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Despite a substantial effort to identify locally formed

vasoactive compounds, responsible for the large increases in

blood flow to skeletal muscle that occur with exercise, this

issue remains largely unsolved. In many tissues, including

skeletal muscle, endothelial-derived hyperpolarizing factors

(EDHF) have been identified as factors that, independently

of NO and prostanoids, can hyperpolarize smooth muscle,

and thereby elicit vasodilatation, in response to substances

that enhance endothelial calcium levels, e.g. acetylcholine

and bradykinin (Bolz et al. 1999; Fisslthaler et al. 2000).

Several different EDHFs appear to exist in different tissues

and vessels (Quilley et al. 1997), although in coronary

arteries of several species (Pinto et al. 1987; Hecker et al.
1994) the EDHF phenomenon involves a cytochrome P450

(CYP) epoxygenase-derived product. In porcine coronary

arteries, a CYP 2C isoform homologous to CYP 2C9 plays a

crucial role in the generation of the bradykinin-induced,

endothelium-dependent hyperpolarization of vascular

smooth muscle cells and the subsequent NO synthase- and

cyclooxygenase-independent vasodilatation (Fisslthaler et
al. 2000).

In human skeletal muscle, bradykinin has been reported to

induce hyperaemia independently of NO and prostanoids,

suggesting an EDHF-mediated mechanism (Halcox et al.
2000) Recent in vitro studies have, moreover, demonstrated

that a product of a CYP 2C enzyme homologous to CYP 2C8

and CYP 2C9 regulates EDHF-mediated responses in

hamster skeletal muscle resistance arteries (Bolz et al. 2000).

Thus, CYP 2C9 is clearly a potential candidate in the

regulation of exercise hyperaemia in humans.

We and others have previously shown that inhibition of NO

synthesis by systemic infusion of either Nv-monomethyl-

L-arginine (L-NMMA; Shoemaker et al. 1997; Bradley et al.
1999; Rådegran & Saltin, 1999) or Nv-nitro-L-arginine

methyl ester (L-NAME; Frandsen et al. 2001) in humans does

not alter blood flow during exercise. These observations

could indicate redundancy, i.e. that the compromised

synthesis of NO can be compensated for by the enhanced

formation of other vasodilators. Although the vasodilators

adenosine, PGI2 or potassium do not appear to be

compounds responsible for a redundancy effect during NOS
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blockade (Frandsen et al. 2000), other vasoactive substances,

such as 11,12-EET (11,12-epoxyeicosatrienoic acid), could

be of importance as there is evidence suggesting that NO can

inhibit CYP 2C (Bauersachs et al. 1996; Fleming et al. 2001).

Thus, the formation of CYP 2C-derived products may be

enhanced when NO synthesis is diminished, thereby

maintaining blood flow during exercise.

In the present study we examined the role of CYP 2C9 in the

regulation of skeletal muscle blood flow at rest and during

exercise in humans by arterial infusion of sulfaphenazole.

Sulfaphenazole is a highly specific inhibitor of CYP 2C9

(Mancy et al. 1996; Fleming et al. 2001) that has been shown

to have no direct effect on K+
Ca channel activity in either

endothelial or smooth muscle cells (Fisslthaler et al. 1999,

2000; Fleming et al. 2001). To elucidate a possible interaction

between CYP 2C9 and NO synthase, arterial infusion of

sulfaphenazole was also combined with simultaneous

infusion of the NO synthase inhibitor L-NMMA.

METHODS
Subjects
Seven healthy male subjects aged between 19 and 29 years, with an
average height of 182 cm (range: 176–192 cm), and an average body
mass of 76.3 kg (64.1–86.3 kg), participated in the study. The
subjects were fully informed of any risks and discomforts associated
with the experiments before giving their written informed consent to
participate. The experiments were carried out in accordance with the
guidelines contained in the Declaration of Helsinki. The study was
approved by the Ethics Committee of Copenhagen and
Frederiksberg communities.

