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Abstract
We investigated the protective effects of Glycyrrhizae Radix extract against peroxynitrite (ONOO2)-induced oxidative stress
under in vivo as well as in vitro conditions. The extract showed strong ONOO2 and nitric oxide (NO) scavenging effects under
in vitro system, in particular higher activity against ONOO2. Furthermore, elevations of plasma 3-nitrotyrosine levels,
indicative of in vivo ONOO2 generation and NO production, were shown using a rat in vivo ONOO2-generation model of
lipopolysaccharide injection plus ischemia-reperfusion. The administration of Glycyrrhizae Radix extract at doses of 30 and
60 mg/kg body weight/day for 30 days significantly reduced the concentrations of 3-nitrotyrosine and NO and decreased
inducible NO synthase activity. In addition, the nitrated tyrosine protein level and myeloperoxidase activity in the kidney were
significantly lower in rats given Glycyrrhizae Radix extract than in control rats. However, the administration of Glycyrrhizae
Radix extract did not result in either significant elevation of glutathione levels or reduction of lipid peroxidation in renal
mitochondria. Moreover, the in vivo ONOO2 generation system resulted in renal functional impairment, reflected by
increased plasma levels of urea nitrogen and creatinine, whereas the administration of Glycyrrhizae Radix extract reduced
these levels significantly, implying that the renal dysfunction induced by ONOO2 was ameliorated. The present study suggests
that Glycyrrhizae Radix extract could protect the kidneys against ONOO2 through scavenging ONOO2 and/or its precursor
NO, inhibiting protein nitration and improving renal dysfunction caused by ONOO2.
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Introduction

Peroxynitrite (ONOO2) has been suggested to be an

important pathogenic agent produced from nitric

oxide (NO) and the superoxide anion O2
2

� �
; which

react with a variety of biomolecules, including

proteins, lipids and DNA [1,2]. In particular, since

the generation of ONOO2 contributes to antioxidant

depletion, alterations of protein structure and function

by tyrosine nitration and oxidative damage are

considered to be major factors in the pathogenesis

and development of various diseases [3–7]. Thus,

strategies to attenuate ONOO2-induced damage have

focused on scavenging ONOO2 and/or its precursors

NO and O2
2 ; inhibiting protein modification and lipid

peroxidation and defending against ONOO2 by

enhancing the antioxidative status.

Recently, as a result of considerable efforts to

develop effective and safe antioxidants to attenuate

oxidative damage, various Chinese traditional medi-

cines have been suggested to be promising therapeutic

agents for oxidative stress-related diseases, including
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renal failure. Glycyrrhizae Radix, which contains

mainly glycyrrhizin and its aglycone glycyrrhetinic

acid, is a Chinese traditional medicine commonly used

for the treatment of gastric ulcer, fever, cough and

hypercholesterolemia and it is also used as an

expectorant, detoxifying agent, tonic and sudorific

[8,9]. Moreover, it has been included in many Chinese

medicinal prescriptions for various disorders.

However, studies to determine whether Glycyrrhizae

Radix is a potential therapeutic agent for oxidative

stress-related disorders have not been carried out.

We evaluate the protective roles from ONOO2 under

in vitro and in vivo ONOO2 generation system in that

rats subjected to lipopolysaccharide (LPS) injection

plus ischemia-reperfusion, to investigate whether

Glycyrrhizae Radix extract protects against

ONOO2-induced oxidative damage and could pro-

vide a novel pharmacological treatment for pathologi-

cal conditions responsible for oxidative stress.

Materials and methods

Materials

LPS (from Escherichia coli serotype 055: B5), 3-nitro-L-

tyrosine, hexadecyltrimethylammonium bromide

(HETAB), pepstatin A, chymostatin, aprotinin, phe-

nylmethylsulfonyl fluoride (PMSF), flavin adenine

dinucleotide (FAD), tetrahydrobiopterin, dithiothreitol

(DTT), b-nicotinamide-adenine dinucleotide phos-

phate (reduced, NADPH), lactate dehydrogenase

(LDH) and sodium pyruvate were purchased from

Sigma Chemical Co. (St. Louis, MO, USA).

Dihydrorhodamine 123 (DHR 123) and ONOO2

were from Molecular Probes (Eugene, OR, USA).

Phenazium methylsulfate (PMS) and nitro blue

tetrazolium (NBT) were purchased from Wako

Pure Chemical Industries Ltd. (Osaka, Japan).

