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SUMMARY 

1. Experiments were designed to determine the effects of low concentrations (5-500 nmol/L) of 
naftidrofuryl, a 5-hydroxytryptamine (5-HT) antagonist, on renal functions and prostanoid synthesis 
responses to noradrenaline (NA) and 5-HT. Isolated kidneys of 8 week old male spontaneously 
hypertensive rats were perfused at a constant flow rate in a single-pass system. 

2. In baseline conditions, naftidrofuryl did not modify the renal vascular resistance and the 
glomerular filtration rate (GFR), although it elicited a significant but not dose-dependent increase in 
the venous excretion of 6-keto-prostaglandin (PG) Fla and thromboxane (Tx)Bz, the stable end- 
products of PGIz and TxAz, respectively. 

3. NA increased renal vascular resistance and GFR in a dose-dependent manner and enhanced 
the venous excretion of 6-keto-PGFla and TxBz. Naftidrofuryl significantly attenuated the effects of 
NA on renal vascular resistance, abolished those on GFR and enhanced, at the highest concentration 
(500 nmol/ L) only, those on 6-keto-PGFla excretion. 

4. 5-HT increased renal vascular resistance but not GFR. It did not change the sodium 
excretion and the release of 6-keto-PGFla and TxBz. Naftidrofuryl blunted the RVR response to 
5-HT without change in the prostanoid release. The inhibitory action of naftidrofuryl was not 
modified by indomethacin which, by itself, prevented the vasoconstrictor response to 5-HT. 

5 .  It is concluded that, in isolated perfused kidneys of SHR, naftidrofuryl inhibits the 
contractile response to 5-HT and NA; this effect is not dependent upon changes in synthesis of PGIz 
or TXAZ and the vasoconstrictor effect of 5-HT involves the release of a cyclooxygenase metabolite 
that differs from TXAZ. 

Key words: 5-hydroxytryptamine, isolated kidney, naftidrofuryl, noradrenaline, prostanoids, spon- 
taneously hypertensive rat. 

INTRODUCTION 

Naftidrofuryl [2-(diethylamino)-ethyl-tetrahydro-a- 
(l-naphthylmethyl)-2-furanpropionate)] increases peri- 
pheral and cerebral blood flow in animals (Cosnier et 
al. 1977; Luong & Depin 1981; Moore et al. 1982; 
Young et al. 1983) as well as in humans (Levy & 
Wallace 1977). Its mechanisms of action remain to be 

fully elucidated, although it has been demonstrated 
that naftidrofuryl blocks the 5-hydroxytryptamine (5- 
HT)z receptors (Maloteaux et al. 1986; Hollenberg & 
Nie 1990) and antagonizes the vasoconstriction evoked 
in vitro by 5-HT on the canine femoral artery (Zander 
et al. 1986) and rabbit middle cerebral artery (Oudart 
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1990) and in vivo on the mouse cerebral arteries 
(Rosenblum 1987). In addition, naftidrofuryl depresses 
the contractions of canine saphenous veins evoked by 
electrical stimulation of the adrenergic nerve endings 
(Zander et al. 1986). 

The renal effects of naftidrofuryl have been poorly 
studied. Since 5-HT has been demonstrated in vivo to 
either increase (Spinazzola & Sherrod 1957; Shoji et 
al. 1989) or decrease the renal blood flow (Emanuel et 
al. 1959; Vyden et al. 1974), it appeared of interest to 
assess the effects of 5-HT on the renal vascular bed and 
their alteration by naftidrofuryl. In order to eliminate 
the influence of endogenous vasoconstrictor agents, a 
single-pass perfused isolated kidney preparation was 
chosen. Kidneys were obtained from spontaneously 
hypertensive rats (SHR) which exhibit an enhanced 
response to 5-HT (Atkinson 1987; Tuncer & Vanhoutte 
1991). The specificity of naftidrofuryl effects was 
assessed by comparing its action on the responses to 
5-HT and to noradrenaline (NA). In addition, since 
vasodilator prostaglandins modulate the renal effects 
of 5-HT (Blackshear et al. 1991), we also determined 
the effects of naftidrofuryl on the renal synthesis of 
prostanoids, and examined the consequences of an 
indomethacin pretreatment. 

