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Abstract. Virtually all existing evidence on the function
of angiotensin II (Ang II) in the regulation of tissue
homeostasis and blood pressure regulation bears on the
more restricted question of what other mechanisms or
systems may amplify or inhibit the actions of this impor-
tant peptide. Whereas there is evidence that Ang II may
potentiate the effects of catecholamines, various cy-
tokines and also growth factors, the repertoire of sub-
stances which may inhibit the actions of Ang II is more
limited and has been restricted primarily to prostacyclin,
bradykinin and nitric oxide. Advances in receptor phar-
macology and introduction of selective antagonists to two
of the receptor subtypes at which Ang II binds permitted
a more critical examination of the functions of the renin
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angiotensin system in physiological and pathophysiolog-
ical conditions, as well as uncovering the previously un-
suspected possibility that within the biochemical path-
ways leading to the formation of the peptide the renin an-
giotensin system could process either its immediate
precursor (angiotensin I) or the actual Ang II peptide into
an alternative form, angiotensin-(1–7) [Ang-(1–7)], the
function of which was to antagonize the effects of Ang II.
We review here the biological actions of Ang-(1–7) and
discuss how this discovery may change altogether the
perception of how the renin angiotensin system functions
in the regulation of tissue perfusion pressure and the reg-
ulation of salt and water metabolism.
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Introduction

The receptors and cellular messengers mediating the bio-
logical actions of angiotensin II (Ang II) have occupied
the attention of researchers for most of the two last
decades. Despite evidence to the contrary, there was little
interest to further explore the biochemical pathways par-
ticipating in the generation of other angiotensin peptides.
Most investigators were satisfied with the idea that renin
and angiotensin converting enzyme (ACE) were all that
was required to form Ang II and explain the diversity of
mechanisms that could contribute to the regulation of
peptide synthesis and metabolism. Reports showing that
additional peptidases [1–6] participated in the formation
of biologically active forms of angiotensin peptides drew
small interest, partly because the established therapeutic
efficacy of ACE inhibitors and the emerging similitude of
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effects of angiotensin receptor blockers on cardiac and
vascular pathology suggested that there was no further
need to explore the biochemical physiology of the renin
angiotensin system (RAS). 
This is no longer true today. The cloning and characteri-
zation of an ACE homologue, ACE2 [7, 8], has forced a
revision of long-held concepts and stimulated a re-exam-
ination of the biochemical pathways of angiotensin pep-
tide formation and actions. This renewed interest in the
topic has forced consideration of how the vasodilator and
antitrophic biological effects of the heptapeptide an-
giotensin-(1–7) [Ang-(1–7)] are functionally linked to
the overall mechanisms that regulate intrinsically the
function of the RAS in physiology and pathology. This re-
view highlights the fundamentals of what we know of the
actions of Ang-(1–7), the biochemical pathways and en-
zymes forming and degrading the peptide, as well as out-
line emerging areas where further research will be re-
quired to obtain a lucid understanding of the regulatory
functions of the RAS.
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Ang-(1–7) forming and degrading enzymes

The classical established major axis of the RAS results in
the generation of Ang II through sequential cleaving of
angiotensinogen by renin and angiotensin I (Ang I) by
ACE. A second axis of the system exists for which Ang-
(1–7) is its product. This second pathway comprises two
separate arms – one that directly generates Ang-(1–7)
from Ang I through hydrolysis of the Pro7–Pro8 bond in
the C-terminal domain of the peptide (fig. 1). Formation
of Ang-(1–7) from Ang I by the endopeptidases,
neprilysin (EC 3.4.24.11), prolyl-oligopeptidase (EC
3.4.21.26) and thimet endopeptidase (EC 3.4.24.15) ap-
pears to be tissue-specific with neprilysin being primar-
ily responsible for Ang-(1–7) production in the circula-
tion and vascular endothelium, whereas the two alternate
enzymic pathways are more active in tissues such as the
brain, kidney and smooth muscle [2, 4–6]. The second
arm of this axis generates Ang-(1–7) by hydrolysis of
Ang II via the mono-peptidase ACE2, a newly discovered
ACE homologue and a member of the M2 gluzincin fam-
ily [7, 8]. This last process in the biochemical cascade of
the RAS connects the two active axes of the RAS by reg-
ulating the rate of Ang II disposition and Ang-(1–7) for-
mation. Indeed, both ACE and ACE2 may represent ful-
crums at which the biological effect of the pleiotropic ac-
tions of Ang II and Ang-(1–7) are regulated since ACE
metabolizes Ang-(1–7) into Ang-(1–5) while ACE2 hy-
drolyses Ang II into Ang-(1–7). This interpretation is
supported by our findings that the cardiac dysfunction
found in ACE2 knockout mice is reversed in mice defi-
cient in both ACE2 and ACE [9], whereas in neural cells
in culture addition of Ang II reduces ACE2 messenger
RNA (mRNA) [10], while the Ang II antagonists losartan
and olmesartan increase ACE2 mRNA in the rat ischemic
myocardium [11]. 
The newer biochemical pathways now established con-
firm our previous hypothesis of a counterregulatory
mechanism that within the RAS modulates the actions of
the opposing peptides Ang II and Ang-(1–7) in the con-
trol of tissue perfusion and homeostasis [12–16]. As
elaborated by Yagil and Yagil [17], a built-in system of
negative regulation of Ang II by Ang-(1–7) through their
effects on ACE and ACE2 allows for an inner balance be-
tween the pressor – trophic effects of Ang II and the op-
posing depressor-antitrophic actions of Ang-(1–7). This
is not a new concept since there are multiple other exam-
ples of biological regulation of peptide biotransformation
systems, as illustrated in one of our earlier papers [18]. 