Anti-nitrotyrosine antibody was obtained from Upstate

Biotechnology (Lake Placid, NY, USA; catalog

# 12-354). All other chemicals and reagents used were

of analytical and obtained from commercial sources.

Preparation of Glycyrrhizae Radix extract

One hundred grams of Glycyrrhizae Radix (Glycyr-

rhiza glabra L. var. glandulifera Regel et Herder) was

boiled gently in 1,000 ml water for 60 min and then

concentrated and lyophilized under reduced pressure

to yield a residue with a volume of about 25% of that

of the original material. The residue was composed of

glycyrrhizin (11.87%), 3-glycyrrhetinic monodesmo-

side (0.03%) and glycyrrhetinic acid (0.05%).

In vitro ONOO2 and NO scavenging activities

ONOO2 scavenging was measured by monitoring

the oxidation of DHR 123 according to a modification

of the method of Kooy et al. [10]. A stock solution

of 5 mM DHR 123 in dimethylformamide was purged

with nitrogen and stored at 2808C. A working

solution with 5mM DHR 123 diluted from the stock

solution was placed on ice in the dark immediately

before the experiment. The buffer (90 mM sodium

chloride, 50 mM sodium phosphate (pH 7.4), and

5 mM potassium chloride) was purged with nitrogen

and placed on ice before use. Just before use, 5 mM

diethylenetriaminepenta acetic acid was added. The

ONOO2 scavenging ability, by the oxidation of DHR

123, was measured at room temperature on a

microplate fluorescence Genious (Tecan, Austria)

with excitation and emission wavelengths of 485 and

535 nm, respectively. The background and final

fluorescent intensities were determined 5 min after

treatment with or without authentic 10mM ONOO2

in 0.3 N sodium hydroxide (NaOH). Authentic

ONOO2 easily oxidized DHR 123 with its final

fluorescent intensity being stable over time.

NO scavenging activity was determined by moni-

toring 4,5-diaminofluorescein (DAF-2) according to a

modification of the method of Chung et al. [11] DAF-

2 selectively traps NO and resultantly emits green

fluorescence when excited at 490–495 nm [12].

In brief, 1 mg DAF-2 in 0.55 ml of dimethyl sulfoxide

was diluted with 50 mM phosphate buffer (pH 7.4) to

1/400-fold. NO donor, 2 mM sodium nitroprusside,

and 3.14mM DAF-2 were added to a 96-well black

microplate. The fluorescence intensity was dependent

on the amount of NO trapped by DAF-2. The

fluorescence signal caused by the reaction of DAF-2

with NO was measured using a fluorescence spectro-

meter (FL 500, Bio-Tek Instruments) at excitation

and emission wavelengths of 495 and 515 nm,

respectively, after 10 min.

Animal experiment

The “Guidelines for Animal Experimentation”

approved by Toyama Medical and Pharmaceutical

University were followed in these experiments. Five-

week-old male Wistar rats (120–130 g) were obtained

from Japan SLC, Inc. (Hamamatsu, Japan). They

were kept in wire-bottomed cages at a constant

temperature (about 258C) and humidity (about 60%)

with a 12 h light-dark cycle and allowed free access to a

commercial chow (CLEA Japan Inc., Tokyo, Japan;

comprising 24.0% protein, 3.5% lipid and 60.5%

carbohydrate) and water. Following 5 , 6 days of

adaptation, the rats were divided into 4 groups,

avoiding any inter group differences in body weight.

Seven rats were used for each experimental group.

Over the 30-day experimental period, two groups

(control and sham) received plain drinking water

and the other two were given an oral solution of

Glycyrrhizae Radix extract at a dose of 30 or 60 mg/kg

body weight/day via a stomach tube. To generate

ONOO2 enough in biological system, the established
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animal model, LPS plus ischemia-reperfusion model,

was employed [13,14]. Operative procedures were

performed under general anaesthesia induced by

50 mg/kg sodium pentobarbital administered intra-

peritoneally. Using aseptic technique, bilateral flank

incisions were made to expose the kidneys, both renal

pedicles were isolated and occluded for 60 min with

microvascular clamps. Then, the clamps were released

and the incisions were closed with skin staples. Fifty

minutes after the ischemia started, the rats received an

intravenous LPS injection (5 mg/kg). The sham group

was neither clamped renal pedicles nor injected LPS

with exposure of kidneys by incision. Six hours after

the LPS challenge, blood was collected by cardiac

puncture and centrifuged immediately to prepare

plasma. Subsequently, the renal arteries of each rat

were perfused with ice-cold perfusion buffer compris-

ing 50 mM sodium phosphate, 10 mM EDTA-2Na

and 120 mM NaCl, and the kidneys were removed,

quickly frozen and kept at 2808C until analysis.

