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JACQUELINE NoVAK AND ROBERT O. Banks!

Department of Molecular and Cellular Physiology, University of Cincinnati College of Medicine,

Cincinnati, Ohio 45267-0576

Abstract. In the current study, we have determined to what extent lead and nickel alter
the cardiorenal actions of endothelin in pentobarbltal anesthetized female rats. One
hour following surgery, 3 x 15-min renal clearances were collected and endothelin
(ET)-1 was infused iv at 110 ng/kg/min for 30 min during which time an additional two
clearances were collected. Lead (infused as lead acetate throughout the experiment)
at 4.8 nmoles/min and 24 nmoles/min significantly attenuated the ET-induced increase
in mean arterial pressure (MAP); lead infused at 0.48 nmoles/min had no effect. An
ET-induced decrease in the glomerular filtration rate (GFR) in control rats was com-
pletely blocked by the higher doses of Pb®*. By contrast, Pb>* had no effect on
angiotensin Il or norepinephrine induced increases in MAP. In additional experiments,
calcium chloride was infused at 500 nmoles/min for 105 min, then Ca?* + Pb?* (4.8
nmoles/min) were infused for another 105 min; in these experiments, there was no
Pb?*-induced inhibition of the MAP response to endothelin; the GFR response to the
peptide remained blocked. NiCl, reduced the ET-induced increase in MAP only at 24
nmoles/min; at 4.8 and 24 nmoles/min, nickel attentuated the decrease in GFR induced
by ET. Finally, Ca?* infusion had no effect on the inhibition by Ni** of the GFR
response to ET. These data illustrate that (i) lead inhibits the cardiorenal actions of
endothelin; (i) a Ca*-related process is involved the systemic but not the renal
component of this inhibition; (iii) since the heavy metal does not affect angiotensin li
or norepinephrine-induced increases in MAP, the inhibition by lead of the systemic
response is relatively specific for endothelin; and (iv) nickel also inhibits the renal
response to the peptide but higher doses are required to inhibit the systemic

response.

[P.S.E.B.M. 1995, Vol 208]

ndothelin (ET) is a 21 amino acid vasoactive
peptide initially isolated from endothelial cells
(1). The cardiovascular actions of this peptide
include sustained increases in mean arterial pressure,
positive inotropic and chronotropic effects on the heart,
and vasoconstriction of most arterial components (2,
3). Endothelin also stimulates the secretion of atrial
natriuretic peptide, renin, and aldosterone (2, 3). The
actions of the peptide on the kidney include increases
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in renal vascular resistance and concomitant decreases
in renal blood flow, the glomerular filtration rate
(GFR), and the ultrafiltration coefficient, and variable
effects or sodium and water reabsorption (2-5).

Simonson and Dunn (6) have recently reviewed
the mechanism of endothelin-induced vasoconstric-
tion; at least two intracellular signal transduction path-
ways appear to be involved. Thus, the vascular re-
sponse to endothelin is biphasic, with an initial tran-
sient increase in intracellular calcium, a process which
is mediated through an increase in inositol trisphos-
phate (IP;) (7). The second phase is characterized by a
sustained increase in intracellular calcium that is due
to the entry of extracellular calcium ions (7, 8). Endo-
thelin may activate a receptor-operated, voltage insen-
sitive calcium channel (9) as well as an L-type calcium
channel (10).

The degree to which the ET-induced vasoconstric-
tion is dependent on extracellular calcium varies among
tissue types. Banks and Cao (4) reported that the L-

LEAD, NICKEL, AND ENDOTHELIN 191



type calcium channel blocker, verapamil, abolishes
the ET-induced increase in mean arterial pressure, but
does not alter the endothelin-induced decreases in glo-
merular filtration rate. Along these lines, Edwards et
al. (11) and Loutzenhiser et al. (12) reported that en-
dothelin-induced contractions of the afferent but not
the efferent arteriole are attentuated by calcium chan-
nel antagonists. In addition, in vitro studies have
shown that dihydropyridine calcium channel antago-
nists inhibit the ET-induced vasoconstriction in por-
cine coronary arteries by preventing the sustained in-
crease in intracellular calcium (10). Similarly, in the
guinea pig trachea the responses to endothelin are de-
pendent on extracellular calcium (13). By contrast,
neither nicardipine nor removal of extracellular cal-
cium completely abolishes the ET-induced contraction
of the rabbit aorta (14). Shimamoto e al. (15) reported
similar findings in the rat aorta; only a small compo-
nent of the endothelin-induced response is dependent
on extracellular calcium entry through voltage depen-
dent calcium channels. Finally, Tanoi et al. (16) re-
ported that the calcium channel blocker, nifedipine,
inhibits the endothelin-induced contractions in the ce-
rebral and coronary arteries but not in mesenteric ar-
teries from the dog.

