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Abstract

Flavonoids are known to relax isolated large arteries, but the cardiovascular actions of flavonoids are not well studied in vivo. Hence, we
determined the systemic and regional haemodynamic responses to a novel synthetic flavonol, 3',4’-dihydroxyflavonol (DiOHF), in conscious
sheep previously instrumented with flow probes on the aorta and coronary, mesenteric, renal, and iliac arteries. Intravenous injection of
DiOHF (1.0 mg/kg) caused a delayed but prolonged vasodilatation in the coronary and renal vascular beds, with no changes in the mesenteric
or iliac vascular beds. DIOHF induced prolonged increases in heart rate and cardiac output without altering arterial pressure. Pretreatment
with N“-nitro-L-arginine, a nonspecific inhibitor of nitric oxide synthase, abolished all the cardiovascular effects of DiIOHF. The results
indicate that DIOHF caused a nitric oxide-dependent vasodilatation of the coronary and renal vasculature and an increase in cardiac output

due to its chronotropic action.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

There is growing evidence that an increased dietary
intake of flavonoids reduces the risk of cardiovascular
disease. The Zutphen Elderly Study demonstrated that
men aged 65-84 years with a dietary history of high
flavonol and flavone intake had a significantly lower risk
of death from coronary heart disease (Hertog et al., 1993).
An inverse correlation between flavonoid intake and coro-
nary heart disease has also been demonstrated in population-
based surveys (Knekt et al., 1996; Yochum et al., 1999).
Furthermore, the Rotterdam Study indicated that increased
intake of dietary flavonoids was associated with a lower
incidence of myocardial infarction (Geleijnse et al., 2002).
In view of these positive epidemiological outcomes, the
antioxidant, antiatherosclerotic, anti-inflammatory, and va-
sodilator actions of flavonoids have been examined to
determine which of these actions may contribute to cardio-
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vascular protection (Middleton et al., 2000; Nijveldt et al.,
2001).

Flavonoids have direct concentration-dependent relax-
ant actions on precontracted arterial rings from large
arteries (Andriambeloson et al., 1997; Fitzpatrick et al.,
1993; Flesch et al., 1998; Herrera et al., 1996). Most of
these studies, however, were performed in isolated con-
ductance arteries, and the extent to which vasorelaxation
to flavonoids is dependent on the integrity of vascular
endothelium remains controversial (Middleton et al.,
2000). Recently, it has been reported that endothelium-
independent vasorelaxation by quercetin, a major dietary
flavonoid, was significantly greater in isolated resistance
vessels than in conductance vessels (Perez-Vizcaino et al.,
2002; Rendig et al., 2001), but the actions of flavonoids
on resistance arteries in vivo have not been assessed
thoroughly. Although the actions of flavonoids on blood
pressure, either after dietary supplement (Diebolt et al.,
2001; Duarte et al., 2001) or after intravenous infusion
(Cortes et al., 2001), have been investigated, it is un-
known whether flavonoids have any effects on cardiac
output or the distribution of blood flow to different
vascular beds after systemic administration.
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We have demonstrated that a synthetic flavonol, 3',4'-
dihydroxyflavonol (DiOHF), caused relaxation of rat isolat-
ed thoracic aorta, which was partially endothelium-depen-
dent (Chan et al., 2000). Importantly, DiOHF was
significantly more potent than a number of natural flavonols
and flavones (Chan et al., 2000). In further studies, DIOHF
enhanced nitric oxide bioavailability and improved vascular
function after ischaemia and reperfusion injury in rat hind-
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quarters (Chan et al., 2003). Moreover, DIOHF administered
during ischaemia, but shortly before reperfusion, significant-
ly reduced the infarct size and reperfusion injury in anaes-
thesized sheep (Wang et al., 2002). The level of protection by
DiOHF was similar to that afforded by ischaemic precondi-
tioning—currently the most effective method to prevent this
injury (Wang et al., 2002). These findings indicate that
compounds such as DiOHF have potential as treatments

701

TPC (ml/min/mmHg)
2

=

0.7

0.6

0.5

0.41

(ml/min/mmlig)

o o
IT) w

Mesentery Conductance
(ml/min/mmHg)
LN -

g

2

-

—1 =

Renal Conductance
(ml/min/mmHg)