The ying-yang functions of Ang II and Ang-(1–7)

It is hardly necessary to document in detail the many ac-
tions of Ang II in the regulation of body fluid volumes,

blood pressure control mechanisms and homeostasis in
general, as there is a voluminous literature on this subject.
Suffice to say that Ang II plays a critical role in control of
fluid volumes, blood pressure regulation and cardiovas-
cular remodeling through direct effects on protein syn-
thesis, cell growth and cell differentiation, induction of
growth-promoting genes and modulation of the synthesis
of radical oxygen species, autocoids, prostanoids and cy-
tokines. 
The opposite, however, may not be true for Ang-(1–7),
since it is only recently that a growing body of studies has
began to confirm the work that my colleagues and I have
carried out since we first showed in 1988 that Ang-(1–7)
had a comparable activity to Ang II in hypothalamic-hy-
pophysial explants [19]. The vasodilator properties of
Ang-(1–7) are best demonstrated in situations in which
the RAS is activated, such as sodium-volume depletion
[20, 21], two-kidney one-clip hypertension [22] and
[mRen2]27 transgenic hypertensive rats. In isolated pre-
capillary resistance vessels, piglet pial arterioles, the re-
nal glomeruli, aorta and canine coronary arteries, Ang-
(1–7) increases lumen diameter at doses equivalent to
Ang II-induced contractions [23–37]. The lower va-
sodilator dose threshold obtained in isolated perfused ar-
terial vessels suggests that Ang-(1–7) is acting as a local
modulator of vascular tone [31]. The vasodilator effects

Figure 1. Schematic diagram of the key biochemical steps involved
in the generation of angiotensin II (Ang II) and angiotensin-(1–7)
[Ang-(1–7)]. Biotransformation of angiotensinogen I by renin into
the decapeptide angiotensin I (Ang I) initiates the cascade where the
prohormone is cleaved into the octapeptide Ang II primarily by an-
giotensin converting enzyme (ACE), the nonapeptide Ang-(1–9) by
angiotensin-converting enzyme 2 (ACE2) and into Ang-(1–7) by
the action of several tissue specific endopeptidases (NEP). A chy-
mase pathway for Ang I to Ang II conversion has been demon-
strated, although its role in pathology remains to be established.
Ang II and Ang-(1–7) can then be converted into Ang-(1–7) and
Ang-(1–5) by the actions of ACE2 and ACE, respectively. The 
active peptides are denoted to interact with the subtype receptors
type 1 (AT1-R), the non-AT1/AT2 Ang-(1–7) (AT(1–7)R), and the 
mas (Mas) receptors, respectively. Broken arrow lines with (–) and
(+) symbols illustrate potential feedback mechanisms of ACE2
gene regulation as interpreted from initial studies in our laboratory
[10, 11].



of Ang-(1–7) are mediated by a non-AT1/AT2 receptor
that stimulates local release of nitric oxide and vasodila-
tor prostaglandins [22–24, 26, 27, 32, 37–43]. Further-
more, the vascular relaxant properties of Ang-(1–7)
modulate the vasodilator activity of bradykinin, amplify-
ing the vasodilator effects of this autocoid. A recent inno-
vative study demonstrated the vasodilator effect of Ang-
(1–7) in mature skin and sponge-induced neovasculature
in mice [44, 45]. Blood flow increased in the presence of
Ang-(1–7) and was blocked by the selective Ang-(1–7)
antagonist [D-Ala7] Ang-(1–7), nitric oxide synthase in-
hibitors or indomethacin. Treatment with an AT2 receptor
antagonist failed to alter the growth of newly formed ves-
sels, although it prevented vasodilation in the pre-existing
vessels. These studies suggest that Ang-(1–7) may act as
an angiogenic factor during wound healing, chronic in-
flammatory processes, and tumor growth and develop-
ment.
The issue of whether the depressor effects of Ang-(1–7)
counteract systemic and vascular effects of chronic rises
in plasma Ang II was addressed in the whole animal and
in hypertensive subjects. In normal rats activation of the
RAS due to either mild or severe sodium volume deple-
tion increases plasma Ang-(1–7) and Ang II levels while
having no effect on blood pressure [20, 21]. However,
systemic administration of a selective Ang-(1–7) anti-
body or D-Ala7-Ang-(1–7) in this condition induces an
elevation of blood pressure, revealing that the heptapep-
tide may be opposing a pressor effect of increased Ang II
activity in response to salt restriction. The vasodepressor
action of Ang-(1–7) contributes to the antihypertensive
action of ACE inhibitors and Ang II receptor blockers
(ARBs). In both the spontaneously hypertensive rat
(SHR) and [mRen2]27 transgenic hypertensive rats,
plasma and urinary excretion rates of Ang-(1–7) are aug-
mented following oral administration of lisinopril alone
or in combination with losartan [46, 47]. The antihyper-
tensive response to drug administration is reduced by
~30–40% when Ang-(1–7) synthesis is prevented by in-
jection of a neprilysin inhibitor, an Ang-(1–7) antibody,
or D-Ala7-Ang-(1–7). In keeping with the concept that
Ang-(1–7) balances Ang II activity, Ang-(1–7) levels are
augmented in essential hypertensive patients medicated
with captopril and in salt-sensitive hypertensive subjects
given omapatrilat, a dual ACE and neprilysin inhibitor
[48–50]. Collectively, these data suggests that a deficit in
Ang-(1–7) synthesis or activity may contribute to the
evolution of human hypertension with dysregulation of
the intrinsic control mechanism due to genetic or ac-
quired changes in the activity of Ang-(1–7)-forming or
degrading enzymes. We speculate that ACE or even
ACE2 polymorphisms may contribute to loss of balance
by either excess metabolism of Ang-(1–7) or reduced
Ang-(1–7) formation. This possibility is suggested by the
recent observation that in essential hypertensive subjects

