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Peroxynitrite and hemoglobin-mediated nitrative/oxidative
modification of human plasma protein: effects of some flavonoids
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“Technology Center of China Tobacco Hubei Industrial Corporation, Wuhan 430051, China;
bSchool of Chemistry and Chemical Engineering, Huazhong University of Science and Technology,
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(Received 30 September 2009; final version received 13 January 2010)

Protein tyrosine nitration is a common post-translational modification occurring under
conditions of nitrative/oxidative stress in a number of diseases. The major pathways of
protein tyrosine nitration in vivo include peroxynitrite (ONOO ) and hemoglobin/
NO; /H,0,-dependent reaction. In this paper, several structural diversity flavonoids
(quercetin, kaempferol, (+)-catechin, baicalein, apigenin, and naringenin) were chosen,
to study their efficiencies against ONOO  or hemoglobin/NaNO,/H,0,-mediated
nitrative/oxidative damage to human plasma proteins in vitro. Protein nitration was
efficiently inhibited by these flavonoids regardless of nitration pathways, and the
inhibitory effects were consistent with their free radical scavenging activities. These
flavonoids dose dependently inhibited ONOO  -induced protein oxidation, while they
ineffectively suppressed hemoglobin/NaNO,/H,O,-triggered protein oxidation. These
results mean that ONOO ~ and hemoglobin/NaNO,/H,0, can cause plasma protein
nitrative and oxidative damage in different pathways, and those flavonoids with strong
antioxidant activities may contribute their protective effect partly through inhibiting

protein nitration.

Keywords: flavonoids; plasma; protein oxidation; protein tyrosine nitration

1. Introduction

Flavonoids are polyphenolic compounds
present in plants, fruits, and vegetables
[1,2]. They have many beneficial health
effects because of their antioxidant activi-
ties, including metal chelation, free radical
scavenging, and lipid peroxidation inhibi-
tion [2,3]. Evidence for the potential
antioxidant activities suggests that the
dietary intake and the therapeutic use of
flavonoids can be associated with signifi-
cant health benefits [4,5]. In France, the
low incidence of heart disease and arterio-
sclerosis has been ascribed to a higher

intake of flavonoids from red wine [4].
Many flavonoids were found to be better
antioxidants than the antioxidant nut-
rients such as vitamin C, vitamin E, and
[3-carotene on a mole-for-mole basis [1].
Exposure of proteins to reactive oxygen
species or reactive nitrogen species results
in oxidative modifications of amino acid
residues, altering the protein structure and
function [6,7]. Among these post-transla-
tional protein modifications, the production
of 3-nitrotyrosine (3-NT) has been used as a
biomarker of nitric oxide-mediated oxi-
dative stress [6]. Over the past several
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years, substantial evidence has been accu-
mulated that the major pathways of protein
tyrosine nitration in vivo include peroxyni-
trite (ONOO ) and hemoglobin/NaNO,/
H,O,-dependent reaction in which free
radicals and iron catalysis are involved [6].
The nitration of proteins modulates cataly-
tic activity, cell signaling, and cytoskeletal
organization [7]. Meanwhile, oxidative
damage of protein is always accompanied
by the formation of protein carbonyl
groups, which has been widely used as a
marker of protein oxidation [8]. Evidence
for the presence of nitration and oxidation
of proteins and their roles in physiology and
pathology is increasing [6—9].

Due to the deleterious effect of
nitration and oxidation of proteins, the
utilization of flavonoids has become the
usual strategy to inhibit free radical-
mediated oxidative and nitrative stress.
(—)-Epicatechin has been found to effi-
ciently protect against nitration of protein
tyrosine residues by peroxynitrite, but
exhibits relatively ineffective protection
against the oxidation simultaneously [10].
Many studies paid attention to the defense
effect of antioxidants against ONOO -
mediated protein nitration and oxidation,
which could be usually attributed to free
radical scavenging [10]. However, few
studies dealt with the effect of flavonoids
on hemoglobin/NaNO,/H,O,-triggered
protein nitration and oxidation.

