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Abstract

Recent studies suggest that endogenous endothelin mediates much of the vasoconstrictor activity and
vascular fibrotic damage caused by chronic administration of angiotensin Il. The present study uses
the mixed endothelin-A and endothelin-B receptor antagonist bosentan and the endothelin-A-
selective blocker BQ-123 to study the contribution of endogenous endothelin to the pressor and renal
action of acutely administered angiotensin Il in conscious, chronically catheterized rats. Exposure
to angiotensin 1l at 0.48 pmol 0.5 ng/100 g body weight per min IV (low dose) and 1.91 pmol 2.0
ng/100 g body weight per min IV (high dose) raised mean arterial blood pressure (18+4 mm Hg,
P<0.01, and 39+4 mm Hg, P<0.005, respectively) while also increasing renal vascular resistance
(4.3£1 mm Hg/mL per min, P<0.001, and 101 mm Hg/mL per min, P<0.001, respectively). In the
presence of bosentan, pressor and renal vasoconstrictor responses to low-dose angiotensin 11 were
blunted (P<0.02 and P<0.01, respectively), and the results with BQ-123 were similar. In contrast,
these parameters were unaffected during high-dose angiotensin 11 infusion+bosentan, although
BQ-123 did selectively reduce the rise in renal vascular resistance, possibly via an endothelin B—
mediated nitric oxide effect. In contrast, high-dose angiotensin 1l caused natriuretic and diuretic
effects that were completely prevented by bosentan. These results show that endothelin (via
endothelin A) contributes to the pressor and renal vasoconstrictor actions of acutely administered
low-dose angiotensin Il. Furthermore, our data suggest that the previously described angiotensin I1—
induced natriuresis and diuresis observed with a high pressor dose of angiotensin 11 is mediated by
endothelin.
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Angiotensin Il (Ang 1) is a potent endogenous vasoconstrictor that, when activated, produces
increases in blood pressure (BP) and renal vasoconstriction and stimulates cell growth.12 Most
of these actions of Ang Il are mediated by activation of the angiotensin type 1 (AT;) receptor,
2 and many of these actions resemble those of another potent endogenous vasoconstrictor,
endothelin (ET). Two ET receptor subtypes have been characterized, and activation of ET type
A (ETp) receptors on vascular smooth muscle (VSM) causes vasoconstriction and proliferation
of cells. ET type B (ETg) receptors are expressed on endothelial cells, in which they cause
relaxation of adjacent VSM via nitric oxide and prostacyclin release, and on VSM, in which
they cause vasoconstriction.® Acutely administered ET produces a transient ETg-mediated
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hypotension, followed by a prolonged hypertension and renal vasoconstriction with consequent
decreases in renal blood flow and glomerular filtration rate (GFR) in conscious rats.*

Ang Il and ET can interact at several levels. Administered ET has a synergistic effect to
augment the pressor actions of Ang 11.% The hypertension and renal vasoconstriction produced
by chronic administration of Ang Il can be largely prevented by inhibition of endogenous ET,
6-8 suggesting that ET mediates much of the vasoconstrictor activity of chronic Ang Il. There
is increasing evidence that ET mediates some of the vascular fibrotic damage usually attributed
to Ang 11.9 ET also contributes to the pressor effects of acutely administered, low-dose (LD)
Ang 11,10 and in vitro, ET mediates some of the vasoconstrictor actions of exogenous Ang |1
in some parts of the vasculature.1! Stimulation of the AT receptor can stimulate ET synthesis
and release, and vice versa.5:® There is also a report of a novel, transmembrane receptor that
contains distinct ET and Ang Il binding sites, although whether this has any functional role is
unclear.12 Finally, it is evident that ET and Ang |1 signal through several common intracellular
pathways.2:3:13

The introduction and use of ET 5 and ETg receptor antagonists have allowed further
investigation into the actions of ET and its interactions with Ang Il. In the present study, we
have used the mixed ET 5 and ETg receptor antagonist bosentan4 to investigate the
contribution of endogenous ET to the pressor and renal actions of acutely administered Ang Il
in the conscious, chronically catheterized rat. In a separate series, we used the ET a-selective
blocker BQ-1231° to determine its relative importance to the 2 ET receptor subtypes.

Studies were conducted on 17 male Sprague-Dawley rats, 3 to 6 months of age, obtained from
Harlan Sprague Dawley Inc (Indianapolis, Ind). Inall rats, a preliminary surgery was conducted
in which catheters were placed in the left femoral artery and vein and in the urinary bladder.
All surgeries were conducted under general anesthesia with short-acting barbiturate anesthetic
(methohexital, Eli Lilly & Co; 176 umol/kg IP, 17 to 35 umol/kg 1V, as required). At the end
of the surgery, vascular catheters and bladder catheters were primed and plugged, and the rats
were returned to their individual cages. Full sterile technique was used throughout. Details of
this chronic catheterization method have been published previously.15 Rats were allowed free
access to rat chow (=24% protein and ~0.4% Na) and drinking water and were handled and
trained to accustom them to the activity in the laboratory. A period of 7 days elapsed between
the surgery and the acute experiments. Two to 3 studies were conducted on each animal, with
at least 2 days rest between experiments. All animal procedures were conducted in accordance
with institutional guidelines (West Virginia University, Morgantown, WVa).

