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ABSTRACT

Developing engaging activities that build skills for understanding and appreciating
research is important for undergraduate and postgraduate science students. Comparing
and contrasting opposing research studies does this, and more: it also appropriately for
these cohorts challenges higher-level cognitive processing. Here, we present and discuss
one such scenario, that of calcineurin in the heart and its response to exercise training.
This scenario is further accentuated by the existence of only 2 studies. The background is
that regular aerobic endurance exercise training stimulates the heart to physiologically
adapt to chronically increase its ability to produce a greater cardiac output to meet the
increased demand for oxygenated blood in working muscles, and this happens by 2 main
mechanisms: 1) increased cardiac contractile function and 2) physiologic hypertrophy.
The major underlying mechanisms have been delineated over the last decades, but one
aspect has not been resolved: the potential role of calcineurin in modulating physiologic
hypertrophy. This is partly because the existing research has provided opposing and
contrasting findings, one line showing that exercise training does activate cardiac
calcineurin in conjunction with myocardial hypertrophy, but another line showing that
exercise training does not activate cardiac calcineurin even if myocardial hypertrophy is
blatantly occurring. Here, we review and present the current evidence in the field and
discuss reasons for this controversy. We present real-life examples from physiology
research and discuss how this may enhance student engagement and participation,
widen the scope of learning, and thereby also further facilitate higher-level cognitive
processing.

SNAPSHOT

Physiologic cardiac hypertrophy is an important exercise adaptation. Several signaling
pathways responding to the exercise stress cause this. However, the role of calcineurin
has yet to be determined, because the available studies on its role have delivered
diametrically opposite results and conclusions. Here, we review the field and present
and discuss the controversy, in order to facilitate enhanced teaching and learning in

physiology.
KEY WORDS Training, heart, physiologic hypertrophy, athletes” heart, calcineurin.

DEFINITION Controversy: a discussion marked especially by the expression of
opposing views; dispute.
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INTRODUCTION

For undergraduate and postgraduate science students, it is important to develop skills
that enable them to appropriately appreciate, understand, critically evaluate and maybe
even conduct research. As educators, we must provide engaging activities that facilitate
and support this. Comparing and contrasting opposing research studies is an important
aspect in this regard. Apart from highlighting an issue of “known unknowns,” it also
enhances learning because it requires cognitive processing at a high level in Bloom’s
Taxonomy (1). This scenario of compare and contrast is simplified and yet accentuated if
within a given field, only 2 studies on the matter exist, and they lead to diametrically
opposite conclusions, with no further studies able to reconcile the given matters.

Here, we present and discuss one such scenario, that of calcineurin in the heart and its
response to exercise training. We review the current evidence and discuss reasons that
may have contributed to the lack of clarity, and use this to develop an approach (from a
real-life example) that showcases and highlights physiology research as a source to
challenge and thereby facilitate higher-level cognitive processing in an innovative
manner that extends beyond covering only well-established concepts of physiology. We
thereafter propose a framework to follow for the physiology educator that directs the
discussion to cover adjacent, but related topics such as research methodologies and
experimental research models, clinical utility and drug discovery, critical appraisal of
evidence with a view from the theorem of hypothesis testing, falsification and knowledge
generation, as well as practical aspects from ethics to publishing; some of which may be
specifically tailored to either undergraduate and/or postgraduate students. This may be
challenging, but in our experience, it leads to profound intellectual growth.

EXERCISE TRAINING-INDUCED PHYSIOLOGIC CARDIAC HYPERTROPHY

The scientific background is that it is well-established that trained endurance athletes
from a variety of sports backgrounds, such as running, cycling, rowing, and cross-
country skiing, present with increased cardiac dimensions and myocardial mass, mainly
in the form of ventricular hypertrophy (2). This view is supported by longitudinal studies
of intense endurance exercise training that show the heart adapts by increasing
dimensions and size (3) and therefore may not be inherited but rather at least partly
adapted, while experimental animal studies demonstrate that this occurs by a process
that involves physiologically beneficial expansion and growth in the myocardium as well
as concomitant increases in length and width of cardiomyocytes (4). This results in
parallel deposition of sarcomeres, is considered beneficial, and it improves heart
contractility and pump performance (5).

