
INTRODUCTION

Natural biologically active compounds of plant origin in-
cluding flavonoids, are the widest marketed groups of die-
tary supplement, besides vitamins and minerals. Some of
them are used as drugs. Many plant derived compounds
manifest antioxidant, anti-inflammatory, anti-oestrogenic,
anti-mutagenic and anticarcinogenic effects (Ferguson,
2001; Sarkar and Li, 2004). These substances are known to
influence also nitric oxide enzymatic production and stabil-
ity of the radical (Olszanecki et al., 2002). It is supposed
that flavanoid intake influences mortality from nitric oxide-
dependent processes: ischemic heart disease, stroke, diabe-
tes mellitus, and cancer (Bayard et al., 2007). This implies
significance of uptake of flavonoid and other natural com-
pounds for functions of cardiovascular, immune and ner-
vous systems. Impact of a given compound on NO produc-
tion is usually deduced from in vitro NOS expression and
nitrite production. However, modification of NO synthesis
by drugs in animals and humans appears to be complicated
and dependent of numerous factors. For example, halogen-
ated volatile anaesthetics suppress NO neurotransmitter
function, while the same time the same anaesthetics produce

vasodilatation via increased NO production. These anaes-
thetics inhibit nNOS activity in the cerebellum, while they
stimulate iNOS activity in brain cortex and appear to be
very weak NOS inhibitors in vitro (Sjakste et al., 1999;
Ñüÿêñòå è äð., 2001; Sjakste et al., 2005). In our opinion,
only direct measurement of NO production in vivo can re-
veal the NO-dependent effects of a given drug. The goal of
this work was to monitor modification of NO production in
rat organs by several natural compounds: flavonoids ellagic
acid and ipriflavone and stilbene resveratrol. Chemical
structures of the compounds are given in Figure 1.

Resveratrol is a phytoalexin produced naturally by several
plants when under attack by pathogens such as bacteria or
fungi. Resveratrol is found in the skin of red grapes and is a
constituent of red wine. This stilbene is considered to be
main biologically active substance of red wine (Birrell et

al., 2005). The compound can induce vasorelaxation by
NO-dependent mechanisms (Chen and Pace-Asciak, 1996)
and increase eNOS expression (Hsieh et al., 1999;
Wallerath et al., 2005). Resveratrol inhibits the NFk-B
pathway and attenuates liposaccharide (LPS) effects
(Manna et al., 2000; Birrel et al., 2005). It protects neurons
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against NO toxicity (Bastianetto et al., 2000) and scavenges
NO (Cíz et al., 2008).

Ellagic acid is a powerful, polyphenolic antioxidant found
in certain plants and fruits such as pomegranates and rasp-
berries. Ellagic acid suppresses the release of NO from cul-
tured cells stimulated to express iNOS (Soliman and Maz-
zio, 1998; Akubue and Stohs, 1992).

Ipriflavone is a synthetic isoflavone, which is used to inhibit
bone resorption, maintain bone density and to prevent os-
teoporosis in postmenopausal women. Ipriflavone inhibits
LPS-induced NO release (Koncz and Horváth, 1996).

Taken together these data indicate that all the above com-
pounds should decrease LPS-induced NO production in

vivo, and that resveratrol appears to be capable of increasing
NO production. No data about modification of NO produc-

tion by these compounds is available. Thus, our study was
aimed to fill a significant gap in knowledge about the bio-
logical activities of natural compounds.

MATERIALS AND METHODS

Natural compounds. Resveratrol, ellagic acid and ipro-
flavone were purchased from Dayang Chemical Co., LTD
(Taiwan).

Chemicals. Lipopolysaccharide, diethylthiocarbamate, fer-
rous sulfate, sodium citrate and all other chemicals were
from Sigma-Aldrich Chemie GmbH (Taufkirchen, Ger-
many).

Experiment design and drug administration. Animals
were obtained from the Laboratory of Experimental Ani-
mals, Rîga Stradiòð University, Latvia. All experimental
procedures were carried out in accordance with guidelines
of the Directive 86/609/EEC “European Convention for the
Protection of Vertebrate Animals Used for Experimental
and other Scientific Purposes” (1986) and were approved by
the Animal Ethics Committee of the Food and Veterinary
Service (Rîga, Latvia).