with the DD-ACE genotype (higher ACE activity),
plasma levels of Ang-(1–7) are four times lower than in
patients with the II-ACE genotype (lower ACE levels),
whereas plasma Ang II levels are similar in both groups
[51]. While other possibilities exist, the finding that ACE
inhibition does increase Ang-(1–7) levels associated with
a positive response in terms of blood pressure control and
diuresis might suggest that the imbalance may result from
‘insufficient’ formation of the heptapeptide. The investi-
gation of this hypothesis is worth pursuing. 

Ang-(1–7) and renal and cardiac function

The actions of Ang-(1–7) in both the kidney and the heart
illustrate the intrinsic role of Ang-(1–7) as a paracrine
hormone. 

Ang-(1–7) and renal function
Ang II causes differential constriction of diverse seg-
ments of the renal microvasculature, sodium and water
retention, and growth-promoting action through stimula-
tion of transporters in the proximal epithelium and pro-
fibrotic factors, respectively. For Ang-(1–7), most ac-
tions are in opposition to those of Ang II. Ang-(1–7) in-
fusions into the renal artery lead to diuresis and
natriuresis accompanied by increased glomerular filtra-
tion rate (GFR) [29, 48, 52–56]. Ang-(1–7) induces di-
lation of pre-constricted afferent arterioles [33], while
Ang-(1–7) and Ang-(3–7) are potent inhibitors of
Na+,K+-ATPase activity in isolated convoluted proximal
tubules and the renal cortex [54]. Actions at the Na+/H+

exchanger may also occur [57]. Ang-(1–7) inhibits trans-
cellular flux of sodium in renal tubular epithelial cells
associated with activation of phospholipase A2 [57, 58].
Furthermore, inhibition of sodium transport by Ang I is
markedly potentiated by captopril, suggesting either a
shift in processing pathways to Ang-(1–7) or reduced
metabolism of the peptide in the proximal tubules of the
kidney. In normotensive rats, intrarenal administration of
Ang-(1–7) attenuated tubular sodium reabsorption, but
had no effect on the vascular effect of exogenous Ang II
[25]. In the SHR omapatrilat produces a chronic and pro-
nounced diuresis associated with large increases in uri-
nary excretion of Ang-(1–7) [48] and enhanced Ang-
(1–7) and ACE2 staining in renal tubules and collecting
ducts. Because urine becomes markedly hyposmotic in
SHR rats medicated with omapatrilat, Ferrario et al. [48]
suggested that Ang-(1–7) may have an important action
in modulation of vasopressin function within the renal
tubules. In keeping with this finding, Magaldi et al. [59]
reported that Ang-(1–7) interacts via its receptor with
the vasopressin V(2) system through a mechanism in-
volving adenylate-cyclase activation. 
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Ang-(1–7) and cardiac function
A role of Ang-(1–7) as a modulator of cardiac function
and remodeling is beginning to emerge as another site at
which the heptapeptide may influence ventricular con-
tractility or even cardiac remodeling. The RAS plays a
key role in structural and functional remodeling in hyper-
tension and myocardial infarction (MI), and Ang II is im-
plicated as a major determinant in these processes [60].
Ang II stimulates progression of cardiac hypertrophy and
fibrosis in the rat ischemic heart failure model [61], while
Ang II blockade prevents the development of left ventric-
ular remodeling and hypertrophy after MI [62]. 
Evidence for a local action of Ang-(1–7) emanates from
anatomical, biochemical and physiological studies per-
formed in both rats and human tissue. Using selective
Ang-(1–7) antibodies, intense positive immunoreactive
Ang-(1–7) staining was visualized in the rat’s heart lo-
cated only within the cytoplasm of myocytes and with a
clear predominance within the right and left ventricles

[63]. Furthermore, Ang-(1–7) staining was increased sig-
nificantly in the viable myocardium of the left ventricle
within 28 days post-MI (fig. 2, panel A). Correlative stud-
ies of ACE2 staining in the rat heart denote a similar pres-
ence of ACE2 in myocytes but also in the endothelium of
coronary vessels (fig. 2, panel B). Evidence that Ang-
(1–7), found by immunocytochemistry, is produced lo-
cally was investigated by measuring the recovery of the
heptapeptide in the effluent of microdialysis tubes placed
within the canine left ventricle. These experiments
showed high Ang-(1–7) levels in the interstitial fluid col-
lected from the ventricular tissue during an infusion of
Ang II or Ang I [64]. Recently, angiotensinase activity in
left and right ventricular membranes from idiopathic di-
lated cardiomyopathy, primary pulmonary hypertension
and non-failing human hearts was measured with radio-
labeled Ang I or Ang II. Ang-(1–7)-forming activity from
125I-Ang I was inhibited by thiorphan, an inhibitor of
neprilysin, while Ang-(1–7) activity generated by 125I-

Figure 2. Immunocytochemical visualization of Ang-(1–7) (A) and ACE2 (B) in the rat left ventricle. Note that Ang-(1–7) staining is re-
stricted to cardiac myocytes, whereas a more extensive staining which includes coronary vessels is visualized for ACE2 (data from our ref-
erence [63] and unpublished observations, respectively). Panel C illustrates increased ACE2 but not ACE mRNAs in the heart of Lewis rats
medicated with either losartan or olmesartan for 28 days after coronary artery ligation. (MI, myocardial infarction. Data adapted from our
reference [11]). 