The stimulus for physiologic cardiac hypertrophy is that during intense exercise, there is
an increased metabolic and oxygen demand in the working skeletal muscles (due to the

exercise, with a similar adaptation occurring in pregnancy). This demand can only be met
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sufficiently by increasing the supply of oxygenated blood from the heart as arterial blood
oxygenation, vascular redistribution, peripheral diffusion, and muscle extraction all have
capacity limits well below the demand set by the exercise (6). Hence, and regardless of
changes in cardiac stress or workload, the heart must deliver more blood. When this
exercise stimulus is frequently repeated, particularly at a high exercise intensity (7), the
heart will adapt partly through increased contractile capacity and function, and partly
through increased dimensions and mass. From a simplistic perspective, and without
further comparison, this is analogous to skeletal muscle hypertrophy in response to
increased load demands in the trained muscle (8). Physiologic cardiac hypertrophy is due
to its association with highly trained endurance athletes, also sometimes called athletes’

heart (9).

In contrast, pathologic hypertrophy is typically characterized by either ventricular wall
growth or stretching without a concomitant preservation of wall-to-chamber ratio. At a
gross organ level, pathologic hypertrophy may appear reminiscent to physiologic
hypertrophy, but ensues from pathologic stimuli such as myocardial infarction (MI),
valvular diseases, chronic hypertension and metabolic syndromes (10,11) and may in fact
precede heart disease with reduced contractility and cardiac pump capacity (12).
Pathologic adaptation is however outside the remit of this paper but is mentioned here
for clarity.

MOLECULAR SIGNALING FOR PHYSIOLOGIC CARDIAC HYPERTROPHY

The molecular pathways that activate, maintain and modulate physiologic cardiac
hypertrophy have also been well described, albeit not all aspects are equally well
understood. There is, however, good evidence indicating that the entire cell machinery
from modulation of gene transcription to protein translation and subsequent post-
translation are all processes that contribute to the physiologic hypertrophy phenotype.
This evidence comes from a number of different approaches, including studies of
experimental animals including genetically modified animals undergoing different types
and modes of exercise training (4,7,13-24), cell-in-a-dish-based studies of growth factor-
stimulated C2C12 muscle mimics (25,26), as well as studies of exercise training in humans
(27,28). It is beyond the scope of this review to exhaustively present and discuss those
studies; however, because we ultimately point out an area of controversy, we here also
highlight that at least several molecular pathways have been convincingly shown to
associate with physiologic hypertrophy (Figure 1):

1: Mitogen-activated protein kinase (MAPK): In the early phases of an exercise training
program, activated gene transcription via MAPK have been shown to induce myocardial
hypertrophy, whereas intriguingly, during the continued chronic phase of the exercise
training, MAPK responses to exercise slowly deteriorated despite continued hypertrophy
generation (14), suggesting that MAPK-activation may transiently be important in the
early, but not maintenance, phase of the exercise training-induced physiologic

4
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hypertrophy. The transient, but not chronic activation may be beneficial, given chronic
MAPK activation typically has been linked to pathologic hypertrophy and maladaptive
remodeling in the heart (29).

2: Calcium-calmodulin-dependent protein kinase-II (CaMKII): Further activation of
muscle and myofilament-specific gene transcription has also been observed after exercise
training. The increased contractile work that the heart has to execute during exercise
initiates calcium-linked regulation due to excitation-transcription coupling. Intracellular
calcium-bound calmodulin activating CaMKII phosphorylates histone deacetylase
(HDAC) to relieve suppression of nuclear myocyte enhancer factor-2 (Mef2) during
exercise training (30-34). In line with this, exercise has also been shown to associate with
deoxyribonucleic acid (DNA)-demethylation (16,35), which taken together are thought to
contribute positively to myocardial gene transcription during exercise training in a
manner that induces physiologic hypertrophy. Other putative processes that also
enhance gene transcription include intracellular metabolic and hypoxic challenges linked
to exercise, as well as endocrine/ paracrine or autocrine hormonal events (14).

3: Micro-RNA: The activation of nuclear gene transcription produces increased amounts
of messenger-ribonucleic acid (mRNA) transcripts (or what we commonly understand as
expressed genes), which for a phenotype effect must be exported to the ribosome for
mRNA-directed amino acid assembly and protein synthesis in the ribosome. After the
relatively recent discovery of short non-coding microRNAs (and also longer non-coding
RNAs with similar function) and their ability to post-transcriptionally negatively regulate
gene transcription, it became clear that the nucleus-ribosome transfer of mRNA is also
subject to modulation, including in the heart (27,36,37). This modulation occurs by
microRNA complementary binding to said mRNA, and since it physically carries RNA-
induced silencing complex (RISC), it denatures and silences mRNA and thereby post-
transcriptionally decreases gene transcription. Exercise training has been shown to
reduce the expression of specific myocardial microRNAs (27,38), which therefore also
may become permissive for physiologic hypertrophy.