Heavy metals such as cadmium and nickel have
been shown to alter the vasoconstrictor responses to
endothelin-1. In vitro studies with nickel and cadmium
have shown that these heavy metals inhibit the ET-
induced vasoconstriction in isolated arterial strips (17,
18). Despite the in vitro findings there have been no in
vivo studies on the effects of heavy metals on the car-
diorenal actions of endothelin-1. Lead has been re-
ported to be a calcium channel blocker which is effec-
tive in blocking both L- and t-type Ca?* channels (19);
however, its effects on the cardiorenal actions of en-
dothelin have not been evaluated. Therefore, in the
current study we have examined the effects of lead and
nickel on endothelin-induced changes in mean arterial
pressure and renal function, in vivo, utilizing anesthe-
sized Sprague-Dawley rats.

Materials and Methods

Ninety-two female Sprague-Dawley rats (200 to
250 g) were maintained on standard rat chow and wa-
ter ad libitum until the time of the experiment. Rats
were anesthetized with sodium pentobarbital (60 mg/
kg, ip) and rectal temperatures were maintained at 37°
#+ (0.5°C with a radiant heat lamp connected to a tem-
perature controller. The left femoral vein and artery
were cannulated with PE-50 tubing. Blood pressures
were monitored with a pressure transducer and dis-
played on a chart recorder. Immediately after cathe-
terization of the femoral vein, saline containing 3%
creatinine was infused at a rate of 24 pl/min and main-
tained throughout the experiment. A second infusion
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pump was utilized to deliver saline with lead acetate,
saline with sodium acetate (control for lead experi-
ments), saline with nickel chloride or saline (control
for nickel chloride) via the left femoral vein at a rate of
50 wl/min. Finally, the bladder was cannulated with
PE-100 tubing via an abdominal incision. Following
surgery, the animal was placed on its side slightly el-
evated above the table to prevent accumulation of
urine in the bladder. Upon completion of each exper-
iment all rats were sacrificed with a lethal dose of so-
dium pentobarbital.

Five series of experiments with a total of eight
groups of rats were conducted. Experiments in Series
I were divided into four groups of rats (n = 8 per
group) and were designed to determine to what extent
lead altered the cardiorenal actions of endothelin:
Group I-I was a control group and received 4.8
nmoles/min sodium acetate, Group I-II received 0.48
nmoles/min lead acetate (PbAc), Group I-III received
4.8 nmoles/min PbAc, and Group I-IV received 24
nmoles/min PbAc. The doses of lead were chosen ex-
perimentally; after determining a dose which altered
the cardiorenal actions of endothelin-1, lower and
higher doses were then evaluated. In each experiment,
NaAc or PbAc solutions were infused throughout the
entire experiment. Rats were administered 1.3 mg of
sodium pentobarbital following surgery and again at 20
min during a 60 min stabilization period. Three x 15-
min clearance periods (C,, C,, and C,) were then per-
formed with a 0.2 ml arterial blood sample obtained
after C,; baseline values represent the average of C,,
C,, and C;. Endothelin-1 was then added to the creat-
inine infusion to yield a dose of 110 ng/kg/min; the
dose of endothelin was chosen because it produces
near maximal effects on the mean arterial pressure and
renal function (2, 20). Endothelin was infused for 30
min during which time 2 X 15-min clearances (E; and
E,) were collected; a second arterial blood sample (0.5
ml) was obtained immediately following E,.

Experiments in Series 11 were designed to evalu-
ate the actions of a second heavy metal, nickel, on the
cardiorenal actions of endothelin; there were a total of
four groups of rats in Series II. Group II-I (n = 8) was
a control group and received only saline throughout
the experiment, Group II-II (»n = 5 for this and all
other groups in Series II) received 0.48 nmoles/min
NiCl,, Group II-III received 4.8 nmoles/min NiCl,,
and Group II-1V received 24 nmoles/min NiCl, (i.e.,
equivalent doses of nickel with that of lead used in
Series I). The experimental protocol was also the same
as in Series I.