Wistar male rats were used in experiments, each weighing
215.00 ± 5.63 g at the beginning of experiment. The envi-
ronment was maintained at a temperature of 22 ± 0.5 oC
with a 12-h light/dark cycle. Animals were fed a standard
laboratory diet. Rats were assigned to the following experi-
mental groups (Table 1). Group 1 (n = 24) served as a con-
trol for NO detection experiments. 30 minutes after spin
trap injection rats were decapitated under slight ether anaes-
thesia. In Groups 2 and 3 resveratrol and ellagic acid corre-
spondingly were administered per os in dose 50 mg/kg. At
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Fig 1. Chemical structures of
resveratrol, ellagic acid, and ipro-
flavone.

Resveratrol Ellagic acid

Ipriflavone

T a b l e 1

EFFECT OF RESVERATROL, ELLAGIC ACID AND IPROFLAVONE ON NO CONCENTRATION IN DIFFERENT RAT ORGANS AND TISSUES IN
INTACT RATS AND UNDER LIPOPOLISACCHARIDE-INDUCED INFLAMMATION

Groups\Organs Cortex Cerebellum Liver Heart Kidney Testes Blood Lungs Spleen Muscle

1 Control, n = 24 57.0 ± 3.8 22.4 ± 1.9 57.5 ± 7.6 2.0 ± 0.9 8.4 ± 1.5 11.7 ± 1.4 59.8 ± 6.1 68.5 ± 5.4 71.5 ± 12.6 15.7 ± 1.8

2 Resveratrol (50
mg/kg)

85.7 ± 20.0 21.5 ± 3.6 73.8 ± 21.7 3.4 ± 1.2 6.0 ± 0.6 12.0 ± 1.6 74.2 ± 5.7 72.0 ± 9.7 72.8 ± 20.8 11.9 ± 5.4

3 Ellagic acid (50
mg/kg) n = 8

47.2 ± 7.5 21.5 ± 4.0 65.2 ± 16.9 0.9 ± 0.4 6.6 ± 3.4 9.8 ± 3.2 46.2 ± 8.3 70.7 ± 17.7 33.3 ± 5.2* 13.9 ± 2.6

4 LPS (10
mg/kg), n = 28

172.2 ± 13.3 147.7 ± 21.7 1434.3 ±
104.7

287.6 ± 21.7 356.5 ± 29.9 102.5 ± 20.9 380.4 ± 33.4 919.6 ± 64.7 1061.6 ±
83.3

140.2 ± 15.4

5 Resveratrol (50
mg/kg) + LPS
(10 mg/kg),

n = 9

376.4 ±
63.6**

361.6 ±
73.3**

2968.0 ±
555.4**

571.4 ±
113.6**

729.4 ±
184.7

144.2 ± 47.0 622.2 ±
105.6**

1405.2 ±
335.7

2658.0 ±
462.8**

300.2 ± 92.7

5 Ellagic acid (50
mg/kg) + LPS
(10 mg/kg),

n = 10

290.8 ± 73.3 239.0 ± 96.6 1865.2 ±
458.3

284,8 ± 61.2 402.3 ±
111,8

97.6 ± 19.6 439.0 ± 69.5 943.2 ±
185.8

1324.8 ±
166,8

192.6 ± 51.5

5 Ipriflavone (50
mg/kg) + LPS
(10 mg/kg),

n = 6

334.2 ±
58.3**

289.2 ±
49.3**

2406.7 ±
430.3**

487.0 ±
63.1**

590.7 ±
75.8**

134.8 ± 25.0 814.7 ±
68.0**

1406.5 ±
164.1**

2164.7 ±
402.4**

297.7 ±
43.5**

* P < 0.05 versus control group; ** P < 0.05 versus LPS group



3.5 hours after substance administration, spin trap was in-
jected, and after 30 min rats were decapitated under slight
ether anaesthesia. In Group 4 (n = 28), rats were intra-
peritoneally injected lipopolysaccharide (10 mg/kg), spin
traps (Kleschyov et al., 2007) were administered 3.5 hours
later; 30 minutes after spin trap injection rats were decapi-
tated under slight ether anaesthesia. In Groups 5–7 rats were
intraperitoneally injected lipopolysaccharide (10 mg/kg),
resveratrol, ellagic acid and ipriflavone correspondingly in
dose 50 mg/kg administered per os at the same time, spin
traps were administered 3.5 hours later, and 30 minutes af-
ter spin trap injection rats were decapitated under slight
ether anaesthesia.