In order to emphasize the physiologi-
cal relevance, human plasma was used as
the substrate, to evaluate the ability of
flavonoids in preventing the formation
of 3-NT and carbonyl groups (biomarkers of
nitrative and oxidative stress, respectively),
which were measured by Western blotting.
Two well-accepted nitrating models
(ONOO™ and hemoglobin/NaNO,/H,0,)
were applied, and six flavonoids (quercetin
(Qu), kaempferol (Ka), (+)-catechin (Ca),
baicalein (Ba), apigenin (Ap), and narin-
genin (Na)), belonging to different sub-
families, were used as the representatives
of flavonoids (Figure 1). The study will not

only give the relationship between anti-
oxidant activity and protein nitration/
oxidation, but also provide a new method
for the primary evaluation of flavonoids as
a plasma protector.

2. Results

2.1 Effects of different flavonoids on
the 3-NT and carbonyl group residue
Jformation

As shown in Figure 2(A)—(C), the
treatment of plasma with hemoglobin
(25 uM)/NaNO, (1 mM)/H,0, (0.5 mM)
or ONOO (0.25mM) resulted in the
significant formation of 3-NT and carbo-
nyl groups determined by Western blot-
ting. The six tested flavonoids (Qu, Ka, Ca,
Ba, Ap, and Na), at a dose of 10uM,
which was much lower than their toxic
concentration, revealed different inhibi-
tory effects on protein nitration. The
inhibition order of flavonoids on
hemoglobin/NaNO,/H,0,-induced protein
nitration was Qu, Ca > Ka, Ba > Ap, Na,
thus Qu and Ca exhibited the more effective
protection against ONOO ™ -triggered pro-
tein nitration (Figure 2(A)—(C)).

In contrast to their roles in protein
nitration, these flavonoids were relatively
ineffective in protecting plasma proteins
from hemoglobin/NaNO,/H,0,-induced
oxidative damage, and protein oxidation
was slightly aggravated in the presence of
flavonoids (Figure 2(A),(C)). However, all
tested flavonoids could significantly inhi-
bit ONOO ™ -triggered protein carbonyl
formation (Figure 2(B),(C)).

2.2 Effects of flavonoids with different
concentrations on the 3-NT and carbonyl
group residue formation

In the presence of flavonoids at different
concentrations (0.01, 0.03, and 0.1 mM), the
dose-dependent reduction of plasma protein
nitration was observed in both in vitro
models (Figure 3(A)—(C)). Flavonoid pre-
treatment dose dependently prevented the
formation of protein carbonyl groups
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Figure 1. The chemical structures of the tested flavonoids.

induced by ONOO  (Figure 3(B),(C)),
while they, to some extent, exhibited pro-
oxidant effect in hemoglobin/NaNO,/H,0,-
induced protein oxidation (Figure 3(A),(C)).

2.3 Effects of flavonoids on scavenging
1,1-diphenyl-2-picrylhydrazyl radical
Scavenging of 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) radical has been applied
to measure the antioxidant activities of
most flavonoids. In the present study
(Figure 4), the DPPH radical scavenging
order of the six tested flavonoids was Qu,
Ca > Ba, Ka > Ap, Na.

3. Discussion

For a period of time, 3-NT was thought
to be a biomarker of the existence

of ONOO , and, hence, protein tyrosine
nitration was the footprint of ONOO
formation in biological systems [6,7].
However, later studies demonstrated that
some hemoproteins such as hemoglobin
and myoglobin could catalyze NaNO,/
H,0,-dependent nitration of tyrosine to
yield 3-NT [11-13]. The possible mecha-
nism is that hemoprotein catalyzes the
oxidation of nitrite to nitrogen dioxide
(NO,) which reacts with tyrosine radical
(Tyr’) to form 3-NT [6]. As a hemoprotein-
rich tissue, plasma is one of the major organs
which are prone to oxidative damage,
especially under inflammation [6,9,14].