4: Insulin-like growth factor-1 (IGF1)-phosphoinositide-3 kinase (PI3K)-protein
kinase-B (Akt)-mammalian target of rapamycin (mTOR): Perhaps the most compelling
evidence of molecular activation that modulates physiologic hypertrophy is related to
IGF1-PI3BK-Akt-mTOR-signaling; a major modulator of protein synthesis, but also
indicated to regulate nuclear gene transcription, including in muscle (17,39). Its role in
controlling physiologic hypertrophy has been established by studies using a variety of
exercise training modes, such as running and swimming, in experimental animals
(17,24,39-41), after transgenic knock-in, over-expression, knock-out or pharmacological
inhibition of IGF1-PI3K-Akt-mTOR axis targets. These studies demonstrate a central role
in IGF1-PI3K-Akt-mTOR for permitting exercise training-induced physiologic
hypertrophy (24,39), whereas in vitro C2C12 cells hypertrophy after IGF1-stimulation,
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but in the presence of mTOR-inhibitor Rapamycin fail to respond to IGF-1 stimulation
(42).

5: Heat shock protein (HSP): Post-translational modification with repercussions to
possibly enhanced protein stability have also been indicated to increase in the heart after
exercise training, at least in the aspects that are governed by HSPs, which in a series of
proteomics experiments have been observed to over-express in trained hearts (43,44).
More directly however, in vitro experiments have also suggested that HSP70 may in
addition co-regulate hypertrophy development in itself and not just chaperone cellular
maintenance, by maintaining HDAC phosphorylation (45), which taken together with
specifically CAMKII-induced transcription as well as general induction of gene
transcription and translation provides a cellular environment that is conducive to
physiologic hypertrophy.

6: Peroxisome proliferator-activated receptor (PPAR)-coactivator-1a (PGCla): Adjacent
and complementary to activation of cardiomyocyte hypertrophy is the notion that this
requires energy (46,47). Hence, alongside the processes that lead to architectural changes
and cell and tissue growth, adaptation of cellular bioenergetics to facilitate the former
may also be required. Some evidence has suggested involvement of the transcription
factor PPAR and its coactivator PGCla, downstream of MAPK, calcium and a host of
other signaling events (46). This pathway is activated by exercise training in several organ
systems including the heart (46,48,49) and is thought to profoundly increase cell
metabolic energy production (47). Hence, PGCla-activation may not directly control
physiologic hypertrophy, but indirectly it at least partly facilitates this by permitting
conditions to supply the additional cellular energy required by the hypertrophy process.
On the other hand, direct pharmacologically-induced activation of PPAR-f leading to
cardiac growth without any sign of pathology (hence, physiologic hypertrophy) however
indicates a possible role of this molecular cascade for also inducing physiologic
hypertrophy (50). However, it should be pointed out that not all studies have been able
to show increased cardiac PGCla after exercise training, despite presence of physiologic
hypertrophy, but in this case, other intracellular energy systems that enhance generation
of adenosine triphosphate (ATP) increase, such that a phenotype of higher metabolic state
still occurs (20).

It is also relevant to note that during physiologic hypertrophy following exercise training,
no evidence of activation of embryonic or fetal gene programs have surfaced, in contrast
to its common activation during pathologic hypertrophies (51).

The mechanisms of control of physiologic cardiac hypertrophy described so far (Figure
1) have been reasonably well established. However, one well-described signaling
pathway that may potentially also play a regulatory role to physiologic hypertrophy is
calcineurin, but a link to exercise training has not yet received the same attention afforded
other signal pathways, albeit its role in pathologic hypertrophy is better understood (12).