Experiments in Series III (n = 5) were designed to
evaluate to what extent calcium was involved in lead-
induced changes in the cardiorenal actions of endothe-
lin. Following surgery, calcium chloride was infused at
500 nmoles/min for 60 min. PbAc (4.8 nmoles/min)



plus 500 nmoles/min CaCl, was then infused for 60 min
followed by 3 X 15-min control periods (C,, C, and C,)
with a blood sample of 0.2 ml taken after C,. The
remainder of the experimental protocol was the same
as Series I.

Experiments in Series IV (n = 5) were similar to
those in Series III and were designed to evaluate to
what extent calcium was involved in nickel-induced
changes in the cardiorenal actions of endothelin. The
experimental protocol for this series of experiments
was the same as for Series III except that NiCl, (4.8
nmoles/min) was infused.

Two groups of rats (n = 8/group) were evaluated
in Series V; these experiments were designed to eval-
uate the specificity of lead-induced changes on the car-
diorenal actions for endothelin. Experiments in this
series were performed with angiotensin II (Ang II) (50
ng/kg/min, Group V-I) and with norepinephrine (NE)
(1 pg/kg/min, Group V-II). The doses of Ang II and
NE were chosen to induce increases in MAP similar in
magnitude to those prompted by endothelin in the Se-
ries I experiments. In group V-1, 2 X 15-min clearance
periods (C, and C,) were performed and a 0.2-ml blood
sample obtained after C,. Ang II was infused for 30
min during which time 2 X 15-min clearances were
collected (E, and E,); an arterial blood sample of 0.2
ml was obtained after E,. Next, 4.8 nmoles/min PbAc
was infused for 75 min with additional doses of sodium
pentobarbital administered at 20 and 40 min during the
infusion of PbAc. Two X 15-min clearances were col-
lected (Pb, and Pb,) and a 0.2-ml arterial sample with-
drawn after Pb,. PbAc infusion was continued but, in
addition, Ang II was then infused for 30 min with 2 X
15-min clearances being collected (PE,; and PE,); a
0.5-ml blood sample was collected after PE,. A similar
protocol was used for Group V-II (the NE group) ex-
cept that two subgroups of animals (V-II, and V-IIg)
were required because the blood pressures in several
animals following the first NE infusion were below 80
mm Hg. In Subgroup V-II,, only NaAc was infused
(as described above for Group V-I), and the experi-
ment was terminated after the infusion of NE. In Sub-
group V-1, PbAc was infused for 90 min followed by
an infusion of NE.

Chemical Determinations. Urine volume (V)
was determined gravimetrically. Creatinine concentra-
tions in urine and blood were measured by the method
of Folin and Wu (21); female rats were chosen since
the clearance of creatinine can be equated with the
glomerular filtration rate (GFR) (22). Urinary and
plasma sodium (Na*) and the total plasma calcium
(Ca’?*) were determined by atomic emission and ab-
sorption spectrophotometry, respectively, using a Per-
kin-Elmer atomic absorption spectrophotometer.

Endothelin-1 was purchased from Peninsula Lab-
oratories and was dissolved in a solution of 0.1% ace-

tic acid and 0.01% Triton 305, divided into aliquots and
stored at —80°C until the time of the experiment.

Statistical Analyses. Differences within each
group were determined by using one-way analysis of
variance for repeated measures and Duncan’s new
multiple-range test. Differences between groups were
evaluated using Student’s ¢ test for grouped data. Val-
ues were accepted as significantly different when the
probability of no difference was less than 5%. Means
=+ SE are reported.

Results

Lead- and Nickel-induced Changes in the Sys-
temic Response to ET. The effects of lead (Series I)
and nickel (Series II) infused intravenously at 0.48
nmoles/min, 4.8 nmoles/min, and 24 nmoles/min on the
cardiorenal actions of endothelin are summarized in
Table 1. There were no significant differences in base-
line mean arterial blood pressure values among the
groups of rats in Series I and Series II. In all the
groups, there were significant increases, compared
with baseline, in mean arterial blood pressure (MAP)
at 15 and 30 min during infusion of endothelin. How-
ever, MAP values during infusion of endothelin in rats
treated with 4.8 and 24 nmoles/min PbAc were signif-
icantly lower than corresponding MAP values in rats
treated with NaAc or with 0.48 nmoles/min PbAc. By
contrast, during infusion of endothelin in Series Il rats,
MAP values for the nickel-treated animals were not
significantly different from the saline-treated rats ex-
cept at the 30-min time period for the group treated
with 24 nmoles/min NiCl, (Group II-IV).