Ang II as substrate was inhibited by the ACE2-specific
inhibitor C16 [65]. The importance of the ACE pathway
in Ang-(1–7) formation was shown in the heart of trans-
plant recipients in whom intracoronary infusion of la-
beled Ang I in the presence of enalapril produced sub-
stantial elevations in Ang-(1–7) from the blood emerging
from the coronary sinus [66]. These recent studies in hu-
mans agree with our previous findings in the canine heart
where high coronary sinus Ang-(1–7) levels were de-
tected after acute occlusion of a coronary artery [67]. 
What role Ang-(1–7) plays in heart function may be de-
rived from studies showing that the intravenous infusion
of Ang-(1–7) lasting for 8 weeks and commencing 2
weeks after induction of MI in rats induced a marked re-
gression of left ventricular failure [68]. One possible
mechanism for the beneficial effects of Ang-(1–7) on
cardiac function post-MI derives from experiments show-
ing that Ang-(1–7) attenuates reperfusion arrhythmias in
the isolated rat heart [69, 70]. In addition, recent studies
performed in our laboratory showed that the reversal of
cardiac hypertrophy by chronic administration of either
losartan or olmesartan post-MI was associated with up-
regulation of cardiac ACE2 mRNA (fig. 2, panel C) in the
presence of high levels of circulating Ang II and Ang-
(1–7) [11]. The increase in ACE2 mRNA in the viable
myocardium had no effect on ACE mRNA. These data
suggest a differential regulation of the two arms of the
RAS occurring following blockade of AT1 receptors.
Given that blockade of AT1 receptors is associated with
increases in circulating Ang II due to inhibition of AT1-re-
ceptor internalization of the ligand, the possibility existed
that the upregulation of ACE2 mRNA resulted from an
action of Ang II on cardiac AT2 receptors. This was not
the case, since concomitant administration of the AT2 re-
ceptor blocker PD 12319 for the last 3 days of treatment
with losartan did not eliminate the increase in cardiac
ACE2 mRNA [11]. Therefore, these data suggest that
ACE2 upregulation in the viable myocardium of rats
given losartan is mediated by disinhibition of cellular ac-
tions of AT1 receptors on the ACE2 gene or activation of
cardiac Ang-(1–7) receptors. Although Gallagher et al.
[10] reported recently that Ang II downregulates ACE2
mRNA in astrocytes in culture, the situation may not ap-
ply to the intact organism or at least to tissues such as the
heart. Reminiscent of the concept of the two arms of the
RAS, our findings suggest instead that ACE2 mRNA may
be under the control of both Ang II and Ang-(1–7), each
having an opposite effect on ACE2 gene transcription.
This suggestion is derived from the observation of in-
creased cardiac ACE2 mRNA after chronic blockade with
losartan post-MI [11]. While questions remain as to the
nature of the receptor mediating the cardiovascular ac-
tions of Ang-(1–7), the recent identification of Ang-
(1–7) as an endogenous ligand for the G-protein-coupled
receptor mas [71] provides an opportunity to dissect the

mechanism by which AT1 and mas receptors may modu-
late the activity of Ang II and Ang-(1–7) on ACE2. At
present, the approach employed in our studies of the ef-
fects of AT1 blockade on cardiac ACE2 provide a new in-
sight into the biochemical mechanisms that may under-
score regulation of ACE2 in vivo. 

Ang-(1–7) in the reproductive system
Emerging evidence suggests that Ang-(1–7) plays a role
in the regulation of the physiological response to preg-
nancy since circulating and urinary levels of Ang-(1–7)
increased throughout gestation [55]. In age and race
matched 3rd trimester preeclampsia subjects, plasma lev-
els of Ang-(1–7) were significantly decreased compared
with normal pregnant subjects [55].  In the rat, pregnancy
was associated with increased renal concentrations of
Ang I and Ang-(1–7), as well as augmented excretion of
the heptapeptide [72]. Moreover, in mesenteric vessels
the vasodilatory response to Ang-(1–7) was significantly
enhanced in pregnant versus virgin animals [72]. Consis-
tent with the concept that ACE2 is closely linked to the
expression of Ang-(1–7), Brosnihan et al. [73] have also
shown that the expression of ACE2 is markedly increased
in the proximal tubules of the kidney during pregnancy.
Thus, the regulation of ACE2 activity provides an im-
mediate and powerful balance between Ang II and
Ang-(1–7) within the kidney that may effectively
dampen the pro-hypertensive arm of the RAS.  During
pregnancy, upregulation of ACE2 may provide sufficient
buffering to prevent the expected increase in blood pres-
sure with prolonged activation of the RAS. However, a
deficit in ACE2 activity may culminate in severe hyper-
tension that occurs in preeclampsia.  Indeed, the identifi-
cation of the regulatory factors that govern the expression
of ACE2 in the setting of pregnancy and preeclampsia are
clinically relevant.