Administration of spin trap agents.To determine the nitric
oxide content in the tissues we used the protocol originally
elaborated by A.L. Kleschyov and A. F. Vanin (reviewed in
Kleschyov et al., 2007). Spin traps were administered 30
minutes before the sacrifice. Rats were administered 400
mg/kg of the nitric oxide scavenger diethylthiocarbamate
via intraperitoneal injection and ferrous citrate subcutane-
ously (40 mg/kg ferrous sulphate + 200 mg/kg sodium ci-
trate). Diethylthiocarbamate and ferrous citrate form a com-
plex that traps nitric oxide and forms a paramagnetic Fe –
diethylthiocarbamate – nitric oxide complex [Fe(DETC)2-
NO], which is easily detected by ESR (electron spin reso-
nance spectroscopy) spectroscopy.

Sacrifice, organ dissection and sample preparation for

electron paramagnetic resonance spectroscopy. Follow-
ing the drug and spin trap administration rat were decapi-
tated under slight ether anaesthesia, samples of brain cortex,
cerebellum, myocardium tissue, liver, kidney, testes, skele-
tal muscles, lungs and blood were compacted in a glass tube
30 mm in length with inner diameter 4 mm and immediately
frozen in liquid nitrogen. Before recording the ESR spectra,
the specimen was placed in a quartz finger Dewar flask ER
167 FDS-Q (Bruker, Karlsruhe, Germany) filled with liquid
nitrogen.

ESR measurements. ESR spectra were recorded in liquid
nitrogen using an ESR spectrometer “Radiopan” SE/X2544
(Radiopan, Poznan, Poland). Conditions of electron para-
magnetic resonance measurements were: operation at
X-band, 25 mW microwave power, 100 kHz modulation
frequency, 5 G modulation amplitude, receiver gain 0.5 ×
104, and time constant 1 s. Spectra were recorded for 4 min-
utes. The nitric oxide content in the samples was evaluated
from the height of the third component of the NO signal at
g = 2.031.

The NO concentration (ng/g of tissue) was calculated on the
basis of calibration curves as described previously. Briefly,
different quantities of NaNO2 (final concentrations 10, 20,
30, 40, 60, 100 mM) were mixed with DETC (33 mg/ml)
and FeSO4

. 7H2O (3.3 mM), and an excess of Na2S2O4 (2
M) was added to the mixture. The EPR spectra were taken
as described above. Further details are given in our previous
publications (Sjakste et al., 1999; Baumane et al., 2002;
Sjakste et al., 2004; 2005; 2007).

Statistical analysis. Results were expressed as mean ± SD.

Significance of differences in NO concentration and iNOS
expression between groups was evaluated by the Student's
unpaired t-test.

RESULTS

Background level of NO production in rat organs and its

modification by natural compounds. In order to test the
ability of the flavonoids to modify NO production in ani-
mals, the radical concentration was monitored in several rat
organs and tissues. Data are summarised in Table 1. To de-
termine the background NO levels in rat organs, rats were
injected with DETC and ferrous citrate, and sacrificed 30
min later. EPR spectra of the different organs had a typical
Cu-DETC spectrum shape with a superposed Fe(DETC)2-
NO peak. Representative spectra are given in Fig. 2. The
NO contents were determined in brain cortex, cerebellum,
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Fig 2. Electron paramagnetic resonance spin trapping of NO in rat organs.
A – spleen; 1 – control animals; 2 – rats treated with ellagic acid. B –
blood; 1 – LPS-treated rats (10 mg/kg, 4 hours); 2 – ipriflavone (50
mg/kg) was administered simultaneously with LPS.
I1 and I2 – intensity of the third component of the NO spectrum for curves
1 and 2, correspondingly. Representative EPR spectra of three experiments.



liver, heart, kidneys, testes, blood, lungs, spleen and mus-
cles (not in all of above organs in some experiment series)
with the highest NO levels in the cortex, cerebellum, liver,
lungs, muscles and blood (Table 1). NO contents in heart,
kidneys and testes were lower by an order of magnitude. In
intact animals ellagic acid provoked some decrease of NO
production in the spleen; resveratrol did not influence the
process in any organ (Table 1).