Further analysis of the effects of lead and nickel
on endothelin-induced increases in mean arterial blood
pressure are illustrated in Figures 1 and 2. These fig-
ures illustrate MAP data expressed as the change in
pressure (Amm Hg) during infusion of endothelin at 15
and 30 min. The increases in mean arterial blood pres-
sure at 30 min during infusion of endothelin were not
significantly different between control (NaAc) rats (35
+ 4 mm Hg) and rats treated with 0.48 nmoles/min
PbAc (29 = 4 mm Hg). By contrast, in rats infused
with the higher doses of lead (4.8 and 24 nmoles/min
PbAc) the increases in MAP (16 = 6 and 16 = 3 mm
Hg, respectively) were significantly less than the in-
creases in the MAP recorded in controls. In nickel-
treated rats (Fig. 2), increases in mean arterial pres-
sure at 30 min during infusion of endothelin were not
significantly different between control rats (44 + 4 mm
Hg) and rats treated with 0.48 nmoles/min NiCl, (41 =
8 mm Hg) and 4.8 nmoles/min NiCl, (32 = 6 mm Hg).
In rats infused with the highest dose of nickel (24
nmoles/min NiCl,), the AMAP values were signifi-
cantly lower than the control group (the change in
MATP in Group II-IV was 26 = 5 mm Hg at 30 min).
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Table I. Effects of L.ead and Nickel on Endothelin-Induced Changes in Mean Arterial Blood Pressure
and Selected Variables of Renal Function®

LEAD NICKEL
ET INFUSION ET INFUSION
Series | Baseline Series |l Baseline
15 min 30 min 15 min 30 min
Group Hl Group -l
(4.8 nmoles/min NaAc) (Saline)
(n =8) (n = 8)
MAP (mmHg) 95 + 4 117 + 4** 130 = 4** MAP (mmHg) 94 + 4 124 + 6** 139 = 5"
GFR (ml/min) 3.05+026 1.85+0.24" 1.28 +0.29*" GFR (ml/min) 291+030 150+0.18" 0.52=0.17*"
UnaV (Eg/min) 352+1.0 9.28 + 2.2 6.02 + 1.6 UnaV (rEQ/min) 4.05+074 753+15" 2.16 = 0.59
V (nl/min) 43+ 8 68 + 13 53 + 11 V (ul/min) 37.2+22 53.4 + 7.6* 19.1 = 5.56*
FEna (%) 0.87 £+ 022 3.99+081*" 4.11 +0.55" FEna (%) 112+ 0.19 437 =0.88" 4.07 = 0.56*"
Group Hli Group II-1l
(0.48 nmoles/min PbAc) (0.48 nmoles/min NiCl,)
(n = 8) (n = §)
MAP (mmHg) 100 + 4 117 £ 5 130 + 4** MAP (mmHg) 94 *5 122 + 8** 135 £ 7**
GFR (ml/min) 257 £021 2.01 £0.25" 1.67 = 0.50" GFR (ml/min) 282+019 1.03=x017" 0.32 + 0.14*
UnaV (Eg/min) 39112 6.79 + 1.7 566 + 1.9 UnaV (LEGQ/min) 376+1.05 7.08+291 1.20 * 0.66
V (pl/min) 35+8 50 £ 10 36 + 10 V (u¥/min) 262 +780 269 +8.00 6.98 + 2.74*
FEna (%) 09+028 215+067" 212+ 0.46*" FEna (%) 072020 3.12=+1.08 439 + 2,18
Group HlI Group (-1l
(4.8 nmoles/min PbAc) (4.8 nmoles/min NiCl,)
(n=8) (n = 5)
MAP (mmHg) 89 +3 101 + 6** 107 =+ 7** MAP (mmHg) 94 + 4 112 + 6* 127 £ 7
GFR (ml/min) 235+027 231+0.35 2.18 + 0.31 GFR (ml/min) 325+0.13 270=+0.27 237 £ 0.16**
UnaV (rEg/min) 289+046 503x1.2" 7.05+ 1.4 UnaV (wEg/min) 8.08 £1.30 125+ 1.84" 15.4 = 1.36""
V (pl/min) 368 38+7 48 +9 V (u/min) 54072 647 £ 9.9 82,5+ 104
FEne (%) 118037 185+0.76 2.81 + 1.08* FEna (%) 155+ 037 254 +0.37" 3.55 + 0.43*
Group HIV Group IV
(24 nmoles/min/PbAc) (24 nmoles/min NiCl,)
(n=8) (n =5)
MAP (mmHg) 96 + 4 103 + 5** 112 + 5 MAP (mmHg) 1055 121 = 5* 131 £ 6**
GFR (ml/min) 289+026 259+0.18 252 +0.20 GFR (ml/min) 291 +0.09 291=x0.37 244 + 0.39
UnaV (Eg/min) 175+ 0.6 434 15" 6.26 + 2.3* UnaV (LEQ/min) 410212 8.76 436 3.51+06
V (pnl/min) 18+ 4 29 = 10* 38 = 10* V (uV/min) 36.1 £ 151 47.7 + 220 245+ 48
FEna (%) 034 +008 087027 1.39 = 0.49"* FEna (%) 135+ 059 238 +0.92 1.48 = 0.23
Series |Il Series IV
(PbAc + CaCl,) (NiCl, + CaCl,)
(n=8) (n ='5)
MAP (mmHg) 92+3 108 = 3™ 123 + 4" MAP (mmHg) 97 + 8 133 + 9** 136 = 9**
GFR (ml/min) 277031 239=*0.11 222 +0.23 GFR (mi/min) 294 + 057 240=+0.29 1.57 = 0.10*
UnaV (Eg/min) 8.70+13 980+ 1.4 10.0 = 1.6 UnaV (LEQ/min) 740+ 1.4 8.60 + 0.60 51+0.8
V (pl/min) 52 =10 63 = 14* 71 £ 14" V (ul/min) 72 £12 87 £ 14 67 = 15
FEna (%) 298+ 062 248 =037 3.01 £ 0.69 FEna (%) 3.4 070 3.9 %= 0.50 3.60 = 0.70

