 30 min. The reaction mixtures were centrifuged
at 30006g for 5 min. Supernatant (300 mL) in a 96-well
plate was read at 540 nm [1].

2.7 Circular dichroic analysis

Lyophilized Hp was dissolved in 10 mM phosphate buffer
(pH 7.4) with a final concentration of 0.2 mg/mL. About
300 mL aliquot was used for the analysis in a cuvette with
a 1 mm path length. Circular dichroic spectrum recorded
between 190 and 300 nm (in Jasco J-715 spectropolari-
metry) was accumulated 20 times at a scanning rate of
50 nm/min. The a-helical content was estimated from the
mean residue molar ellipticity (y222). % a-helix = (y222 1

3000)/(36 00063000)6100 [17].

2.8 Analysis of Hp-Hb binding complex using
HPLC

A HPLC experiment was performed to examine whether
or not CM-Hp retains its ability to bind Hb. Hb was pu-
rified as previously described [16]. A gel-filtration col-
umn (Tosoh, Yamguchi, Japan; TSK-GEL G2000SWXL,
7.86300 mm) pre-equilibrated in PBS was used to an-
alyze the formation of Hp-Hb complex at a flow rate of
0.5 mL/min. A final reaction mixture (100 mL) containing
Hp1-1 (24 mg) or CM-Hp 1-1 (24 mg) with and without
Hb (16 mg) was subjected to HPLC. Typical chromato-
graphic profiles were monitored at 280 nm, while Hb or
Hb-Hp complex formation was monitored at 415 nm.

2.9 Preparation of Hp 1-1 cDNA

Total RNA was extracted from HepG2 cells using TRIzol
reagent (Gibco BRL, Grand Island, NY, USA) according to
the manufacturer’s instructions. First strand cDNA was
synthesized using 1 mg of total RNA, 30 ng/mL oligo dT,
0.25 mM dNTP, and 3.5 mL diethyl pyrocarbonate water in
a 40 mL volume. The mixture was incubated at 657C for
5 min and chilled on ice. Subsequently, 8 mL 56reaction
buffer, 4 mL 0.1 M DTT, 2 mL RNase inhibitor (Pharmacia
Diagnostics, Uppsala, Sweden) and 1 mL M-MLV RTase
(Invitrogen, Carlsbad, CA, USA) were added and incu-
bated at 377C for 50 min. The reaction was terminated by
heating at 707C for 15 min. PCR was performed in a 50 mL
volume containing 0.1 mg of cDNA product, 5 mL 106 Taq
polymerase buffer, 4 mL 2.5 mM dNTP, 2.5 units Taq poly-
merase, and 50 ng of each specific Hp 1-1 primer (forward:
5’-TCGGTACCATGAGTGCCCTGGAAGCTGTCATTG-3’;

reverse: 5’-TCGGTACCTTAGTTCTCAGCTATGGTCTTC
TG-3’). The Kpn I restriction site is underlined. The ther-
mal cycling program was 40 cycles of 967C for 30 s, 507C
for 30s, and 727C for 1 min. The resulting PCR amplification
products were visualized by ethidium bromide on a 1%
agarose gel and then recovered using NucleoSpin Extrac-
tion Kit (Clontech, CA, USA). The extracted DNA fragment
and pcDNA3.0 plasmid (Invitrogen, Carlsbad, CA, USA)
were subsequently digested with Kpn I at 377C for 2 h and
recovered. Finally, the insert fragment and vector were
ligated with a molar ratio of 3:1 at 167C for 16 h.

2.10 Cell cultures

The CHO-K1 cell line CCL-61 and human hepatoblas-
toma (HepG2/C3A) CRL-10741 cells obtained from the
American Type Culture Collection (Manassas, VA, USA)
were cultured in DMEM/F12 (Gibco BRL, Grand Island,
NY, USA) and a-minimal essential medium (Gibco),
respectively, at 377C. Media were supplemented with
10% bovine calf serum, 100 U/mL penicillin, and 100 mg/
mL streptomycin Gibco.

2.11 Immunocytochemistry

Immunostaining was performed using the VECTOR
M.O.M. Immunodetection kit (Burlingame, CA, USA) ac-
cording to the manufacturer’s instructions. Briefly, 105 CHO
cells were cultured in a 6-well plate in which a 76626 mm
glass-slide was placed overnight. After washes in PBS,
4% paraformaldehyde was added for 30 min to fix cells.
The slide was then immersed in PBS containing 0.1%
Tween-20 for 15 min and washed four times with PBS.
The slide was hydrogen peroxide and then washed twice
immersed in 3% and blocked with M.O.M. mouse Ig
blocking reagent for 1 h with two washes. Monoclonal
anti-human Hp (1:5000 dilution) was added and incubated
for 30 min. Following washes, the slide was incubated
with biotinylated anti-mouse IgG for 10 min and washed
twice. VECTASTAIN ABC reagent (Vector Laboratories,
CA, USA) was added and incubated for 5 min. The slide
was washed and developed using 3,3’-diaminobenzidine
as a chromogenic substrate.