Experimental design and procedures
The exercise model used was the one-legged knee extensor model
that allows the exercise to be confined to the quadriceps muscle
(Andersen et al. 1985). Before the experiment the subjects practised
the exercise on several occasions.

On the experimental day, two femoral arterial and one femoral
venous catheter were placed under local anaesthesia. In the non-
experimental leg a femoral arterial catheter was positioned
10-20 mm proximal to the inguinal ligament for blood sampling and
measurements of blood pressure. In the experimental leg, a femoral
arterial catheter, for the infusion of sulfaphenazole and L-NMMA,
and a femoral venous catheter, for blood sampling and for
measurements of blood temperature, were placed 1-2 cm distal to
the inguinal ligament. The thermistor (Edslab probe 94-0.30-2.5F)
was inserted and advanced 80–100 mm proximal to the tip. ECG
electrodes were placed on the chest to measure heart rate.

Experimental protocol
The experimental protocol consisted of a 10 min rest period, a
10 min one-legged knee extensor exercise period at work rate of
30 W and a 10 min recovery period, repeated three times on the
same day. The work rate of 30 W was selected to be the highest
possible that could be performed for the required time by all
subjects. During each of the three trials, blood samples were drawn
from the femoral artery and vein at 3, 6 and 9 min of rest, after 1, 3, 5,
7 and 9 min of exercise as well as 1, 2, 5 and 9 min into the recovery
period. Before and after blood sampling, femoral venous blood flow
was measured by the thermodilution technique (Andersen & Saltin,

1985; Gonzáles-Alonso et al. 2000). A cuff was placed below the knee
to avoid contribution of blood from the lower leg.

The first part of the protocol was performed without infusion
(CON1SULF), the second part with femoral arterial infusion of
sulfaphenazole (SULF; Clinalfa, Laufelfingen, Switzerland) and the
third part again without infusion (CON2SULF). The first and the
second parts were separated by 1 h and the second and third parts
were separated by 2 h. The sulfaphenazole was infused at a constant
rate of 0.29 mg min_1 (l thigh volume)_1 at rest and at
2.87 mg min_1 (l thigh volume)_1 during the first 6 min of exercise.
Infusion was terminated after 6 min in order to examine whether the
effect of inhibition on flow was abolished upon cessation of infusion.

On a separate occasion the whole protocol was repeated, but this
time, instead of infusion of sulfaphenazole alone, L-NMMA was first
infused for 10 min at rest, and sulfaphenazole was then co-infused
with L-NMMA for another 10 min at rest and for 6 min during
exercise (LN + SULF). L-NMMA was infused at a constant rate of
5 mg min_1 (l thigh volume)_1 for the first 5 min (bolus) and
thereafter at a rate of 1 mg min_1 (l thigh volume)_1 for the
following 15 min at rest and 6 min of exercise. Sulfaphenazole was
infused as in SULF. The data obtained in SULF or in LN + SULF
were compared with the mean of the values obtained during CON1
and CON2 of the respective protocol (CONSULF and CONLN+SULF).

Before exercise, the leg was passively moved for 5 s in order to
accelerate the flywheel to obtain a constant power output from onset
of exercise and the kicking frequency was kept constant at 60 r.p.m.
by a metronome. Force tracings from a strain-gauge as well as
kicking frequency were continuously recorded during each of the
exercise periods.

Blood analysis
Oxygen saturation of blood and haemoglobin concentration was
determined spectrophotometrically (Radiometer OSM-3
Hemoximeter). PJ, PCJ and pH were measured with the Astrup
technique (ABL 30, Radiometer, Copenhagen, Denmark). Lactate
was analysed on haemolysed blood (Foxdal et al. 1992).

Determination of thigh volume
The volume of the quadriceps femoris muscle group was estimated
anthropometrically (Jones & Pearson, 1969) and corrected based
on a comparison between MR scan and anthropometric
determinations. The mean thigh volume of the experimental leg was
9.29 l (range: 7.70–9.97 l).