2 Values are means = SE. GFR = glomerular filtration rate; U,V =

sodium excretion.
* P < 0.05 compared with corresponding baseline value.
** P < 0.01 compared with corresponding baseline value.

Lead- and Nickel-Induced Effects on the Renal
Response to ET. Table I also summarizes the effects
of lead and nickel on endothelin-induced changes in
renal function. As was observed with mean arterial
blood pressure values, there were no significant dif-
ferences in the baseline GFR values among the eight
groups of rats in Series I and II. However, during the
infusion of endothelin, rats treated with NaAc (Group
I-T) as well as rats treated with 0.48 nmoles/min PbAc
(Group I-II) were characterized by significant de-
creases in the GFR when compared with the baseline
value for each group. By contrast, in rats treated with
either 4.8 nmoles/min PbAc (Group I-III) or 24 nmoles/
min PbAc (Group I-1V), there were no significant en-
dothelin-induced decreases in the GFR. Similarly, dur-
ing infusion of endothelin into the rats treated with
saline (Group II-I), 0.48 nmoles/min NiCl, (Group II-
II), or 4.8 nmoles/min NiCl, (Group II-III) there were
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urinary sodium excretion; V = urine flow rate; FE,, = fractional

significant decreases in the GFR when compared with
the baseline GFR value for each group. By contrast, in
rats treated with 24 nmoles/min NiCl,, there was no
significant endothelin-induced decrease in the GFR.
When compared with the saline controls, the GFR val-
ues of the rats treated with either 4.8 nmoles/min NiCl,
or 24 nmoles/min NiCl, were significantly higher at
both 15 and 30 min during infusion of endothelin.

Figures 3 and 4 illustrate the GFR data when ex-
pressed as the endothelin-induced change in this phys-
iological variable (Aml/min). In rats infused with 4.8
nmoles/min NaAc or with 0.48 nmoles/min PbAc, en-
dothelin induced significant decreases in the GFR; the
GFR decreased 1.77 = 0.38 ml/min and 0.89 = 0.34
ml/min in the two groups, respectively. As summa-
rized in Table I, the decrease in GFR prompted by
endothelin was completely blocked in rats infused with
either 4.8 or 24 nmoles/min PbAc.
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Figure 1. Changes in mean arterial blood pressure values
(AMAP, mm Hg) are shown during intravenous infusions of en-
dothelin-1 (ET) (110 ng/kg/min) into rats treated with 4.8 nmoles/
min NaAc (Group I-l, circles), into rats treated with 0.48 nmoles/
min PbAc (Group I-ll, diamonds), into rats treated with 4.8
nmoles/min PbAc (Group I-lll, triangles), and into rats treated
with 24 nmoles/min PbAc (Group I-1V, squares). *P < 0.05 com-
pared with corresponding control values in NaAc (Group I-I)
treated rats. Statistical evaluation of values relative to baseline
are reported in Table |.
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Figure 2. Changes in mean arterial blood pressure values
(AMAP, mm Hg) are shown during intravenous infusions of en-
dothelin-1 (ET, 110 ng/kg/min) into rats treated with saline
(Group II-l, circles), into rats treated with 0.48 nmoles/min NiCl,
(Group II-ll, diamonds), into rats treated with 4.8 nmoles/min
NiCl, (Group II-lll, triangles), and into rats treated with 24
nmoles/min NiCl, (Group II-lIV, squares). *P < 0.05 compared
with corresponding control values in saline (Group II-) treated
rats. Statistical evaluation of values relative to baseline are re-
ported in Table I.

