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Selenoprotein P (SeP) is an extracellular glycoprotein with
8–10 selenocysteines per molecule, containing approxi-
mately 50% of total selenium in human serum.
An antioxidant function of SeP has been postulated.
In the present study, we show that SeP protects low-
density lipoproteins (LDL) against oxidation in a cell-free
in-vitro system. LDL were isolated from human blood
plasma and oxidized with CuCl2, 2,20-azobis(2-amidino-
propane) (AAPH) or peroxynitrite in the presence or
absence of SeP, using the formation of conjugated dienes as
parameter for lipid peroxidation. SeP delayed the CuCl2-
and AAPH-induced LDL oxidation significantly and more
efficiently than bovine serum albumin used as control.
In contrast, SeP was not capable of inhibiting peroxynitrite-
induced LDL oxidation. The protection of LDL against
CuCl2- and AAPH-induced oxidation provides evidence
for the antioxidant capacity of SeP. Because SeP associates
with endothelial membranes, it may act in vivo as a
protective factor inhibiting the oxidation of LDL by
reactive oxygen species.
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INTRODUCTION

The essential trace element selenium exerts many of
its biological effects as a constituent of seleno-
proteins, containing selenocysteine (Sec) in their
polypeptide chain. Recently, the human seleno-
proteome was reported to consist of 25 seleno-
proteins, based on a computational analysis of
genome sequences.[1] Selenoprotein P (SeP) is unique
among all selenoproteins, containing two Sec-
insertion sequence (SECIS) elements and 10 UGA

codons in its mRNA sequence. This predicts for the
presence of up to 10 Sec residues in the amino acid
sequence of SeP, while all other known seleno-
proteins possess only one Sec.[2] SeP is a highly
glycosylated plasma protein, produced and secreted
mainly by the liver, but its expression was detected
in various other organs including heart, kidney and
brain.[3,4] SeP is the major selenoprotein in human
blood plasma,[5] where the SeP protein level has been
estimated to be 40 nM.[6] The biological role of SeP
has yet to be fully elucidated. Currently, there is
evidence for three functions: SeP has been postulated
to be involved in the protection of cellular
membranes against oxidative damage,[3] to sequester
cadmium and mercury ions[7] and to transport
selenium from the liver to various other organs
including the brain.[8,9] While a selenium transport
function of SeP was recently supported by two
studies using SeP knockout mice,[10,11] there are
several reports on antioxidant properties of SeP.
In rats, SeP protected from oxidative damage of the
liver induced by diquat.[12] Furthermore, SeP was
shown to reduce phospholipid hydroperoxide with
glutathione or thioredoxin as electron donors in a
cell-free in-vitro system.[13,14] Our group reported
that SeP in human plasma protects against peroxy-
nitrite-mediated oxidation and nitration.[15]

Low-density lipoprotein (LDL), circulating in
blood plasma, supply various cells with cholesterol
under normal physiological conditions, but oxidized
LDL have cytotoxic effects and are thought to be
involved in the development of atherosclerosis.[16]

As SeP is capable of reducing phospholipid
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hydroperoxides[13] and to bind glycosamino-
glycans,[17] we hypothesized that SeP may take part
in the protection of LDL against oxidation upon
binding to apolipoprotein B-100 (apo B), a glyco-
sylated LDL component. In the present study, we
show that SeP, purified from human blood plasma,
efficiently protects LDL against oxidation by
copper(II) chloride or 2,20-azobis(2-amidinopropane)
(AAPH) in a cell-free in-vitro system. Our data
suggest that SeP can be a protective factor delaying
the formation of oxidized LDL in vivo, of interest in
the prevention of atherosclerosis.

MATERIALS AND METHODS

Reagents

Reagents for SDS-polyacrylamide gel electrophore-
sis were purchased from Roth (Karlsruhe,
Germany). If not stated otherwise, all other
reagents were obtained from Sigma (Taufkirchen,
Germany). The polyclonal primary antibody
against human SeP was produced in rabbits
as described,[18] while the secondary anti-rabbit
IgG- horseradish peroxidase (HRP)-coupled anti-
body was obtained from Dianova (Hamburg,
Germany). Peroxynitrite was synthesized from
sodium nitrite and H2O2 as described[19] and
its concentration was determined spectrophoto-
metrically at 302 nm ð1 ¼ 1670 M21 £ cm21Þ:

Preparation of SeP

SeP was purified from human blood plasma
as described.[18] Plasma samples were generously
provided by the blood bank of Heinrich-Heine-
Universität Düsseldorf. All solutions used for the
SeP preparation contained 1 mM phenylmethyl-
sulfonylfluoride (PMSF) as protease inhibitor. Briefly,
the preparation of SeP was carried out by three
successive chromatography steps: the heparin-bind-
ing proteins were isolated from plasma by affinity
chromatography using heparin-sepharose CL-6B
(Amersham Pharmacia, Freiburg, Germany), which
was followed by ion exchange chromatography on
Q-sepharose fast flow (Amersham Pharmacia) and
another affinity chromatography using Ni-NTA
superflow (Qiagen, Hilden, Germany). Aliquots of
all fractions of the Ni-NTA affinity chromatography
were tested by Western blotting and silver staining of
SDS-PAGE gels. The aliquots containing purified SeP
were pooled and dialysed once against water and
once against phosphate-buffered saline (PBS).
The protein concentrations of the SeP samples were
then determined by a Bradford protein assay
(Biorad, München, Germany).

