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CHAPTERR 2 

Effectt of the AT rreceptor antagonists losartan, irbesartan and telmisartan on 

angiotensinn II-induced facilitation of sympathetic neurotransmission in the rat 

mesentericc artery 
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Introductio n n 

Angiotensinn II (Ang II ) is the major effector agent of the renin-angiotensin-svstem (RAS) [1-3]. 

Abundantt evidence indicates that Ang II interacts with the sympathetic nervous system (SNS) at 

severall  sites such as the central nervous system, the sympathetic ganglia, the adrenal medulla and 

att postganglionic nerve terminals (for reviews see [4-6]) 

Inn various models using isolated or perfused arteries of various species, the facilitating effect of 

Angg II on sympathetic neurotransmission at the peripheral level was demonstrated. This 

facilitationn was shown to be caused by an increase of stimulation-induced (S-I) release of 

noradrenaline,, an inhibition of its uptake and an increased responsiveness of vascular smooth 

musclee to NA. These phenomena were demonstrated in the perfused rat and cat mesenteric 

arteryy [7-12] and in various other vascular beds of the rat and rabbit, both under isobaric and 

isometricc conditions [13-21]. However, using isolated rabbit basilar artery rings, Duckies et. al. 

reportedd that responses to noradrenaline were unaltered in the presence of Ang II [16]. 

Thee receptors through which Ang II exerts its effects are divided into AT, (sensitive to the 

referencee compound losartan) and AT, (sensitive to PD123177 and low concentrations of PD 

123319),, respectively [22-24]. The enhancing effect of Ang I I on S-I noradrenaline release and 

vasoconstrictorr responses could be antagonized by the peptidergic AT,/AT 2-receptor antagonist 

saralasinn [10,15] and by the selective AT,-receptor antagonists losartan [11,20,25], irbesartan [26] 

andd eprosartan [27] but not by the AT ;-receptor antagonists PD 123177 [11,25] or PD 123319 

[28].. From these experiments, it is generally concluded that Ang II exerts its effects on 

svmpatheticc neurotransmission through the AT,-receptor. 

AT,-receptorr antagonists have been appreciated as effective antihypertensive drugs for 

approximatedd a decade. They are probably also beneficial in the management of congestive heart 

failure.. It can be hypothesized that at least part of the therapeutic effect of these drugs may be 

causedd by their sympatho-inhibitory action. Such an effect may be relevant considering the role of 

thee sympathetic nervous system in the genesis and maintenance of hypertension [29] and even 

moree so in congestive heart failure [30-32], two conditions in which the AT,-antagonists are 

knownn to be beneficial therapeutics. 

Recently,, attempts have been made to compare the svmpatho-inhibitory potency of the various 

AT,-receptorr antagonists. Ohlstein et al. reported that in the pithed rat model, eprosartan 

inhibitedd sympathetic outflow, whereas losartan, valsartan and irbesartan did not [27], However, 

thesee authors used only one dose of each drug (0.3 mg/kg). 

46 6 



ATi-receptorATi-receptor antagonists and sympathetic neurotransmission 

Inn isolated rat atria, valsartan and irbesartan were shown to be more potent than eprosartan and 

losartann in inhibiting the Ang Il-mediated enhancement of stimulation-induced electrical [3H]-

noradrenalinee efflux [33]. These studies suggest that there may be differences between the A T r 

blockerss concerning their sympatho-inhibitory potency. However, no studies concerning this 

issuee have been carried out in isolated vessels. Accordingly, we studied the effect of Ang II and 

threee selective AT rblockers on sympathetic nerve terminals of isolated rat mesenteric arteries in 

ann isometric wire myograph setup [34]. 

I tt was the objective of the present study to quantify the facilitating effect of Aug II on 

noradrenergicc neurotransmission in the isolated rat mesenteric artery. Furthermore, we compared 

thee inhibitory effects of three selective ATj-antagonists (losartan, irbesartan and telmisartan) on 

thee facilitating action of Ang II . Presynaptic as well as postsynaptic mechanisms were studied, by 

usingg both electrical field stimulation (EFS) and exogenous NA, respectively. 

