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Is there an internal cardiac renin-angiotensin

system?

A H Jan Danser, Maarten A D H Schalekamp

The beneficial effects of the angiotensin con-
verting enzyme (ACE) inhibitors in heart fail-
ure appear to be independent—at least in
part—of their effects on blood pressure.' It has
therefore been proposed that a local renin-
angiotensin system exists in the heart, but this
is still a controversial issue. In our opinion it is
justified to use the term “local renin-angio-
tensin system” when angiotensin II is locally
produced by renin synthesised in situ. Only
when these conditions are met can such a sys-
tem be said to operate independently of the kid-
ney. There is, however, a growing body of
evidence favouring uptake of renin from the cir-
culation by the heart. The question of local
renin formation versus uptake will be addressed
in this paper.

Renin-angiotensin system components in
cardiac tissue

Measurements of gene expression, at both pro-
tein and mRNA level, have been used to show
the existence of a cardiac renin-angiotensin sys-
tem. Protein measurements cannot be taken as
evidence that the protein is synthesised locally.
Moreover, such measurements are often ham-
pered by a lack of specificity. For example, the
presence of renin activity in tissue extracts may
be caused by enzymes other than renin that are
capable of generating angiotensin I. Detection
of mRNA, particularly when the concentrations
are low, does not necessarily mean that the cor-
responding protein is synthesised locally in
physiologically relevant amounts.?

We compared the renin level in the heart
with its level in blood plasma in normal and
nephrectomised pigs.> Angiotensin I generating
activity of cardiac tissue was identified as renin
by its inhibition by a specific active site directed
renin inhibitor. The levels of renin in cardiac
tissue (expressed per g wet weight) were found
to be similar to those in plasma (table 1). The
tissue levels of renin, therefore, cannot be
accounted for by trapped plasma. Both in car-
diac tissue and in plasma, renin fell to unde-

Table 1 Renin and angiotensinogen content of cardiac tissue and plasma. Values are

means (range), n = 11

Renin, fmol ANGI/min Angiotensinogen,
Tissue per gram pmollg
Plasma 46-0 (5-7-109) 340 (195-623)
Left atrium 745 (11-9-212)* 71-8 (24:7-169)*
Left ventricle 46-6 (6:4-104) 36-0 (4:1-64-8)
Right atrium 84-2 (151-215)* 91-2 (28:8-176)*

Right ventricle

52-3 (8:4-118)

57-8 (29-1-107)

ANG, angiotensin.

*P < 0-05, atrium v corresponding ventricle (Student’s z test for paired observations).

tectable levels after nephrectomy (fig 1), sug-
gesting that most, if not all, renin present in the
heart originates from the kidney. Indeed, studies
in which bolus injections of radiolabelled renin
were given to monkeys or rats showed accumu-
lation of radioactivity not only in liver and kid-
ney but also—albeit in lower amounts—in the
heart.*>

Since renin, like ACE, was enriched in a
purified cardiac membrane fraction prepared
from left ventricular tissue, uptake of kidney
derived renin by the heart may occur through
binding to cell membranes.”> Binding to cell
membranes is also suggested by chemical
crosslinking studies using membrane fractions
prepared from various tissues, including heart
and blood vessels.®

In support of our findings, studies by others
have shown that renin mRNA concentrations in
normal cardiac tissue are very low or unde-
tectable.”® It remains possible, however, that
under pathological conditions® or during foetal
development,'® the renin gene is expressed in
the heart. Cultured neonatal rat cardiac
myocytes and fibroblasts contain renin mRNA
and have been reported to release renin into the
culture medium.!°

Angiotensinogen concentrations in porcine
cardiac tissue are 10-25% of the levels in
plasma, which is compatible with its diffusion
from plasma into the interstitium.?> On the other
hand, substantial concentrations of
angiotensinogen mRNA have been found in the
heart,'" and these levels were increased during
postinfarction remodelling."!

ACE has been demonstrated in the rat heart
by autoradiography, using a radiolabelled ACE
inhibitor,!? as well as by measurements of its
activity in cardiac homogenates.'> ACE mRNA
is readily detectable in cardiac tissue.!?
According to some investigators, cardiac ACE
is limited normally to the coronary vascular
endothelial cells.’* Cardiac ACE protein and
mRNA are increased following myocardial
infarction as well as during pressure overload
induced left ventricular hypertrophy.'*!* Under
these conditions the localisation of ACE may
no longer be limited to the endothelium.'