Preparation of LDL

LDL were isolated from blood plasma by density
gradient centrifugation as described.[20] Centrifu-
gation was carried out in a L8-60M ultracentrifuge
(Beckman, Palo Alto, CA) with an SW 41 Ti rotor for
2 h at 120,000g and 158C. The LDL were enriched
upon centrifugation in the intermediate phase
between a high density (354 g/l KBr, 153 g/l NaCl,
0.1 mg/l EDTA) and a low density (8.7 g/l NaCl)
solution. Thereafter, the purified LDL were desalted
on a Sephadex PD10 column (Amersham Pharmacia)
and its concentration was determined by
measuring the cholesterol content of the solution
with the CHOD-PAP-Kit (Roche Diagnostics,
Mannheim, Germany) and a cholesterol standard
(Sigma). The constant cholesterol content of LDL of
31.6%[21] was used to calculate the LDL concen-
tration in solution.

SeP Immunodetection in Western and Dot Blots

The proteins were separated by SDS-PAGE with 12%
polyacrylamide separating gels and 4% polyacryl-
amide stacking gels under denaturing conditions

according to the method of Laemmli.[22] For Western
blots, proteins were electroblotted onto poly-
vinylidene difluoride (PVDF) membranes (Amer-
sham Pharmacia, Freiburg, Germany) after gel
electrophoresis. For Dot blots, 1ml of protein solution
was spotted onto nitrocellulose membranes (Hybond
ECL, Amersham Pharmacia). Immunodetection was
carried out using a polyclonal SeP primary anti-
body[18] and a HRP-conjugated goat-anti rabbit IgG
secondary antibody (Dianova, Hamburg, Germany).
SeP was detected by a chemiluminescence system
(ECL Plus, Amersham Pharmacia) on Biomax light
film (Kodak, Rochester, NY).

Oxidation of LDL

Purified LDL were oxidized at 378C in
1.5 ml quartz cuvettes containing 1 ml PBS,
0.1mM LDL, oxidant and SeP or bovine serum
albumin (BSA). LDL oxidation was carried
out with CuCl2 (10 mM), AAPH (1 mM) or
peroxynitrite, which was infused from a 10 mM
stock solution with a micropump to yield a steady-

state concentration of 7 nM as described.[15]

The time course of LDL oxidation was followed
by measuring the absorbance of the solution at
234 nm with a Lambda 2 spectrophotometer
(Perkin Elmer, Boston, MA). As conjugated dienes
with an absorbance maximum at 234 nm are formed
as typical products during the oxidation of
unsaturated fatty acids or LDL, its measurement
is used as standard method for the determination
of LDL oxidation.[23]
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RESULTS

Preparation of Purified SeP from Human Blood
Plasma

SeP was purified from human plasma by three
successive chromatography steps according to the

method of Mostert et al.[18] Aliquots of all fractions
obtained after the Ni-NTA affinity chromatography
were analyzed by silver staining of SDS polyacryl-
amide gels and SeP immunodetection of dot blots.
Fractions 6–8 showed the highest immunoreactivity
against an anti-SeP antibody in the dot blot and
yielded a pure preparation of SeP consisting of two
isoformes with a molecular mass of 61 and 51 kDa,
respectively (Fig. 1). Therefore, these fractions were
pooled and used for further experiments.

Effect of SeP on CuCl2- and AAPH-induced
Oxidation of LDL

LDL purified from human plasma were oxidized by
CuCl2, and the effect of SeP and bovine serum
albumin (BSA) on the oxidation process was
investigated. SeP and BSA have a similar molecular
mass and were used at the same concentration
(260 nM). As shown in Fig. 2, CuCl2 caused an
oxidation of LDL, detected by spectrophotometric
measurement of conjugated dienes at 234 nm.
The CuCl2-mediated formation of conjugated dienes
started after a lag period of 40 min upon addition of
CuCl2 to the LDL solution. In the presence of 260 nM
SeP, CuCl2-induced oxidation was effectively
delayed, so that the lag period was extended by
50% to 60 min. By contrast, 260 nM BSA had only

FIGURE 1 Elution profile of plasma proteins after Ni2þ-NTA-chromatography. Aliquots of the protein fractions of the Ni2þ-NTA-
chromatography were separated on a 12% SDS polyacrylamide gel, and proteins were detected by silver staining. In parallel, other aliquots
were subjected to dot blot, and SeP was detected by immunostaining with a polyclonal rabbit anti-SeP antibody.

FIGURE 2 Effect of SeP on CuCl2-induced LDL oxidation. Purified LDL (0.1mM) in PBS were oxidized with CuCl2 (10mM) at 378C.
The LDL were incubated with CuCl2 alone or in the presence of 260 nM SeP or 260 nM BSA, respectively. LDL oxidation was determined by
spectrophotometric measurement of the formation of conjugated dienes at 234 nm. The figure is representative of three independent
experiments with similar results.
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a very slight inhibitory effect, implying that the
attenuation of LDL oxidation by SeP is not a mere
protein effect. Even a lower concentration of SeP
(100 nM) exhibited a stronger protective effect
against CuCl2-induced LDL oxidation than 260 nM
BSA (data not shown).