Renal function studies were conducted as follows: rats were placed in a restraining cage, and
the arterial catheter was connected to a pressure transducer and recorder for BP measurement.
The arterial line was also used for occasional sampling of blood. An intravenous infusion of
3H inulin (2 to 5 xCi/mL) and paraaminohippuric acid (PAH 1%) was given in 0.9% NaCl at
5 uL/min per 100 g body weight (BW). The bladder pin was removed for collection of urine,
and a tube with side arm was attached to the bladder catheter for collection of urine. After 90
minutes of equilibration, two 20-minute control urine collections were made with midpoint
arterial blood samples. The bladder catheter was flushed with air immediately before the end
of the collection period to ensure complete collection of urine. Midpoint blood samples (=150
uL) were centrifuged, the plasma was removed for analysis, and the red blood cells were
reconstituted with sterile 0.9% NaCl and restored to the rat after the control period.

After completion of control measurements, 1 of the following 7 experiments was conducted.
In the first group of animals studied (n=6), rats received LD Ang Il (0.48 pmol, 0.5 ng/100 g
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BW per min 1V) alone (Group 1a). Ang Il infusion was given for 15 minutes of equilibration
and then throughout two 20-minute clearance periods. In a separate experiment, the same rats
received the same dose of Ang Il in the presence of the mixed ET/ETg receptor antagonist
bosentan (1 mg/100 g BW 1V) 10 minutes before starting Ang Il. In the second group of rats,
a high dose (HD) of Ang I1 (1.91 pmol, 0.5 ng/100 g BW per min V) was given alone (Group
2a) and, in separate studies, during combined ET  and ETg blockade (Group 2b). In the third
group (n=5), similar LD and HD Ang Il infusion studies (Groups 3a and 3b) were conducted
during ET a receptor blockade with BQ-123 (1 mg/kg IV bolus and 0.1 mg/kg per h IV
infusion). Four of these group 3 rats also received BQ-123 alone in a third experiment (Group
3c). These doses of bosentan and BQ-123 have been previously shown by us to be effective,
selective blockers of ETA+ETg and ET a effects, respectively.15 At the end of the final
clearance period, red blood cells were reconstituted and restored to the rat. Vascular and bladder
catheters were primed and plugged, and rats were returned to their home cages, after which
they were either used for additional experiments or euthanized.

The following analyses and calculations were made: urine volume was measured
gravimetrically; then urine was analyzed for 3H inulin activity and concentrations of PAH, Na,
and K. Blood samples were analyzed for hematocrit, plasma 3H inulin activity, and PAH, Na,
and K concentrations. These measurements allow calculation of GFR, renal plasma flow (RPF),
renal vascular resistance (RVR), urine flow, urinary excretion of Na and K (Upn,V and UkV,
respectively), and fractional excretion of Na. Details of these analyses and calculations have
been published by us previously.1® When all experiments were completed, rats were
euthanized, and the bladder and kidneys were inspected to establish that they were free of
infection.

Within group analysis was by paired t test, and between group analysis was by unpaired t test.
All data are shown as mean+1 SEM, and P<0.05 is considered to be statistically significant.

BWs were 420+4 g, 395+13 g, and 375+16 g for groups 1, 2, and 3, respectively. As
summarized in the Table, acute systemic LD Ang Il (Group 1a) produced a significant rise in
blood pressure and renal vasoconstriction (Figure) and falls in RPF and GFR. When the same
rats were subjected to the same LD Ang Il combined with acute systemic ET/ETg receptor
blockade (Group 1b), the pressor and renal vasoconstrictor responses to LD Ang |1 were blunted
(P<0.02 and P<0.01, respectively) (see Figure and Table). RPF fell substantially with LD Ang
I1, and the reduction in GFR was proportionally less because of a concomitant rise in filtration
fraction (FF). Combined systemic ET o/ETg receptor blockade had no impact on the magnitude
of these responses (Table). Although LD Ang Il alone did not affect Uy,V, there was a
significant decrease in UnaV with LD Ang Il during ET A/ETg receptor blockade. We did not
conduct studies with bosentan alone in this series of experiments, although earlier work by us
shows little change on systemic and renal hemodynamics, although sodium excretion increased
slightly with bosentan alone.1” In group 3a rats, selective ETa blockade with BQ-123 during
LD Ang Il produced a similar pattern to that seen with combined bosentan and LD Ang Il
(Table; Figure). Of particular note, the magnitude of the pressor and renal vasoconstrictor
response to Ang Il was similar in the rats that received either bosentan or BQ-123, and the
UnaV fell similarly in both groups (Figure).