Methods s 

Thee experimental protocol was approved by the committee on Animal Experiments of the 

Academicc Medical Center Amsterdam. Male Wistar rats weighing 275 i 4 g were killed by 

decapitation.. The mesentery and intestine were removed and placed in physiological salt solution 

(PSS)) which was gassed with a mixture of 95% 0 2 and 5% C 02 at room temperature. Four 

segmentss of mesenteric artery with a length of ~2 mm each were dissected and a stainless steel 

wiree with a diameter of 40 (Im was inserted into the lumen of each vessel. The vessels were then 

transferredd into the organ baths of an isometric wire myograph. The organ bath contained PSS of 

thee following composition (mM): NaCI 118.5, KC1 4.7, MgCl2 1.2, CaCl2 2.5, K H 2P 04 1.2, 

N a H C 03 2 5,, glucose 5.5, EDTA 0.024. Ascorbic acid (100 mg/1) was added to prevent oxidation 

off  noradrenaline (NA). Propranolol (1 |lM), yohimbine (1 |J.M) and N^-Nitro-L-Arginine (L-

NNA )) (0.1 mM) were added in order to exclude the P-adrenergic and CC2-adrenergic effects of 

noradrenalinee and the influence of endothelium-derived N O, respectively. The preparations were 

attachedd to a micrometer screw and, after insertion of a second wire, to an isometric force 

transducerr (Kister Morse, DSG 6, Redmond, WA, USA). The preparations were equilibrated for 

155 minutes in PSS at 37 °C and the medium was gassed with a mixture of 95% 0 2 and 5% C 02 

(pHH 7.4). Subsequently the vessels were subjected to a normalization procedure according to 

Mulvanyy & Halpern [34]. The individual circumference was adjusted to 90% of the value that the 

particularr vessel would have had at a transmural pressure of 100 mmHg. 

47 7 



ChapterChapter 2 

Electricall  field stimulation was applied using thin platinum wire electrodes positioned on either 

sidee of the vessel. Contractions were generated using an alternating current of 85/-8S mA. with a 

pulsee width of 2 ms for 30 seconds per frequency step. The frequencies used were 2, 4 and 8 Hz, 

respectively.. Henceforth, the term EFS implies that the full range of frequency steps was applied 

inn a cumulative manner. In order to verify whether the stimulation-induced contractions were 

indeedd neuronally mediated, control experiments with tetrodotoxin (1 jiM ) and prazosin (0.1 |J.M) 

weree carried out. 

Threee different types of experiments were performed. 

ExperimentExperiment 1. 

Afterr an equilibration period of 30 minutes, EFS was applied once as a priming procedure. 

Anotherr 30 minutes later a second EFS was carried out, which served as a reference. After the 

secondd EFS (S2) had been carried out, the vessels were left for another 30 minutes. Subsequently, 

aa third EFS was applied in the presence of angiotensin II in concentrations of 0.1, 1 or 10 nM 

respectivelyy (added to the organ bath 2 minutes before stimulation) or in the presence of the 

vehiclee (control). Finally, a contraction with PSS containing 120 mM KC1 (equimolar substitution 

forr NaCl; KPSS) was generated to serve as a reference to quantify the contractions provoked by 

EFS. . 

ExperimentExperiment 2. 

Afterr the reference EFS (S2) had been carried out, the medium was replaced by PSS containing 

onee particular concentration of the AT,-antagonist to be tested. After an incubation period of 30 

minutess a third EFS was applied in the presence of the AT,-antagonist and angiotensin II , 10 nM 

(addedd to the organ bath 2 minutes prior to stimulation). 

ExperimentExperiment 3. 

Thee priming procedure consisted of two subsequent applications of KPSS, a single concentration 

off  phenylephrine (3 \X\ty and again KPSS. Subsequently, after an equilibration period of 30 

minutes,, a concentration-response curve (CRC) was constructed for the effects of noradrenaline 

(concentrationn range 0.03 — 30 |lM) in the presence of either angiotensin II 10 nM (added to the 

organn bath 2 minutes before the CRC was started) or the vehicle (control). Non-linear regression 

wass carried out to calculate maximal effect (EmaJ and the concentration of NA that caused half-

maximall  effects (EC5(I). 

48 8 

file:///X/ty


ATi-receptorATi-receptor antagonists and sympathetic neurotransmission 

Drugs Drugs 

Angiotensinn II (Bachem, Bubendorf, Switzerland), l HC1 (RBI, Natick, USA), 

yohimbinee hydrochloride (Sigma, St. Louis, USA) and Nw-nitro-L-arginine (Sigma, USA) and 

losartann (MSD, White-house Station, USA) was dissolved in distilled water. Irbesartan (Sanofi, 

Montpellier,, France) and telmisartan (Boehringer Ingelheim, Germany) were dissolved in NaOH 

11 M. Using HC1 1 M, the pH of the solutions was lowered to 7.5. (-)-Noradrenaline bitartrate 

(Sigma,, USA) was dissolved in distilled water containing L(+)ascorbic acid 100 (Ig/ml. 