6
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The attempts to study it in the setting of exercise training have in contrast provided
contradictory and diametrically opposite results, which thereby may have inadvertently
to some degree thwarted the field.
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Figure 1: A model of
established  molecular
pathways relevant in
physiologic cardiac
hypertrophy, activated
in response to several
distinct  extra- and
intracellular signals,
leading to physiologic
cellular hypertrophy
after modulation via

gene transcription
and/or protein synthesis
and maintenance.
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Calcineurin is a heterodimeric, calcium-calmodulin dependent, serine-threonine protein
phosphatase, also known as protein phosphatase-3 or calcium-dependent serine-
threonine phosphatase. It is made up of both catalytic (calcineurin A) and regulatory
(calcineurin B) subunits (52). Functionally it is vital in the development of both cardiac
and skeletal muscle. Calcineurin dephosphorylates the transcription factor nuclear factor
of activated T cells (NFAT), which thereby influences gene transcription. Calcineurin can
be stimulated by a variety of endocrine, autocrine and paracrine hypertrophic stimuli
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such as angiotensin-II, endothelin-1 and catecholamine activation of G protein-coupled
receptors that stimulate a calcium influx through activation of stretch-activated calcium
channels, or via excitation-transcription coupling calcium release via plasma membrane-
bound L-type calcium channels or sarcoplasmic reticulum-bound ryanodine receptors
(12,53; Figure 2). Hypertrophic stimuli also trigger release of calcium through inositol
triphosphate-mediated endoplasmic reticulum calcium channels. After entry, calcium
ions bind to and activate calmodulin, which consequently binds to calcineurin, thereby
dephosphorylating NFAT (Figure 2). There are 4 NFATS activated by calcineurin and
these are located in the cytoplasm. Dephosphorylated NFAT is translocated to the
nucleus and activates genetic programs, including induction of cardiac hypertrophy (54-
56). Other actions involving NFAT are linked to immune function, whereby NFAT also
activates and differentiates T cells (57). However, dephosphorylated NFAT can be
phosphorylated by glycogen synthase kinase-3 (GSK3), thereby inhibiting cardiac
hypertrophy. GSK3 is inhibited by phosphorylation of serine-9 by Akt, downstream of
PI3K, which has been found to be activated in several scenarios including pressure
overload hypertrophy (58,59) as well as exercise training (17,60), as previously described.
Calcineurin can be also inhibited by several mechanisms. Most notably, cyclosporin A
(CsA) blocks NFAT activation indirectly by conformationally changing cyclophilin A,
which prevents activation of calcineurin. FK506 inhibition also works similarly through
FK506 binding protein-12 (61). The link between calcineurin and cardiac hypertrophy
was first elucidated using transgenic mice expressing activated NFAT and calcineurin in
1998. These mice developed cardiac hypertrophy and eventually heart failure, suggesting
calcineurin played an important role in myocardial hypertrophic signalling (62). The
next, and perhaps the more controversial, step in calcineurin discovery would however
revolve around its potential involvement in physiologic cardiac hypertrophy.
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In 2000, Eto et al (63) published findings that convincingly demonstrated that in rats,
calcineurin was activated in physiologic left ventricular hypertrophy (LVH) following 10

Figure 2: A model of the established calcineurin pathway for regulating gene transcription, and as it may be
potentially relevant in physiologic cardiac hypertrophy, activated by calcium-bound calmodulin. Downstream,
calcineurin dephosphorylates the nuclear factor of activated T cells (NFAT), which allows for NFAT entry to
nucleus where it functions as a transcription factor. Calcineurin may also be inhibited, most notably by
cyclosporin A (CsA). ER: endoplasmic reticulum; IP3R: inositol triphosphate receptor; LTCC: L-type calcium
channel; RyR: ryanodine receptor; SAC: stretch-activated (calcium) channel; SR: sarcoplasmic reticulum.

weeks of chronic exercise (Table 1). This was a considerable effect, in the order of 150%
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or a 2.5-fold increase vs sedentary controls, and of course of statistical and most likely
also biological significance. Furthermore, the study also found calcineurin was activated
in developing pathologic LVH (44.9+6.7 pmol/min/mg after 1 week of aortic constriction
vs 22.143.7 pmol/min/mg after surgical placebo (sham)); i.e. a 100% or 2-fold increase.
In contrast, calcineurin activity was not elevated in decompensated cardiac hypertrophy
(29.0+3.4 pmol/min/mg after 4 weeks of aortic constriction vs 18.4+0.5 pmol/min/mg in
sedentary or 22.1+3.7 pmol/min/mg in sham). The exercise protocol involved exercising
rats by running 2.4+0.7 km/day on a bespoke voluntary running wheel for 10 consecutive
weeks, and importantly, the exercise protocol also increased cardiac contractile capacity.