2.12 Transfection and hydrogen peroxide
tolerance assay

The 1044-bp cDNA of Hp 1-1 obtained from human hepa-
toblastoma HepG2/C3A cells by RT-PCR was cloned into
the pcDNA3.0 vector to generate a cytomegalovirus
(CMV) promoter-driven Hp 1-1 construct. CHO-K1 cells
were transfected with the inserted vector using the
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SAINT-MIX Gene/Protein-Delivery System Kit (Groningen,
The Netherlands), and selected in the presence of 400 mg/
mL geneticin. Expression of Hp 1-1 was confirmed by
Western blot, immunostaining, and competitive ELISA.
Approximately 56103 cells were cultured in a 96-well
plate for 24 h and treated with variable amounts of hydro-
gen peroxide (0–5 mM) for another 24 h. The 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
was then used to estimate the relative survival ratio [19].

3 Results

3.1 Antioxidant activity of Hp molecules

To determine Hp antioxidant activity, a method using
Cu21-induced LDL oxidation was employed. Hp was an
extremely potent antioxidant against LDL oxidation and
acted in a dose-dependent manner (Fig. 2). It was 5 times
more potent than probucol [1] and almost 20 times more
potent than vitamin E. Notably, the antioxidant activity of
monomeric Hp 1-1 was moderately higher than that of
polymeric Hp 2-1 and 2-2 (Fig. 2).

Figure 2. Antioxidant activity of Hp phenotypes. The
assay was evaluated using the degree of inhibition of
Cu21-induced formation of thiobarbituric acid-reactive
substances from LDL. LDL (40 mg) was incubated with
4 mM Cu21 in the presence of Hp, CM-Hp, probucol, or
vitamin E at 377C for 2 h in a final volume of 100 mL in
PBS. BSA (10–100 mM) did not reveal any antioxidant ac-
tivity (data not shown).

3.2 Effect of disulfide-linkages on the
antioxidant property of Hp

Since the disulfide-linkages help maintain the tetrameric
arrangement of each Hp monomer, we attempted to
address whether or not the overall conformation of Hp

plays a key role in its antioxidant function. We found that
CM reduction disassembled the a and b chains of Hp on
SDS-PAGE without requiring b-mercaptoethanol (Fig. 3).
Each chain was identical to Hp subunits following b-mer-
captoethanol reduction [14]. Second, using circular
dichroic spectrum analysis, we observed a drastic confor-
mational change in Hp following blockage of the disulfide
linkage. A representative spectrum is shown in Fig. 4. The
estimated a-helical content before CM was about 29, 22,
and 21% for Hp 1-1, 2-1, and 2-2, respectively. Statisti-
cally, the a-helical content in Hp 1-1 was significantly
higher than that in Hp 2-1 and Hp 2-2 (p , 0.001). CM-
Hp 1-1 had a disordered structure. The conformational
change, however, did not attenuate its antioxidant activi-
ty. Unexpectedly, it resulted in a marked increase in anti-
oxidant activity (about 4 times; Fig. 2). The ranked anti-
oxidant potency expressed as IC50 was: CM-Hp1-1 .

CM-Hp 2-1 . CM-Hp 2-2 . Hp 1-1 . Hp 2-1 . Hp 2-2 .

probucol . vitamin E (Table 1). BSA did not exhibit any
antioxidant activity (data not shown).

Figure 3. Analysis of CM-Hp on 15% SDS-PAGE without
the reducing reagent b-mercaptoethanol. Lane M: protein
marker. The a and b subunits are covalently linked in
native Hp, but not in CM-Hp 1-1, 2-1, and 2-2 following
chemical modification.

3.3 AAPH-induced LDL oxidation

We also tested the ability of Hp to scavenge free radicals
generated from a water-soluble azo-compound, AAPH.
Hp 2-1 showed dose-dependent antioxidant activity with
an IC50 about 5 times greater than that of probucol
(Table 1).
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Figure 4. Circular dichroic spectra of native Hp 1-1, 2-1,
2-2, and CM-Hp 1-1. Hp in 10 mM phosphate buffer,
pH 7.4, (final concentration 0.2 mg/mL) was monitored
by circular dichroism. Each spectrum represents a mean
of 20 determinations. The estimated a-helical content is
about 29, 22, and 21% for Hp 1-1, 2-1, and 2-2, respec-
tively. The structure of CM-Hp 1-1 is disordered. Statisti-
cally, the a-helical content in Hp 1-1 is significantly higher
than that of Hp 2-1, 2-2, and CM-Hp 1-1 (p , 0.001).