The concentration of angiotensin in cardiac
tissue (expressed per g wet weight) is similar to
the level in plasma, whereas the cardiac tissue
concentration of angiotensin II is two to three
times the level in plasma (table 2)."*!> The car-
diac angiotensin levels, therefore, are far too
high to be explained by trapped blood or by
simple diffusion of angiotensins from plasma
into the interstitial fluid. However, such rela-
tively high concentrations cannot be taken as
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Figure 1  Left ventricular
and plasma levels of
angiotensin I (ANG I),
angiotensin II (ANG II),
renin, and angiotensinogen
in non-nephrectomised pigs
(bars; n = 7 for ANG I
and II, geometric means;
n = 11 for renin and
angiotensinogen, means)
and nephrectomised pigs
(individual points).
Plasma concentrations of
ANG I, ANG II, renin,
and angiotensinogen in
nephrectomised animals
before nephrectomy are also
given. ND = not
detectable. From Danser
et al’ with permission.
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unequivocal evidence that angiotensin I and
angiotensin II are generated in cardiac tissue
independently of the circulating renin-angio-
tensin system. For example, angiotensin II may
have been sequestered from the circulation by a
receptor dependent process.

Levels of angiotensin I and angiotensin II
were undetectably low in both plasma and car-
diac tissue following bilateral nephrectomy (fig
1).1*%5 This is a strong indication that cardiac
angiotensin generation in vivo depends on renin
from the kidney. In vitro experiments have
shown that enzymes other than renin, such as
cathepsin D,'¢ may also be involved in the gen-
eration of angiotensins. On the basis of our
results we can rule out that such enzymes are of
importance in the heart.

Production of angiotensin II in cardiac
tissue

Local production of angiotensins has been
extensively studied with both in vitro and in

Table 2 Angiotensin I and II content of cardiac tissue and plasma. Values are geometric

means (range), n =7

ANG I, ANG 11, ANG II-FANG 1
Tissue fmollg Jfmollg ratio
Plasma 166 (1-8-237) 9-8 (1-4-191)* 0-51 (0-26-1-33)*
Left atrium 15:1(2-9-105)t 257 (11-6-244)t 196 (0-58-3-69)
Left ventricle 11-1 (2:0-61-0) 14-7 (2-4-217) 1-33 (0-62-12-3)
Right atrium 216 (8:1-56-9)t 21-1 (9-2-182)t 0-98 (0-34-3-21)
Right ventricle 13:2 (64-31-8) 13-4 (2:5-128-8) 1-02 (0-39-9-75)

ANG, angiotensin.

*P < 0-05, cardiac tissue v plasma (Mann-Whitney U test for paired observations).
1P < 0-05, atrium v corresponding ventricle.
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vivo experiments. In studies of the perfused
Langendorff rat heart, cardiac production of
angiotensin I and angiotensin II could only be
demonstrated after the addition of renin to the
perfusion buffer.’” This suggests that
angiotensinogen and ACE, but not renin, are
present in the isolated rat heart.

Attempts have been made to study cardiac
angiotensin production in the intact animal by
measuring the arteriovenous difference for
angiotensin I and II across the coronary vascu-
lar bed.'®* However, a large proportion of both
angiotensin I and angiotensin II entering the
coronary circulation is metabolised during a
single passage of blood.

In early studies in sheep,' angiotensin II
clearance across the pulmonary and combined
systemic vascular beds was calculated from the
arteriovenous differences measured across
these beds during infusion of high doses of
angiotensin II into the pulmonary artery.
These studies already indicated that angio-
tensin II is rapidly degraded and that plasma
renin activity is probably insufficient to gener-
ate the levels of endogenous angiotensin II
measured in circulating blood.

More recently, the regional clearance and
metabolism of angiotensin I and angiotensin II
have been quantified, both in humans?*?? and
in pigs,? 2 by giving constant infusions of radi-
olabelled '*’I-angiotensin I or '?’I-angiotensin
II. In humans the infusions were given
through an antecubital vein, and in pigs into
the left cardiac ventricle. Blood was obtained
from various arterial and venous sampling sites
for measurements of radiolabelled angiotensin I
and angiotensin II. Additional measurements
of the levels of endogenous angiotensin I and
angiotensin II, and measurements of plasma
renin activity at physiological pH made it pos-
sible to estimate how much of the venous
angiotensin I could be attributed to arterial
delivery, how much to de novo synthesis, and
what proportion of de novo synthesised angio-
tensin I depends on the action of circulating
renin on circulating angiotensinogen. It was
also possible to calculate how much of the
venous angiotensin II originated from arterial
delivery and how much originated from con-
version of arterially delivered angiotensin 1.