Immunohistochemistry
Frozen human skeletal muscle biopsy samples, cut in 8 mm thick
sections, were air-dried and fixed in ice-cold acetone for 30 s. Serial
sections were stained for CYP 2C9 with primary antibody (458209;
Gentest, Woburn, MA, USA) and for endothelial cells with primary
antibody CD31 (M0823; DAKO A/S, Glostrup, Denmark). The
antibodies were incubated for 1 h and binding was visualized by
incubation with a secondary antibody coupled to biotin, followed by
a streptavidin–FITC complex.

Statistics
Data are means ± standard error of the mean (S.E.M.). Two-way
analysis of variance with repeated measures was used for evaluation
of changes during the exercises between CON and SULF and CON
and LN + SULF. One-way ANOVA was used to determine the effect
of L-NMMA infusion at rest and Newman-Keuls post hoc tests were
used to locate differences. A P-value less than 0.05 was regarded as
significant.

T. Hillig and others308 J. Physiol. 546.1
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RESULTS
Thigh blood flow
In CONSULF thigh blood flow at rest was 0.45 ± 0.07 l min_1.

It increased during exercise to 3.85 ± 0.44 l min_1 at 9 min

and decreased during recovery to 1.50 ± 0.23 l min_1 at

1 min (P < 0.05, Fig. 1A). In SULF thigh blood flows at rest,

during exercise and in recovery were similar to those in

CONSULF (P > 0.05; Fig. 1A).

In LN + SULF, infusion of L-NMMA alone at rest lowered

thigh blood flow from 0.46 ± 0.08 to 0.28 ± 0.04 l min_1

(P < 0.05), but flow at rest was not further lowered with

additional infusion of sulfapenazole (P > 0.05; Fig. 1B).

During exercise in LN + SULF, thigh blood flow during

3–9 min of exercise was on average 16± 4 % lower than in

CONLN+SULF, with levels reaching 3.67 ± 0.31 and 4.29 ±

0.20 l min_1, respectively, at 9 min (P < 0.05; Fig. 1B). In

recovery, no difference between thigh blood flow in

CONLN+SULF and LN + SULF was observed (P > 0.05).

Thigh vascular conductance
Vascular conductance was similar in CONSULF and SULF at

all times (P > 0.05; Fig. 1C). In LN + SULF, infusion of

L-NMMA alone at rest lowered vascular conductance from

3.1 ± 1.0 to 2.5 ± 0.3 ml min_1 mmHg_1 (P < 0.05) and no

further reduction was observed with co-infusion of

sulfaphenazole (P > 0.05, Fig. 1D). During exercise in

LN + SULF, vascular conductance was on average 16 ± 6 %

lower than in CONLN+SULF with levels reaching 27.4 ± 2.3

and 32.5 ± 1.5 ml min_1 mmHg_1, respectively, at 9 min

(P < 0.05).

Thigh oxygen uptake
In CONSULF, femoral oxygen extraction (a-vdiff,J) was

75 ± 5 ml l_1 at rest and increased during exercise (5 min:

Cytochrome P450 2C9 in exercise hyperaemiaJ. Physiol. 546.1 309

Figure 1. Thigh blood flow and vascular conductance in subjects at rest, during knee
extensor exercise (30 W) and in recovery
Measurements were performed during control conditions, with infusion of the CYP 2C9 inhibitor
sulfaphenazole, and with infusion of sulfaphenazole in combination with the NO synthase inhibitor Nv-
monomethyl-L-arginine (L-NMMA). Blood flow during control conditions (1) and infusion of
sulfaphenazole (0) (A). Blood flow during control conditions (1) and infusion of L-NMMA and
sulfaphenazole (0) (B). Vascular conductance during control conditions (1) and infusion of sulfaphenazole
(0) (C). Vascular conductance during control conditions (1) and infusion of L-NMMA and sulfaphenazole
(0) (D). #P < 0.05 vs. pre-infusion; *P < 0.05 vs. control.
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142 ± 6 ml l_1, P < 0.05; Fig. 2A). The levels of a-vdiff,J at rest