(ml/min/mmHg)

Iliac Conductance

— Ee=

B
11E

[ Control == Vehicle [Z<10.1 mglkg DiOHF [IT1111 mgl/kg DiOHF EEEH 5 mglkg DiOHF

Fig. 1. The cardiovascular responses to DIOHF (0.1, 1.0, and 5.0 mg/kg) in comparison to vehicle in conscious sheep. Maximum responses, at 10 h after
administration, are shown for mean arterial pressure (MAP), heart rate (HR), cardiac output (CO), total peripheral conductance (TPC), the first differential of
the upstroke of systole (dF/df), stroke volume (SV), and regional conductances in the coronary, mesenteric, renal, and iliac vascular beds. Results are

mean+S.E.M. *P<0.05 vs. vehicle (n=5 per group).
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for cardiac injury following ischaemia and reperfusion, so it
is important to understand in detail their cardiovascular
actions in response to systemic administration.

The aim of the present study was to determine the
cardiovascular actions of DIOHF in vivo. To avoid the
complicating effects of anaesthesia, we examined the sys-
temic and regional haemodynamic responses to intravenous
administration of DiOHF in conscious sheep. To investigate
whether any of the observed actions of DiOHF were
dependent on nitric oxide, we examined the effect of
pretreatment with a nonspecific inhibitor of nitric oxide
synthase (NOS), N®-nitro-L-arginine (L-NNA).

2. Materials and methods

The study was approved by the Animal Experimentation
Ethics Committee of the Howard Florey Institute and
performed in accordance with the guidelines of the National
Health and Medical Research Council of Australia.

2.1. Animal instrumentation

Merino ewes (35—45 kg body weight), oophorectomized
and with carotid arteries enclosed in skin loops, were used
in this study. Flow probes were implanted in anaesthesized
sheep in two separate procedures to measure aortic and
regional blood flows as previously described (Bednarik and
May, 1994). Briefly, anaesthesia was induced by intrave-
nous thiopental sodium (15 mg/kg) and maintained by 1.5—
2.0% isoflurane in air—oxygen (1:1) after tracheal intuba-
tion. Transit time flow probes were implanted on the
ascending aorta (20 mm diameter; Transonic Systems,
Ithaca, NY, USA) and the left circumflex coronary artery
(3 mm probe with coronary flange). Following 2 weeks of
recovery, transit time flow probes were implanted on the
cranial mesenteric (6 mm), left renal (4 mm), and left
external iliac (6 mm) arteries. All leads attached to flow
probes were tunneled subcutaneously and exteriorized on
the sheep’s back. An antibiotic (900 mg of procaine peni-
cillin, i.m.; Troy Laboratories, NSW, Australia) was admin-

1004 100+
904
_ * % X * 5 X
5 9 E % L3 i/II}\;
A N
£t 3 25 I)/I P
e ¥ o|itiaghl AT
=~ 804 (L A ~ 601 %;::'_ m¥\
I E; I‘ % B . h
o ~ 50
70- ?F eeding 404 fFeeding
Baseline 0 4 8 12 16 2 2 Baseline 0 2 8 12 16 20 24
1200 71
6- *
@ _ . %o Xy %
5 £ 1000, oF s ook X IA *
5 g seg e SF * ;
% P L - He—% y hjﬁjﬁg{% e
E so0{g B o
3.
600- ?Feeding 24 tFeeding
Baseline 0 4 8 12 16 20 2 Baseline 0 4 8 12 16 20 2%
1004 801
_ *
20 70 L BT R
gial Ll
= E E
£ 50 : -
g
404
404 TFeeding 304 fFeeding
Baseline 0 4 8 12 16 20 2 Baseline 0 4 8 12 16 20 2%
Time (hours) Time (hours)
—&— Control —— Vehicle —4— DiOHF

Fig. 2. The cardiovascular responses to of DIOHF (1 mg/kg) or vehicle given at time 0 in conscious sheep. The baseline value is the mean of a 30-min control
period. Mean arterial pressure (MAP), heart rate (HR), the first differential of the upstroke of systole (d#/df), cardiac output (CO), stroke volume (SV), and total
peripheral conductance (TPC) were measured for 24 h. Control represents the daily rhythm of cardiac parameters in conscious sheep. “Feeding” indicates the
time at which the animals were fed. Results are mean+S.E.M. *P<0.05 vs. vehicle (n=5 per group).
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istered prophylactically for 3 days postsurgery. Postsurgical
analgesia was maintained with intramuscular injection of
flunixin meglumine (1 mg/kg; Mavlab, QLD, Australia) at
the end of surgery, then 4 and 16 h postsurgery.

