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ABSTRACT Male rabbits received 20 pug/ml of cadmium in drinking water for nine months. At the
end of the treatment aortic vascular resistance was increased, whereas maximum rate of increase in
left ventricular pressure, aortic blood flow, stroke volume, cardiac output, left ventricular minute
work, and left ventricular stroke work were reduced. Arterial blood pressure, heart rate, and the
index of myocardial oxygen consumption were not modified. The exposed rabbits also showed
reduced pressor responses to vagotomy, increased cardiovascular responses to angiotensin I and IT
and isoprenaline, and lower responses to serotonin and guanethidine; the bradycardia induced by
clonidine was augmented; the cardiovascular effects of bilateral carotid occlusion, hexamethonium,
phenylephrine, histamine, acetylcholine, tyramine, papaverine and verapamil were unaltered. In the
treated rabbits cadmium was appreciably higher in the kidney than in the heart; however, renal
concentrations of cadmium were lower than those reported as critical for workers exposed to
cadmium. Zinc was increased in the kidney but not in the heart, whereas copper remained
unchanged in the examined organs. In rabbits treated with cadmium the increased aortic vascular
resistance and the reduced myocardial contracility contribute to preserve a haemodynamic equi-
librium without alteration of blood pressure and heart rate; the question of whether a similar
condition may be present in people exposed to cadmium with normal caradiovascular parameters
is discussed.

hypertension, increased cardiac inotropism, reduced
heart rate (in the group treated with the lower dose),

Exposure to cadmium has been found to affect renal
function both in workers! and in the general

population? and a relation between cadmium concen-
trations in the liver and heart disease has been
reported.> An increased mortality from cardio-
vascular disorders was observed in a population with
low molecular weight proteinuria living in a cadmium
polluted area.* On the other hand, there are contro-
versial data on the role of cadmium in inducing
hypertension.! °¢ It seems likely that in the devel-
opment of hypertension in man the effects of the con-
comitant exposure to several elements and inter-
actio;xs with other variables may play a significant
part.

In a previous study we discussed the mechanisms
by which chronic cadmium exposure may affect the
cardiovascular system.® In that study of chronically
Cd exposed male rats we found evidence for arterial
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and an altered vascular response to noradrenaline,
adrenaline, angiotensin I, and bradykinin. Moreover,
in other investigations we showed in male, but not in
female, Sprague-Dawley rats exposed to cadmium an
arterial hypertension negativély correlated with the
urinary kallikrein excretion.®'® The Cd induced
hypertension observed in these studies was related to
an increase of stroke volume or peripheral resistance,
or both, whereas the bradycardia was related to an
activation of the afferent baroflex pathways or to a
depression of the excitability of the sinoatrial node
through a direct effect or both.

The present study was performed to evaluate in
chronically cadmium exposed rabbits some mech-
anisms regulating cardiovascular homeostasis. The
purpose was to obtain further data which may be use-
ful in explaining the haemodynamic effects of cad-
mium in man.
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Materials and methods

Sixteen New Zealand three month old male rabbits,
randomly divided into two groups of eight animals,
were fed a standard laboratory diet. One group
received 20 ug/ml of cadmium (as CdCl,) in deionised
drinking water for nine months, while the other group
was kept as a control. At the end of the treatment, the
rabbits were anaesthetised with sodium pentothal,
initially administered as a single intravenous injection
of 45 mg/kg body weight; they were then injected peri-
odically with an intravenous dose of 15 mg/kg of the
same anaesthetic to maintain a stable anaesthesia
during the assessment of the cardiovascular function.
The trachea was cannulated to allow spontaneous
breathing. Afterwards, the animals were killed by
bleeding and organs were taken for histological exam-
ination and the determination of cadmium, zinc, and
copper concentrations.