Group 2a rats were subjected to acute systemic HD Ang II, which caused large rises in BP and
RVR that were significantly greater than the increases seen with LD Ang Il (P<0.005 and

P<0.001, respectively; Table, Figure). HD Ang Il also caused a fall in RPF and a lesser decline
in GFR due to increased FF. HD Ang Il caused marked natriuretic and diuretic effects not seen
with LD Ang Il alone. During concomitant acute systemic ETa/ETg receptor blockade in the
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same rats (Group 2b), the pressor response and renal vasoconstriction were indistinguishable
from the responses to HD Ang Il alone. The falls in GFR and RPF and the rise in FF were also
similar. In contrast, the natriuretic and diuretic effects to HD Ang Il were completely prevented
by concomitant ET o/ETg receptor blockade. Similarly in group 3b rats, ET a blockade alone
had no impact on the pressor response to HD Ang Il (Table, Figure). However, ET 5 blockade
alone did blunt the rise in RVR compared with that seen when both ET 5 and ETg receptors
were blocked (Group 2b). This most likely is due to an ETg renal vasodilatory effect that is
seen in group 3b but prevented in group 2b. The effects on urine flow and sodium excretion in
group 3b rats were very variable, with no significant changes in either variable (Table);
however, a rise in 3 of the 5 rats studied was observed. As shown in the Table, BQ-123 alone
had no impact on any measured variables in the conscious, chronically catheterized rat.

Discussion

The primary findings in the present study are that blockade of endogenous ET and ETg
receptors attenuates the pressor and renal vasoconstrictor actions of a LD of infused Ang II,
but it does not blunt these responses to a HD of Ang II. In contrast, the natriuresis seen with a
HD of Ang Il alone is abolished by concomitant ET blockade. In regard to the hemodynamic
interactions between these vasoconstrictor peptides, there is now a convincing body of
evidence to show that in some settings, chronic elevation of Ang Il by exogenous infusion
stimulates ET release and the vasoconstrictor and/or mitogenic actions of Ang Il are partially
mediated by endogenous ET.5~9 There is little information on states in which endogenous Ang
1 levels are elevated. There is controversy over whether ET-receptor blockade does!8 or does
not® reduce the hypertension in the Ang l1-dependent phases of 2 kidney, 1-clip hypertension.
However, there is no evidence for ET mRNA upregulation in aorta or mesenteric arteries during
the Ang ll-dependent phase of this model of renovascular hypertension.20

There has been less investigation into acute interactions between Ang Il and ET. In the present
study, we observed that the renal vasoconstrictor and pressor response to the “low”
pharmacological dose of acutely administered Ang Il is markedly attenuated by combined
ETa and ETg receptor blockade. At a higher concentration of Ang 11, the ET dependence of
the acute pressor and renal vascular responses to Ang Il is lost. The ET dependence of Ang Il
in the lower concentration ranges may have considerable pathophysiological significance. This
is the first report that ET mediates the renal vascular responses to acute LD Ang Il. On the
basis of the magnitude of the reduction in the pressor response to LD Ang Il with ET blockade,
it is likely that the blunted renal vasoconstriction is at least in part secondary to a reduced renal
autoregulatory vasoconstriction. Our observations agree with an earlier study0 in
spontaneously hypertensive rats and Wistar-Kyoto normotensive control rats in which ET
blockade (with bosentan) profoundly attenuated the pressor effects of acute intravenous
infusion of Ang Il at 0.3 and 1 ng/100 g BW per min, but it was without impact on the rise in
BP caused by higher doses of Ang Il. In fact, the exaggerated pressor response to 0.3 ng/100
g BW per min Ang Il observed in the spontaneously hypertensive rats versus Wistar-Kyoto
rats was abolished by ET inhibition.10 Because ET blockade with bosentan alone had no impact
on BP, this strongly suggests that Ang Il stimulates activity of the endogenous ET system,
which mediates part of the pressor response to LD Ang I1. This conclusion is strengthened
because bosentan is clearly acting selectively on ET receptors and does not inhibit Ang Il
receptors.10