Effects of resveratrol, ellagic acid and ipriflavone on NO

production in LPS-treated rats. In the following set of ex-
periments, the activity of the studied compounds as modifi-
ers of NO production was tested against the background of
the iNOS induction. Intraperitoneal injection of LPS to the
animals caused a drastic increase of NO levels in all tissues
studied (Table 1). The highest accumulation of nitric oxide
was detected in liver, whereas very strong increases in nitric
oxide accumulation (50–100-fold compared to control)
were observed in heart, blood and kidney. However, the ef-
fects of LPS were less pronounced in brain tissues, where
nitric oxide increased 4–6 times only. The nitric oxide in-
crease in testes was at a comparable magnitude.

In LPS-treated animals, ipriflavone increased NO produc-
tion in the brain cortex, cerebellum, liver, heart, kidneys,
blood, lungs and skeletal muscles. Resveratrol produced a
similar effect in all of above organs, except kidneys, lungs
and muscles (Table 1). Ellagic acid did not modify the
LPS-induced outburst of NO synthesis. Thus, natural com-
pounds produce measurable effects on NO production; how-
ever, we did not observe NO-decreasing effects.

DISCUSSION

In our experiments resveratrol enhanced LPS-triggered NO
production in the brain cortex, cerebellum, liver, heart,
blood and spleen. Some literature data support our findings.
Resveratrol can induce vasorelaxation by both NO-depend-
ent and NO-independent mechanisms (Chen and Pace-
Asciak, 1996). It increases NO production in hypertensive
rats (Liu et al., 2005). These effects indicate possible in-
crease of NO production by resveratrol at least in endothe-
lial cells; this hypothesis has been validated in experiments
with endothelial cell culture and rat aorta: resveratrol in-
creased eNOS expression (Hsieh et al., 1999; Wallerath et

al., 2005). There are data demonstrating that the characteris-
tic endothelium-dependent vasorelaxant effect of resveratrol
in rat aorta seems to be caused by the inhibition of vascular
NADH/NADPH oxidase and the subsequent decrease of
basal cellular superoxide radical generation and, therefore,
of NO biotransformation (Oralla et al., 2002). However,
resveratrol inhibits the NF�-B pathway and attenuates LPS
effects (Birrel et al., 2005; Manna et al., 2000). Other au-
thors report that resveratrol posttranscriptionally decreases
LPS-induced nitrite release. It increases basal levels of
TNF-� mRNA and protein and enhances LPS-induced
TNF-� mRNA and cytokine release. This indicates that the
resveratrol does not inhibit LPS-induced NF-kB activation,
but instead has a more selective action on genes activated

by LPS (Wadsworth, Koop, 1999). It protects neurons
against NO toxicity (Bastianetto et al., 2000) and scavenges
NO (Cíz et al., 2008). Apparently, the latter effects of
resveratrol do not produce a measurable impact on NO pro-
duction in animals.

In our experiments, ellagic acid increased NO production in
the spleen of intact animals. This contradicts published data
about the impact of the ellagic acid on NO production.
Ellagic acid suppresses the release of NO from lipo-
polysaccharide (LPS)/gamma-interferon (IFN-gamma)
stimulated C6 astrocyte cells (Soliman and Mazzio, 1998)
and decreases endrin-induced NO release by peritoneal
macrophages (Akubue and Stohs, 1992). We suppose the
existence of NO-protecting effects of the substance; its anti-
oxidant activity (Girish and Pradhan, 2008) validates this
hypothesis. The ability of the compound to increase NO
production in some organs could be ascribed to antioxidant
activity of the substance (Singh et al., 2008). Scavenging of
reactive oxygen species prevents involvement of NO in in-
teraction with these radicals, increasing its bioavailability.
This effect is produced by several natural compounds, in-
cluding cocoa polyphenols (Sies et al., 2005) and
resveratrol (Orallo et al., 2002).