and during exercise in SULF were similar to those in

CONSULF (P > 0.05). In recovery in CONSULF, a-vdiff,J had

decreased to 73 ± 4 ml l_1 (P < 0.05) after 1 min, and the

levels in SULF were not different from those in CONSULF

(P > 0.05). In CONSULF, thigh oxygen uptake was

35 ± 7 ml min_1 at rest, increased during exercise (9 min:

545 ± 64 ml min_1, P < 0.05) and decreased again in

recovery (P < 0.05; Fig. 2C). The corresponding levels

during SULF were not different from those in CONSULF

(P > 0.05; Fig. 2C).

In LN + SULF, oxygen extraction was higher than in

CONLN+SULF at rest, during the first 3 min of exercise, and

from 5 to 10 min of recovery (P < 0.05; Fig 2B). Thigh

oxygen uptake in LN + SULF was similar (P > 0.05) to that

in CONLN+SULF at rest and in recovery, but on average

12 ± 3 % lower from 3–9 min of exercise (9 min: 525 ± 46 vs.
594 ± 24 ml min_1, P < 0.05; Fig. 2D).

Blood lactate and pH
Venous–arterial lactate difference (v-adiff,lactate) was

0.1 ± 0.0 mmol l_1 at rest in CONSULF and increased

(P < 0.05) to 0.8 ± 0.2 mmol l_1 after 3 min of exercise and

had decreased again to 0.2 ± 0.1 mmol l_1 after 10 min of

recovery (P < 0.05). There was no net lactate release from the

thigh in CONSULF at rest, but a significant release was

observed during exercise and in recovery (Fig. 3A). The

v-adiff,lactate and lactate release were similar (P > 0.05) in SULF

and in CONSULF.

T. Hillig and others310 J. Physiol. 546.1

Figure 2. Muscle oxygen extraction and oxygen uptake determined from measurements of
arterial and venous oxygen content differences and blood flow in subjects at rest, during
knee extensor exercise (30 W) and in recovery
Measurements were performed during control conditions, with infusion of the CYP 2C9 inhibitor
sulfaphenazole, and with infusion of sulfaphenazole in combination with the NO synthase inhibitor Nv-
monomethyl-L-arginine (L-NMMA). Oxygen extraction during control conditions (1) and infusion of
sulfaphenazole (0) (A). Oxygen extraction during control conditions (1) and infusion of L-NMMA and
sulfaphenazole (0) (B). Oxygen uptake during control conditions (1) and infusion of sulfaphenazole (0)
(C). Oxygen uptake during control conditions (1) and infusion of L-NMMA and sulfaphenazole (0) (D).
*P < 0.05 vs. control.
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In LN + SULF, v-adiff,lactate at rest was similar (P > 0.05) to in

CONLN+SULF but lower from 5–7 min of exercise (5 min:

0.6 ± 0.1 vs. 0.8 ± 0.2 mmol l_1; P < 0.05) and at 2–5 min of

recovery (P < 0.05). In LN + SULF, thigh lactate release

during exercise was lower than in CONLN+SULF (P < 0.05),

whereas no difference was observed at rest or in recovery

(Fig. 3B). There were no differences in arterial or venous pH

between the trials (P > 0.05).

Heart rate and mean arterial pressure
No differences in heart rate were observed between SULF

and CONSULF. In LN + SULF, resting heart rate decreased

(P < 0.05) during infusion of L-NMMA alone with no

further change with co-infusion of L-NMMA and

sulfaphenazole (P > 0.05; Table 1). Prior to exercise, during

exercise and in recovery in LN + SULF, heart rate was lower

than in CONLN+SULF (P < 0.05). Mean arterial pressures

(MAP) at rest, during exercise and in recovery in SULF and

LN + SULF were not different from CONSULF and

CONLN+SULF, respectively (Table 1).