HAEMODYNAMIC MEASUREMENTS
Polyethylene catheters were inserted: (a) into the
aorta through the right femoral artery in order to
measure blood pressure (BP), () into the left ventricle
through the left common carotid artery for recording
the maximum rate of increase in left ventricular pres-
sure (dLVP/dt), and (c) into the left jugular vein for
drug administration. The catheters contained sodium
heparin (100 USP/ml). BP (systolic and diastolic or
mean) was continuously monitored with a P23Db
Statham pressure transducer (Statham Medical
Instruments, Los Angeles, Calif), connected with a
Beckman RM dynograph recorder (Beckman Instru-
ments, Inc, Schiller Park, Ill), and averaged electron-
ically. To assess cardiac inotropism, dLVP/dt was
determined using a Biotronex BL 620 derivative
computer (Biotronex Laboratories, Inc, Kensington,
Mass) according to Neal et al,'* Crawford et al,'?
and Davidson et al.!® Heart rate (HR) was deter-
mined by a Beckman cardiotachometer coupler
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triggered by the R-peak of the lead II electro-
cardiogram. An electromagnetic flow probe (2-3 mm
inside diameter) was implanted in the abdominal
aorta, as previously described,'* to measure the blood
flow (ABF; systolic and diastolic or mean) using a
Statham flowmeter SP 2202. Stroke volume (SV) was
obtained by integrating the pulsatile ABF (f ABF,,)
using a Biotronex apparatus (model BL 622).
Together with BP, dLVP/dt, HR, ABF, and SV were
also continuously monitored. Cardiac output (CO),
aortic vascular resistance (AVR), index of myocardial
oxygen consumption (MOC), left ventricular minute
work (LVMW), and stroke work (SW) were calcu-
lated (table 1).

STUDY OF CARDIOVASCULAR FUNCTION

The cardiac and vascular parameters were determined
in basal conditions, at least 30 minutes after com-
pletion of the surgical procedures. Bilateral carotid
occlusion (BCO) of the common carotid arteries was
then performed for a period of 30 seconds.® ~'# This
was followed by bilateral selective vagotomy, carried
out at the neck below the nodose ganglion. After-
wards, receptor stimulating drugs were injected
intravenously: phenylephrine (20 ug/kg), isoprenaline
(03 pg/kg), angiotensin I (0-25 ug/kg) and II (0-25
rg/kg), histamine (5 pg/kg), serotonin (10 ug/kg) and
acetylcholine (2-5 ug/kg), tyramine (1 mg/kg), hexa-
methonium (2-5 mg/kg), clonidine (20 ug/kg, by
intracarotid infusion), guanethidine (0-5 mg/kg),
papaverine (1 mg/kg), and verapamil (50 ug/kg) were
administered successively. All drugs were dissolved in
0-9% saline solution. The doses were expressed in
terms of free bases and peak measures were con-
sidered. The administration of the solvent alone did
not induce significant cardiovascular modification.
Each consecutive test was performed only when all
parameters had spontaneously returned to the values
preceding the injection of phenylephrine and
remained stable. The other general procedures have
been described.®~ 14

Table 1  Parameters, calculations, and units of measurement to determine in vivo cardiac function and systemic
haemodynamics

Parameters Calculation Units

Systolic aortic blood pressure (SBP) Measured mm Hg

Diastolic aortic blood pressure (DBP) Measured mm Hg

Mean aortic blood pressure (MBP) SBP + 2 DBP/3 mm Hg

Maximum rate of increase in left ventricular pressure (dLVP/dt) Measured mm Hg/sec

Heart rate (HR) Measured Beats/min

Aortic blood flow (ABF) Measured ml/min

Stroke volume (SV) Measured ABFd‘ x 103%) ul/beat

Cardiac output (CO) SVxHRx10-3 ml/min

Aortic vascular resistance (AVR) MBP/mean ABF x 79-9 Dynes x sec x 10~ 3/cm ~3
Index of myocardial oxygen consumptlon (MOC) HR xSBPx 1073 mm Hg/beat/min x 10~3
Left ventricular minute work (LVMW)* MBP x CO x 6-8 kp x m/min

Left ventricular stroke work (SW)* LVMW/HR p x m/beat

*Expressed as “index™ (calculated for 5 kg body weight).
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Table 2 Monitored and derived indices of in vivo cardiac function and systemic haemodynamics in control and cadmium
exposed male rabbits*

Control Exposed
Systolic aortic blood pressure (mm Hg) 105+ 6 107 £+ 7
Diastolic aortic blood pressure (mm Hg) 74 + 4 74+ 5
Mean aortic blood pressure (mm Hg) 84 +5 85+ 6
Maximum rate of increase in left ventricular pressure (mm Hg/sec) 2891 + 106 2098 + 349t
Heart rate (beats/min) 163 + 6 168 + 4
Mean aortic blood flow (ml/min) 120 + 8 87 + 61
Stroke volume (ul/beat) 985 + 76 724 + 28%
Cardiac output (ml/min) 157 + 11 122 + 61
Aortic vascular resistance (dynes x sec x 10~ %/cm™%) 59+ 5 80 + 7t
Index of myocardial oxygen consumption (mm H}/beat/min x 1073) 17+ 1 18 +1
Left ventricular minute work (kp x m/min x 10%) 9+1 6+ 1t
Left ventricular stroke work (p x m/beat x 10*) 6+1 4 + 0-5t

*All values are means + SE (n = 8 in both groups).
tSignificantly different from control (p < 0-05).