2.2. Data collection

On the day prior to the start of the experiment, a
sterile Tygon cannula (ID 1.0 mm, OD 1.5 mm) was
inserted 15-20 cm into a carotid artery under aseptic
conditions for arterial pressure measurement. Under local
anaesthesia, two sterile polyethylene cannulae (ID 1.18
mm, OD 1.7 mm) were inserted 20 cm into a jugular vein

for measurement of central venous pressure and intrave-
nous infusion. The patency of the cannulac was main-
tained by infusing heparinized saline (25 U/ml) at 3.0 ml/
h from flush devices (TDF-3WC; Biosensors Internation-
al, Singapore). The cannulae for measurement of arterial
pressure and central venous pressure were connected to
pressure transducers (CDXIII; Cobe, Colorado, USA) tied
to the wool on the sheep’s back and calibrated against a
mercury and water manometer, respectively. A correction
factor in the data collection program compensated for the
height of the transducers above the level of the heart.
Flow probes for measurement of aortic flow were
connected directly to a transit time flow meter (T206;
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Fig. 3. The effects of intravenous administration of DiIOHF (1 mg/kg) or vehicle given at time 0 on regional blood flows (A) and conductances (B). Control
represents the daily rhythm of regional haemodynamic variation in conscious sheep. “Feeding” indicates the time at which the animals were fed. Results are

mean+S.E.M. *P<0.05 vs. vehicle (n=5 per group).
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Transonic Systems) and, for regional flows, the probes

were connected

via a four-probe sequential scanner

(TMO04; Transonic Systems) to a transit time flowmeter

(T201; Transonic

Systems). The accuracy of chronically

implanted transit time flow probes for the measurement of
regional blood flow in conscious sheep has been validated
previously (Bednarik and May, 1995).

Analogue signals of arterial blood pressure, central
venous pressure, aortic flow, and regional blood flows were
collected on a computer using custom-written software.
Following analogue-to-digital conversion (DT 2811 board;

Data Translation),

data were collected at 100 Hz for 10 s at

I-min intervals. Mean arterial pressure was calculated from
the arterial blood pressure signal. Heart rate, cardiac output,
the first differential of the upstroke of systole (dF/df), stroke

volume (cardiac

output/heart rate), and total peripheral

conductance (cardiac output/mean arterial pressure) were
calculated from the aortic flow signal. Mean regional blood
flows and mean regional conductances (mean flow/mean

arterial pressure)
signals.

70

—FEe—e-eeeee
Baseline0 4 8 12

1000

(ml/lI/second)
=3
g

o
S
2

Baseline 0 4

30-

Baseline0 4 8

Fig. 4. The effect of intravenous administration of L-NNA on the cardiovascular responses to DiOHF in conscious sheep. L-NNA (10 mg/kg, followed by 5 mg/
kg/h for 13 h) was administered 1 hour before DIOHF (1 mg/kg) (L-NNA + DiOHF) or vehicle (L-NNA + VEH). Saline (50 ml followed by 30 ml/h for 13 h)
was administered 1 hour before DIOHF (1 mg/kg) (NaCl+ DiOHF). The solid bar indicates the period of L-NNA infusion, which started after a 30-min control
period, one hour before DiOHF or vehicle administration at time 0. ‘Feeding’ indicates the time at which the animals were fed. Abbreviations as Fig. 3. Results

were calculated from the regional flow

e

ertrrt

24

@®
-
N

TFeeding

12 16 24

Time (hours)

—m— NaCl + DiOHF

are means + S.E.M. *P<0.05 vs. NaCl+ DiOHF (n=5 per group).