METHODS 

Experiments were performed in 8 week old male SHR 
(Iffa-Credo, Les Oncins, France) weighing between 
190 and 250 g. Their indirect systolic blood pressure, 
measured by a tail-cuff method on 2 consecutive days 
immediately before the experiment, averaged 166 f 5 
mmHg. 

Isolated kidney preparation 
After rats were anaesthetized with sodium pentobarbital 
(45 mg/ kg, i.p.), the right kidney was isolated accor- 
ding to Schmidt & Imbs (1980). Briefly, after a midline 
abdominal incision, the right adrenal artery and small 
lumbar arteries were tied off. The right kidney was 
removed from peripheral fat pads and transferred 
without interruption of the renal blood flow to a 
small metallic double-walled cup, which was main- 
tained at 37' C with a thermostated water circulation. 
After an injection of heparin (1000 U, i.v.), four 
polyethylene catheters were inserted into (i) the su- 
perior mesenteric artery, facing the origin of the right 
renal artery, to ensure perfusion of the kidney; (ii) the 
infrarenal aorta to allow the measurement of the renal 
perfusion pressure (RPP); (iii) the suprarenal vena 
cava to collect the renal venous effluent; and (iv) the 

ureter for collecting urine samples. The left renal 
artery was then ligated and, immediately after the 
beginning of the perfusion, the suprarenal aorta and 
the infrarenal vena cava were tied off. The right 
kidney was then excised, trimmed of adhering tissue 
and completely isolated. The left kidney was removed 
and weighed. 

Perfusion medium 
The perfusate used was a blood-free modified Krebs- 
Henseleit solution. It was continuously aerated with 
95% 02 and 5% COZ mixture and single-pass perfused 
in an open thermostatically controlled circuit with a 
peristaltic pump (Minipuls 2; Gilson, Paris, France) 
at a constant flow rate, providing a perfusion pressure 
of 1 10 * 1.4 mmHg for all preparations. 

Renal function parameters and prostanoid 
synthesis 
The RPP (mmHg) was continuously recorded (Model 
BS 273; Statham Instrument Division, Gould Inc., 
Cleveland, OH, USA) at the aorto-renal artery junction 
through a pressure transducer (Model P23ID; Statham 
Instrument Division, Gould Inc., Oxnard, CA, USA). 
Renal perfusate flow (RPF, mL/min per g) was 
maintained constant and measured by weighing the 
venous effluent. Renal vascular resistance (RVR, 
mmHg/mL per min per g) was calculated as the ratio 
RPP/ RPF. Glomerular filtration rate (GFR, mL/ min 
per g) was determined by polyfructosan clearance 
(Technicon autoanalyser), and the sodium concen- 
tration by flame photometry (IL meter, model 243). 
The fractional reabsorption of sodium (RNa, %) was 
calculated from GFR, perfusate sodium concentration 
and urinary sodium excretion (UNaV, pEq/min per 
g). The excretion of 6-keto-prostaglandin (PG) Fla! 
(ng/ min per g) and thromboxane (Tx) BZ (ng/ min per 
g) in the venous effluent was used as an index of the 
renal synthesis of PGIz and TxAz, respectively and 
their concentrations were measured using specific 
immunoassays (Benzoni et al. 1982; Geoffroy et al. 
1985) after extraction and high-performance liquid 
chromatography separation. The parameters were 
corrected by the weight of the unperfused left kidney. 

Protocols 
Protocol I: Action of naftidrofuryl on the 
effects of NA 
The experiments were performed in nine kidneys. 
After 30 min of equilibration, a baseline period of 10 
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min was allowed. Then two concentrations of NA (38 
and 63 nmol/ L) were infused for 3 rnin at a 17 rnin 
interval in the absence and in the presence of three 
concentrations of naftidrofuryl(5,50 and 500 nmol/ L) 
chosen according to Oudart (1990). The NA infusion 
started 20 rnin after the beginning of naftidrofuryl 
administration. In this condition, naftidrofuryl was 
able to inhibit the 5-HT-induced increase in RVR, as 
was determined by preliminary study. Each kidney 
was randomly infused with two of the three nafti- 
drofuryl concentrations, therefore each was studied in 
six kidneys. Urinary samples were collected for 10 
min during the baseline period and for 6 rnin after the 
beginning of NA infusions. The venous effluent was 
collected for 1 rnin periods at the end of the baseline 
period, immediately before and during the last minute 
of each infusion of NA. This sampling schedule 
allowed the spontaneous time-course evolution of 
prostanoid release by isolated kidneys to be taken 
into account (Liu et al. 1990). 

