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Exposing ACE up the Sleeve. . .

All uncertainty is fruitful. . .so long as it is accompanied by the wish to understand.
Antonio Machado

There is unequivocal evidence that
an excess of angiotensin-converting en-
zyme (ACE), a transmembrane dipep-
tidyl peptidase enzyme that generates
angiotensin II and increases bradykinin
and other peptide substrates of as yet
unclear significance, has a potent
adverse effect on the heart and the
vascular system. Increased levels of
ACE and other components of the
renin–angiotensin system have consis-
tently been found in patients with
myocardial infarction, patients with
myocardial infarction in transition
to heart failure through the process
of ventricular remodeling, and patients
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with established ischemic cardiomy-
opathy and heart failure. Not surpris-
ingly, ACE inhibitors protect against
cardiovascular damage in several heart
disease states, including incipient,
early-stage, and late-stage heart disease
(1–3). However, there is also emerging
evidence that not all patients need or
indeed benefit from ACE inhibitors (4).
In addition, given the possibility of
intolerance to and adverse effects from
ACE inhibitors, the ability to predeter-
mine who will benefit from ACE
inhibitors is likely to be useful for
clinical therapeutics. The article by
Dilsizian et al. (5) in this issue of The
Journal of Nuclear Medicine suggests
the feasibility of such a phenomenon by

using molecular imaging techniques to
quantify tissue ACE (5). This method,
along with other possible techniques to
quantitate ACE activity in vivo using
PET (6), multiphoton in vivo imaging,
or specific indicator extraction (7) meth-
ods, might help clinicians understand
and predict the benefits of ACE inhib-
itors. These kinds of noninvasive capa-
bilities are welcome and might be even
more relevant given the newer data that
ACE might have actions beyond those
that can be blocked by ACE inhibitors.

Apart from the quantity of ACE
inhibitor, its distribution, which can be
revealed clearly by imaging tech-
niques, is also of great interest. Nor-
mally, ACE is present mostly on the
luminal surface of the vascular endo-
thelium, particularly in the lungs (8).
In the normal heart, it is found mainly
on the valves and the arterial vascula-
ture, with little in the endocardium (9).
Cardiovascular abnormalities change
this distribution, with ACE being lo-
calized mainly to areas of injury and
repair; the atherosclerotic coronary
artery carries ACE in the media, in
vascular macrophages (10), and in com-
plicated plaques (11). An even more
impressive change occurs in the in-
farcted heart, with significant local-
ization in the fibroblasts and in the
myocytes of infarcted and periinfarcted
tissues (12). These changes have firmly
been linked to the process of ventricular
remodeling. More important, the pre-
dominant site of ACE storage changes
from the pulmonary endothelium to the
injured myocardium (13). Because
transfecting ACE into the heart medi-
ates left ventricular hypertrophy and
fibrotic remodeling (14), it is obvious
that tissue ACE levels have a direct
pathophysiologic import. What is not
known is the level of dynamic change

with and without ACE inhibitor therapy
and whether such changes can predict
who will respond to ACE inhibitors and
towhat extent. With a clear pathogenetic
role for tissue ACE in tissue damage and
healing, many of the data underscore the
importance of being able to quantitate
organ-specific tissue ACE activity.

How will imaging ACE help in
managing patients with heart disease?
Conceptually, an ability to noninva-
sively image dynamic changes in tissue
ACE is likely to help us understand how
ACE and ACE inhibitors work, identify
patients in whom ACE inhibitors may
work, and possibly predict prognostic
outcomes even before ACE inhibitors
are started. There is convincing evi-
dence that the ability to noninvasively
monitor fibrosis (one of the important
endpoints of increased ACE activity)
has helped in heart failure and antihy-
pertensive therapy (15). This evidence
might suggest that ACE itself might be
a good marker of outcomes. However,
this technique will have to cross quite a
few hurdles. For one, it has to be specific
to tissue ACE, work well in vivo, and be
sufficiently sensitive to minor dynamic
changes in ACE levels. Proof is needed
that small changes in ACE, detectable
by in vivo imaging, correlate propor-
tionally to pathologic changes. Further-
more, non-ACE pathways such as
chymases are important in human heart
failure (16), and demonstration would
be needed that changes in myocardial
ACE are important even in the presence
of alternate pathways. Finally, one
would need to generate data correlating
ACE imaging to outcomes.