2.3. Experimental protocols

Sheep were housed in individual metabolism cages in an
open laboratory in association with other sheep. They were
fed a diet of oaten chaff and water was offered ad libitum.
Sheep were not used for an experiment until they had fully
recovered from surgery and were accustomed to laboratory
conditions and human contact. Experiments were started
between 0930 and 1000 h and animals were fed between
1630 and 1700 h. An interval of at least 1 week was allowed
between experiments due to the long half-life of L-NNA and

the prolonged responses to DiOHF.

2.3.1. Haemodynamic effects of DiOHF
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Five treatments, normal control, vehicle, and DiOHF
(DiOHF, 0.1, 1.0, and 5.0 mg/kg) were given to conscious
sheep (n=5) in random order. Following 30 min of baseline
measurement, either DIOHF (Indofine Chemical, Belle
Mead, NJ, USA) dissolved in vehicle (0.5 ml of dimethyl
sulfoxide and 5 ml of polyethylene glycol) or vehicle was
injected intravenously over 3 min. Control animals received
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no treatment. Haemodynamic variables were recorded every
5 min for 24 h.

2.3.2. Effect of L-NNA on the cardiovascular responses to
DIiOHF

To determine whether the cardiovascular actions of
DiOHF depended on the release of endogenous nitric oxide,
the effect of pretreatment with the nonspecific NOS inhib-
itor L-NNA (Sigma, USA) on the responses to DIOHF was
examined. Sheep (n=5) were given three treatments in
random order: L-NNA plus DiOHF (L-NNA-+DiOHF), -
NNA plus vehicle (L-NNA-+vehicle), and saline plus DIOHF
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(NaCl+DiOHF). A dose of L-NNA was used that we have
shown causes a significant and prolonged increase in arterial
pressure and decrease in total peripheral conductance in
conscious sheep (Tresham et al., 1994). After 30 min of
baseline recording, L-NNA (bolus dose of 10 mg/kg, fol-
lowed by infusion at 5 mg/kg/h for 13 h) or saline vehicle
(bolus of 50 ml, followed by infusion at 30 ml/h for 13 h)
was given intravenously. At 1 h after administration of L-
NNA or saline, DIOHF (1 mg/kg) or vehicle (0.5 ml of
dimethyl sulfoxide in 5 ml of polyethylene glycol) was
injected intravenously. Data were collected at baseline and
every 5 min immediately after L-NNA infusion for 25 h.
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Fig. 5. The effect of intravenous administration of L-NNA on the regional haemodynamic responses to DiOHF in conscious sheep. L-NNA (10 mg/kg, followed by
5 mg/kg/h for 13 h) was administered 1 hour before DiIOHF (1 mg/kg) (L-NNA + DiOHF) or vehicle (L-NNA + VEH). Saline (50 ml followed by 30 ml/h for 13 h)
was administered 1 hour before DiIOHF (1 mg/kg) (NaCl+ DiOHF). The solid bar indicates the period of L-NNA infusion, which started after a 30-min control
period, one hour before DiIOHF or vehicle administration at time 0. ‘Feeding’ indicates the time at which the animals were fed. Results are means = S.E.M.
*P<0.05 vs. NaCl+DiOHF (n=5 per group). Abbreviations as Fig. 3. Results are means + S.E.M. *P<0.05 vs. NaCl+ DiOHF (n=5 per group).
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2.4. Statistical analysis

Data were analyzed by two-way repeated-measures anal-
ysis of variance, followed by Bonferroni’s test for multiple
comparisons (SigmaStat). Results are presented as mean+
S.E.M. P<0.05 was considered statistically significant.

3. Results
3.1. Haemodynamic effects of DIOHF

DiOHF (5 mg/kg) had significant prolonged actions on
the heart and regional vasculature—the main effects being
increases in heart rate and cardiac output, and vasodilatation
in the coronary and renal vascular beds (Fig. 1). The actions
of this dose were not significantly different from the
responses to the intermediate dose (I mg/kg), which are
described in detail below. The lowest dose of DiOHF (0.1
mg/kg) caused qualitatively similar changes, but these did
not reach significance. In comparison to vehicle, none of the
doses of DiOHF changed mean arterial pressure, stroke
volume, or dF/dt.