StatisticalStatistical analysis 

Al ll  data are expressed as means  SEM. Comparison of means was performed using Student's t-

testt In order to compare the potency of the various drugs, linear regression was performed 

andd analysis of covariance was used to evaluate differences between regression lines. A p value < 

0.055 was considered to indicate statistical significance. 
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Thee mean normalised diameter of a total number of 186 mesenteric artery preparations used 

amountedd to 386  5 [lm. Groups consisted of 8-12 animals each. The normalised passive 

tensionn developed was 4.0  0.1 mN. The maximum contraction evoked by KPSS amounted to 

14.55  0.3 mN. Electrical field stimulation caused a frequency-dependent increase of contractile 

force.. This effect could be abolished by tetrodotoxin (1 \iM) and blocked > 90% by prazosin (0.1 

LXM)) (data not shown). In figure 1, responses to the second EFS (S2) and the third EFS (S3) are 

shown.. Responses were virtually the same. The ratios between forces measured at S2 and S3 

(S3/S2)) were 1.0  0.1, 1.0  0.08 and 1.0  0.02 for 2, 4 and 8 Hz, respectively. 
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Figur ee 1. Contractile responses induced by the second (S2) and third (S3) electrical field 
stimulationn in the isolated rat mesenteric artery. Stimulation frequencies are plotted on the 
abscissa,, contractions (expressed as % of a standard contraction to KPSS) on the ordinate. Values 
aree shown as means  SEM. (N = 12) 
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Vasoconstrictorr responses to EFS were unaltered by Ang II (0.1 nM) (fig. 2). At 2 Hz, 1 nM of 

Angg II caused a small increase of stimulation-induced contractions which did not reach statistical 

significance.. Ang II (10 nM) caused a small direct vasoconstrictor effect of 0.9  0.1 mN (6.5

1.33 % of a contraction with KPSS). This effect could not be completely antagonised by the lowest 

concentrationss of the AT,-antagonists used (losartan 1 nM, irbesartan 0.1 nM and telmisartan 

0.011 nM), resulting in direct vasoconstrictor responses of 6.5  1.7, 2.0  0.8 and 1.9  0.7 % of 

aa KPSS-contraction, respectively. All other concentrations of the three antagonists abolished the 

directt vasoconstrictor action of Ang II 10 nM. Ang II 10 nM caused a significant enhancement of 

responsess to EFS at 2, 4 and 8 Hz (fig. 2). S3/S2-ratios at 2, 4 and 8 Hz were 4.8  0.9, 2.8  0.7 

andd 1.3  0.1, respectively (P<0.05 compared to control). 
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Figuree 2. Contractile responses to electrical field stimulation in the presence and absence of Ang 
III  (0.1 nM - 10 nM). Ang II or vehicle was added to the organ bath 2 minutes before the third 
EFSS (S3). The ratio between forces induced by S2 and S3 (S3/S2) is shown at the ordinate and 
stimulationn frequencies at the abscissa. Values are given as means  SEM. * p<0.05 compared to 
control.. (N = 10-12 per group). 

51 1 



ChapterChapter 2 

Thee enhancement could be concentration-dependently antagonised by losartan (1 nM - 1 (iM) , 

irbesartann (0.1 nM- 0.1 |lM) and telmisartan (0.01 nM- 0.01 ^lM) (fig. 3A-C). At the lower 

concentrations,, stimulation-induced responses were not significantly different from responses in 

thee presence of Ang II 10 nM alone. However, at the higher concentrations, responses were 

significantlyy lower, compared to responses in the presence of Ang II alone (p<0.05 at all 

frequencies).. In fact, the enhancing effect of Ang II on S-I vasoconstrictor responses was 

abolished,, as reflected by S3 responses which were ven- similar to S2 responses, resulting in a 

S3/S2-ratioo of approximately 1 at each stimulation frequency. The AT,-antagonists did not cause 

aa change in responses to EFS in the absence of Ang II (data not shown). 

S-II  vasoconstrictor responses as observed at a stimulation frequency of 2 Hz in the presence of 

Angg II 10 nM and the lower three concentrations of the different AT, antagonists used are 

plottedd in fig. 4. Linear regression adequately described the relationship between S3/S2 in 

presencee of Ang II 10 nM and the concentrations of the AT,-antagonists. 