Table 3  Cardiovascular changes after bilateral carotid occlusion (BCO), vagotomy, or intravenous administration of several
receptor stimulating drugs in control and male rabbits* that had been exposed to cadmium

Mean blood pressure Heart rate dLVP/dtt
Control Exposed Control Exposed Control Exposed
(mm Hg) (beats/min) (mm Hg/sec)

BCO +20 +2 +16 + 2 +13+2 +14 +2 + 338 + 34 + 401 + 40
Vagotomy +27+2 + 9+3t +13+4 +13+3 + 584 + 37 + 496 + 58
Phenylephrine (20 ug/kg) +48 + 5 +52+ 6 -33+5 -39+9 — 916 + 39 — 943 + 45
Isoprenaline (0-30 ug/kg) —-16 + 1 —30 + 2% +19 + 4 +21 + 4 +1280 + 31 +1835 + 33t
Angiotensin I (0-25 ug/kg) +14 + 4 +34 + 3% —-11+2 —12+2 — 285 + 42 —1241 + 148%
Angiotensin IT (0-25 ug/kg) +30+2 +42 + 11 - 9+1 —-33 + 8% —1382 + 28 —1463 + 63
Histamine (S pug/kg) —10+2 —-12+3 - 9+2 —-10+3 + 604 + 47 + 534 + 42
Serotonin (10 ug/kg) -33+4 —15 + 4t —16+3 -13+4 +1521 £ 124  + 760 + 69%
Acetylcholine (250 ug/kg) —13+3 —-16 + 2 —-34+4 -31+2 —1934 + 74 —2005 + 88

*All values are means + SE (n = 8 in both groups).
tMaximum rate of increase in left ventricular pressure.
1Significantly different from control (p < 0-05).

HISTOPATHOLOGY AND DETERMINATION OF
METALS

Samples were excised from the kidney, heart, and
arteries (thoracic and abdominal aorta, common
carotids, and subclaviars) for examination by light
microscopy. The cadmium, zinc, and copper contents
of the kidneys and heart were determined by atomic
absorption spectrophotometry, according to the
methods of Sorenson et al,'®* and Murthy and Peter-
ing.'® The concentration of the metals was referred to
the wet weight of the organs.

STATISTICAL ANALYSIS

Values given are means + SE. The difference of paired
mean values was analysed by the Dunnet ¢ test for
multiple comparison!” and considered to be
significant when p values were less than 0-05.

Results

No difference in behaviour, growth rate, and final
body weight was found in the two groups of rabbits.
Systolic, diastolic BP, HR, and MOC were not
affected by the treatment with cadmium. On the other

hand, in the exposed animals AVR was increased,
whereas dLVP/dt, ABF, SV, CO, LVMW, and SW
were significantly reduced (table 2).

The exposed rabbits showed a decrease in the
pressor response to vagotomy and no modifications
in the pressor, chronotropic, and inotropic responses
to BCO (table 3). The hypotensive and positive
inotropic responses to isoprenaline (stimulating both
B,-and B,-adrenoceptors) and serotonin were reduced
by the treatment, whereas the hypertensive responses
to angiotensin I and II were potentiated; furthermore,
these two physiological agonists produced in the
exposed group, respectively, a potentiation of the
negative inotropic and chronotropic effects. The
effects of histamine and acetylcholine were not
modified by cadmium.

Tyramine (a drug exhibiting sympathomimetic
effects by inducing a rapid and brief displacement of
noradrenaline from axonal postganglionic adrenergic
terminals) and hexamethonium (leading to sympatho-
and parasympathoplegic effects by blocking the trans-
mission in autonomic ganglia) showed similar cardio-
vascular responses in the two groups of animals (table
4). Similarly, papaverine (a non-specific vascular
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Table 4 Cardiovascular changes after intravenous administration (iv) or intracarotid infusion (ici) of several drugs in control

and male rabbits* that had been exposed to cadmium

Mean blood pressure Heart rate dLVP/[dtt
Control Exposed Control Exposed Control Exposed
(mm Hg) (beats/min) (mm Hg|sec)
Tyramine (1 mg/kg, iv) +44 + 8 +37+5 +12+3 +23+8 +1423 + 201 +1214 + 105
Hexamethonium
(2-50 mg/kg, iv) =21 +2 —-15+4 -24+3 -31+4 — 700 + 57 — 680 + 43