Plasma 3-nitrotyrosine and nitrite/nitrate ðNO2
2 =NO2

3 Þ

levels

The plasma concentration of 3-nitrotyrosine was

determined by HPLC, following the methods of both

van der Vliet et al. [15] and Kaur et al. [16] with slight

modifications. Briefly, the blood samples were cen-

trifuged for 15 min at 17,300g, the resulting plasma

samples were incubated with proteinase K (1 U/10 mg

protein) for 18 h at 558C, centrifuged for 15 min at

17,300g and passed through a 10,000 Da molecular

mass cut-off filter. The samples were loaded onto a

reversed-phase column (Nucleosil 5 mC-18,

250 £ 46 mm) at 258C and eluted with 50 mM

KH2PO4ZH3PO4 (pH 3.01) in 10% MeOH (v/v) at

a flow rate of 0.8 ml/min. Detection of the amino acid

derivatives was accomplished by monitoring ultraviolet

absorbance at 365 nm. The peaks were identified by

comparing their retention times with those of authentic

standards added to additional samples and quantified

according to their peak areas relative to known

amounts of the external standards.

NO2
2 =NO2

3 levels, indices of NO production, were

measured according to the method of Misko et al.

[17]. Briefly, the NO2
3 in 20ml plasma was reduced to

NO2
2 by incubation with nitrate reductase

(700 mU/ml), 200mM NADPH solution was added

to each sample and then the NO2
2 =NO2

3 levels were

measured by a microplate assay method based on the

Griess reaction [18]. The levels were calculated with

reference to a standard solution of sodium nitrite.

Western blotting

One gram of kidney tissue was homogenized in 5 ml

homogenization buffer (50 mM potassium phosphate

buffer containing 1 mM EDTA, 500mM PMSF,

1mM pepstatin A, 80 mg/l trypsin inhibitor, pH 7.4)

and then centrifuged at 900g at 48C for 15 min. The

freshly prepared homogenates were boiled for 5 min

with equal volumes of gel loading buffer consisting of

125 mM Tris, 4% sodium dodecyl sulfate (SDS),

10% 2-mercaptoethanol, pH 6.8, and 0.2% bromo-

phenol blue. An aliquot (25 mg total protein

equivalent) of each sample was separated on a

SDS-polyacrylamide minigel (using 10% acrylamide

gel) at 250 V for 1 h and then transferred to a poly

vinylidene di-fluoride (PVDF) membrane at 50 V for

1 h in a semidry transfer system. The membrane was

blocked with TBS buffer (pH 7.5, 10 mM Tris,

100 mM NaCl) containing 4% skim milk powder

(TBS-milk) at 48C overnight and then incubated

overnight at 48C with 1mg/ml mouse anti-nitro-

tyrosine in freshly prepared TBS-milk. The

membrane was washed three times for 10 min each

with TBS-Tween buffer and incubated with sheep

anti-mouse immunoglobulin G (IgG) linked to

horseradish peroxidase (1:2,000 dilution in

TBS-milk) at room temperature for 2 h. After four

10 min washes with TBS-Tween buffer, antibody

labelling was detected using an enhanced chemi-

luminescence reagent (Amersham, New Jersey, USA)

according to the manufacturer’s instructions.

Enzyme activities in renal tissue

Renal myeloperoxidase (MPO) activity was deter-

mined using the tetramethylbenzidine method

described by Suzuki et al. [19] and Laight et al.

[20]. Kidney tissue was homogenized in five volumes

of a solution comprising 0.5% HETAB (w/v) dissolved

in 50 mM potassium phosphate buffer (pH 6.0) and

then centrifuged for 30 min at 20,000g at 48C. The

supernatant was incubated for 2 h at 608C and then

centrifuged again at 4,000g for 12 min at 48C.

An aliquot of supernatant (40ml) was removed and

added to a reaction mixture (160ml) comprising

1.6 mM 3,30,5,50-tetramethylbenzidine and 3 mM

hydrogen peroxide (H2O2) in 80 mM phosphate

buffer (pH 5.4) in a 96-well microplate. The rate of

change in absorbance was measured spectrophoto-

metrically at 650 nm and the MPO activity was

expressed as absorbance (abs)/min/100 mg protein.