Protocol 2: Action of naftidrofuryl on the 
effects of 5-HT 
It was studied in two groups of six kidneys. In one 
group, the effects of 3 rnin infusion of 5-HT (160 
nmol/L) were studied before and 20 rnin after the 
start of the naftidrofuryl (500 nmol/ L) infusion. In 
the other group, after the determination of baseline 
renal function, indomethacin (1.5 X 10-5 mol/L) was 
continuously infused. After a 30 rnin equilibration 
period, the effects of 5-HT (160 nmol/L for 3 min) 
were studied before and 20 rnin after the beginning of 
the naftidrofuryl(500 nmol/ L) infusion. Urinary and 
venous effluents were sampled according to protocol 1. 

Solutions and drugs 
The Krebs-Henseleit solution contained 35 g / L  of a 
gelatin derivative (Haemaccel; Behring, Marburg, 

Germany) as a colloid osmotic agent. Its final elec- 
trolyte composition was as follows (mmol/ L): NaCl 
100, KC13.8, CaC12 1.1, MgCh 0.6, KHzP04 1.2 and 
NaHC03 25.0. In addition, the medium contained 
(mmol/ L) D-glucose 10.0, sodium pyruvate 2.0, oxalo- 
acetic acid 1.0, sodium DL-lactate 5.0, L-glutamic acid 
5.0 and urea 6.0. Just before use, the perfusate was 
filtered through a millipore filter (0.8 pm) and added 
with 0.5 g/ L polyfructosan (Inutest; Laevosan, Linz, 
Austria). Naftidrofuryl oxalate was obtained from 
Lipha (Lyon, France); indomethacin, 1-noradrenaline 
bitartrate and 5-HT creatinine sulfate were purchased 
from Sigma Chemical Co., St Louis, MO, USA. 
Noradrenaline was dissolved in physiological saline 
containing 500 mg/L of L-ascorbic acid and indo- 
methacin (1.5X 10-5 mol/L) in distilled water con- 
taining NaOH 2 mmol/L. The other drugs were in 
physiological saline. 

Statistical analysis 
Data are expressed as mean f s.e.m. Statistical analysis 
used a one-way analysis of variance. Non-parametric 
Wilcoxon test was used to assess the significance of 
the effects of NA or 5-HT. A P value <0.05 was 
considered to be significant. 

RESULTS 

Effects of naftidrofuryl on the baseline renal 
functions 
As indicated in Table 1, naftidrofuryl did not sig- 
nificantly influence RPP, RVR and GFR. However at 
the concentrations of 50 and 500 nmol/L, it dose- 
dependently decreased RNa and thus increased UNaV. 

Naftidrofuryl elevated the venous excretion of 6- 
keto-PGFlcw more than that of TxB2. Consequently, 
the 6-keto-PGFla/TxB2 ratio in the venous effluent 

Table 1. Effects of naftidrofuryl on the baseline functions and prostanoid synthesis of isolated perfused kidneys of SHR 

Naftidrofuryl 
Controls 5 nmol/ L 50 nmof/ L 500 nmol/ L 
(n = 9) (n = 6) (n = 6) (n = 6) 

Renal perfusion pressure (mmHg) 11 1 f 1.4 114f  1.6 l l O f  1.1 120f2.9 
Renal vascular resistance (mmHg/mL per rnin per g) 8.2 f 0.1 8.3f0.2 8.2f0.1 8.9f0.2 
Glomerular filtration rate (mL/min per g) 0.27 f 0.02 0.29 f 0.03 0.28 f 0.03 0.28 f0.03 
Urinary excretion of sodium (pEq/min per g) 2.1 f 0.4 3.2 f 0.6 3.5 f 0.8 4.0 f 0.7* 
Fractional reabsorption of sodium (%) 94.7 f 0.6 92.4f0.9 91.4f 1* 89.9f 1* 
Venous excretion of 6-keto-PGFla (ng/min per g) 0.8 fO . l  2.0 f 0.5* 1.6 f 0.3* 3.1 f 0.3* 
Venous excretion of TxBz (ng/ rnin per g) 0.25 f 0.04 0.35 f 0.06 0.32 f 0.05 0.40 f0.04* 
6-keto-PGFlaf TxBz ratio 3.3 f 0.4 6.0 f 1.7 5.2 f 0.8 8.4 k 1.6* 