Summary

As first pointed out by Ryan [74], linear peptides such as
Ang I and Ang II, having no repeating amino acids, have
54 and 35 possible lower homologs, respectively, all of
which must be accounted for in any attempt to determine
the exact mechanisms of their disposal and function.
Ang-(1–7), a product of both Ang I and Ang II, functions
to antagonize the actions of Ang II by acting primarily
through binding to a non-AT1/AT2 receptor and also the
mas receptor. Biologically, Ang-(1–7) acts to dilate blood
vessels through cellular mechanisms that result in in-
creased production of vasodilator prostaglandins and ni-
tric oxide, as well as amplifying the intrinsic actions of
bradykinin [75]. In the kidney, Ang-(1–7) tubular actions
leading to natriuresis and diuresis result from activation
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of a number of transporters involved in water and elec-
trolyte absorption through the renal tubules and collect-
ing ducts. New data suggest that Ang-(1–7) may also
modulate the effects of tubular vasopressin via an effect
on its V2 receptor. In the heart, Ang-(1–7) may counter-
act the hypertrophic, pro-fibrotic and pro-thrombotic [76,
77] effects of Ang II as well as increase blood flow within
the myocardium. Ang-(1–7) may also contribute to the
antihypertensive effects of ACE inhibitors and ARBs
[46–78] by two different mechanisms. Inhibition of ACE
increases blood and tissue concentrations of Ang-(1–7)
by preventing ACE-mediated peptide degradation and in-
creased substrate (Ang I) availability. Blockade of Ang II
receptors increases blood and tissue levels of Ang-(1–7)
by: (i) increasing Ang I substrate availability by interrup-
tion of an AT1-mediated negative feedback on renin, and
(ii) augmenting the rate of Ang II conversion into Ang-
(1–7) via increased ACE2 expression and activity. In the
context of this proposal, both ACE and ACE2 represent
critical steps at which modulation of angiotensin peptide
functions are precisely regulated, the specific mecha-
nisms of which need to be investigated. Genomic studies
are also urgently needed to determine whether polymor-
phisms in the ACE2 gene or the genes for Ang-(1–7)-
forming enzymes acting on the Ang I substrate may illu-
minate further the intrinsic mechanisms by which the
synthesis and metabolism of these two active peptides are
influenced. While there is a current tendency to consider
ACE2 as simply an angiotensinase, that is an enzyme that
inactivates Ang II, this generalized terminology obscures
the potential importance of this constituent of the renin
angiotensin system since the product generated from its
action is biologically active and functionally important.
We doubt that any investigator would consider ACE sim-
ply as an angiotensinase. 

Acknowledgement: Supported in part by NIH Grants RO1 HL
056973 and PO1 HL 51952. American Heart Association grants
AHA 0151521U and AHA 0355741U.

1 Chappell M. C., Brosnihan K. B., Diz D. I. and Ferrario C. M.
(1989) Identification of angiotensin-(1–7) in rat brain: evi-
dence for differential processing of angiotensin peptides. J.
Biol. Chem. 264: 16518–16523

2 Chappell M. C., Tallant E. A., Brosnihan K. B. and Ferrario C.
M. (1994) Conversion of angiotensin I to angiotensin-(1–7) by
thimet oligopeptidase (EC 3.4.24.15) in vascular smooth mus-
cle cells. J. Vasc. Med. Biol. 5: 129–137

3 Lawrence A. C., Clark I. J. and Campbell D. J. (1992) Increased
angiotensin-(1–7) in hypophysial-portal plasma of conscious
sheep. Neuroendocrinology 55: 105–114

4 Welches W. R., Santos R. A. S., Chappell M. C., Brosnihan K.
B., Greene L. J. and Ferrario C. M. (1991) Evidence that prolyl
endopeptidase participates in the processing of brain an-
giotensin. J. Hypertens. 9: 631–638

5 Welches W. R., Brosnihan K. B. and Ferrario C. M. (1993) A
comparison of the properties and enzymatic activity of three
angiotensin processing enzymes: angiotensin converting en-

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Multi-author Review 2725

zyme, prolyl endopeptidase and neutral endopeptidase 24.11.
Life Sci. 52: 1461–1480

6 Yamamoto K., Chappell M. C., Brosnihan K. B. and Ferrario C.
M. (1992) In vivo metabolism of angiotensin I by neutral en-
dopeptidase (EC 3.4.24.11) in spontaneously hypertensive rats.
Hypertension 19: 692–696

7 Donoghue M., Hsieh F., Baronas E., Godbout K., Gosselin M.,
Stagliano N. et al. (2000) A novel angiotensin-converting en-
zyme-related carboxypeptidase (ACE2) converts angiotensin I
to angiotensin 1–9. Circ. Res. 87: E1–E9

8 Turner A. J., Tipnis S. R., Guy J. L., Rice G. and Hooper N. M.
(2002) ACEH/ACE2 is a novel mammalian metallocar-
boxypeptidase and a homologue of angiotensin-converting en-
zyme insensitive to ACE inhibitors. Can. J. Physiol Pharmacol.
80: 346–353

9 Crackower M. A., Sarao R., Oudit G. Y., Yagil C., Kozieradzki
I., Scanga S. E. et al. (2002) Angiotensin-converting enzyme 2
is an essential regulator of heart function. Nature 417: 822–
828

10 Gallagher P. E., Chappell M. C., Bernish W. B. and Tallant E. A.
(2003) ACE2 expression in brain: angiotensin II down-regu-
lates ACE2 in astrocytes. Hypertension 42: 389

11 Ishiyama Y., Gallagher P. E, Averill D. B., Tallant E. A., Bros-
nihan K. B. and Ferrario C. M. (2004) Up-regulation of 
angiotensin converting enzyme 2 after myocardial infarction 
by blockade of angiotensin II receptors. Hypertension 43:
970–976

12 Ferrario C. M. and Iyer S. N. (1998) Angiotensin-(1–7): a
bioactive fragment of the renin-angiotensin system. Regul.
Pept. 78: 13–18

13 Ferrario C. M. (2002) Angiotensin I, angiotensin II and their bi-
ologically active peptides. J. Hypertens. 20: 805–807

