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he heart is remarkably plastic, chang-

ing its size, shape, and function in
response to a wide variety of stimuli. Be-
yond birth, by far the greatest cardiac
growth occurs by cellular hypertrophy,
rather than hyperplasia. When normal
cardiac size has been reached, additional
changes in size can occur in response to
stimuli such as hypertension, defective
genes, or exercise, to name a few. Al-
though some of this hypertrophy is adap-
tive, some of it is maladaptive and can
ultimately result in cardiac failure, the
largest health care burden in the United
States. A great deal of attention has been
paid to the molecular pathways of hyper-
trophy, and it is clear that they are com-
plex, having many intersections. A series
of observations has pointed toward cal-
cineurin as a key mediator of cardiac
hypertrophy, and two articles in this issue
of PNAS have further underscored this
assertion (1, 2). Calcineurin is a serine—
threonine phosphatase that is activated by
Ca™2-calmodulin. Calcineurin dephos-
phorylates nuclear factor of activated T
cells (NFAT), which then translocates to
the nucleus where it acts combinatorially
with other transcription factors to activate
downstream targets. A report by Molken-
tin et al. in 1998 demonstrated that an
activated calcineurin could provoke mas-
sive cardiac hypertrophy and that the im-
munosuppressive agents, cyclosporin A
(CsA) and FK506, could block this process
(3). Further, expression of a downstream
target of calcineurin, activated NFATS3,
had the same effect and could be pre-
vented by CsA and FK506 (3). These
observations provoked heated arguments
about the appropriateness of both cal-
cineurin as a therapeutic target and im-
munosuppressants as drugs to prevent/
treat cardiac hypertrophy.

Why Such Controversy?

Calcineurin has long been a therapeutic
target during postsurgical attempts to pre-
vent rejection of transplanted organs. The
immunosuppressant drugs, CsA and
FK506 (Fig. 1), form complexes with cy-
clophilin and FKBP12, respectively, which
then complex with the catalytic subunit of
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Chemical immunosuppressive agents cyclosporin A (CsA) and FK506 may be replaced by protein

inhibitors in the battle to inhibit calcineurin and cardiac hypertrophy.

calcineurin. This approach of testing the
effect of pharmacologic inhibition of cal-
cineurin activity might have seemed
straightforward, but the seemingly con-
flicting results obtained from such trials
(see below) have divided workers into
camps, arguing about the promise and
pitfalls of calcineurin inhibition to treat or
prevent cardiac hypertrophy. The lure is
obvious: drugs already exist and have been
used for a considerable time. However,
calcineurin is a ubiquitous protein, un-
doubtedly involved in many different
pathways in multiple organ systems. CsA
is known to cause nephrotoxicity, which
may preclude its use as a prophylactic
measure for hypertrophy (4). It has also
been shown that, at least in some cases,
patients undergoing treatment with CsA
develop hypertension and hypertrophy
(5). Finally, CsA and FK506 have targets
that are independent of calcineurin (6, 7).
For these reasons, it has been argued that
prophylactic administration of CsA or
FK506 to prevent hypertrophy would be
ill-advised.

Controversy has been ignited by incon-
sistent results in attempts to treat various
induced and genetic models with these
drugs (see Table 1). In an attempt to
validate calcineurin as a potential drug
target and to further understand the path-
ways of cardiac hypertrophy, genetic inhi-
bition of calcineurin activity has now been
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achieved. In this issue of PNAS, two re-
ports show convincingly that three differ-
ent endogenous protein inhibitors of cal-
cineurin can block several forms of cardiac
hypertrophy (1, 2). Many of those skepti-
cal about calcineurin’s central role and its
potential therapeutic target may now have
a harder time making their arguments.
Although the authors do not claim that
calcineurin will play a role in all of hyper-
trophy, it is now more clear than ever that
its role is a significant one.