Inducible NO synthase (iNOS) activity, an initiator

of NO production, was measured using the method

described by Suh et al. [21]. Kidney tissue was

homogenized in 4 volumes of cold 40 mM Tris-HCl

(pH 8.0) containing 5mg/ml pepstatin A, 1mg/ml

chymostatin, 5mg/ml aprotinin and 100mM PMSF.

The homogenate was centrifuged at 12,000g for 5 min

at 48C to discard nuclei and cell debris, and aliquots of

the supernatant fraction were used in the experiments

described below. Triplicate aliquots (10–20mg pro-

tein) of each supernatant were incubated in 90ml

20 mM Tris-HCl (pH 7.9) containing 4mM FAD,
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4 mM tetrahydrobiopterin, 3 mM DTT, 2 mM

L-arginine and 2 mM NADPH in a 96-well plate for

180 min at 378C. Residual NADPH was oxidized

enzymatically with 10 units/ml LDH and 5 mM

sodium pyruvate in a final volume of 130ml, and

quantified by the Griess assay [18].

Protein levels were determined by the micro-

biuret method with bovine serum albumin as the

standard [22].

Oxidative damage in renal mitochondria

Renal mitochondria were prepared essentially by

following the procedure of Jung and Pergande [23].

Briefly, renal tissue was homogenized in three volumes

of ice-cold preparation medium comprising 210 mM

mannitol, 70 mM sucrose, 500mM EDTA and

10 mM Tris-HCl at pH 7.4. The homogenate was

centrifuged for 10 min at 800g and 48C in a

refrigerated centrifuge and the resulting supernatant

was centrifuged for a further 5 min at 12,000g and

48C. The pellet was then resuspended in preparation

medium to produce a concentration of about 10mg

mitochondrial protein/ml and stored on ice.

The lipid peroxidant level was estimated by

determining the thiobarbituric acid (TBA)-reactive

substance concentration, according to the method of

Uchiyama and Mihara [24].

Glutathione (GSH) levels were measured by the

method of Floreani et al., [25] using o-phthalaldehyde

as the fluorescent reagent.

Plasma urea nitrogen and creatinine (Cr) levels

Plasma urea nitrogen and Cr levels were determined

using the commercial reagents BUN Kainos and

CRE-EN Kainos (Kainos Laboratories, Inc., Tokyo,

Japan), respectively.

Data analysis

The results for each group are expressed as mean ^

S:E: values. The effect of Glycyrrhizae Radix extract

on each parameter was examined using the one-way

Analysis of Variance. Individual differences between

groups were evaluated using Dunnett’s test and

those at p , 0:05 were considered to be statistically

significant.

Results

In vitro ONOO2 and NO scavenging activities

As shown in Table I, Glycyrrhizae Radix extract at 10

and 50mg/ml led to 83.8 and 97.7% of ONOO2

scavenging activity, respectively. In addition, the

extract also showed NO scavenging effect dose-

dependently, exerting 30.3, 48.3 and 69.6% scaven-

ging effects at 12.5, 50 and 250mg/ml, respectively

(Table II). The scavenging effect of ONOO2 was

stronger than that of its precursor, NO.

Plasma concentrations of 3-nitrotyrosine, NO and O2
2

Table III shows the effect of Glycyrrhizae Radix extract

on the plasma concentration of 3-nitrotyrosine, an

indicator of in vivo ONOO2 generation induced by the

LPS plus ischemia-reperfusion process. While the

plasma 3-nitrotyrosine level of the sham treatment

group was undetectable, that of the control group

subjected to LPS plus ischemia-reperfusion was

elevated markedly to 626.2 pmol/ml. In contrast, oral

administration of Glycyrrhizae Radix extract at doses

of 30 and 60 mg/kg body weight/day for 30 days

significantly reduced the levels to 118.2 and

100.5 pmol/ml, respectively. The effect of Glycyrrhizae

Radix extract on plasma NO level is shown in Table IV.

The control group subjected to LPS plus ischemia-

reperfusion had a much higher NO level than the sham

treatment group. However, the administration of

Glycyrrhizae Radix extract at 30 and 60 mg/kg body

Table I. In vitro ONOO2 scavenging activity of Glycyrrhizae Radix

extract.