*P<0.05 vs control period. Values are meanf s.e.m. 
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increased with the three concentrations used, the 
difference reaching significance only after the highest 
concentration. However it is noteworthy that these 
effects were not dose-dependent. 

Effects of naftidrofuryl on the renal responses 
to NA 
As shown by Fig. 1, NA dose-dependently increased 
RVR and UNaV. This latter was due to both a 
significant increase in GFR and a decrease in RNa. 
Since the perfusion flow was maintained constant, the 
increase in GFR indicates an elevation in the filtration 
fraction which reflects that NA predominantly vaso- 
constricts the postglomerular vascular bed. Nafti- 
drofuryl, starting at the concentration of 50 nmol/L, 
significantly decreased the effects of NA on RVR and 
blunted those on GFR. It did not alter the effects of 
NA on the RNa and UNaV. When considering the 
prostanoid synthesis (Fig. 2) in control conditions, 
the low concentration (38 nmol/ L) of NA significantly 
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(P<0.05) elevated the venous excretion of 6-keto- 
PGFla! but not that of TxB2, while both were sig- 
nificantly increased by the high dose (63 nmol/L) of 
NA. Naftidrofuryl at the concentration of 500 nmol/ L 
increased the 6-keto-PGFlcw but not the TxBz response 
to NA. 

Effects of naftidrofuryl on the renal responses 

As shown in Fig. 3, 5-HT (160 nmol/L) increased 
RVR but did not significantly affect GFR, RNa and 
UNaV. Naftidrofuryl(500 nmol/ L) blunted the vaso- 
constriction induced by 5-HT. The venous excretion 
of 6-keto-PGFlcw and TxB2 was not significantly 
modified by 5-HT before (139 1 14% and 133 f 24% 
of baseline values, respectively) as well as after 
naftidrofuryl administration (132 * 12% and 112k 9% 
of baseline values, respectively). Indomethacin alone 
(1.5 X 10-5 mol/L) blunted the vasoconstrictor res- 
ponse to 5-HT and did not alter the effects of nafti- 
drofuryl in this response. 
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Fig. 1. Effects of naftidrofuryl(O,5 nmol/L; A, 50 nmol/L; 0,500 nmol/ L; n = 6 in each group) on RVR, GFR, RNa and 
UNaV of isolated kidneys of SHR challenged with two concentrations of NA. *P<O.OS vs controls (0, n = 9). ttP<O,Ol vs 

baseline period. 
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DISCUSSION 

The present work demonstrates that naftidrofuryl is 
devoid of direct vasorelaxant effect on isolated per- 
fused kidneys but opposes the constrictor response to 
5-HT and to NA. This effect is associated with an 
increased synthesis of PGIz in response to NA but not 
to 5-HT and is not modified by indomethacin, thus 
excluding that an elevated production of PGIz par- 
ticipates in these effects. 

In order to rule out the influence of endogenous 
neuro-humoral factors, the present work used isolated 
kidneys of SHR perfused in a single-pass system. This 
model has been shown to be useful to study the renal 
vascular responsiveness as well as the renal synthesis 
of prostanoids (Liu et al. 1990, 1991). Despite its 
numerous advantages, this model is not fully satis- 
factory to study tubular functions since there exists an 
impaired urinary concentrating and diluting ability 
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Fig. 2. Effects of naftidrofuryl(O,5 nmol/ L; A,  50 nmol/ L; 
0, 500 nmol/L; n = 6 in each group), on the venous 
excretion of 6-keto-PGFla and TxBz of isolated kidneys of 
SHR challenged with two concentrations of NA. Data are 
percentages of the values obtained immediately prior to 

each NA infusion. *P<O.OS vs controls (0, n = 9). 