It was found that, in the coronary vascular
bed,** a major proportion of venous angio-
tensin I originated from de novo production
and that plasma renin activity contributed lit-
tle to this production. One can therefore con-
clude that angiotensin I is produced at tissue
sites and that part of it is released into the cir-
culation. While most of venous angiotensin I
appears not to be generated by the action of
circulating renin on circulating angiotensino-
gen, the level of venous angiotensin I pro-
duced at cardiac tissue sites correlated strongly
with the level of plasma renin activity.?* This,
together with our finding in pigs that angio-
tensin I was virtually absent after nephrec-
tomy,*> strongly suggests that it is kidney
derived renin that is responsible for the pro-
duction of angiotensin I by cardiac tissue.

For angiotensin II, the situation is different.
Most, if not all, venous angiotensin II appears
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to originate from angiotensin II delivered by
the artery and from that generated by conver-
sion of arterially delivered angiotensin I. Thus
angiotensin I produced at tissue sites and
released into the circulation may have escaped
conversion to angiotensin II. It is possible that
angiotensin I produced in the tissue enters the
blood at a level distal to the site where arteri-
ally delivered angiotensin I is converted to
angiotensin II by the vascular endothelium, so
that this conversion site 1is bypassed.
Angiotensin I formed at tissue sites may enter
the circulation at the level of the capillaries or
venules, whereas conversion of angiotensin I
to angiotensin II occurs at the level of the arte-
rioles. Alternatively, angiotensin II is produced
in the tissue and may remain there.

The studies described above are limited to
measurements of angiotensins in the circula-
tion. We have now extended these studies by
measuring the cardiac tissue levels of endoge-
nous and radiolabelled angiotensin I and
angiotensin II in pigs during !'®I-angiotensin I
infusion into the left cardiac ventricle.?® Such
measurements can be used to estimate the
contribution of angiotensins from the circula-
tion to the angiotensin levels in cardiac tissue.
Our preliminary results indicate that the car-
diac '”I-angiotensin I concentrations are less
than 5% of the levels in plasma, whereas the
concentrations of cardiac '*I-angiotensin II
are 85-90% of plasma !I-angiotensin II. In
these experiments the cardiac tissue concen-
tration of angiotensin I was similar to the
plasma concentration, while the cardiac tissue
level of angiotensin II was four to five times
higher than plasma angiotensin II. It was cal-
culated that more than 70% of the angiotensin
II present in cardiac tissue is not derived from
angiotensin I in the circulation, and that more
than 90% of cardiac angiotensin I is produced
in the tissue itself.

As mentioned above, our measurements of
circulating angiotensins during '**I-angiotensin
I infusion into the left cardiac ventricle pro-
vided evidence for release of angiotensin I
from cardiac tissue sites. These measurements
of circulating angiotensins provided no evi-
dence for the release of tissue angiotensin II
into the circulation. Thus our data cumula-
tively indicate that both angiotensin I and
angiotensin II are generated by cardiac tissue,
and that of these locally generated angio-
tensins, only angiotensin I is released into the
circulation. Possibly, angiotensin I and angio-
tensin II are formed in different tissue com-
partments which are not all capable of
exchanging freely with the circulation.

Function of cardiac angiotensin II

In view of the beneficial effects of ACE
inhibitors in heart failure, where regression of
cardiac hypertrophy and inhibition of postin-
farction remodelling were observed, it has
been postulated that angiotensin II acts as a
growth factor in the heart.?*?’ Indeed, in iso-
lated cardiac cells, angiotensin II induces
hyperplasia (fibroblasts)® or hypertrophy
(myocytes).* Angiotensin II also stimulates
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collagen production by cardiac fibroblasts.*
These effects are most probably mediated by
the AT, receptor. Recent reports suggest that
the AT, receptor, which appears to be present
in the fetal but not in the adult heart,’' is
involved in antiproliferation.>?

Apart from being a growth/antigrowth fac-
tor, cardiac angiotensin II may also regulate
coronary flow and cardiac contractility. The
effect on cardiac contractility is either a direct,
AT, receptor dependent, action on cardiac
myocytes, or an indirect effect through presy-
naptic stimulation of adrenergic nerve end-
ings. Studies on the effects of angiotensin II on
cardiac inotropy are conflicting.?*** Part of the
conflicting results may be explained by species
differences.** In addition, most studies on the
cardiac haemodynamic effects of angiotensin
II have employed the use of ACE inhibitors.
ACE acts on substrates other than angiotensin
I (for example, bradykinin and substance P).
Consequently, the effects of ACE inhibition
on cardiac contractility may not necessarily be
due only to the inhibition of angiotensin II for-
mation.