Treatment

Concentration

(mg/ml)

Scavenging

activity (%)

Glycyrrhizae Radix extract 2 41.3 ^ 2.5

10 83.8 ^ 0.8

50 97.7 ^ 0.1

Table II. In vitro NO scavenging activity of Glycyrrhizae Radix

extract.

Treatment

Concentration

(mg/ml)

Scavenging

activity (%)

Glycyrrhizae Radix extract 12.5 30.3 ^ 1.1

25 36.7 ^ 2.4

50 48.3 ^ 0.3

125 61.3 ^ 1.4

250 69.6 ^ 1.9

Table III. Effect of Glycyrrhizae Radix extract on plasma 3-nitro-

tyrosine level.

Group

3-Nitrotyrosine

(pmol/ml)

Sham treatment N.D.

LPS plus ischemic-reperfused

Control 626.2 ^ 135.5

Glycyrrhizae Radix extract

(30 mg/kg B.W./day)

118.2 ^ 26.9*

Glycyrrhizae Radix extract

(60 mg/kg B.W./day)

100.5 ^ 23.9*

N.D.: Not detectable.

* p , 0:001 compared with LPS plus ischemic-reperfused control

rats.

T. Yokozawa et al.206

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



weight/day led to significant reductions of the NO level

from 27.1mM to 24.2 and 23.5mM, respectively.

Renal nitrated tyrosine protein level and MPO and iNOS

activities

As shown in Figure 1, 66 kDa of renal tyrosine protein

was highly and specifically nitrated by the LPS plus

ischemia-reperfusion procedure compared with that

of sham treatment group. On the other hand, the

smaller size of tyrosine protein was not nitrated under

the ONOO2 in vivo model. However, the adminis-

tration of Glycyrrhizae Radix extract at 30

and 60 mg/kg body weight/day resulted in dose-

dependent reductions in the renal nitrated tyrosine

protein level.

Table V shows the effect of Glycyrrhizae Radix extract

on renal MPO activity related to tyrosine nitration.

While the control rats subjected to LPS plus ischemia-

reperfusion showed a significant increase in MPO

activity from 27.3 to 44.3 abs/min/100 mg protein, the

activity decreased to 40.5 and 39.1 abs/min/100 mg

protein after the administration of Glycyrrhizae Radix

extract at30 and 60 mg/kgbodyweight/day, respectively.

The activity of iNOS in renal tissue is shown in

Table VI. The iNOS activity of the sham treatment

group was 0.67 pmol/mg protein/min, whereas that of

the control rats subjected to LPS plus ischemia-

reperfusion increased significantly to 2.32 pmol/mg

protein/min. However, the oral administration of

60 mg/kg body weight/day Glycyrrhizae Radix extract

reduced this activity significantly to 1.70 pmol/mg

protein/min.

Renal mitochondrial oxidative stress

Table VII shows the effects of Glycyrrhizae Radix

extract on renal mitochondrial oxidative stress,

estimated by measuring GSH and TBA-reactive

substance levels. The renal mitochondrial GSH level

of control rats subjected to LPS plus ischemia-

reperfusion decreased significantly from 5.50 to

4.59 nmol/mg protein/min, but the oral administration

of Glycyrrhizae Radix extract at both doses of 30 and

60 mg/kg body weight/day did not lead to significant

changes in the GSH level. However, the renal

mitochondrial TBA-reactive substance level of control

rats subjected to LPS plus ischemia-reperfusion

increased significantly to 2.78 nmol/mg protein/min

compared with the value of the sham group,

1.18 nmol/mg protein/min. The administration of

Glycyrrhizae Radix extract at doses of 30 and

60 mg/kg body weight/day reduced this level slightly,

but the difference failed to reach statistical significance.

Plasma urea nitrogen and Cr levels

Table VIII shows the effects of Glycyrrhizae Radix

extract on parameters of renal function. The plasma

Table IV. Effect of Glycyrrhizae Radix extract on plasma NO

radical.

Group NO (mM)

Sham treatment 1.1 ^ 0.1

LPS plus ischemic-reperfused

Control 27.1 ^ 1.0*
Glycyrrhizae Radix extract

(30 mg/kg B.W./day)

24.2 ^ 1.1*,†

Glycyrrhizae Radix extract

(60 mg/kg B.W./day)

23.5 ^ 1.2*,†

* p , 0:001 compared with sham treatment rats.
† p , 0:001 compared with LPS plus ischemic-reperfused control

rats.