Noradrenalinee caused a dose-dependent increase in contractile force (Ema). 120.8  1.8 % of 

contractionss by KPSS, EC-,, 6.33  0.02 - log M). Vasoconstrictor responses to noradrenaline 

weree unaltered by Ang II 10 nM (Emjs 117.3  1.6, EC-,, 6.38  0.01, NS)(fig. 5). 
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Figuree 3. Inhibitory effect of A: losartan (1 nM-1 \lM), B: irbesartan (0.1 nM-0.1 |iM) and C: 
telmisartann (0.01 nM-10 nM) on the facilitation by Ang II of stimulation-induced contractions. 
Angg II (10 nM) in the presence or absence of one of the three AT,-antagonists was added to the 
organn bath 2 minutes prior to the third electrical field stimulation (S3). The ratio between forces 
inducedd bv S2 and S3 (S3/S2) is shown at the ordinate and stimulation frequencies at the 
abscissa.. Values are given as means  SEM. * p<0.05 compared to responses in presence of Ang 
III  (10 nM). (N = 9-11 per group). 
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Figur ee 4. Inhibitor)- effects of losartan, irbesartan and telmisartan on facilitation by Ang II (10 
nAI)) of stimulation-induced contractions, observed at a stimulation frequency of 2 Hz. The ratio 
betweenn forces measured at S2 and S3 (S3/S2) is shown at the ordinate. The lower three 
concentrationss of each compound, expressed as log M, are shown on the abscissa. Values are 
givenn as means  SEM. Linear regression lines are shown. * Indicates statistical significant 
differencee between regression lines (p<0.05, analysis of covariance). 
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Figur ee 5. Effects of Ang II (10 nM) on the contractile response to noradrenaline in the isolated 
ratt mesenteric artery. Values are shown as means  SEM. N1 = 8 per group. No differences were 
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Discuss ion n 

Inn the present study, the facilitating influence of Ang II on noradrenergic neurotransmission was 

investigatedd in the isolated rat mesenteric artery preparation under isometric conditions. The 

inhibitoryy effects of losartan, irbesartan and telmisartan were compared. 

Too our knowledge, this is the first report of a comparative study of sympatho-inhibitory 

propertiess of AT,-blockers in isolated resistance vessels. 

Electricall  field stimulation (EFS) caused a frequency-dependent vasoconstriction. This effect 

couldd be completely abolished by tetrodotoxin (1 (J.M) and blocked > 90% by prazosin (0.1 ^M) , 

whichh demonstrates that the contractions are mainly caused by stimulation-induced noradrenaline 

releasee from the sympathetic nerve terminals. 

Inn the first experiment, we evaluated the reproducibility of consecutive periods of stimulation-

inducedd responses (fig. 1). Because responses to S2 and S3 were similar, we concluded that S2 

wass suitable to serve as an internal control for S3 in the presence or absence of Ang II and /or the 

AT,-antagonists.. The ratio between contractile forces observed at S3 and S2 (S3/S2) indicates 

whetherr S-I contractions were influenced by Ang II and the AT,-antagonists used. 

Angg II (10 nM) caused a significant increase of S-I responses (p<0.05 at all frequencies) (fig. 2). 

Thiss finding confirms the results of studies performed in the perfused rat mesenteric artery and in 

otherr vascular beds, under both isobaric and under isometric conditions (for references see 

introduction).. The enhancement was most pronounced at 2 Hz, leading to an almost fivefold 

increasee in contractile force, superimposed upon a small direct vasoconstriction caused by Ang II 

(100 nM). At stimulation frequencies of 4 Hz and 8 Hz, the enhancement was less pronounced, 

althoughh still significant (p< 0.05). These results indicate a more important facilitating role of 

Angg II at the stimulation frequency 2 Hz. At 4 and 8 Hz, S-I induced contractions seem to be less 

sensitivee to facilitation by Ang II . Perhaps at 8 Hz, the stimulation induced NA-release from 

sympatheticc nerve terminals has reached its maximum. In other studies, depending on the 

species,, vessel studied, experimental conditions and electrical stimulation characteristics, 

facilitationn by Ang II (0.1 nM - l(i.M) was observed at frequencies between 1 and 40 Hz. 

Facilitationn by Ang II was not observed at the low concentrations of 0.1 nM or 1 nM, 

concentrationss which also failed to cause direct vasoconstriction in this preparation. 