Distribution of CYP 2C9 in human skeletal muscle
Immunopositive staining for CYP 2C9 was observed in

microvascular endothelial cells whereas no staining was

detectable in the skeletal muscle cells (Fig. 4).

Cytochrome P450 2C9 in exercise hyperaemiaJ. Physiol. 546.1 311

Figure 3. Muscle lactate release determined from
measurements of arterial and venous lactate differences
and blood flow in subjects at rest, during knee extensor
exercise (30 W) and in recovery
Measurements were performed during control conditions, with
infusion of the CYP 2C9 inhibitor sulfaphenazole, and with
infusion of sulfaphenazole in combination with the NO synthase
inhibitor Nv-monomethyl-L-arginine (L-NMMA). Lactate release
during control conditions (1) and infusion of sulfaphenazole (0)
(A). Lactate release during control conditions (1) and infusion of
L-NMMA and sulfaphenazole (0) (B). *P < 0.05 vs. control.
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DISCUSSION
The results of the present investigation demonstrate that the

simultaneous inhibition of CYP 2C9 and NOS leads to

a significant reduction in blood flow and vascular

conductance during exercise. This observation indicates that

CYP 2C9-derived intermediates play an important role in

the regulation of exercise hyperaemia in humans. In a

previous study, using the same dose of L-NMMA as in the

current study, we have shown that NOS blockade does not

alter exercise-induced hyperaemia in humans (Rådegran &

Saltin, 1999). Thus, as inhibition of CYP 2C9 alone in the

present study also did not affect exercise-induced increases

in blood flow, our data further suggest that there is a close

interaction between a CYP-derived product and NO

formation, and it is likely that this CYP-derived product can

compensate for an impaired synthesis of NO to maintain an

adequate blood supply to the muscle. Moreover, oxygen

extraction during the combined inhibition of CYP 2C9 and

NO synthase was not sufficiently elevated to compensate for

the reduced blood flow, thus oxygen uptake during exercise

was lower than in control.

Many recent studies have concentrated on elucidating the

potential role of NO in the regulation of skeletal muscle

blood flow during exercise. Although there has been some

disagreement with regard to the effect of NO synthase

inhibition on exercise-induced hyperaemia, most studies

performed in humans, using either thermodilution or the

ultrasound Doppler technique for blood flow determination,

report no effect of NOS inhibition (Shoemaker et al. 1997;

Bradley et al. 1999; Frandsen et al. 2001). The difficulty in

identifying crucial vasodilators probably lies in the concept

of redundancy, which implies that no effect on flow can be

observed when the production of only one vasodilator is

inhibited. In the present study co-infusion of the CYP 2C9

inhibitor sulfaphenazole and the NOS inhibitor L-NMMA

resulted in a significant decrease in muscle blood flow and

vascular conductance during exercise. Neither sulfa-

phenazole nor L-NMMA (Rådegran & Saltin, 1999) alone

altered exercise-induced changes in blood flow. Taken

together, these observations highlight two important

aspects. The first is the identification of a CYP-dependent

mechanism in the regulation of exercise-induced changes in

skeletal muscle blood flow; the other is the in vivo
documentation of redundancy between NO- and CYP-

derived products, most probably EETs. Although the

inhibition of NO synthase and CYP 2C9 only partially

reduced the exercise-induced blood flow, our observation

demonstrates for the first time that blood flow in the

exercising human muscle can be altered by this double

blockade and that CYP P450 metabolites are likely to be

involved in the regulation of flow. This observation opens up

the possibility that also other, possibly related, compounds

are involved so that when NO synthase and CYP 2C9 are

inhibited they compensate and maintain blood flow

relatively high, and it will be important to continue to search

for such additional compounds.