14 Ferrario C. M. (2002) Does angiotensin-(1–7) contribute to
cardiac adaptation and preservation of endothelial function in
heart failure? Circulation 105: 1523–1525

15 Ferrario C. M. (2003) Commentary on Tikellis et al.: there is
more to discover about angiotensin-converting enzyme. Hyper-
tension 41: 390–391

16 Ferrario C. M. (2003) Contribution of angiotensin-(1–7) to car-
diovascular physiology and pathology. Curr. Hypertens. Rep. 5:
129–134

17 Yagil Y. and Yagil C. (2003) Hypothesis: ACE2 modulates
blood pressure in the mammalian organism. Hypertension 41:
871–873

18 Brosnihan K. B., Santos R. A. S., Block C. H., Schiavone M. T.,
Welches W. R., Chappell M. C. et al. (1988) Biotransformation
of angiotensins in the central nervous system. Ther. Res. 9: 48–59

19 Schiavone M. T., Santos R. A. S., Brosnihan K. B., Khosla M.
C. and Ferrario C. M. (1988) Release of vasopressin from the
rat hypothalamo-neurohypophysial system by angiotensin-
(1–7) heptapeptide. Proc. Natl. Acad. Sci. USA 85: 4095–
4098

20 Iyer S. N., Averill D. B., Chappell M. C., Yamada K., Allred A.
J. and Ferrario C. M. (2000) Contribution of angiotensin-(1–7)
to blood pressure regulation in salt-depleted hypertensive rats.
Hypertension 36: 417–422

21 Nakamura S., Averill D. B., Chappell M. C., Diz D. I., Brosni-
han K. B. and Ferrario C. M. (2003) Angiotensin receptors con-
tribute to blood pressure homeostasis in salt-depleted SHR.
Am. J. Physiol. 284: R164–R173

22 Nakamoto H., Ferrario C. M., Fuller S. B., Robaczwski D. L.,
Winicov E. and Dean R. H. (1995) Angiotensin-(1–7) and ni-
tric oxide interaction in renovascular hypertension. Hyperten-
sion 25: 796–802

23 Almeida A. P., Frabregas B. C., Madureira M. M., Santos R. J.,
Campagnole-Santos M. J. and Santos R. A. (2000) An-
giotensin-(1–7) potentiates the coronary vasodilatatory effect
of bradykinin in the isolated rat heart. Braz. J. Med. Biol. Res.
33: 709–713



24 Brosnihan K. B., Li P., Tallant E. A. and Ferrario C. M. (1998)
Angiotensin-(1–7): a novel vasodilator of the coronary circula-
tion. Biol. Res. 31: 227–234

25 Burgelova M., Kramer H. J., Teplan V., Velickova G., Vitko S.,
Heller J. et al. (2002) Intrarenal infusion of angiotensin-(1–7)
modulates renal functional responses to exogenous angiotensin
II in the rat. Kidney Blood Press Res. 25: 202–210

26 Fernandes L., Fortes Z. B., Nigro D., Tostes R. C., Santos R. A.
and Catelli De Carvalho M. H. (2001) Potentiation of
bradykinin by angiotensin-(1–7) on arterioles of spontaneously
hypertensive rats studied in vivo. Hypertension 37: 703–709

27 Gorelik G., Carbini L. A. and Scicli A. G. (1998) Angiotensin
1–7 induces bradykinin-mediated relaxation in porcine coro-
nary artery. J. Pharmacol. Exp. Ther. 286: 403–410

28 Haulica I., Bild W., Mihaila C. N., Ionita T., Boisteanu C. P. and
Neagu B. (2003) Biphasic effects of angiotensin (1–7) and its
interactions with angiotensin II in rat aorta. J. Renin An-
giotensin Aldosterone Syst. 4: 124–128

29 Heller J., Kramer H. J., Maly J., Cervenka L. and Horacek V.
(2000) Effect of intrarenal infusion of angiotensin-(1–7) in the
dog. Kidney Blood Press Res. 23: 89–94

30 Machado R. D., Ferreira M. A., Belo A. V., Santos R. A. and 
Andrade S. P. (2002) Vasodilator effect of angiotensin-(1–7) 
in mature and sponge-induced neovasculature. Regul. Pept.
107: 105–113

31 Neves L. A., Averill D. B., Ferrario C. M., Chappell M. C., 
Aschner J. L., Walkup M. P. et al. (2003) Characterization of an-
giotensin-(1–7) receptor subtype in mesenteric arteries. 
Peptides 24: 455–462

32 Oliveira M. A., Fortes Z. B., Santos R. A., Kosla M. C. and De
Carvalho M. H. (1999) Synergistic effect of angiotensin-(1–7) on
bradykinin arteriolar dilation in vivo. Peptides 20: 1195– 1201

33 Ren Y., Garvin J. L. and Carretero O. A. (2002) Vasodilator ac-
tion of angiotensin-(1–7) on isolated rabbit afferent arterioles.
Hypertension 39: 799–802

34 Sampaio W. O., Nascimento A. A. and Santos R. A. (2003) Sys-
temic and regional hemodynamic effects of angiotensin-(1–7)
in rats. Am. J. Physiol. Heart Circ. Physiol 284: H1985– H1994

35 Souza Dos Santos R. A., Passaglio K. T., Pesquero J. B., Bader
M., Simoes E. and Silva A. C. (2001) Interactions between an-
giotensin-(1–7), kinins and angiotensin II in kidney and blood
vessels. Hypertension 38: 660–664