The role of calcineurin in cardiac hyper-
trophy was initially posited on the basis of
the finding that GATA4 and MEF2, cardi-
ac-enriched transcription factors, were im-
portant in activating cardiac genes during
hypertrophy and that NFAT could bind to
GATA4 and to MEF2 (14, 15). Because
NFAT was a known target of calcineurin’s
action, the logical next step was to test the
effect of activating calcineurin and NFAT in
the heart. The key report that spawned most
of the heated discussions and further tests of
the inhibition of calcineurin was that men-
tioned above, in which CsA and FK506,
both in clinical use to prevent organ rejec-
tion, prevented calcineurin-induced hyper-
trophy (3). Subsequently, reports have de-
scribed the ability and inability of these
drugs to prevent a variety of models of

See companion articles on pages 3322 and 3328.
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hypertrophy. Some of these are summarized
in Table 1, and the results are confusing. For
example, inconsistent results have been
achieved in ostensibly similar models of
pressure overload-induced hypertrophy in
which one of three outcomes was observed:
hypertrophy was completely prevented, was
unaffected, or it was attenuated, and the
animals died as a result of CsA treatment.
The effect of calcineurin inhibition by CsA
on genetic models has been tested and,
whereas the hypertrophy resulting from mu-
tations in some sarcomeric proteins can be
prevented by CsA, it does not prevent the
hypertrophy resulting from cardiac expres-
sion of an activated retinoic acid receptor
(9). The end result of these reports has been
to leave the community of scientists who are
interested in therapeutics with an unsatisfy-
ing notion about the potential for inhibition
of calcineurin and cardiac hypertrophy.

Nonpharmacologic Inhibition of
Calcineurin

Despite the controversy surrounding immu-
nosuppressant therapy for cardiac hypertro-
phy, or perhaps because of it, new lines of
investigation using additional approaches
have now underscored the importance of
calcineurin in cardiac hypertrophy in vivo.
Two groups have now used genetic means to
inhibit calcineurin activity and have demon-
strated quite convincingly that three differ-
ent protein inhibitors of calcineurin inhibit
three different models of cardiac hypertro-
phy (1, 2). The activity of calcineurin can be
modulated not only by the immunophilins
that are the targets of CsA and FK506 but
also by at least three proteins: AKAP79,
cabin-1/cain, and MCIP1 (16, 17). AKAP79
binds calcineurin in conjunction with pro-
tein kinases A and C. Cabin-1/cain binds

both calcineurin and the transcription fac-
tor, MEF2, and its overexpression leads to
calcineurin and MEF2 inhibition and can
prevent hypertrophic responses in cardiac
myocytes (16). Both AKAP79 and cabin-1/
cain are ubiquitously expressed proteins, but
neither is expressed at high levels in the
heart, suggesting that they are unlikely to
regulate cardiac calcineurin activity. How-
ever, the observation that cabin-1/cain can
directly negatively regulate MEF2 suggests
that it could have effects in the heart, if
expressed. Another class of protein inhibi-
tors of calcineurin is termed MCIPs (myo-
cyte enriched calcineurin interacting pro-
teins). MCIPs are highly expressed in
striated muscle and are unrelated to any of
the above-mentioned inhibitors of cal-
cineurin. Because of their enrichment in
striated muscle, they would seem to be
attractive as potential selective inhibitors of
calcineurin. Of the two family members,
MCIP1, and not MCIP2, is regulated by
calcineurin activity, providing a backup
means of protecting the cell from the dele-
terious consequences of unrestrained cal-
cineurin activity (17, 18).

In the articles by Rothermel et al. and
De Windt ez al. (1, 2), genetic approaches
were taken to inhibit calcineurin activity,
but each study has unique aspects as well.
Both used transgenic overexpression of
protein inhibitors of calcineurin, and the
use of the a-cardiac myosin heavy chain
promoter provided cardiac-specific ex-
pression of the transgene. The inhibitors
used were either truncated forms of
AKAP79 and cabin-1/cain (2) or MCIP1
(1). The three inhibitors were tested for
their effect on several distinct models of
cardiac hypertrophy. The first was the well
known hypertrophic response of the heart

Table 1. Effects of calcineurin inhibition on cardiac hypertrophy

Model Species Outcome Ref.