One could reasonably argue, on the
basis of the large volume of clinical
trial data, that we should just use ACE
inhibitors and that ACE imaging may
be superfluous. However, the economic
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burden of ACE inhibition, approxi-
mately $7 billion every year, is based
entirely on the recommendations of
large randomized clinical studies that
ignored individual variability in ACE
inhibitor efficacy. Indeed, some studies
(4) have identified patient populations
that did not benefit from ACE inhibitors.
In addition, ACE inhibitor–related side
effects are not inconsequential, and
restricting ACE inhibitors to patients
who we know would be responders
might be useful. Furthermore, recent
reports indicate that the effect of ACE
inhibitors is due to more than just ACE
inhibition! In fact, the very process of
an antagonist’s binding to ACE actively
signals to the nucleus via the CK2-ACE–
associated Jun N-terminal kinase–phos-
phorylated c-Jun and activator protein-1
(AP-1) pathways, and this may be
responsible for some of the benefits
seen with ACE inhibition (17). If this
signaling were shown to be a major
effector pathway, the ability to image
the available ACE might be of true
importance. Finally, extending ACE
imaging to ACE-2 (a potent anti-ACE
pathway that has protective effects in the
cardiovascular system (18)) may allow
us to comprehensively estimate pro-
damage and antidamage pathways in
the myocardium. This estimation would
be similar to standard measurements of
other benefit-to-damage ratios, such as
Bcl2/BAX (B-cell lymphoma-2 protein/
Bcl2-associated X protein).

The feasibility of the approach,
proposed by Dilsizian et al. (5), of
exposing the magnitude of intracellu-
lar ACE upregulation will need to be
proven by in vivo imaging studies. In
the past, the likelihood of imaging an
intracellular target and retaining the
probe has often been hampered by
practical difficulties. In vivo studies
of radiolabeled ACE inhibitor uptake
will also be necessary to evaluate the
extent of background noise in non-
target tissues of high constitutive ACE
activity, such as the lungs. Adequate
myocardial uptake and low pulmonary
uptake will be mandatory for the
development of an imaging technique
of incremental clinical utility. None-
theless, the current proposal spear-

heads other active efforts to develop
novel tracers and techniques for mo-
lecular imaging of ACE (19,20).
Targeting of the other components of
the renin–angiotensin system, such as
angiotensin receptors by angiotensin II
fragments and angiotensin receptor
type I blocking agents (21), also offers
the promise of being able to non-
invasively monitor neurohumoral per-
turbations in the myocardium in health
and disease. In a best-case scenario,
such quantitation might help us target
and alter the natural history of many
stage B heart failure patients before
they transition to the more undesirable
and advanced stages C and D. Molec-
ular imaging has opened new frontiers
in our understanding of pathophysiol-
ogy and therapeutics. Much is not yet
known about ACE and ACE inhibitors
despite their widespread use. An ability
to use these sophisticated techniques in
imaging ACE, as shown by Dilsizian
et al., along with other similar compo-
nents of renin–angiotensin cascade may
yield rich dividends down the road.

Y. Chandrashekhar
University of Minnesota
Minneapolis, Minnesota

Jagat Narula
University of California

Irvine, California

REFERENCES

1. Flather MD, Yusuf S, Kober L, et al. Long-term

ACE-inhibitor therapy in patients with heart failure

or left-ventricular dysfunction: a systematic over-

view of data from individual patients. ACE-Inhibitor

Myocardial Infarction Collaborative Group. Lancet.

2000;355:1575–1581.

2. Indications for ACE inhibitors in the early treat-

ment of acute myocardial infarction: systematic

overview of individual data from 100,000 patients

in randomized trials. ACE Inhibitor Myocardial

Infarction Collaborative Group. Circulation. 1998;

97:2202–2212.

3. Fox KM. Efficacy of perindopril in reduction of

cardiovascular events among patients with stable

coronary artery disease: randomised, double-blind,

placebo-controlled, multicentre trial (the EUROPA

study). Lancet. 2003;362:782–788.

4. The PEACE Trial Investigators. Angiotensin-

converting-enzyme inhibition in stable coronary

artery disease. N Engl J Med. 2004;351:2058–2068.