36 Ueda S., Masumori-Maemoto S., Ashino K., Nagahara T., Go-
toh E., Umemura S. et al. (2000) Angiotensin-(1–7) attenuates
vasoconstriction evoked by angiotensin II but not by noradren-
aline in man. Hypertension 35: 998–1001

37 Ueda S., Masumori-Maemoto S., Wada A., Ishii M., Brosnihan
K. B. and Umemura S. (2001) Angiotensin(1–7) potentiates
bradykinin-induced vasodilatation in man. J. Hypertens. 19:
2001–2009

38 Bayorh M. A., Wang M., Socci R. R., Eatman D., Emmett N.
and Thierry-Palmer M. (1999) Angiotensin-(1–7) antagonist
[D-Ala7-Ang-(1–7); A-779] attenuates post-suspension hy-
potension in Sprague-Dawley rats. J. Gravit. Physiol 6: 115–
116

39 Brosnihan K. B. (1998) Effect of the angiotensin-(1–7) peptide
on nitric oxide release. Am. J. Cardiol. 82: 17S–19S

40 Chappell M. C., Iyer S. N., Diz D. I. and Ferrario C. M. (1998)
Antihypertensive effects of angiotensin-(1–7). Braz. J. Med.
Biol. Res. 31: 1205–1212

41 Feterik K., Smith L. and Katusic Z. S. (2000) Angiotensin-
(1–7) causes endothelium-dependent relaxation in canine mid-
dle cerebral artery. Brain Res. 873: 75–82

42 Heitsch H., Brovkovych S., Malinski T. and Wiemer G. (2001)
Angiotensin-(1–7)-stimulated nitric oxide and superoxide re-
lease from endothelial cells. Hypertension 37: 72–76

43 Lemos V. S., Cortes S. F., Silva D. M., Campagnole-Santos M.
J. and Santos R. A. (2002) Angiotensin-(1–7) is involved in the
endothelium-dependent modulation of phenylephrine-induced

contraction in the aorta of mRen-2 transgenic rats. Br. J. Phar-
macol. 135: 1743–1748

44 Machado R. D., Santos R. A. and Andrade S. P. (2000) Oppos-
ing actions of angiotensins on angiogenesis. Life Sci. 66: 67–
76

45 Machado R. D., Santos R. A. and Andrade S. P. (2001) Mecha-
nisms of angiotensin-(1–7)-induced inhibition of angiogene-
sis. Am. J. Physiol Regul. Integr. Comp. Physiol. 280: R994–
R1000

46 Iyer S. N., Ferrario C. M. and Chappell M. C. (1998) An-
giotensin-(1–7) contributes to the antihypertensive effects of
blockade of the renin-angiotensin system. Hypertension 31:
356–361

47 Iyer S. N., Chappell M. C., Averill D. B., Diz D. I. and Ferrario
C. M. (1998) Vasodepressor actions of angiotensin-(1–7) un-
masked during combined treatment with lisinopril and losartan.
Hypertension 31: 699–705

48 Ferrario C. M., Averill D. B., Brosnihan K. B., Chappell M. C.,
Iskandar S. S., Dean R. H. et al. (2002) Vasopeptidase inhibi-
tion and Ang-(1–7) in the spontaneously hypertensive rat. Kid-
ney Int. 62: 1349–1357

49 Ferrario C. M., Smith R. D., Brosnihan B., Chappell M. C.,
Campese V. M., Vesterqvist O. et al. (2002) Effects of omapa-
trilat on the renin-angiotensin system in salt-sensitive hyper-
tension. Am. J. Hypertens. 15: 557–564

50 Luque M., Martin P., Martell N., Fernandez C., Brosnihan K. B.
and Ferrario C. M. (1996) Effects of captopril related to in-
creased levels of prostacyclin and angiotensin-(1–7) in essen-
tial hypertension. J. Hypertens. 14: 799–805

51 Jalil J. E., Palomera C., Ocaranza M. P., Godoy I., Roman M.,
Chiong M. et al. (2003) Levels of plasma angiotensin-(1–7) in
patients with hypertension who have the angiotensin-I-convert-
ing enzyme deletion/deletion genotype. Am. J. Cardiol. 92:
749–751

52 DelliPizzi A. M., Hilchey S. D. and Bell-Quilley C. P. (1994)
Natriuretic action of angiotensin(1–7). Br. J. Pharmacol. 111:
1–3

53 Ferrario C. M., Chappell M. C., Dean R. H. and Iyer S. N.
(1998) Novel angiotensin peptides regulate blood pressure, en-
dothelial function, and natriuresis. J. Am. Soc. Nephrol. 9:
1716–1722

54 Handa R. K., Ferrario C. M. and Strandhoy J. W. (1996) Renal
actions of angiotensin-(1–7): in vivo and in vitro studies. Am.
J. Physiol. 270: F141–F147

55 Valdes G., Germain A. M., Corthorn J., Berrios C., Foradori A.
C., Ferrario C. M. et al. (2001) Urinary vasodilator and vaso-
constrictor angiotensins during menstrual cycle, pregnancy and
lactation. Endocrine 16: 117–122

56 Vallon V., Heyne N., Richter K., Khosla M. C. and Fechter K.
(1998) [7-D-ALA]-angiotensin 1–7 blocks renal actions of an-
giotensin 1–7 in the anesthetized rat. J. Cardiovasc. Pharmacol.
32: 164–167

57 Garcia N. H. and Garvin J. L. (1994) Angiotensin 1–7 has a
biphasic effect on fluid absorption in the proximal straight
tubule. J. Am. Soc. Nephrol. 5: 1133–1138