At rest blood flow and vascular conductance were lowered

with L-NMMA infusion alone, to a similar extent as observed

in previous studies using NOS blockade (Shoemaker et al.
1997; Rådegran & Saltin, 1999). As L-NMMA alone has no

effect on vascular conductance during exercise (Rådegran &

Saltin, 1999) the change in conductance occurring with

blockade at rest appears to be overcome during exercise.

Thus, as co-infusion of L-NMMA and sulfaphenazole did

not reduce conductance at rest below that observed with

NOS blockade alone, the decrease in conductance with co-

infusion during exercise is likely to be independent of that at

rest.

EETs, such as 11,12- and 14,15-EET, which are generated by

CYP 2C9 (Bylund et al. 1998), have previously been

identified as hyperpolarizing factors in the porcine coronary

artery (Fisslthaler et al. 2000) as well as several other vascular

beds (Quilley et al. 1997; DeWit et al. 1999). However, as

neither the membrane potential nor EET production could

be determined in the present study it is not possible to

conclude that a specific EET, e.g. 11,12-EET, in human

skeletal muscle elicits relaxation by inducing the

hyperpolarization of vascular smooth muscle cells or via

another mechanism. Nevertheless, bradykinin-mediated,

nitric oxide- and prostaglandin-independent forearm

vasodilatation has been shown to be suppressed by high

intravascular K+ concentrations suggesting the involvement

of a hyperpolarizing factor in human skeletal muscle

vasculature (Halcox et al. 2000). Furthermore, Bolz and co-

workers (2000) demonstrated that a CYP 2C isoform, highly

homologous to CYP 2C8 and CYP 2C9, appears to be

involved in the acetylcholine-induced generation of EDHF

responses in hamster gracilis muscle. It therefore appears

T. Hillig and others312 J. Physiol. 546.1

Figure 4. Distribution of CYP 2C9 in microvascular
endothelium (white arrows) of human skeletal muscle
Inset shows negative control. Scale bar represents 50 µm.
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likely that the CYP-dependent vasodilating effect described

in the present study is related to the generation of a

hyperpolarizing factor such as EET in human skeletal

muscle, and that the vasodilator response is initiated by the

hyperpolarization of vascular smooth muscle cells.

The stimulus for the activation of CYP 2C9 in skeletal muscle

tissue during exercise is not certain. It has been

demonstrated that a cytochrome P450-dependent EDHF

mediates flow-induced dilation in skeletal muscle arterioles

of female eNOS-KO mice (Huang et al. 2001), and that cyclic

stretch enhances CYP 2C9 activity in endothelial cells

(Fisslthaler et al. 2001) and increases the generation of a

cytochrome P450-dependent EDHF from the porcine

coronary artery (Popp et al. 1998; Paolocci et al. 2001). Thus,

considering the observed localization of CYP 2C9 in the

vascular endothelium in human skeletal muscle, it appears

plausible that pulsatile stretch and fluid shear stress are

stimuli for the generation of cytochrome P450 metabolites in

human muscle. However, it cannot be excluded that also

other, yet unknown, stimuli for CYP 2C9 activation in

human muscle tissue may exist.

There was some individual variation in the response to

infusion of sulfaphenazole in combination with L-NMMA.

In order to examine whether the response in blood flow was

dose-dependent the experiment with dual infusion of

L-NMMA and sulfaphenazole was repeated in two subjects:

one high responder and one low responder. The dose of

sulfaphenazole was doubled whereas the L-NMMA dose was

kept unaltered. In the low-responder the reduction in blood

flow compared with control was 4 % with the lower dose and

23 % with the higher dose of sulfaphenazole, whereas in the

high-responder the reduction in flow was similar with the

high and with the low dose (11 and 12 %). This finding

indicates that whereas the initial dose of sulfaphenazole

infused in the present study is adequate for some individuals,

others require a greater amount for full inhibition of

CYP 2C9.