In rats infused with saline or with 0.48 nmoles/min
NiCl, (Fig. 4), endothelin induced significant de-
creases in the GFR; the GFR decreased 2.39 = 0.38
ml/min and 2.5 = 0.33 ml/min, in the two groups, re-
spectively. By contrast, the GFR decreased only 0.88
#+ 0.21 ml/min in the group receiving 4.8 nmoles/min
NiCl, and 0.46 * 0.43 ml/min in the group receiving 24
nmoles/min NiCl,.

Table I also summarizes data for urinary sodium
excretion rate (Uy,V), urinary flow rate (V), and frac-
tional sodium excretion (FEy, = Uyg,V/GFR X
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Figure 3. Changes in glomerular filtration rates (AGFR, ml/min)
are shown during intravenous infusions of endothelin-1 (ET, 110
ng/kg/min) into rats treated with 4.8 nmoles/min NaAc (Group
I-I), into rats treated with 0.48 nmoles/min PbAc (Group I-ll), into
rats treated with 4.8 nmoles/min PbAc (Group I-ll), and into rats
treated with 24 nmoles/min PbAc (Group I-1V). See legend to
Figure 1 for description of symbols. *P < 0.05 compared with
corresponding values in the appropriate control group, NaAc
(Group I-1). Statistical evaluation of values relative to baseline
are reported in Table |.
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Figure 4. Changes in glomerular filtration rates (AGFR, ml/min)
are shown during intravenous infusions of endothelin-1 (ET, 110
ng/kg/min) into rats treated with saline (Group II-l), into rats
treated with 0.48 nmoles/min NiCl, (Group II-ll), into rats treated
with 4.8 nmoles/min NiCl, (Group lI-lll), and into rats treated with
24 nmoles/min NiCl, (Group II-IV). See legend to Figure 1 for
description of symbols. *P < 0.05 compared with corresponding
values in the appropriate control group, saline (Group lI-l). Sta-
tistical evaluation of values relative to baseline are reported in
Table .

plasma Na concentration). Rats administered 4.8 and
24 nmoles/min PbAc were characterized by significant
increases in Uy, V when compared with corresponding
baseline values. In addition, rats infused with 24 nmoles/
min PbAc had significant increases in V at 15 and 30
min during infusion of ET. Fractional excretion of so-
dium increased significantly in the NaAc group and in
all three of the lead-treated groups compared to their
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corresponding baselines. In the saline-treated controls
(Group II-I), V and FEy, were significantly different
from baseline at both 15 and 30 min whereas Uy,V
was only significantly higher than baseline at 15 min.
In rats infused with 0.48 nmoles/min NiCl,, the only
statistically significant change was in V, which was
significantly lower than baseline at 30 min. By con-
trast, in rats receiving 4.8 nmoles/min NiCl,, Uy,V
and FEy, values were significantly above baseline at
both 15 and 30 min; V was significantly higher than
baseline at 30 min.

Series lll and IV: Calcium Infusion Experi-
ments. Table I summarizes the data from the calcium
infusion experiments. Treatment with calcium (500
nmoles/min Ca?* for 105 min followed by Ca?>* + 4.8
nmoles/min PbAc for 105 min, Series III) prevented
the lead-induced inhibition of the systemic response to
endothelin. The MAP values were not significantly dif-
ferent from the NaAc group (Group I-I). By contrast,
the GFR response to endothelin remained attentuated
in calcium + lead treated rats. GFR values at 15 and
30 min during endothelin infusion were not signifi-
cantly different from baseline in this group of rats. It is
also of interest to note that the infusion of calcium
chloride did not alter the plasma calcium concentra-
tion. Specifically, control rats had a mean total plasma
calcium concentration of 5.1 = 0.3 mEgq/1, a value that
was not significantly different from the total plasma
calcium concentration of the calcium-treated group
(4.26 = 0.2 mEg/l).