58 Andreatta-van Leyen S., Romero M. F., Khosla M. C. and Dou-
glas J. G. (1993) Modulation of phospholipase A2 activity and
sodium transport by angiotensin-(1–7). Kidney Int. 44: 932–
936

59 Magaldi A. J., Cesar K. R., De Araujo M., Simoes E., Silva A.
C. and Santos R. A. (2003) Angiotensin-(1–7) stimulates water
transport in rat inner medullary collecting duct: evidence for in-
volvement of vasopressin V(2) receptors. Pflugers Arch. 447:
223–230

60 De Mello W. C. and Danser A. H. (2000) Angiotensin II and the
heart: on the intracrine renin-angiotensin system. Hypertension
35: 1183–1188

61 Liu Y.-H., Yang X. P., Sharov V. G., Nass O., Sabbah H. N., Pe-
terson E. et al. (1997) Effects of angiotensin-converting en-

2726 C. M. Ferrario and M. C. Chappell Ang-(1–7) in physiology and pathology



70 Ferreira A. J., Santos R. A. and Almeida A. P. (2002) An-
giotensin-(1–7) improves the post-ischemic function in isolated
perfused rat hearts. Braz. J. Med. Biol. Res. 35: 1083– 1090

71 Santos R. A., Simoes e Silva A. C., Maric C., Silva D. M.,
Machado R. P., de Buhr I. et al. (2003) Angiotensin-(1–7) is an
endogenous ligand for the G protein-coupled receptor Mas.
Proc. Natl. Acad. Sci. USA 100: 8258–8263

72 Neves L. A. A., Williams A. F., Averill D. B., Ferrario C. M.,
Walkup M. P. and Brosnihan K. B. (2003) Pregnancy enhances
the angiotensin (Ang)-(1–7) vasodilator response in mesen-
teric arteries and increases the renal concentration and urinary
excretion of Ang-(1–7). Endocrinology 14: 3338–3343

73 Brosnihan K. B., Neves L. A., Joyner J., Averill D. B., Chappell
M. C., Sarao R. et al. (2003) Enhanced renal immunocyto-
chemical expression of ANG-(1–7) and ACE2 during preg-
nancy. Hypertension 42: 749–753

74 Ryan J. W. (1974) The fate of angiotensin II. In: Angiotensin:
Handbook of Experimental Pharmacology, vol. 37, pp.
81–110, Page I. H. and Bumpus F. M., (eds), Springer, Berlin

75 Santos R. A., Campagnole-Santos M. J. and Andrade S. P.
(2000) Angiotensin-(1–7): an update. Regul. Pept. 91: 45–62

76 Kucharewicz I., Chabielska E., Pawlak D., Matys T., Rolkowski
R. and Buczko W. (2000) The antithrombotic effect of an-
giotensin-(1–7) closely resembles that of losartan. J. Renin An-
giotensin Aldosterone Syst. 1: 268–272

77 Kucharewicz I., Pawlak R., Matys T., Pawlak D. and Buczko W.
(2002) Antithrombotic effect of captopril and losartan is medi-
ated by angiotensin-(1–7). Hypertension 40: 774–779

78 Strawn W. B., Chappell M. C., Dean R. H., Kivlighn S. and Fer-
rario C. M. (2000) Inhibition of early atherogenesis by losartan
in monkeys with diet-induced hypercholesterolemia. Circula-
tion 101: 1586–1593

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Multi-author Review 2727

zyme inhibitors and angiotensin II type 1 receptor antagonists
in rats with heart failure. J. Clin. Invest. 99: 1926–1935

62 Xia Q. G., Chung O., Spitznagel H., Sandmann S., Illner S.,
Rossius B. et al. (1999) Effects of a novel angiotensin AT(1) re-
ceptor antagonist, HR720, on rats with myocardial infarction.
Eur. J. Pharmacol. 385: 171–179

63 Averill D. B., Ishiyama Y., Chappell M. C. and Ferrario C. M.
(2003) Cardiac angiotensin-(1–7) in ischemic cardiomyopathy.
Circulation 108: 2141–2146

64 Wei C. C., Ferrario C. M., Brosnihan K. B., Farrell D. M.,
Bradley W. E., Jaffa A. A. et al. (2002) Angiotensin peptides
modulate bradykinin levels in the interstitium of the dog heart
in vivo. J. Pharmacol. Exp. Ther. 300: 324–329

65 Zisman L. S., Keller R. S., Weaver B., Lin Q., Speth R., Bristow
M. R. et al. (2003) Increased angiotensin-(1–7)-forming activ-
ity in failing human heart ventricles: evidence for upregulation
of the angiotensin-converting enzyme homologue ACE2. Cir-
culation 108: 1707–1712

66 Zisman L. S., Meixell G. E., Bristow M. R. and Canver C. C.
(2003) Angiotensin-(1–7) formation in the intact human heart:
in vivo dependence on angiotensin II as substrate. Circulation
108: 1679–1681

67 Santos R. A. S., Brum J. M., Brosnihan K. B. and Ferrario C.
M. (1990) Renin-angiotensin system during acute myocardial
ischemia in dogs. Hypertension (Suppl. I) 15: I-121–I-127

68 Loot A. E., Roks A. J., Henning R. H., Tio R. A., Suurmeijer A.
J., Boomsma F. et al. (2002) Angiotensin-(1-7) attenuates the
development of heart failure after myocardial infarction in rats.
Circulation 105: 1548–1550

69 Ferreira A. J., Santos R. A. and Almeida A. P. (2001) An-
giotensin-(1-7): cardioprotective effect in myocardial is-
chemia/reperfusion. Hypertension 38: 665–668