However, in 2004, a conflicting study by Wilkins et al (64) found that in mice, calcineurin
activity was not significantly elevated in physiologic LVH (~1800 ng™ after 20 days of
swim training and ~1700 pg? after 14 days of running vs ~2000 pg! in sedentary mice;
Table 1). In fact, the experiments even showed downregulation of calcineurin in the early
phase of exercise training (~1000 pg' after 3-14 days of swimming). In contrast,
calcineurin activity was upregulated in pathologic LVH (~8000 pg1 after 8 weeks of aortic
constriction vs ~2800 pg?! in sham). For the exercise effect, physiologic LVH was
stimulated by daily exercise training either in the form of swimming in increments that
increased by 10 minutes/day until day 9, after which mice then swam 2x90-minute
sessions for 12 more days, making 20 days in total, or running on voluntary wheels for 5-
7 km/day (or more specifically, /night), whereas pathologic LVH was initiated by aortic
constriction.

No other studies have before or after assessed calcineurin responses in the heart
simultaneous to development of physiologic hypertrophy, such that we are left with
these 2 studies to compare and contrast. Likewise, no subsequent study has been
published that would swing confidence one way or the other or otherwise enable us to
make a decisive informed decision to trust one over the other. Furthermore, both come
from renowned research groups with a long established history in the techniques and
models; both studies are all things considered expertly executed and fairly represented
in the publications, and the publications themselves appear in Circulation and Circulation
Research, both globally leading journals in the field with the highest bars and strictest
criteria for accepting and publishing manuscripts, and incidentally, from the same
organization (American Heart Association, also a globally leading authority in all matters
of the heart). Hence, asserting credence to one over the other is near-impossible, and so
we as readers are caught in a limbo in the middle. What shall we believe?

10
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Table 1. Summary table comparing Eto et al (63) and Wilkins et al (64). LVH: left ventricular hypertrophy, LAD:
left anterior descending, NFAT: Nuclear Factor of Activated T Cells, RLU: relative light units, CsA: cyclosporin A.

AUTHOR ETO ET AL (63) WILKINS ET AL (64)
YEAR 2000 2004
RESEARCH Is calcineurin activated in physiologic or Is calcineurin involved in physiologic or
QUESTION pathologic cardiac hypertrophy? pathologic cardiac hypertrophy?
ANIMAL MODEL  Wistar Rats Transgenic Mice
STUDY TYPE Experimental Animal Study Experimental Animal Study
INTERVENTIONS Exercise training (running) Exercise training (running and swimming)
Sedentary regime Pressure overload (8-weeks aortic
Pressure overload (1- and 4-week aortic constriction)
constriction) Myocardial infarction (left anterior
Surgical placebo (sham) descending artery ligation)
Surgical placebo (sham)
OUTCOME Relative phosphatase enzyme assay Relative NFAT-luciferase reporter activity
MEASURES Echocardiogram (NFAT-luciferase transgenic mice and
Hemodynamic measurements luciferase assays)
Heart/body weight ratio Heart/body weight ratio
Hematoxylin and eosin-stained Masson’s trichome stained myocardium
myocardial sections Protein and mRNA expression
KEY RESULTS Calcineurin upregulated in physiologic No significant calcineurin increase in
LVH (46.4£8.3 pmol/min/mg in exercise ~ physiologic cardiac hypertrophy (1700-1800
vs 18.4+0.5 pmol/min/mg in control) RLU/pg in exercise vs ~2000 RLU/ pg in
control; ~1000 RLU/ pg in early phase of
exercise)
STUDY Large sample size Large sample size
STRENGTHS Low variability Low variability
Confirmed findings with CsA as negative  Assessment of calcineurin activation at
control different stages of physiologic cardiac
Utilized imaging and hemodynamic hypertrophy
measurement to confirm physiologic In-vivo and in-vitro reporter activity may
hypertrophic and functional changes in offer improved accuracy of calcineurin
myocardium quantification
Published in a world-leading journal Multiple exercise protocols
Published in a world-leading journal
STUDY Exercise protocol was less standardized Lack of hemodynamic monitoring
WEAKNESSES Reduced quality echocardiogram images  In vivo reporting may be confounded by
Relied on single enzyme assay other activators of NFAT
327
328
329 SO DOES CALCINEURIN PARTICIPATE IN PHYSIOLOGIC CARDIAC
330 HYPERTROPHY?
331
332  Eto et al’s (63) “yes” to the central question here regarding calcineurin involvement in
333  physiologic LVH contradicts the majority of current literature (60,65-69), as well as
334  Wilkins et al (64), although it is only Eto et al (63) and Wilkins et al (64) of those studies
335 that have designed and dedicated their studies to this question. The central conclusion
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from these studies is that calcineurin has not been found to participate in exercise
adaptation in a regulatory manner that would stimulate physiologic cardiac
hypertrophy. In fact, it was even reported from a microarray analysis with subsequent
mRNA and protein expression confirmation in left ventricular myocardial samples after
exercise training-induced cardiac hypertrophy that the gene calcineurin-inhibitor (Cain)
increased significantly with exercise training (15). If the latter is true, calcineurin activity
would most likely have been suppressed after exercise training, which was also
demonstrated biochemically after loaded and unloaded free-wheel running in mice (70).