Our findings with BQ-123 indicate that ET 5 blockade is responsible for the blunted pressor
and renal vasoconstrictor responses to acute LD Ang 11 observed with bosentan. Bosentan also
blunts the pressor, renal vasoconstrictor, proteinuric, and carotid artery hypertrophic effects of
the chronic infusion of HD Ang 11 (20 ng/100 g BW per min, sc).” Selective blockade of the
ET a receptor also attenuates the pressor response to chronic Ang 118; thus, the ET amplification
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of the actions of exogenous Ang Il is presumably via the ET a receptor. In some settings, the
vasoconstrictor actions of chronic Ang I appear to be less ET dependent, whereas the structural
injury is clearly ET mediated.%21 There is also “crosstalk” between the endogenous Ang I
and ET systems because combined blockade of Ang Il and ET receptors produces enhanced
blunting of the high BP in the Ren-2 hypertensive rat22 and the acute hypertension and renal
vasoconstriction with systemic nitric oxide synthase (NOS) inhibition.23

We have previously reported that HD Ang Il is potently natriuretic in the conscious rat,24
probably due to both inhibition of sodium reabsorption by a direct action of Ang Il on the
tubule epithelium as well as by a nonspecific pressure natriuresis. In the present study, we
observed that the marked natriuresis and diuresis due to HD Ang Il were prevented by bosentan.
This is remarkable given the fact that the pressor response to HD Ang Il was unaffected. In an
earlier work using the same conscious, chronically catheterized rat preparation, we found that
bosentan also inhibited the natriuretic (but not diuretic) response to a pressor dose of acute
systemic NOS inhibition, while only slightly blunting the rise in BP.1” Of note, AT receptor
blockade with losartan did not attenuate the natriuretic effect of NOS inhibition.2° It is possible,
therefore, that ET plays a role in the acute pressure natriuretic response. Controversy over
whether ET is natriuretic or antinatriuretic has recently been resolved with the finding that
ET-1 evokes a marked ETg-dependent natriuresis that is mediated by local nitric oxide release.
26 Thus, the endogenous ET system is likely to exert net natriuretic effects, as indicated by the
present study.

The mechanism by which Ang Il and ET interact in the present study are unknown. Although
Ang Il stimulates ET synthesis, this takes several hours,2’ and although this probably
contributes to the vasoconstrictor and/or fibrotic actions of chronic Ang Il administration,? it
is unlikely to participate in the acute responses seen here. The rapidity with which bosentan
blunts the acute pressor response to LD Ang Il in the study of Balakrishnan et al1? also argues
in favor of a nongenomic response as does the immediate in vitro attenuation of Ang Il
responses in rat mesenteric and tail arteries with ET o blockade.1 However, ET synthesis may
not be necessary because in vitro Ang Il rapidly leads to ET release from aorta within minutes,
implying that preformed ET exists in tissue stores and is under Ang 11 regulation.?8 Chen et
al! suggested that the rapid action of Ang 1l might be to activate the endothelin-converting
enzyme; however, there is no direct evidence to confirm this. Alternatively, because both ET
and Ang 11 signal through multiple common intracellular pathways,2:3:13 the low level of
endogenous ET normally present may “prime” the intracellular cascades activated by Ang II.
This would certainly explain the dependence of the systemic and renal vasoconstrictor effects
of LD Ang Il onendogenous ET that we observe. It would also explain the reason hemodynamic
actions of HD Ang Il are independent of endogenous ET, assuming that high concentrations
of Ang Il can maximally activate the signaling systems. Finally, it is possible that the novel,
transmembrane receptor reported by Ruiz-Opazo and colleagues,2 which contains distinct ET
and Ang Il binding sites, is functionally active and requires both ET and Ang Il ligands for
activation.

It seems likely that the vasoconstrictor actions of LD Ang Il are mediated primarily through
ET a receptors, because we find that the ET 5-selective blocker BQ-123 gives similar results
to bosentan. The results of blockade of a single receptor subtype have to be interpreted
cautiously because there may be amplification of the actions of the unblocked receptor subtype,
secondary to loss of receptor-mediated ET clearance. In fact, this is probably the reason that
ET A blockade alone is less effective in preventing the rise in RVR with HD Ang Il than
combined ET a and ETg blockade in the present study. Presumably, the increased ET available
results in renal endothelial ETg-mediated release of nitric oxide, which serves to offset the
renal vasoconstrictor actions of HD Ang I1. The receptor subtype responsible for the natriuretic
response to HD Ang Il is less clear. On the basis of the report by Hoffman et al, 26 we expected
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to see preservation of the natriuretic and diuretic response during selective ET a blockade;
however, the response became more variable and was no longer different from baseline,
although it increased numerically. Perhaps both ET  and ETg receptors are involved in the
natriuretic response to this very HD of Ang II.

In conclusion, these studies demonstrate that ET makes an important contribution to the renal
vasoconstrictor and pressor actions of acutely administered, LD Ang Il via an ET 5-dependent
effect. Furthermore, in the normal conscious rat, endogenous ET is the primary mediator of
the natriuresis and diuresis seen with a high pressor dose of Ang Il.
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