Clonidine (20 ug/kg ici) —-15+3 -10+2 —11+3 —-27 + 2% — 830 + 68 — 754 + 51
Guanethidine (0-50 mg/kg, iv) —30 + 4 —12 + 2% —-12+2 —16 + 3 — 967 + 48 —1171 £ 115
Papaverine (1 mg/kg, iv) -21+3 —15+3 + 8+2 +13+4 +1154 + 109  +1060 + 84
Verapamil (50 ug/kg iv) -20+5 -13+2 -24+4 —-27+8 — 516 + 39 — 554 + 11

*All values are means + SE (n = 8 in both groups).
tMaximum rate of increase in left ventricular pressure.
1Significantly different from control (p < 0-05).

smooth muscle relaxant) and verapamil (a calcium
antagonist which inhibits both in cardiac and smooth
muscle the slow calcium influx through receptor oper-
ating channels) produced similar effects in the treated
and control animals. Clonidine (reducing the sym-
pathetic tone, primarily by stimulating central pre-
synaptic or postsynaptic a-adrenoceptors, and
enhancing vagal reflexes) was administered by intra-
carotid infusion to minimise its peripheral
a-adrenoceptor stimulating properties. Consequently,
the intracarotid infusion of the drug induced arterial
hypotension, bradycardia, and depressed cardiac
inotropism all reached the maximal value after a 5-7
minute period of infusion. The exposed rabbits
showed an increase in the clonidine induced brady-
cardia without modification of BP and inotropic
responses. Guanethidine (depleting the stores of nor-
epinephrine in the peripheral sympathetic nerves with
possible transient sympathomimetic effects) did not
induce an increase in BP in either treated or control
groups. Moreover, the treated rabbits showed a
decrease in the hypotensive response to the drug
whereas the negative inotropic effects were not
modified.

No alterations were found by light microscope
examination of the kidney, heart and vessels of the
treated rabbits.

The concentrations of cadmium was greatly aug-
mented in the kidney of the exposed rabbits (table 5).

Table 5 Cadmium, zinc, and copper contents in kidneys and
heart of control and cadmium exposed male rabbits*

Metals (pg/g)
Cadmium Zinc Copper
Kidney
Control 07+ 0 227+ 13 29 + 01
Exposed 175-8 + 156+ 326 + 21t 31+02
Heart
Control <0-03 189+ 19 39+ 04
Exposed 06+01f 183+09 3-8+ 08
*All values are means + SE (n = 8 in both groups).

1Significantly different from control (p < 0-05).

The heart of the same animals showed a low but
significant increase of the metal. Zinc was
significantly higher in the kidney of the treated rab-
bits but unchanged in the heart. Copper concen-
trations of the examined organs were not altered by
exposure to cadmium.

Discussion

Arterial hypertension has been induced in rabbits by
intraperitoneal injections of cadmium acetate.!® In
this investigation, however, BP and HR were not
modified despite the increased AVR. This may be
explained by the reduction of SV and CO related to
the depressed myocardial contractility, as indicated
by the decrease of dLVP/dt, LVMW, and SW. The
reduction of ABF in the exposed animals may thus be
referred both to lower cardiac inotropism and arterial
vasoconstriction.

Since the effects of BCO and hexamethonium were
not modified by exposure to cadmium, the cardio-
vascular actions of the metal cannot be related to
afferent and postganglionic efferent baroreflex com-
ponents. The lack of a significant effect on centrally
mediated sympathetic tone is shown not only by the
unchanged cardiovascular responses after the gangli-
onic blockade by hexamethonium but also by the
absence of differences in the hypotensive and negative
inotropic responses to clonidine. On the other hand,
vagal activity was affected by cadmium since the pres-
sor responses to vagotomy were reduced. In this
respect, the increased bradycardiac effect of
clonidine!® may be related to an increase in vagal
tone induced by the exposure.

Since only the pressor but not the chronotropic and
inotropic responses to vagotomy were modified by
cadmium, it may be inferred that the increase of vagal
tone induced by the metal is associated with hypo-
function of the postganglionic sympathetic nerves
reaching the vasculature. This conclusion is empha-
sised by the fact that guanethidine, a drug that does



Mechanisms of cardiovascular regulation in male rabbits chronically exposed to cadmium

not cross the blood brain barrier and depletes the
stores of neurotransmitter in the sympathetic end-
ings,2° induced lower hypotensive responses in the
treated rabbits. The tyramine sensitive mechanisms,
however, inducing release of noradrenaline from the
peripheral sympathetic terminals,?! did not appear to
be influenced by exposure to cadmium.