Figure 1. Effect of Glycyrrhizae Radix extract on renal nitrated tyrosine protein. 1: Marker, 2: Nitrotyrosine immunoblotting control, 3:

Sham operation, 4: LPS plus ischemic-reperfused control, 5: LPS plus ischemic-reperfused Glycyrrhizae Radix extract (30 mg/kg B.W./day),

6: LPS plus ischemic-reperfused Glycyrrhizae Radix extract (60 mg/kg B.W./day). N: Sham operation, C: LPS plus ischemic-reperfused

control, G1: LPS plus ischemic-reperfused Glycyrrhizae Radix extract (30 mg/kg B.W./day), G2: LPS plus ischemic-reperfused Glycyrrhizae

Radix extract (60 mg/kg B.W./day). ap , 0:001 compared with sham treatment rats; bp , 0:01;c p , 0:001 compared with LPS plus ischemic-

reperfused control rats.
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urea nitrogen and Cr levels of the control rats

subjected to LPS plus ischemia-reperfusion increased

significantly by about 4.5- and 5.7-fold, respectively,

in comparison with those of the sham group.

In contrast, the plasma urea nitrogen and Cr levels

of rats given Glycyrrhizae Radix extract 60 mg/kg body

weight/day for 30 days prior to LPS and ischemia-

reperfusion declined from 61.4 to 56.0 mg/dl and 1.60

to 1.35 mg/dl, respectively.

Discussion

Reactive nitrogen species are considered to be crucial

targets for therapeutic interventions for the prevention

and treatment of oxidative stress-related diseases,

including renal failure, since the pathological effects of

ONOO2 and the hydroxyl radical, the decomposition

product of ONOO2, lead to oxidative stress by

suppressing the antioxidative defence status and

altering protein function by tyrosine nitration. Thus,

the elucidation of a protective effect of Glycyrrhizae

Radix extract against ONOO2-induced tissue damage

suggests a novel means of treating various disorders

related to oxidative stress.

To evaluate the scavenging effect of ONOO2, the

oxidation of DHR 123 to fluorescent rhodamine 123

was determined in the treatment of Glycyrrhizae

Radix extract under in vitro. Furthermore, DAF-2 was

employed as a specific NO indicator, which selectively

traps NO between two amino groups in its molecule,

and yields triazolofluorescein [12]. As shown in

Tables I and II, Glycyrrhizae Radix extract exerted

strong ONOO2 and NO scavenging effects under

in vitro system, in particular higher activity against

ONOO2. This result indicates that the extract would

probably exert more protective role from ONOO2

rather than its precursor, NO.

On the basis of in vitro result, the protective effects

against ONOO2-induced oxidative damage were

investigated under the in vivo ONOO2 generation

model. The LPS plus ischemia-reperfusion model

used in the present study is clearly useful and valid, as

confirmed by our previous studies,[13,14,26] since it

generates excessive ONOO2 by the reactions of NO

and O2
2 and results in ONOO2-induced oxidative

stress through antioxidant depletion, as well as protein

modification and lipid peroxidation.

ONOO2 in biological fluids was detected by

identifying nitrated tyrosine as a marker of ONOO2

formation in vivo or a stable end-product of ONOO2

oxidation. The existence of nitrotyrosine and its

relationship to tissue damage in a wide variety of

disease states have been demonstrated in various

lesions, such as atherosclerotic plaques and those seen

in ischemia-reperfusion and acute renal failure models

[27,28]. Consistent with this evidence, the present

study also showed high levels of 3-nitrotyrosine

produced by the in vivo LPS plus ischemia-reper-

fusion model, which is an ONOO2 generation system.

Although the present study could not give the direct

evidence of ONOO2 scavenging effect of Glycyrrhizae

Radix because of short half life and reactivity, the

ability to inhibit ONOO2-dependent nitration pro-

vides a useful assay for screening various compounds

for their ability to scavenge ONOO2 and the nitrating

species derived from it [29]. The administration of

Glycyrrhizae Radix extract reduced the plasma

3-nitrotyrosine concentration significantly. Together

with the result of ONOO2 scavenging activity in vitro

determined by the oxidation of DHR 123, Glycyr-

rhizae Radix extract would play the protective role

from ONOO2 as the scavenger of ONOO2.