It has been found that flavonoid
intake was significantly associated with
a decrease in various diseases because
of their antioxidant activities [3-5].
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Figure 2. Effect of different flavonoids on plasma protein nitration and oxidation induced by

(A) hemoglobin/NO; /H,O, or (B) ONOO .

Detection of 3-NT and carbonyl group residues

by Western blotting with antibody against 3-NT or DNP in plasma proteins. Plasma was treated with

hemoglobin (25 uM)/NaNO, (1 mM)/H,O, (0.

S5mM) or ONOO  (0.25 mM; control), and in the

presence of 0.01 mM flavonoids. Blank represented the untreated plasma. (C) The corresponding

densitometry analysis of protein bands (*P <

The protective effects of flavonoids may
represent a defense against oxidative and
nitrative damage [15]. It was well
documented that flavonoids could protect

0.01, *P < 0.05 vs. control group).

against ONOO -mediated protein nitration
and oxidation reactions [10,16], but the
effect of flavonoids on hemoglobin/
NO, /H,0;-induced nitrative and oxidative
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Effect of flavonoids with different concentrations on plasma protein nitration and
oxidation induced by (A) hemoglobin/NO; /H,O, or (B) ONOO . Detection of 3-NT and carbonyl
group residues by Western blotting with antibody against 3-NT or DNP in plasma proteins. Plasma
was treated with hemoglobin (25 uM)/NaNO, (1 mM)/H,0, (0.5 mM) or ONOO  (0.25 mM;
control), and in the presence of 0.01, 0.03, and 0.1 mM flavonoids. Blank represented the untreated
plasma. (C) The corresponding densitometry analysis of protein bands (**P < 0.01, *P < 0.05 vs.
control group).
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Figure 4. Effects of flavonoids on scavenging DPPH radical. After adding different concentrations
of flavonoids to 2.5 ml diluted DPPH-ethanol solution, the absorbance reading was taken exactly
10 min after initial mixing. Values are mean * SD of three determinations.

injury was relatively unknown. So, we set
out to elucidate the anti-nitration and
antioxidation activities of flavonoids in the
two well-accepted nitrating models.
Regardless of the nitration pathways,
protein tyrosine nitration was efficiently
inhibited by these antioxidants when the
concentration was high enough. The
decrease in 3-NT formation in proteins
may be due to the metal-chelating and
competitive reaction of tyrosyl radical with
flavonoids [10,16]. Those flavonoids with
higher hydrogen donation abilities, or to be
more clear, with higher free radical scaven-
ging abilities, could be more efficient on
inhibiting 3-NT formation. The abilities of
flavonoids to scavenge radicals are influ-
enced by the presence of a functional group
in their structure, mainly the B-ring
catechol, the 3-hydroxyl group, and 2,3-
double bond conjugated with the 4-oxo
function [2,3]. In the present experiment, the
inhibitive abilities of flavonoids on protein
nitration were similar to their DPPH radical
scavenging abilities. Among the six tested
flavonoids, Qu and Ca were the most
effective. This order is consistent with the
conclusion that the ortho-hydroxy]l structure
in the B ring of flavonoids would show more
potent effect on free radical scavenging and
inhibiting protein nitration.

Besides the inhibitory effects of
flavonoids on protein nitration, to further
compare the different effects of flavonoids
against oxidative damage, the effects of
the corresponding flavonoids on protein
oxidation were also studied. The effects of
flavonoids on protein oxidation were
different between the two models. Flavo-
noids dose dependently prevented the
formation of protein carbonyl groups
induced by ONOO, which was well
explained by its reaction with peroxy-
nitrite-derived radicals (such as ‘OH, NO,).
In the case of hemoglobin/NaNO,/H,0O,-
induced oxidative damage, flavonoids
enhanced plasma protein carbonyl for-
mation more or less. In contrast to their
antioxidant activity, phytophenolics also
have the potential to act as pro-oxidants
under certain conditions [17,18]. Usually,
these pro-oxidant effects involve inter-
actions of polyphenols with transition
metal ions. Oxidation of polyphenols
produces O3, H,0,, and a complex
mixture of semiquinones and quinones,
all of which are potentially cytotoxic.
In general, the more the hydroxyl substi-
tutions exist, the stronger the antioxidant
and pro-oxidant activities are [19]. Our
results indicated that the effects of
flavonoids on inhibiting protein nitration
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and promoting hemoglobin-induced pro-
tein oxidation were closely related to their
antioxidant activities.