In order to exclude simple Cu2þ binding as the
mechanism for protection by SeP, another inducer of
LDL oxidation was employed. Purified LDL were
oxidized with AAPH, which decomposes to N2 and
alkyl radicals (Rz). Alkyl radicals react with O2 to form
peroxyl radicals (R–OOz), capable of initiating lipid
peroxidation.[24] As shown in Fig. 3, AAPH oxidized
LDL, but the oxidation process was much slower than
with CuCl2. The formation of conjugated dienes upon
AAPH addition was therefore measured for a total
time of 1000 min. SeP protected LDL against oxidation
with AAPH, delaying the oxidation process depen-
dent on its concentration. By contrast, BSA did not
protect LDL against AAPH-induced oxidation.

Effect of SeP on Peroxynitrite-induced Oxidation
of SeP

SeP is known to protect against peroxynitrite-
induced benzoate hydroxylation and nitration of

human plasma proteins.[15] Therefore, we tested
whether SeP would protect against peroxynitrite-
induced LDL oxidation. LDL were oxidized by
steady-state infusion of peroxynitrite, which led to a
linear increase in absorbance at 234 nm without an
initial lag period (Fig. 4A). However, SeP had only a
slight protective effect against peroxynitrite-induced
LDL oxidation, which was non-specific for SeP,
as BSA protected equally well (Fig. 4B).

DISCUSSION

In this report, we demonstrate that SeP, purified from
human blood plasma, can protect LDL against
oxidation in a cell-free in-vitro system. SeP signifi-
cantly delayed the CuCl2- or AAPH-induced
formation of conjugated dienes.

Copper (II) ions cause lipid peroxidation upon
binding to LDL,[24] which leads to reduction of Cu2þ to
Cu1þ subsequently initiating the oxidation reaction
by catalysing the formation of radicals.[25] Schnitzer
et al.[26] reported that bovine serum albumin (BSA)
has a slight protective effect against CuCl2-mediated
LDL oxidation, mainly by binding Cu2þ ions.
Comparing the antioxidant potential of BSA and
SeP, SeP was more effective even when used at lower
concentration than BSA. As both proteins have a
similar molecular mass, the protective function of SeP
is unlikely to be due to an unspecific protein effect.
SeP could delay the LDL oxidation by scavenging of
radicals, reduction of hydroperoxides[13,14] or by
protecting endogenous antioxidants like vitamin
E. LDL contain apo B-100,[27] a glycosylated protein
which could serve as binding site for SeP, because SeP
binds to glycosaminoglycans.[17]

SeP also had a protective effect against the
AAPH-induced oxidation of LDL, delaying
the formation of conjugated dienes by several
hours. AAPH causes a slower oxidation than CuCl2
upon its decomposition, leading to the formation

of peroxyl radicals (R–OOz).[24] We hypothesize
that SeP exerts its antioxidant function by direct
interaction with these radicals. In contrast to SeP, BSA
showed no protective effect against AAPH-induced
LDL oxidation, in accordance with a previous

FIGURE 3 Effect of SeP on AAPH-induced LDL oxidation. Purified LDL (0.1mM) in PBS were oxidized with AAPH (1 mM) at 378C.
The LDL were incubated with AAPH alone or pre-incubated with SeP (100 or 260 nM) or BSA (100 or 260 nM), respectively. LDL oxidation
was determined as in Fig. 2. The figure is representative of two (260 nM) or three (100 nM) independent experiments with similar results.
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study,[26] supporting our hypothesis of SeP as a
radical scavenger.

Our group has shown before that SeP in human
blood plasma efficiently protects against peroxy-
nitrite-induced oxidation and nitration.[15] However,
in contrast to this previous study, the peroxynitrite-
induced oxidation of LDL was only slightly delayed
by SeP. This slight protection was rather unspecific,
because BSA showed a similar effect. These results
imply that CuCl2, AAPH (generation of one-electron
oxidants) and peroxynitrite (two-electron oxidant)
may oxidize LDL by different mechanisms. SeP may
provide effective protection only when LDL are
oxidized by one-electron oxidants. A similar effect
was described for vitamin E: a-tocopherol
only prevents lipid peroxidation by one-electron
oxidants.[28] Two-electron oxidants such as hypo-
chloric acid oxidize LDL by a different mechanism,
and a-tocopherol has only a slight protective
effect.[29]

As SeP protects LDL against oxidation and reduces
lipid peroxides in vitro,[13,14] it is tempting to speculate
that it might have an anti-atherogenic function,
preventing the generation of oxidized LDL in vivo.
In fact, low serum selenium levels have been reported
to be correlated with a higher risk for ischemic heart
disease and carotid atherosclerosis in clinical
studies.[30,31] Therefore, a lowered SeP level in the
serum could be a possible risk factor for atherogenesis.
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