Treatment with DiOHF (1 mg/kg) caused no significant
changes in mean arterial pressure, central venous pressure,
dF/dt, or stroke volume, but from 6 h after administration, it
increased heart rate (from a basal level of 63+3 to 71+3
beats/min; P<0.05) and this effect was maintained for a
further 10 h (Fig. 2). Similarly, cardiac output was signifi-
cantly increased at 4 h after DiOHF treatment (from 4.0£0.2
to 4.84+0.3 l/min; P<0.05) and remained increased for a
further 12 h (Fig. 2). DiOHF also significantly increased total
peripheral conductance (from 51.24+3.9 to more than
58.9£3.7 ml/min/mm Hg; P<0.05) for more than 10 h,
which resulted from differential actions on individual vas-
cular beds. Coronary and renal conductances were signifi-
cantly increased from 4 to 12 h after DiOHF injection,
resulting in increases in coronary blood flow, from 31+1.5
to more than 38+1.0 ml/min (P<0.05), and increases in
renal blood flow, from 227+ 12 to more than 273+ 11 ml/min
(P<0.05; Fig. 3). In contrast, DIOHF had no effect on the
flows or conductances in the mesenteric and iliac vascular
beds. Compared with the control group, vehicle infusion had
no effect on systemic or regional haemodynamics.

3.2. Effect of L.-NNA on the cardiovascular responses to
DiOHF

After inhibition of NOS by L-NNA, there was a large and
sustained increase in mean arterial pressure for the 24 h that
measurements were made (Fig. 4). This was caused by the
significant and sustained peripheral vasoconstriction as
indicated by the reduction in total peripheral conductance
(Fig. 4), which resulted from substantial reductions in renal
and mesenteric conductances, but only minor changes in
coronary and iliac conductances (Fig. 5). These responses to

L-NNA were accompanied by decreases in heart rate, dF/d¢,
and cardiac output (Fig. 4).

In the presence of L-NNA, all the systemic and regional
haemodynamic actions of DiOHF were abolished (Figs. 4
and 5). The responses to L-NNA were identical in the L-
NNA+vehicle and the L-NNA+DiOHF groups, indicating
that the responses to L-NNA were not altered by treatment
with DIOHF (Figs. 4 and 5).

4. Discussion

The major findings of this study were that intravenous
administration of a novel synthetic flavonol, DiOHF, caused
a delayed but prolonged increase in total peripheral conduc-
tance in conscious sheep. Interestingly, this effect resulted
from selective vasodilatation in the renal and coronary
vascular beds, with no vasodilatation in the mesenteric or
iliac circulations. There was no reduction in arterial pressure
because the vasodilatation was accompanied by increases in
heart rate and cardiac output. The vasodilator and chrono-
tropic actions of DiIOHF were prevented by inhibition of
NOS, indicating that they were mediated by endogenous
nitric oxide.

We have reported that vasorelaxation to DiOHF in rat
isolated thoracic aorta was partially endothelium-dependent
(Chan et al., 2000). In the present study, the selective
vasodilator action of DiOHF in the coronary and renal
vascular beds was completely prevented by the inhibition
of NOS, suggesting that the vasodilator action of DiOHF in
these resistance vessels was nitric oxide-dependent. This is
in accord with several in vitro studies that have shown that
vasodilatation in response to a number of flavonoids is
mediated by nitric oxide (Andriambeloson et al., 1997;
Taubert et al., 2002). The relaxation of rat thoracic aorta
by an extract from red wine, which contains flavonoids, was
mediated by an increase in aortic nitric oxide production
(Andriambeloson et al., 1997) and, in porcine coronary
artery, the vasorelaxing activity of flavonoids was positively
associated with their ability to stimulate nitric oxide release
(Taubert et al., 2002).

The vasodilator action of DiIOHF was relatively slow in
onset, reaching significance after 4 h, and the action was
sustained for more than 10 h. To our knowledge, this is the
first report that acute administration of a flavonoid leads to a
long-lasting vasodilator action in selective vascular beds.
Flavonoids are known to have long half-lives in vivo. For
example, quercetin, a major dietary catechol-containing
flavonoid similar in structure to DiOHF, has a plasma
half-life of more than 20 h (Hollman et al., 1997). In
addition, it has been indicated that the metabolites of
quercetin had similar or higher vasorelaxation potency than
quercetin itself (Perez-Vizcaino et al., 2002). Hence, the
most likely explanation for the slow onset and prolonged
action is that DiOHF is slowly metabolized and eliminated,
and/or it has active metabolites with long half-lives. An
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alternative explanation is that DIOHF may have a genomic
action, which develops over hours and results in a prolonged
action. This possibility is supported by an in vitro study
which showed that red wine polyphenol extract increased
endothelial NOS expression and subsequent nitric oxide
release from endothelial cells (Leikert et al., 2002).