(Maack 1980). In baseline conditions, naftidrofuryl 
used at low concentrations did not affect the renal 
vascular resistance in our preparation which was 
already near maximum vasodilation. This observation 
is in accordance with the data showing in vitro an 
absence of relaxant effect of naftidrofuryl on un- 
stimulated basilar, coronary, renal, vertebral and caro- 
tid arteries (Nakamuta et al. 1988) and with the 
general observation that the effect of vasodilators 
cannot be observed without a precontraction by a 
vasoconstrictor agent. Naftidrofuryl caused an increase 
in the venous excretion of TxBz and more markedly 
of 6-keto-PGFta, suggesting a stimulating effect on 
the renal synthesis of TxAz and prostacyclin. However 
it is noteworthy that the effect of naftidrofuryl on the 
renal synthesis of prostanoids was not dose-dependent. 

NA caused a dose-dependent increase in RVR and 
GFR, indicating that its vasoconstrictor effect was 
predominant on the postglomerular vessels. This 
increase in GFR was associated with a decrease in 
RNa, both leading to an elevated natriuresis. Similar 
results were observed in isolated perfused kidneys of 
SHR (Steele & Underwood 1978) and of Lyon hyper- 
tensive rats (Liu et al. 1991). Naftidrofuryl significantly 
decreased the effects of NA on RVR and abolished 
those on GFR. Regarding the mechanisms of the 
inhibition by naftidrofuryl on the effects of NA, 
Zander et al. (1986) showed that it was not affected by 
a previous alpha or beta-adrenoceptor blockade, and 
was non-specific since it was also demonstrated 
towards various other vasoconstrictor stimuli such as 
anoxia, KCl and PGF2a. 

When considering the renal effects of 5-HT, previous 
in vivo studies produced conflicting results. Whereas 
Adler (1977) using a prolonged infusion observed a 
renal vasoconstrictor action with a decreased urinary 
flow rate and sodium excretion, others using both 
bolus or infusions (Blackshear et al. 1986; Shoji et al. 
1989) found a vasoconstriction followed by a gradual 
vasodilation, this latter being in part mediated by 
prostaglandins (Blackshear et al. 1986, 1991). Our in 
vitro results demonstrate that 3 min infusions of 5-HT 
increased RVR without changing GFR and UNaV. 
We could not observe any vasodilation following the 
5-HT-induced increase in RPP, probably due to the 
fact that our preparation was already maximally 
dilated. Surprisingly, the 5-HT-induced increase in 
RVR was attenuated by indomethacin, as was observed 
by Lee et al. (1991) in the quiescent heart and by 
Seager et al. (1992) in rabbit isolated basilar arteries. 
This suggests that, in the SHR kidney, 5-HT could 
stimulate the synthesis of vasoconstrictor prostanoids. 
Since in our experiment, 5-HT (160 nmol/ L) did not 
affect the renal synthesis of TxA2, it can be speculated 
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Fig. 3. Effects of naftidrofuryl(500 nmol/L) and indomethacin (15 pmol/L) on the RVR, GFR, RNa and UNaV of isolated 
kidneys of SHR challenged with 5-HT. e, controls; B, indomethacin; 0, naftidrofuryl and 0, naftidrofuryl plus indo- 

methacin (n = 6 in each group). *P<0.05 vs controls. tP<0.05 vs baseline period. 

that 5-HT stimulates the renal synthesis of other 
vasoconstrictor prostanoids such as PGH2, PGF2a or 
PGEz, as already suggested by Tuncer and Vanhoutte 
(1991). The increase in RVR produced by 5-HT was 
completely abolished by naftidrofuryl, which exhibits 
5-HT2 antagonistic properties (Maloteaux et al. 1986). 
Indomethacin did not alter the effect of naftidrofuryl 
on 5-HT response, indicating that this effect of 
naftidrofuryl is prostanoid-independent. 

In conclusion, on the isolated perfused kidney of 
SHR, low concentrations of naftidrofuryl inhibit the 
vascular contractile response to 5-HT and NA; the 
effects of naftidrofuryl cannot be explained by changes 
in the synthesis of prostacyclin or TxA2 and, inter- 
estingly, the vasoconstrictor properties of 5-HT are 
inhibited by indomethacin, which suggests that they 
involve the release of a cyclooxygenase-dependent 
constricting metabolite which differs from TxA2. 
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