Despite the fact that ipriflavone inhibits LPS-induced NO
release from RAW-264.7 cells, but its metabolite
7-isopropoxy-3-(4-hydroxyphenyl)-4H-1-benzopyran-4-one
appears to be a much more potent inhibitor (Koncz and
Horváth, 1996), we did not observe any NO-decreasing ac-
tivity of the compound. In contrast, it enhanced NO produc-
tion in many organs of LPS-treated animals. In this case, the
COX-inhibiting activity of the drug (Seaver and Smith,
2004) aimed on decrease of inflammatory effects could in-
crease bioavailability of NO.

Taken together our results suggest that modifications of NO
level in tissues by a natural compound cannot be predicted
from data about its effects on NOS expression or activity.
Moreover, it seems that iNOS expression is not a limiting
factor for NO production in the LPS model used in this
study. Discrepancies in the data can arise for several rea-
sons. Despite the ability of a compound to inhibit iNOS ex-
pression, demonstrable in cell culture systems, this activity
cam be obscured by another effect of the compound, its an-
tioxidant activity for example. In this case, scavenging of a
reactive oxygen species prevents involvement of NO in in-
teraction with these radicals, and NO concentration can in-
crease despite its limited production (Orallo et al., 2002;
Sies et al., 2005). Capability of a compound to increase
NOS expression or activity in vitro can be also attenuated
on the organism level. Recent findings indicate the possibil-
ity of feedback control of NOS activity (Salerno and Ghosh,
2009). In this case, increased excessively produced NO
would inhibit NOS activity and the measured NO level in
the tissues could be unchanged or even increased. It should
be kept in mind that mainly the level of produced NO radi-
cal influences physiological processes in tissues. To our
opinion, recommendations about the use of a natural com-
pound as a drug with a NO-modifying activity should be
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based on direct measurements of NO in the tissues after ad-
ministration of a given compound.
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SLÂPEKÏA OKSÎDA PRODUKCIJAS MODIFIKÂCIJAS ÞURKU AUDOS RESVERATROLA, ELLAGSKÂBES UN IPRIFLAVONA
IETEKMÇ: SALÎDZINOÐS PÇTÎJUMS

Augos sintezçtie dabîgie polifenolu savienojumi, uzòemti kâ zâles vai pârtikas sastâvâ, ietekmç vairâkus ðûnu signâlpârneses ceïus, ieskaitot
arî slâpekïa oksîda (NO) sintâzes (NOS) ekspresijas ceïu. Ðo savienojumu iedarbîba uz NO produkciju in vivo ne vienmçr sakrît ar to
inhibçjoðo ietekmi uz NOS, ko novçro eksperimentos ar ðûnu kultûrâm. Ðî pçtîjuma mçríis bija izpçtît resveratrola, ellagskâbes un
ipriflavona iedarbîbu uz NO produkciju þurku audos, izmantojot elektronparamagnçtiskâs rezonanses (EPR) spektroskopiju. Visi pçtîjumâ
iekïautie savienojumi ir zinâmi kâ inducçjamâs slâpekïa oksîda sintâzes (iNOS) ekspresijas inhibitori. Tomçr vienîgi ellagskâbe spçja
samazinât NO produkciju un tikai vienâ orgânâ – intaktu þurku liesâ. Ipriflavons un resveratrols pat pastiprinâja lipopolisaharîda (LPS)
izsaukto NO produkciju. Ipriflavons pastiprinâja NO produkciju smadzeòu garozâ, smadzenîtçs, aknâs, sirdî, nierçs, asinîs, plauðâs un
skeleta muskuïos. Resveratrols izsauca lîdzîgu efektu visos augstâk minçtajos orgânos, izòemot nieres, plauðas un muskuïus. Kopumâ mûsu
dati liecina, ka dabîgo savienojumu iedarbîbu uz NO lîmeni audos nav iespçjams paredzçt, pamatojoties uz datiem par tâ iedarbîbu uz NOS
ekspresiju. Ðis secinâjums pasvîtro tieðu NO satura mçrîjumu nepiecieðamîbu audos.
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