Administration of DiOHF resulted in strikingly different
responses in different vascular beds. The vasodilatation and
increase in blood flow in the coronary vasculature were
probably due to a direct effect of DiIOHF, combined with a
response to the increased metabolic demand of the heart due
to increased cardiac work as cardiac output increased.
Although DiOHF caused no vasodilatation in the mesenteric
or iliac vascular beds, it caused a significant, prolonged
vasodilatation and an increase in blood flow in the kidney. It
has been demonstrated that there is a linear relationship
between dietary intake and urinary excretion of flavonoids
(Lampe, 2003), indicating that the kidney may be exposed
to higher concentrations of DiOHF than other organs.
Moreover, recent studies indicate that some flavonoid
metabolites have more potent biological actions than their
precursors (Chin-Dusting et al., 2001; Liew et al., 2003;
Perez-Vizcaino et al., 2002). Thus, DiOHF and its metab-
olites, which may be more active than their parent com-
pound, may accumulate in the kidney and cause renal
vasodilatation. The lack of any vasodilatation in the mes-
enteric and iliac vascular beds may reflect the lack of
accumulation of DiOHF or its metabolites in these organs,
leading to an insufficient increase in nitric oxide to cause
vasodilatation.

The actions of natural flavonoids on arterial pressure
have been examined in a number of studies. In normoten-
sive rats, short-term oral administration of red wine poly-
phenolic compounds caused a progressive decrease in
systolic blood pressure (Diebolt et al., 2001), and intrave-
nous infusion of dioclein decreased blood pressure by
reducing peripheral vascular resistance (Cortes et al.,
2001). Similarly, quercetin was demonstrated to reduce the
elevated blood pressure and to reverse functional vascular
changes in spontaneously hypertensive rats but not on
normotensive controls (Duarte et al., 2001). In contrast,
although we found that DiOHF caused vasodilatation, it did
not decrease mean arterial pressure because the increase in
cardiac output offset the impact of vasodilatation on blood
pressure. Following DiOHF injection, there was no signif-
icant increase in dF/d¢, an accurate index of myocardial
contractility when preload and afterload are stable (de Wildt
and Sangster, 1983), suggesting that the increase in cardiac
output did not result from an inotropic action of DiOHF, but
from its chronotropic action. The mechanisms causing the
tachycardia are unclear but may also be attributed to nitric
oxide, as the chronotropic action of DiOHF was prevented
by NOS inhibition. This suggestion is supported by the
demonstration that the chronotropic action of nitric oxide
donors is not only a baroreflex response to vasodilatation,
but that endogenous nitric oxide has direct actions on the

autonomic control of the heart (Chowdhary and Townend,
1999) and exerts a tonic chronotropic influence on the
denervated human heart (Chowdhary et al., 2002). It is
unlikely that the chronotropic effect of DiOHF was due to
baroreflex-induced activation of cardiac sympathetic nerves
or withdrawal of cardiac vagal tone because arterial pressure
was not reduced.

In summary, this is the first report of the vascular and
cardiac actions of the synthetic flavonol, DiOHF, revealing a
delayed but long-lasting vasodilator effect in conscious
animals. The selective coronary and renal vasodilator
actions of DIOHF were completely abolished by L-NNA,
a nonspecific NOS inhibitor, indicating that endogenous
nitric oxide mediates these effects. Constitutive endogenous
nitric oxide production is crucial to maintain vascular
homeostasis, and impaired endothelial nitric oxide forma-
tion is one of the first signs observed in atherosclerosis
(Dusting, 1995; Vanhoutte, 1997). Thus, an action of
flavonoids on endogenous nitric oxide may contribute to
their protective effect demonstrated in epidemiological stud-
ies and experimental ischaemia/reperfusion injury.
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