In Series IV, treatment with calcium (500 nmoles/
min Ca’* for 105 min followed by Ca®* + 4.8 nmoles/
min NiCl, for 105 min) did not affect the ET-induced
increases in MAP (data also shown in Table I). The
inhibition by nickel of the endothelin-induced de-
creases in GFR was also unaffected by treatment with
calcium.

Effects of Lead on the Systemic Response to
ANG Il and NE. The effects of PbAc infused at 4.8
nmoles/min on the cardiorenal actions of ANG II

(Group V-I) and NE (Group V-II) are summarized in
Table II. Both Ang II and NE produced increases in
MAP during infusion that were not significantly differ-
ent with either NaAc or PbAc. The doses of Ang II and
NE used in the current study did not affect the GFR in
rats infused with either NaAc or PbAc.

Discussion

The results of the current study demonstrate that
intravenous infusions of lead inhibit both the increase
in mean arterial blood pressure and the decrease in
glomerular filtration rate induced by endothelin. Treat-
ment with calcium blocked the lead-induced inhibition
of the MAP but not the GFR response to the peptide.
Moreover, the effects of lead appear to be specific for
endothelin as there were no effects of lead on Ang II-
or norepinephrine-induced increases in mean arterial
blood pressure. Intravenous infusions of nickel inhibit
the renal response to endothelin and, at higher doses,
the systemic response to the peptide. As with lead,
exogenously administered calcium had no effect on the
inhibition of the renal response to ET-1 by nickel.

Lead and nickel may alter the cardiorenal actions
of endothelin by a number of mechanisms including
inhibition of the interaction between endothelin and its
receptor(s), inhibition of intracellular signaling path-
ways and/or the release of intracellular (or influx of
extracellular) calcium.

The fact that nickel inhibits the renal effects of
endothelin-1 at doses that are lower than are needed to
inhibit the systemic response whereas both the sys-
temic and renal actions of the peptide are attentuated
by the same dose of lead is an interesting facet of the
current study. Since there are at least two ET receptor
subtypes, ET, and ETjg, our data could be explained
by a differential sensitivity of the endothelin subtypes
to the heavy metals. Functional studies have shown
that ET-induced increases in mean arterial blood pres-
sure are mediated by ET  receptors whereas non-ET
receptors are involved in ET-induced renal vasocon-

Table ll. Effects of Lead on the Cardiorenal Actions of Angiotensin Il and Norepinephrine®

MAP (mm Hg) GFR (mi/min)
Basal 30 min with agonist Basal 30 min with agonist

Group V-l (ANG Il

4.8 NaAc 90 + 4 119 + 4** 230+ 0.25 3.09 = 0.66

4.8 PbAC 89 +4 123 =+ 7** 2.69 £ 0.24 2.46 = 0.25
Group V-l (NE)

4.8 NaAc 86 = 2 113 = 5** 2.34 £ 0.06 2,62 = 0.24
Group V-lig (NE)

4.8 PbAc 85+ 2 110 = 5** 3.05 £0.12 231034

@ Values are means + SE; amounts of lead acetate or sodium acetate are in nmoles per min (Ang Il experiments were performed in
the same rats before and during PbAc (n = 8) whereas NE experiments were performed in two separate subgroups of eight rats per

sub-group).
*P < 0.05 compared with corresponding baseline value.
** P < 0.01 compared with corresponding baseline value.
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striction (24). Furthermore, Biguad and Pelton have
reported that an ETp agonist [Ala!'*!"15] ET-1 in-
duced an initial decrease in arterial pressure followed
by mesenteric and renal vasoconstriction (25). Along
these lines, it is of interest to note that Wada et al. (23)
reported that nickel and cadmium inhibit the binding of
endothelin to its receptor; the differential effects of the
heavy metals on ET receptor subtypes were not eval-
uated since the Wada et al. report (23) was published
prior to the description of multiple ET receptors.