Table 1. Antioxidant activity in Cu21- and AAPH- induced
LDL lipid peroxidation

Cu21-induced
IC50 (mM)a)

APH-induced
IC50 (mM)a)

CM-Hp 1-1 0.8 nd
CM-Hp 2-1 1.5 nd
CM-Hp 2-2 2.2 nd
Hp 1-1 3.0 nd
Hp 2-1 3.5 6
Hp 2-2 3.7 nd
Probucol 15 30
Vitamin E 70 nd

a) IC50: the concentration that inhibited 50% of LDL oxi-
dation nd: not determined. See Fig. 2 legend for more
details

3.4 Hb-binding ability of CM-Hp

Hp binds Hb forming a high affinity Hp-Hb complex [6].
Presumably, the domain of Hp which binds to Hb is de-
pendent on the overall three-dimensional structure of
Hp. We examined the effect of CM of Hp on the formation
of the Hp-Hb complex using a HPLC technique. Binding
was totally abolished when Hp was CM (Fig. 5). Since the
antioxidant activity of CM-Hp was superior to native Hp
(Fig. 2), the data indicate that the antioxidant nature of
Hp was independent on its binding ability to Hb.

Figure 5. HPLC profile of Hb complexed to native and
CM-Hp 1-1. A HPLC gel-filtration column (TSK-GEL
G2000SWXL, 7.86300 mm) was used to analyze the for-
mation of the Hp-Hb complex. A final reaction mixture in
100 mL of PBS containing Hp1-1 (24 mg) or CM-Hp 1-1
(24 mg) with and without Hb (16 mg) was subjected to
HPLC. Hb presence was monitored at 415 nm and to
280 nm.

3.5 Expression of Hp 1-1 in CHO-K1 cells

To create an antioxidant cell that may prevent oxidative
stress, a CHO-K1 cell line was transfected with a
pcDNA3.0 vector containing CMV promoter-driven Hp
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1-1 cDNA. The plasmid construct also contained a selec-
tion marker, geneticin, for conditionally expressing Hp 1-1.
Untransfected cells did not express endogenous Hp
mRNA as shown by RT-PCR (Fig. 6). Expression of Hp 1-1
protein in the culture medium and CHO cells was con-
firmed by Western blot analysis (Fig. 7). Only cell lysate
from transfected cells had Hp immunoreactivity in a com-
petitive ELISA (data not shown). The specificity of Hp
expression in transfected cells was also confirmed by
immunocytochemical staining (Fig. 8). The nonimmuned
serum did not stain transfected cells (data not shown).

Figure 6. Expression of Hp a1-b mRNA in transfected
CHO-K1 cells. PCR was performed to amplify the Hp
a1-b cDNA. Lane 1: 100 bp ladder; Lane 2: HepG2 control
(Hp a1-b cDNA, 1044 bp); Lane 3: CHO-K1 cells; Lane 4:
transfected CHO-K1 cells (Hp a1-b cDNA, 1044 bp);
Lane 5: HepG2 internal standard (b-actin, 838 bp);
Lanes 6 and 7: CHO-K1 internal standard (GAPDH frag-
ment, 120 bp). The PCR products were analyzed on a 1%
agarose gel.

3.6 Activity of Hp transfected CHO cells against
oxidative stress

To explore whether the antioxidant cells were resistant to
oxidative stress, hydrogen peroxide was added to the
CHO-K1 cell culture. Hp 1-1transfected and control cells
were treated with variable dosages of hydrogen peroxide
for 24 h. As shown in Fig. 9, the relative cell survival ratios
of transfected CHO-K1 cells were statistically and signifi-
cantly higher (p, 0.001) than that of untransfected CHO-
K1 cells following hydrogen peroxide challenge, espe-

Figure 7. Western blot analysis of Hp expression in
culture medium of transfected CHO-K1 cells. CHO-K1
cells were transfected with pcDNA3.0 vector containing
CMV promoter-driven Hp a1-b cDNA and cultured in
400 mg/mL of the selection marker geneticin. Transfected
CHO-K1 cells exhibited stable expression of Hp over at
least 10 passages and more than one month in culture.
The collected culture media were concentrated 40-fold,
then subjected to 15% SDS-PAGE and Western blot anal-
ysis. Lane 1: protein marker; Lane 2: Hp 2-1 standard
containing a1, a2, and b subunits; Lane 3: culture media
of untransfected CHO-K1 cells; Lane 4: transfected CHO-
K1 cells.

cially in the presence of 1 mM H2O2. Thus, the expression
of Hp elevated the cell tolerance against hydrogen perox-
ide-induced oxidative stress.