Consequently,, in the present study the post- and presynaptic effects are caused by the same 

concentrationn of Ang II . However, a certain degree of facilitation by subpressor doses of Ang II 

hass been reported in the literature [7]. Furthermore, it has been reported that Ang II , in doses 
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thatt potentiate the sequelae of sympathetic nerve stimulation, failed to alter the post-svnaptic 

restingg potentials [35]. 

Thee enhancement by Ang II of stimulation-induced contractile force could be concentration-

dependentlyy antagonised by losartan (1 nM - 1 JlM), irbesartan (0.1 nM- 0.1 JiM) and telmisartan 

(0.011 nM- 0.01 |UM) (fig. 3A-C). The degree of attenuation was similar for all three drugs used in 

thiss study, although the concentrations required to achieve comparable effects clearly differed. In 

orderr to compare the potency of the three compounds, the effects established at 2 Hz were 

plottedd separately (fig. 4). 

Linearr regression could describe the relationship between vasoconstrictor responses in presence 

off  Ang II 10 nM and the lower three concentrations of the AT,-antagonists. Regression lines 

differedd significantly. When compared to irbesartan, telmisartan exerted similar actions in a lower 

dosee range (p<0.01), whereas higher doses of losartan were required to obtain comparable effects 

(p<0.011 compared to irbesartan, p<0.01 compared to telmisartan). Accordingly, the order of 

potencyy regarding inhibition of sympathetic neurotransmission is telmisartan > irbesartan > 

losartan,, when compared on a molar basis. At the highest doses used, maximum inhibition was 

achieved;; under these circumstances, the ratio S3/S2 almost returned to 1. 

Forr telmisartan, no sympatho-inhibitory properties have been described previously. Concerning 

losartann and irbesartan, our findings are in accordance with earlier reports, both in vitro and in vivo 

[11,20,25,26,33]. . 

However,, Guimaraes et a/, saw no effect of losartan on facilitation by Ang II in both the canine 

isolatedd mesenteric and pulmonary artery [36]. Additionally, W'orck et. al. saw no effect of losartan 

onn hypoglycemia-induced adrenaline and noradrenaline release in humans [37]. Furthermore, 

clinicall  relevance of the findings in the present study remains to be established. Nevertheless, for 

eachh of the three AT,-blockers used, the concentrations at which sympathoinhibition was 

achievedd were similar or even lower than the steady state plasma concentration of the AT,-

blockerss used in humans after the usual doses [38-40]. Therefore, these findings may well be of 

clinicall  relevance. 

Unfortunately,, it was not possible to construct concentration-response curves of the direct 

vasoconstrictorr effect of Ang II in this model, due to tachyphylaxis. Therefore, we were unable to 

quantifyy the postjuntional inhibitory effect of the AT rblockers used in the present study. 

Nevertheless,, the order of sympatho-inhibitory potency (telmisartan>irbesartan>losartan) is the 

samee as that reported for the inhibitory effect of the direct vasoconstrictor action of Ang II in the 
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isolatedd rabbit aorta [41-43] Accordingly, in these in vitro models, the order of potency regarding 

inhibitionn of both the pre- and postsynaptic AT,-receptors appears to be unchanged. Therefore, 

thesee findings do not indicate differences in the presynaptic and postsynaptic AT,-receptor. In 

bindingg studies, both irbesartan and telmisartan showed a 10-fold higher affinity for the AT,-

receptorr than losartan [42,43]. 

Noo differences were observed between the vasoconstrictor responses to exogenous noradrenaline 

inn the presence or absence of Ang II (10 nM), the concentration that caused significant 

facilitationn of stimulation-induced vasocontrictor responses (fig. 5). Accordingly, we could not 

confirmm an effect of Ang II on (X-adrenoceptor mediated responses, reported by other authors [7-

10,14,17]]  In the isolated rabbit ear preparation, as in the present study, no effect of Ang II on 

NA-responsess was observed [16]. 

Thee present study sheds some light on the relatively underexposed sympatho-inhibitory activity 

off  AT rantagonists. Such an effect may be therapeutically relevant, because the sympathetic 

nervouss system has been shown to be involved in the pathogenesis of hypertension and even 

moree so in heart failure. 

Inn conclusion, the facilitating effect of Ang II on the sequelae of neuronal stimulation is mediated 

byy presynaptically located AT r receptors. This effect can be concentration-dependendy 

counteractedd by the blockade of prejunctional AT,-receptors. The order of potency concerning 

sympatho-inhibitionn in vitro is telmisartan>irbesartan>losartan. The differences in potency may 

reflectt differences in affinity for the pre-synaptic AT rreceptor. 
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