However, several other lines of inquiry provide at least circumstantial support to Eto et
al (63), suggesting calcineurin may have a role to play in forming the exercise training-
induced physiologically hypertrophied heart:

1) Mice overexpressing myocyte-enriched calcineurin-interacting protein-1 (MCIP1),
which rendered calcineurin ineffective, had a decreased hypertrophic response to
exercise (71). Further studies supported this notion by showing calcineurin in the absence
of MCIP1 induced LVH, but prevented pressure-overload hypertrophy, indicating
possible dual roles in physiologic and pathologic hypertrophies (72,73). Yet further
support comes from the finding that calcineurin-deficient mice present with 12% reduced
heart sizes (74). These studies in and of themselves lend support to Eto et al (63),
especially given there may be a required calcineurin threshold to induce
hypertrophy (10). Conversely, it could be argued calcineurin could have a supplementary
role in physiologic LVH, including the possibility that calcineurin also could influence or
promote LVH through a transcriptional regulatory partner such as AP-1 or GATA4 (62);
hence the contradictory results may also depend on how calcineurin is quantified.

2) In skeletal muscle, calcineurin induces slow twitch muscle hypertrophy, which is the
corollary to physiologic cardiac hypertrophy (75).

3) In humans, polymorphisms in the calcineurin genes may be among the (admittedly
numerous) potential genetic variant candidates that could explain inherited phenotype
variations as well as differences in trainability between individuals (76). Whether the
described cardiac phenotype effect transcends to include hypertrophy remains unknown,
but it keeps the hypothesis of calcineurin participation alive.

4) In a different scheme, cardiac hypertrophy activated by PPAR-B stimulation, a
corollary to physiologic hypertrophy, was mediated via calcineurin activation and
included downstream modulation of NFAT (31). In this study, calcineurin activation and
downstream NFAT translocation per se was not measured after exercise training, but the
hypertrophied heart after PPAR-p stimulation and calcineurin-NFAT activation was at a
gross, histologic and cellular level indistinguishable from the hypertrophied heart
resulting from 5 weeks of exercise training.

12
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METHODOLOGIES OF THE CALCINEURIN CONTROVERSY

The studies employed different primary methods. Eto et al (63) measured calcineurin
activation using a phosphatase enzyme assay, whereby free inorganic phosphate is
isolated by cation-exchange chromatography and quantified by liquid scintillation
counting. This technique quantifies phosphate release, which in this case occurs from a
calcineurin-specific substrate (32P-labelled cAMP-dependent protein kinase regulatory
subunit type-II phosphopeptide) controlled by measuring before and after addition of a
calcineurin autoinhibitory peptide. This is therefore per se not a specific measure of
calcineurin activity, but the comparison of phosphate release in a state with calcineurin
inhibition versus a state without calcineurin inhibition generates a proxy index of
phosphatase activity specific to calcineurin (77). Although experimental and biologic
conditions can lead to some confounding, though these are controlled as much as possible
in the experiments as a matter of routine standardization, the technique has become
accepted as a reliable marker of calcineurin activity after validation against western gel
electrophoresis, enzyme-linked immunosorbent assay (ELISA) immunoassays of protein
or peptide expressions, or polymerase chain reaction (PCR)-based measures of transcript
expressions (77), with very low variability between these methods. However, calcineurin
is sensitive to oxidation during lysis by sonication, which has not been extensively
validated, and moreover, calcineurin activation also depends on the levels of calcium and
calmodulin. Therefore, there are reasons that could render the enzymatic phosphatase
assay inaccurate.