The possibility that lead may interfere with an in-
tracellular signaling pathway necessary for vascular
smooth muscle contraction does not appear to be sup-
ported by the data from the current study. It is gener-
ally held that endothelin, norepinephrine, and an-
giotensin II utilize similar transduction pathways with
inositol triphosphate (IP;) as an important second mes-
senger stimulating the release of intracellular Ca?*
pools (for reviews see Ref. 6, 26, and 27). Nonetheless
lead did not block the norepinephrine or angiotensin
II-induced increase in mean arterial blood pressure,
data which suggest that the heavy metal does not block
an IP; signaling pathway. Other investigators have
also shown that contractile responses to angiotensin II
and norepinephrine are not inhibited by lead but are
either enhanced or unchanged by the heavy metal (28).
Thus, the lead-induced inhibition of the cardiorenal
actions of endothelin appears to be relatively specific
for endothelin-1 and is not a general phenomenon as-
sociated with all vasoconstrictor agents. The possibil-
ity does exist that endothelin may utilize other intra-
cellular signaling pathways such as protein kinase C or
phospholipase D (see review by Masaki et al. [29])
which could be sensitive to inhibition by lead. Clearly,
additional studies will be required to further evaluate
possible intracellular mechanisms by which lead could
inhibit the cardiorenal actions of endothelin.

It is of interest that pretreatment with calcium off-
sets the inhibition by lead of the systemic response to
endothelin. Although there was no change in the con-
centration of calcium in these experiment, these data
suggest that lead might interfere with the influx of ex-
tracellular calcium in those vessels responsible for the
increase in mean arterial blood pressure. Along these
lines, it has been reported that ET acts directly or
indirectly by activating L-type calcium channels (7).
Moreover, the systemic actions of endothelin, as re-
flected by the increase in arterial blood pressure, are
verapamil sensitive whereas the renal actions of the
peptide are not affected by the calcium channel antag-
onist (4, 29). It is of interest to note that lead blocks
L-type voltage gated channels with an IC; of less than
1.0 wM (19) whereas very high concentrations (5 mM)
of nickel are required to block L-channels (30). Thus,
the fact that lead inhibits the systemic response to en-
dothelin at doses lower than does nickel may be re-

lated to an effect of the heavy metal on L-type calcium
channels. Since the renal response to endothelin is not
verapamil sensitive (4) the inhibition by lead and
nickel of the renal response cannot be explained sim-
ply by the blockade of L-type calcium channels. Per-
haps the inhibition of the renal response involves the
interaction with another type of calcium channel.
Along these lines, lead and nickel do block t-type cal-
cium channels with an ICs; of 1.3 M (19) and 47 uM
(31), respectively. Therefore, it is possible that both
lead and nickel alter the renal response to endothelin
by inhibiting t-channel activity. In fact, Furukawa et
al. (32) have reported that endothelin enhances cal-
cium entry through t-type calcium channels in neona-
tal rat ventricular myocytes. The role of t-type calcium
channels in other tissues has not been widely studied
but there have been a few reports that nickel inhibits
endothelin-induced contractions in isolated vessels
(17, 33).

It has been reported that endothelin, in addition to
causing a decrease in the GFR, has a number effects
on renal function. Thus, the peptide increases renal
vascular resistance, increases plasma renin activity,
decreases urine flow, and decreases urinary sodium
excretion (see Ref. 34 for review). It is of interest to
note that we have recently reported that doses of en-
dothelin lower than those used in the current study,
doses that cause an increase in MAP but do not mark-
edly affect the GFR, induce a pressure-dependent na-
triuresis and diuresis (35). Thus, the fact that lead at-
tenuates the ET-induced increase in MAP but abol-
ishes the decrease in the GFR appears to have exposed
a pressure-dependent renal event. This interpretation
is further supported by the nickel data which illustrate
that at 4.8 nmoles/min NiCl,, a dose which only affects
ET-induced changes in GFR but not MAP, result in a
sustained natriuretic and diuretic response to the pep-
tide. It is also of interest to note that in most rats used
in the current study, either control or those treated
with lead or nickel, endothelin caused an increase in
fractional excretion of sodium, a phenomenon which is
consistent with the pressure-related inhibition of so-
dium reabsorption that occurs proximal to the thick
ascending limb (35).

In summary, data from the current study illustrate
that lead inhibits endothelin-induced increases in mean
arterial blood pressure and decreases in the glomerular
filtration rate and that a Ca®*-related process may be
involved in the systemic component. Nickel also in-
hibits both the systemic and renal actions of the pep-
tide, but, compared with lead, the inhibition of the
systemic component requires a higher dose.

The current study represents a portion of the PhD thesis of J.
Novak, MS, at the University of Cincinnati College of Medicine,
Department of Molecular and Cellular Physiology.
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