5. Dilsizian V, Eckelman WC, Loredo ML, Jagoda

EM, Shirani J. Evidence for tissue angiotensin-

converting enzyme in explanted hearts of ischemic

cardiomyopathy using targeted radiotracer tech-

nique. J Nucl Med. 2007;48:182–187.

6. Qing F, Mccarthy TJ, Markham J, Schuster DP.

Pulmonary angiotensin-converting enzyme (ACE)

binding and inhibition in humans: a positron

emission tomography study. Am J Respir Crit Care

Med. 2000;161:2019–2025.

7. Staniloae C, Schwab AJ, Simard A, et al. In vivo

measurement of coronary circulation angiotensin-

converting enzyme activity in humans. Am J

Physiol Heart Circ Physiol. 2003;284:H17–H22.

8. Ryan JW, Ryan US, Schultz DR, Whitaker C,

Chung A. Subcellular localization of pulmonary

angiotensin-converting enzyme (kininase II). Bio-

chem J. 1975;146:497–499.

9. Yamada H, Fabris B, Allen AM, Jackson B,

Johnston CI, Mendelsohn AO. Localization of

angiotensin converting enzyme in rat heart. Circ

Res. 1991;68:141–149.

10. Diet F, Pratt RE, Berry GJ, Momose N, Gibbons

GH, Dzau VJ. Increased accumulation of tissue

ACE in human atherosclerotic coronary artery

disease. Circulation. 1996;94:2756–2767.

11. Hoshida S, Kato J, Nishino M, et al. Increased

angiotensin-converting enzyme activity in coronary

artery specimens from patients with acute coronary

syndrome. Circulation. 2001;103:630–633.

12. Falkenhahn M, Franke F, Bohle RM, et al. Cellular

distribution of angiotensin-converting enzyme after

myocardial infarction. Hypertension. 1995;25:219–

226.

13. Gaertner R, Prunier F, Philippe M, et al. Scar and

pulmonary expression and shedding of ACE in rat

myocardial infarction. Am J Physiol Heart Circ

Physiol. 2002;283:H156–H164.

14. Higaki J, Aoki M, Morishita R, et al. In vivo evidence

of the importance of cardiac angiotensin-converting

enzyme in the pathogenesis of cardiac hypertrophy.

Arterioscler Thromb Vasc Biol. 2000;20:428–434.

15. Ciulla MM, Paliotti R, Esposito A, et al. Different

effects of antihypertensive therapies based on

losartan or atenolol on ultrasound and biochemical

markers of myocardial fibrosis: results of a ran-

domized trial. Circulation. 2004;110:552–557.

16. Petrie MC, Padmanabhan N, McDonald JE, Hillier

C, Connell JM, McMurray JJ. Angiotensin con-

verting enzyme (ACE) and non-ACE dependent

angiotensin II generation in resistance arteries

from patients with heart failure and coronary heart

disease. J Am Coll Cardiol. 2001;37:1056–1061.

17. Kohlstedt K, Brandes RP, Muller-Esterl W, Busse

R, Fleming I. Angiotensin-converting enzyme is

involved in outside-in signaling in endothelial

cells. Circ Res. 2004;94:60–67.

18. Loot AE, Roks AJM, Henning RH, et al.

Angiotensin-(1–7) attenuates the development of

heart failure after myocardial infarction in rats.

Circulation. 2002;105:1548–1550.

19. Hwang DR, Eckelman WC, Mathias CJ, Petrillo

EW Jr, Lloyd J, Welch MJ. Positron labeled

angiotensin-converting enzyme (ACE) inhibitor:

fluorine-18-fluorocaptopril—probing the ACE ac-

tivity in vivo by positron emission tomography.

J Nucl Med. 1991;32:1730–1737.

20. Pandurangi RS, Lusiak P, Sun Y, Weber KT,

Kuntz RR. Chemistry of bifunctional photoprobes:

chemical and photochemical modification of

ACE-inhibitors—implications in the development

of cardiac radionuclide imaging agents. Bioorg

Chem. 1997;25:77–84.

21. Verjans J, Lovhaug D, Narula N, et al., eds. Non-

invasive Imaging of Myocardial Angiotensin Recep-

tors in Heart Failure: 25th Annual Scientific Sessions.

Irvine, CA: American Heart Association; 2005.

174 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 48 • No. 2 • February 2007