In this study, ONOO  and hemoglobin/
NaNO,/H,0, were used as nitrative and
oxidative agents to cause human plasma
protein nitration and oxidation which were
related to free radical formation. The six
tested flavonoids had the ability to effec-
tively inhibit plasma protein nitration in
both nitrating models due to the free radical
scavenging or chelating action, while these
antioxidants decreased the formation of
plasma protein carbonyl groups induced by
ONOO . However, flavonoids slightly
enhanced plasma protein carbonyl for-
mation when hemoglobin/NaNO,/H,0,
was used. These results mean that
ONOO  and hemoglobin/NaNO,/H,0,
can cause plasma protein nitration and
protein oxidation in different pathways.
The research of antioxidant flavonoids that
prevent protein tyrosine nitration from
oxidative/nitrative injury may offer a
unique therapeutic option in disease pre-
vention and health promotion, and the
flavonoids may be supplemented from
dietary and medicine intake.

4. Materials and methods

4.1 Reagents

Ba, Ca, methemoglobin, 2,4-dinitrophenyl-
hydrazine (DNPH), rabbit polyclonal
antibody against NT and 2,4-dinitrophenyl-
hydrazone (DNP) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Qu,
Ka, Ap, and Na were purchased from
Shaanxi Huike Botanical Development
Co., Ltd (Xi’an, China), and recrystallized
in methanol; the purities of the flavonoids
were more than 98% based on HPLC
analysis.

4.2  Sample treatment

Human blood from a healthy volunteer
was collected and centrifuged (1000g,
15min) to obtain plasma. Samples

of human plasma were pre-incubated
(5min at 37°C) with the tested flavonoids
(at final concentrations of 0.01, 0.03, and
0.1 mM, the same below), and then treated
with cold ONOO (0.25mM) or hemo-
globin (25 puM)/NaNO, (1 mM)/H,0,
(0.5mM) at 37°C for 30 min. The final
concentration of plasma protein was
1.2 mg/ml. The obtained reaction mixtures
were used in latter assays.

4.3 Western blotting analysis for
protein nitration (3-NT) and protein
oxidation

For the detection of protein oxidation, the
carbonyl groups in proteins were first
derivatized with DNPH, resulting in the
formation of DNP. The reaction was
stopped with the addition of neutralization
solution, and then the DNP-derivatized
proteins were subsequently separated by
electrophoresis.

For the detection of protein tyrosine
nitration, samples were directly mixed
with loading buffer and subjected to
sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE). After
electrophoresis, proteins were transferred
to a nitrocellulose membrane, and then
immunoblotted with a rabbit poly-
clonal antibody against 3-NT or DNP.
The antibody was detected using an anti-
rabbit secondary antibody conjugated with
horseradish peroxidase. Chemilumines-
cence was used to identify specific
proteins according to the ECL system.

4.4 Antioxidant activity assay on
flavonoids

The free radical scavenging capacity of the
compound tested was determined by
DPPH [20]. After adding different con-
centrations of flavonoids to 2.5 ml DPPH
solution (90 uM in ethanol), the total
volume was adjusted to 3ml and mixed
thoroughly, and the absorbance was
recorded at 517nm exactly at 10 min.
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The decrease in the solution absorbance,
due to proton donating activity by
flavonoids, was measured as the anti-
oxidant activity of the tested compound.

4.5 Statistical analysis

All data were expressed as the mean = SD
of three independent experiments. Signifi-
cance was assessed by using Student’s
t-test (P < 0.05 as significant).
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