Elevated 3-nitrotyrosine levels under pathological

conditions are also responsible for the interactions of

secondary oxidants spontaneously derived from

ONOO2, such as MPO-catalyzed oxidation of NO2
2

[30,31]. Thus, the activation of MPO, as well as an

increase in the nitrotyrosine level, is also a crucial

indicator of nitrosative stress [32]. To evaluate the

effect of Glycyrrhizae Radix extract on the renal

oxidative stress induced by ONOO2, we measured the

MPO activity and nitrated protein level of kidney

tissue. Glycyrrhizae Radix administration resulted in a

reduction in the renal nitrated tyrosine protein level and

inhibition of MPO activity, suggesting that it protected

against renally generated ONOO2. Noiri et al. [28]

Table VI. Effect of Glycyrrhizae Radix extract on renal iNOS

activity.

Group

iNOS

(pmol/mg protein/min)

Sham treatment 0.67 ^ 0.27

LPS plus ischemic-reperfused

Control 2.32 ^ 0.17*

Glycyrrhizae Radix extract

(30 mg/kg B.W./day)

1.93 ^ 0.24*

Glycyrrhizae Radix extract

(60 mg/kg B.W./day)

1.70 ^ 0.18*,†

* p , 0:001 compared with sham treatment rats.
† p , 0:01 compared with LPS plus ischemic-reperfused control

rats.

Table V. Effect of Glycyrrhizae Radix extract on renal MPO

activity.

Group

MPO

(abs/min/100 mg protein)

Sham treatment 27.3 ^ 2.1

LPS plus ischemic-reperfused

Control 44.3 ^ 0.6*

Glycyrrhizae Radix extract

(30 mg/kg B.W./day)

40.5 ^ 0.8*,†

Glycyrrhizae Radix extract

(60 mg/kg B.W./day)

39.1 ^ 1.8*,‡

* p , 0:001 compared with sham treatment rats.
† p , 0.01, ‡p , 0:001 compared with LPS plus ischemic-reper-

fused control rats.
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observed that suppression or scavenging of ONOO2 in

ischemic acute renal failure improved renal function,

consequently preventing lipid peroxidation and

oxidative DNA damage. The reduction of ONOO2

levels by Glycyrrhizae Radix extract suggests that

Glycyrrhizae Radix could attenuate ONOO2-induced

oxidative damage by several mechanisms that we infer

on the basis of reports of its influence on protein

nitration by ONOO2 [33–36]. Nitration of tyrosyl

residues in proteins interferes with signalling pathways

that rely on tyrosine phosphorylation/dephosphoryla-

tion and regulate cellular proliferation and apoptosis.

In addition, oxidation and nitration of proteins

mediated by ONOO2 disturb the tertiary structure of

proteins and, in the presence of severe damage, render

them inaccessible to degradation by the proteasome.

Such proteins accumulate and form insoluble aggre-

gates, resulting in the development of several diseases,

including renal failure.

The attenuation of ONOO2-induced oxidative

damage by Glycyrrhizae Radix extract involves

scavenging NO and/or O2
2 ; the precursors of

ONOO2, as well as scavenging ONOO2 directly.

The LPS plus ischemia-reperfusion process increased

the NO level and iNOS activity that is attributable to

NO formation. However, our present investigation

clearly indicated that the administration of Glycyr-

rhizae Radix extract led to a decline in the NO level

with inhibition of iNOS activity, although the

inhibitory effect on NO was weaker than that on

ONOO2. From these results, we conclude that the

protective activity of Glycyrrhizae Radix against

ONOO2 is mainly attributable to direct scavenging

of ONOO2 and, at least in part, its precursor NO.

On the other hand, the O2
2 level decreased in the

rats subjected to LPS plus ischemia-reperfusion

(data not shown). Several studies have demonstrated

that the activity of xanthine oxidase (XOD), which

plays the main role in the generation of O2
2 ; decreased

following the burst of ONOO2 generation, although

XOD activity initially increased during ischemia

[37–40]. Therefore, we propose that the reduction in

the O2
2 level we observed with the ONOO2 generation

system was mainly due to the inhibition of XOD

activity as a result of feedback in response to the burst of

ONOO2. Although the O2
2 level in the rats given

Glycyrrhizae Radix extract increased dose-depen-

dently, it was lower than that in the sham treatment

group (data not shown). Since the half life of O2
2 is too

short to measure it, the O2
2 level determined after

separation of serum might reflect the O2
2 generation

activity in 20% oxygen in the air. Thus, the effect of

Glycyrrhizae Radix extract on O2
2 is obscure, therefore,

the direct scavenging activity and its possible relation-

ship to XOD activity need further study.