Renovascular hypertension Mice Prevention 8
(2 kidney, 1 clip)

Tropomodulin Mice (transgenic) Prevention 9
overexpression

Myosin light chain-2 Mice (transgenic) Prevention 9

Fetal B tropomyosin Mice (transgenic) Prevention 9

Activated calcineurin Mice (transgenic) Prevention 3

Activated NFAT3 Mice (transgenic) Prevention 3

Pressure overload Rat Prevention 10
(abdominal aorta)

Pressure overload Mice Attenuated LVH, heart failure 11
(aortic banding)

Retinoic acid receptor Mice (transgenic) No prevention of hypertrophy 9

Pressure overload Mice No prevention of hypertrophy 12
(aortic banding)

Pressure overload Rat No prevention of hypertrophy 13
(aortic banding)

Pressure overload Rat Attenuated LVH, death 9

(aortic banding)

LVH, left ventricular hypertrophy.
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to B-adrenergic stimulation, and the three
protein inhibitors were found to be effec-
tive in inhibiting hypertrophy. Although
wild-type animals showed ~22% increase
in heart/body weight in response to iso-
proterenol, MCIP1 expression limited hy-
pertrophic growth to an ~8% increase.
Cabin-1/cain expression reduced hyper-
trophic growth from a 20% increase
to ~10%. The effect of cabin-1/cain ac-
tivity expression was also tested on aortic
constriction of the expressing transgenic
mice and also used in an acute adminis-
tration of the protein inhibitors via ade-
novirus mediated gene transfer to the rat
heart, which had been subjected to aortic
constriction. Both were found to be effec-
tive. An added measure of efficacy in the
paper by DeWindt ez al. (2) was that the
authors measured calcineurin activity and
showed that activity was depressed by the
peptide inhibitors. However, as they note,
there are reservations with the calcineurin
activity assay. The authors of the MCIP1
paper tested the efficacy of MCIP1 ex-
pression on the genetic model of hyper-
trophy and failure resulting from cardiac
expression of activated calcineurin. Once
again, the effect was striking in that it was
similar to the effects of treatment with
CsA or FK506.

Is All Hypertrophy Bad?

Of added import was the test of the effect of
MCIP1 on exercise-induced hypertrophy.
Interest in this experiment stems from the
little that is known about the overlap of
physiologic and pathologic hypertrophic
pathways. It is well appreciated that exercise
conditioning results in cardiac enlargement
that is beneficial, whereas hypertrophy that
results from a pathologic stimulus such as
pressure overload can ultimately be delete-
rious. MCIP1 expression was shown to be
effective in inhibiting exercise-induced hy-
pertrophy. Herein lies the rub. From a basic
science perspective, it is very useful to know
that the calcineurin pathway is common, at
least at some level, to both forms of hyper-
trophy. However, these observations raise
the issue of the potential deleterious effects
of inhibiting hypertrophy. Both groups re-
ported some deleterious consequences of
calcineurin inhibition in their founder pop-
ulations. For example, transgenic lines ex-
pressing high levels of the cabin-1/cain or
AKAP79 peptides showed thin ventricular
walls, suggesting an inhibition of normal
developmental hypertrophy, and mice ex-
pressing MCIP1 had a 5-10% decrease in
cardiac mass (1, 2). This potential hazard
could presumably be overcome by appro-
priate timing and dosage. But these obser-
vations underscore the complexities of these
proteins as therapeutic modalities. Consis-
tent with these concerns are the observa-
tions in two animal models of pressure
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overload in which prevention of the hyper-
trophic response resulted in death, presum-
ably because the initial hypertrophy is a
necessary compensatory mechanism (9, 11).

In summary, the studies in this issue of
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