Angiotensinogen is the only known sub-
strate of renin. We therefore used a renin
inhibitor to investigate the cardiac haemody-
namic effects of angiotensin II.>* During intra-
coronary infusion of the specific renin
inhibitor—remikiren—in pigs, a dose depen-
dent depressant effect on cardiac contractility
was observed. This effect was significantly
diminished after pretreatment with a selective
AT, receptor antagonist. The doses of
remikiren required to cause cardiodepression
were at least one order of magnitude higher
than those required to suppress plasma angio-
tensin II. These data support the contention
that myocardial contractility is increased by
renin dependent angiotensin II formation in
the heart.

Possible implications

The existence of a so called local renin-angio-
tensin system in the heart is still a matter of
debate. All renin-angiotensin system compo-
nents are present in cardiac tissue, and both
angiotensin I and angiotensin II are produced
in the heart. However, the renin responsible
for this local angiotensin production, at least
under normal circumstances, appears to origi-
nate from the circulation and is therefore kid-
ney derived. Thus a local renin-angiotensin
system, in the sense that the renin-angiotensin
system components necessary for angiotensin
II production are synthesized in situ, does not
appear to exist in the normal heart.

In spite of the fact that the cardiac renin-
angiotensin system appears to depend on renin
from the kidney, there are still many ways by
which the heart may regulate its own angio-
tensin II production. Membrane binding
could be a mechanism by which kidney
derived renin is sequestered in the heart.’
Renin binding sites have been reported, and a
renin binding protein has been identified in
various tissues, including the heart.’**” The
density of such binding sites and the concen-
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Figure 2 ACE activity in
human left ventricular
tissue of males (filled
symbols) and females
(empty symbols) with the
II, ID, and DD genotype.
DD v ID +II: P < 0-01.
I and D refer to an
insertion (1) and deletion
(D), respectively, in intron
16 of the ACE gene.****
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tration of renin binding protein may vary, and
this could modify the tissue production of
angiotensin I and angiotensin II. Local con-
centrations of ACE may also vary. The ACE
levels in the human heart are, in part, deter-
mined by the so called insertion/deletion ACE
gene polymorphism (fig 2).% * Also, enzymatic
degradation of angiotensin II and AT, recep-
tor mediated endocytosis could influence the
angiotensin II concentrations at the cellular
and subcellular level. Finally, under certain
pathological conditions, renin may be pro-
duced in the heart itself,'° and this would create
the possibility for the heart to regulate its own
angiotensin II production, independent of the
kidney.

More detailed knowledge of the actual sites
of angiotensin II production in the heart and
on its regulation will further illuminate the role
of the renin-angiotensin system in cardiac
function, growth, and remodelling, and its
contribution to the cardiac effects of ACE
inhibitors, AT, receptor antagonists, and renin
inhibitors.

Summary

The beneficial effects of angiotensin convert-
ing enzyme (ACE) inhibitors in heart failure
appear to be independent, at least in part, of
their effect on blood pressure. The existence
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of a local cardiac renin angiotensin system is
often suggested as an explanation. It has been
known for some time that a substantial pro-
portion of arterially delivered angiotensin I is
converted to angiotensin II by ACE of the
coronary vascular endothelium. The levels of
angiotensin II in cardiac tissue are several
times the levels of angiotensin II in circulating
blood. Recent evidence suggests that most of
the angiotensin II in the heart is not derived
from angiotensin I in the circulation, and that
most of the angiotensin I in cardiac tissue is
generated in the tissue itself. On the other
hand, renin mRNA levels are very low or
undetectable in the normal heart. In addition,
studies on the effects of bilateral nephrectomy
on the cardiac tissue levels of renin, angio-
tensin I, and angiotensin II in pigs have indi-
cated that cardiac renin originates from the
kidney and that cardiac generation of angio-
tensin I and angiotensin II depends on renin
from the kidney. Intracardiac synthesis of
renin may occur under pathological conditions
and during fetal development. The fact that
angiotensins are generated by the heart raises
the possibility of local mechanisms to regulate
the concentrations of these peptides at certain
tissue sites. For example, preliminary evidence
suggests that binding of renin to cardiac mem-
branes is a mechanism by which renin is taken
up by the heart. A specific renin binding pro-
tein has been identified in cardiac tissue.
Cardiac ACE levels may also influence local
angiotensin II formation and are, in part,
determined by the so called insertion/deletion
ACE gene polymorphism. More detailed
knowledge on the site of angiotensin genera-
tion and on its regulation will improve our
understanding of the role of the renin-angio-
tensin system in cardiac function, hypertro-
phy, and postinfarction remodelling.
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