In the present study we observed that the lower flow during

exercise with inhibition of both NOS and CYP 2C9 was not

sufficiently compensated for by an increase in oxygen

extraction and, thus, muscle oxygen uptake was lower than

in control. This was most likely not due to an inability of the

muscle to increase extraction as skeletal muscle has a

maximal capacity for oxygen extraction of about 180 ml l_1

and extraction in LN + SULF was only about 145 ml l_1. The

lowering of oxygen uptake appears to have been the result of

the combined inhibition of CYP 2C9 and NO synthase as

neither CYP 2C9 inhibition alone nor NO synthase

inhibition alone (Frandsen et al. 2001) affect oxygen uptake

in humans. In animals and isolated mitochondria, inhibition

of NO synthase has been shown to increase oxygen uptake

(Shen et al. 1994; Brown, 1995) and the mechanism behind

the current finding of reduced oxygen uptake during the

combined blockade of CYP 2C9 and NOS must therefore be

different from that observed in animals treated with a NOS

inhibitor alone. The decrease in oxygen uptake during

inhibition of NOS and CYP 2C9 was accompanied by a lower

lactate release from the exercising leg compared with control,

implying that the anaerobic energy contribution was also

lowered. It therefore appears that the efficiency of the muscle

was improved, either by an enhanced contractile efficiency

or by an elevated P/O ratio in the mitochondria. Although

CYP 2C9 was observed to be localized in the capillary

endothelium and not in the skeletal muscle cells, it is not

unlikely that the CYP 2C9 metabolite could affect the muscle

cells. There are several examples of signalling between

parenchymal and vascular cells and it has, for example, been

shown that eNOS present in the vascular endothelium affects

muscle mitochondrial respiration and consequently oxygen

uptake (Shen et al. 1995).

Another possibility is that the lowered oxygen uptake was

compensated for by a higher anaerobic energy production

and that the efficiency of the muscle was unaltered during the

double blockade, despite the lowered release of lactate. As

muscle biopsies were not obtained in the present study it

cannot be excluded that the muscle lactate concentration

was increased during the double blockade and that the

lactate transport was markedly reduced during this

condition. However, as lactate release was unaltered with

sulfaphenazole infusion alone and with L-NMMA infusion

alone (Rådegran & Saltin, 1999), it seems unlikely that the

combination of these inhibitors would have decreased

lactate transport. Thus, it appears probable that the

mechanical efficiency is elevated when both CYP 2C9 and

NO synthase are inhibited simultaneously, but the

mechanism behind this effect remains unclear.

During the inhibition with L-NMMA and sulfaphenazole,

heart rate was reduced by approximately 8 beats min_1

during exercise, whereas blood pressure remained unaltered,

suggesting that the lowered heart rate was not an effect of a

baroreceptor reflex. Therefore, as sulfaphenazole or

L-NMMA (Rådegran & Saltin, 1999) infusion alone had no

effect on exercise blood flow or heart rate, a probable

explanation for the lowered heart rate during exercise, with

the combined inhibition, is the reduction in blood flow to

the leg. Whether the mechanism underlying the lowering of

heart rate when blood flow was reduced is related to the

alteration in oxygen uptake and/or energy metabolism

remains to be elucidated.

In conclusion, the results of the present study demonstrate

that a CYP 2C9-dependent product plays an important role

in the regulation of skeletal muscle blood flow. The effect of

this compound is only revealed upon dual inhibition of NOS

and CYP 2C9. Based on this finding and observations from

in vitro models in the literature, we propose that there is

redundancy between a CYP 2C9-derived product and NO in

that the CYP 2C9 metabolite can take over as vasodilator

when NO formation is diminished. Thus, in vivo, where
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certain disease states are known to reduce the bioavailability

of NO, CYP 2C9 metabolites, such as 11,12-EET, may

compensate for the loss of NO and maintain blood flow to

the working muscle.
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