The effects of cadmium on systemic hae-
modynamics do not seem to affect the papaverine and
verapamil sensitive mechanisms, located in the car-
diac and vascular myocells, that contribute to the reg-
ulation of the intracellular availability of calcium ions
for the contractile systems.2? Nevertheless, cardiac
contractility, HR, coronary flow rate, and A-V node
conductivity have been found to be reduced both in
vivo?3® and in the perfused heart of Cd exposed
rats,>*72¢ and in the heart derived from other
species®”; these effects were related to cadmium
induced alterations of calcium mediated or calcium
activated physiological and biochemical pathways, or
both, probably through a competition of the metal
with calcium for membrane and intracellular sites
linked with the contractile systems.2® Moreover, cad-
mium decreased high energy phosphate concen-
trations in the isolated cardiac tissue.2#~26 The
depressed phosphorylation of the cardiac muscle,
together with the centrally mediated vagal hyper-
activity and postganglionic sympathetic hypo-
function, may explain the reduced cardiac inotropism
found in the present experiment.

In addition to the capacity of interacting with the
neurogenic systems cadmium was active in modifying
cardiac and vascular responsiveness to some receptor
stimulating drugs. In the rabbits exposed to this
element (as in rats®) there was a potentiation of the
p,- and B,-adrenoceptor stimulating effects of iso-
prenaline at the level of myocardial and vascular
smooth muscles. Furthermore, cadmium enhanced
vasoconstriction after the stimulation with angio-
tensin I and II and opposed the serotonin induced
vasodilatation and positive inotropism (these effects
were not noted in Cd treated rats®). The increased
AVR may in part be related to modification in the
activity of the kallikrein-kinin system that acts on the
kidney and on the cardiovascular system. Reduced
urinary kallikrein activity was found by our group in
Cd treated rats,® '° and in male New Zealand rabbits
receiving 56 ug/ml of cadmium in drinking water for
90 days2®; unfortunately, in this preliminary research
cardiovascular parameters were not determined.
Neither the Cd treated rabbits nor the rats® showed
cardiovascular alterations after the stimulation of the
peripheral histaminergic and muscarinic cholinergic
receptors. In the present investigation, however, the
stimulation of the vascular a adrenoceptors by
phenylephrine, provided with predominant o,

609

adrenoceptor stimulating activity, was not reduced by
exposure to cadmium, as was observed in Cd-treated
rats.® On the whole, the increased AVR may be
related to cadmium induced alterations of cardio-
vascular mechanisms including those linked to angio-
tensin I and II, serotonin, and kinins.

The neurogenic, humoral, and effectorial mech-
anisms which may be modified by exposure to cad-
mium have been reviewed previously.® Our results
show that in the rabbit the effects of cadmium on the
mechanisms regulating the heart and vasculature are
independent and not integrated through significant
baroflex relations. In this respect the increased AVR
and the reduced myocardial contractility appear to
act to preserve a haemodynamic equilibrium without
modification of BP, HR, MOC, and cardiac work. It
cannot be excluded that a haemodynamic condition
similar to that observed in the rabbits treated with
cadmium may be present also in people exposed to
cadmium showing BP and other cardiovascular
parameters in the normal range.

An absence of alterations in the kidney and the car-
diovascular system, by observation with the light
microscope, was also shown in other studies of ani-
mals exposed to cadmium.3° Nevertheless, the ultra-
structure of the heart of rats with long term
inhalation exposure to cadmium oxide fumes has
been found to be modified.3!

The renal cadmium content of the treated rabbits
was higher than that generally observed in the normal
populations but lower than the critical value esti-
mated in workers exposed to the metal.3?

We did not observe an increase of renal copper, as
was found in cadmium treated rats.®~° It seems
likely that copper metabolism is less affected by cad-
mium in rabbits than in rats, or that the kidney of
rabbits contains lower or different species, or both,
of metallothionein, able to bind cadmium and other
elements.33

This study confirms previous reports which have
shown that cadmium produces specific and multiple
effect on the cardiovascular system; however, these
actions produce both differences and similarities in
rats and rabbits. For this reason, data obtained from
experimental animals have to be cautiously extrapo-
lated to people exposed to cadmium, taking into
account that the effects of cadmium are influenced by
several variables.
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