4 Discussion

It has recently been demonstrated that Hp can prevent Hb-
induced oxidative tissue damage by virtue of its ability to
form a high-affinity complex with Hb [7]. Furthermore, Hp
1-1 is superior to Hp 2-1 and 2-2 in binding to Hb [7]. As
such, Hp is able to attenuate the release of heme from Hb.
In addition to this function, we demonstrate that Hp is also
an extremely potent antioxidant molecule in Cu21- and
AAPH-induced LDL oxidation (Fig. 2 and Table 1). The
rationale for choosing Cu21, rather than Fe31, as a free radi-
cal initiator for oxidation was that Cu21 ist similar to Fe31,
forming hydroxyl radicals in the Fenton reaction [1, 20].
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Figure 8. Immunochemical staining for Hp expression in
untransfected (top) and transfected (bottom) CHO-K1
cells. 3,3’-Diaminobenzidine was used as the chromo-
genic substrate for Hp staining and hematoxylin was
employed for the nuclear staining. Distribution of Hp
(brown) and the nucleus (blue) were observed. The stain-
ing was negative when nonimmuned antiserum was used
(data not shown).

Figure 9. Hydrogen peroxide induced oxidative stress of
CHO-K1 cells. Approximately 56103 cells were cultured
in a 96-well plate for 24 h, followed by an additional 24 h
treatment with variable amounts of hydrogen peroxide (0–
5 mM). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide assay was then used to estimate the rela-
tive survival ratio. Each bar represents the mean 6 SD in
seven determinations. * p , 0.001.

Experimental conditions previously reported by us [1,
21–24] were mimicked to compare the antioxidant prop-
erties of Hp and probucol. A similar result was seen
using Fe31 [25]. Furthermore, a hydrophilic decomposed
radical initiator, AAPH, also produced a similar antioxi-
dant effect with Hp 2-1 (Table 1). The antioxidant potency
of Hp significantly exceeded probucol [1]. Probucol has
been used for the treatment of patients with xanthoma
and atherosclerosis for decades [26–30]. Hypothetically,
cellular Hp in the cellular level may also play a key role as
a natural antioxidant in protection against atherosclero-
sis.

It is not clear, however, why Hp 1-1 possessed differen-
tially and moderately greater antioxidant activity than
Hp 2-1 and 2-2. Evidently, it is not solely due to the
polymeric forms of Hp 2-1 and 2-1, since the dissocia-
tion of polymeric forms by chemical modification (CN;
Fig. 3) did not equalize the antioxidant activity among
the phenotypes (Fig. 2). On the contrary, the drastic
conformational changes in CM-Hp (Fig. 4) resulted in
its 4 times greater antioxidant potency (Fig. 2). We
speculate that the region(s) which exert antioxidant
activity were further exposed following structural un-
folding of Hp. Since the differences in the Hp pheno-
types are due to the amino acid sequence of the
a-chains, it is essential to analyze the antioxidant do-
main in this region which may lead to the rational
design of new pharmacological agents [1, 21–23]. We
are currently in the process of exploring such possibil-
ities.

The diversity in antioxidant activity of the Hp phenotypes
may explain, in part, the clinical outcome by which Hp
phenotype is associated with differential susceptibility
to free-radical related atherosclerosis and autoimmune
disorders [5, 31]. A correlation between phenotype-de-
pendent modulation of oxidative stress and prostaglan-
din synthesis has been reported [31–34]. In general,
patients with Hp 2-2 are more susceptible to developing
nephropathy in diabetes mellitus. Nakhoul et al. [12] pos-
tulate that differences in the molecular shape and size of
Hp 1-1 and Hp 2-2 may be responsible for the varying
susceptibility. Abundant evidence has shown that Hp
can be synthesized in the liver, lung, and some fibroblast
cells [35]. We have recently reported that it can also be
endogenously synthesized in macrophages [36]. At the
cellular level Hp can stimulate angiogenin and remodel
the arterial wall [37–39]. However, other functions of Hp
have not been fully explored. We show that Hp cDNA
transfected CHO-K1 cells attain the ability to resist oxi-
dative damage (Fig. 9). This data further substantiates
our hypothesis that Hp plays a provocative antioxidant
role in the cell.

 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.de



2228 C. F. Tseng et al. Proteomics 2004, 4, 2221–2228

5 Concluding remarks

In conclusion, we demonstrate that Hp is an extremely
potent antioxidant molecule and plays a role in cellular
resistance to oxidative stress. Blockage of the disulfide
linkages of Hp resulted in a loss of its ability to form a
complex with Hb. Nevertheless, the modified Hp showed
almost 4 times greater antioxidant activity than native Hp.
Thus, in addition to its role of blocking the heme group of
Hb by forming a complex, Hp may also have an antioxi-
dant role. Whether or not Hp is directly beneficial for free-
radical associated atherosclerosis and myocardial infarc-
tion [29, 31, 40] will be an interesting and callenging sub-
ject for the future.
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(S.J.T.M.) from the National Health Research Institute, Tai-
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