ONOO2 promotes mitochondrial oxidative stress

that results from the shift between the oxidant and

antioxidant balance, [1] indicating that depletion of the

antioxidant defense system plays important roles in

ONOO2-mediated oxidative injury. ONOO2 reacts

directly with various mitochondrial targets [41] and

mitochondria can partially detoxify ONOO2 as a result

of the contribution of one or more scavenging systems,

including cytochrome c oxidase, GSH and ubiquinol

[42–44]. ONOO2-mediated depletion of cellular

antioxidants can lead to positive feedback cycles of

intracellular oxidant generation and exacerbation of

oxidative cellular injury [45]. Our previous study also

demonstrated a decrease in the GSH level and increased

lipid peroxidation in the renal mitochondria in the LPS

plus ischemia-reperfusion model [13,14]. While mito-

chondrial oxidative stress due to ONOO2 was also

Table VII. Effect of Glycyrrhizae Radix extract against oxidative damages of renal mitochondria.

Group GSH (nmol/mg protein) TBA-reactive substance (nmol/mg protein)

Sham treatment 5.50 ^ 0.25 1.18 ^ 0.06

LPS plus ischemic-reperfused

Control 4.59 ^ 0.03* 2.78 ^ 0.56*

Glycyrrhizae Radix extract (30 mg/kg B.W./day) 4.64 ^ 0.06* 2.71 ^ 0.26*

Glycyrrhizae Radix extract (60 mg/kg B.W./day) 4.68 ^ 0.04* 2.62 ^ 0.36*

* p , 0:001 compared with sham treatment rats.

Table VIII. Effect of Glycyrrhizae Radix extract on plasma urea nitrogen and Cr levels.

Group Urea nitrogen (mg/dl) Cr (mg/dl)

Sham treatment 13.5 ^ 0.3 0.28 ^ 0.03

LPS plus ischemic-reperfused

Control 61.4 ^ 2.6* 1.60 ^ 0.08*

Glycyrrhizae Radix extract (30 mg/kg B.W./day) 56.1 ^ 1.8*,† 1.36 ^ 0.05*,†

Glycyrrhizae Radix extract (60 mg/kg B.W./day) 56.0 ^ 1.2*,† 1.35 ^ 0.04*,†

* p , 0:001 compared with sham treatment rats.
† p , 0:001 compared with LPS plus ischemic-reperfused control rats.
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observed in the present study, attenuation of oxidative

stress resulting from the administration of Glycyrrhizae

Radix extract through the inhibition of lipid peroxi-

dation and elevation of GSH levels was slight and failed

to reach significance. Thus, we propose that the

protective activity of Glycyrrhizae Radix extract against

ONOO2 is mainly attributable to inhibition of protein

nitration rather than lipid peroxidation. In addition,

GSH does not appear to be involved to any great extent

in the protective effect of Glycyrrhizae Radix against

ONOO2. Further study on the changes of the

antioxidative defense status involving GSH, antioxi-

dative enzymeactivities andother antioxidants isneeded

to elucidate the effects of Glycyrrhizae Radix on the

antioxidative defense status depleted by ONOO2.

The excessive generation of ONOO2 in the kidneys

clearly causes impairment of renal function by reducing

the excretion of final metabolites from the kidneys and

causing accumulation of uremic toxins, such as urea

nitrogen and Cr [13,14,26]. Our present investigation

showed that urea nitrogen and Cr accumulated in the

rats subjected to the procedure by which excessive

ONOO2 was generated, indicating that renal dys-

function had occurred. The reduction of plasma urea

nitrogen and Cr levels by Glycyrrhizae Radix extract

implies that this extract ameliorated the renal dys-

function and damage caused by uremic toxins resulting

from ONOO2 generation.

Since Glycyrrhizae Radix has been reported to have

various biological activities, including anti-inflamma-

tory, anti-allergy, anti-gastric ulcer and anti-viral

activities, it occupies an important place in traditional

Oriental medicine [46–49]. In addition, the present

study demonstrated that Glycyrrhizae Radix sca-

venges ONOO2 and NO and inhibits protein

modification caused by ONOO2. This protective

activity against ONOO2 indicates that this extract

could be a promising treatment for various oxidative

stress-related disorders.
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