In comparison, Wilkins et al (64) used NFAT-luciferase transgenic mice to assess
calcineurin. These were generated by inserting a transgene containing high-affinity
NFAT binding sites upstream of a luciferase reporter, which was subsequently validated
by showing a high level of expression in the heart. A commercial luciferase assay with
luminometry (bioluminescence) then measured NFAT-dependent luciferase reporter
activity, which thereby indicates the amount of NFAT binding and therefore generates a
proxy index of activated calcineurin. However, other undiscovered signalling
mechanisms could potentially also regulate NFAT and therefore confound the signal,
while peptide molecules that inhibit NFAT activation without affecting calcineurin
phosphatase levels could distort the results (52,78). Therefore, using a surrogate measure
like NFAT-luciferase establishes a correlation but cannot be considered a direct cause-
effect measure of calcineurin regulation.

Both Eto et al (63) and Wilkins et al (64) subsequently attempted to verify their primary
results. Wilkins et al (64) verified the efficacy of the NFAT-luciferase reporter by crossing
NFAT-luciferase transgenic mice with calcineurin-activated transgenic mice, which
reported a 6-10-fold increase in NFAT activity. In contrast, Eto et al (63) did not verify the
accuracy of the phosphatase enzyme assay - a technique Wilkins et al (64) is somewhat
critical of - but Eto et al (63) did validate their findings by additional experiments in the
presence of the calcineurin antagonist CsA (79) that showed reduced physiologic
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hypertrophy in exercising rats but only partially reduced hypertrophy in pressure-
overload hypertrophy, which implies calcineurin may have played a role in modulating
the physiologic cardiac hypertrophy. While factors remain unclear regarding CsA and
cardiac hypertrophy, others (80,81) as well as Wilkins et al (64) have also found CsA fails
to prevent hypertrophy, suggesting it might only influence calcineurin and not
hypertrophy.

Based on the issues discussed in the preceding paragraphs, it is therefore probably fair to
state that both sets of methodologies have inherent sources of potential error and
confounding including different levels of variability, but both the phosphatase and
luciferase detection assays represent accepted gold-standard technologies. They have
been developed, validated and are supplied with appropriate protocols by the respective
manufacturers, and they are characterized by high sensitivity and accuracy. It should also
be noted that the reported variability of the specific measurements in the results of both
studies was remarkably low, adding credence to their conclusions. Although neither
method was ideal, another study (82), using a third method of immunoprecipitation with
specific protein-binding antibodies, recorded similar findings to Wilkins et al (64) where
they converged. However, both phosphatase and luciferase assays could be more suitable
than immunoprecipitation assays, which may be adversely affected by potential isoform
phenotype shifts that may occur during the development of physiologic hypertrophy.
Additionally, a number of other studies have used and therefore validated NFAT-
Luciferase reporter activity to measure calcineurin levels (29,83-85). These therefore in
hindsight indicate Wilkins et al (64)’s method may be more accurate, but nonetheless, it
is still on the basis of this difficult to discard the results from Eto et al (63), especially
given the robust magnitude of change, low variability of effect and validation with CsA.

What about the experimental designs? They are broadly similar - exercise and aortic or
coronary constriction was used to induce physiologic and pathologic LVH (Table 1).
These are all protocols widely used for evoking profound cardiac stress (17,21,27,81).
However, running training has been shown to provide a greater stimulus for modulating
the cardiac proteome than swimming (69). Although this difference may not explain the
discrepancy in their results, especially since both exercise protocols evoked substantial
hypertrophy responses, it may contribute to diverging molecular signals.

Furthermore, rats and mice are good, well-established animal models of cardiac function,
and both have over a long time been used for experimental studies that include surgical
and other interventional procedures, whereas mice remain the model of choice for genetic
manipulation. Importantly, almost all human genes are linked to murine orthologs. Both
species, but perhaps especially mice, breed quickly, further making them a popular
choice. However, their cardiac contractility differs more drastically from humans than
other small rodents. In contrast, rats make very successful models of pressure-overload
cardiac hypertrophy (86).
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CONCLUDING DISCUSSION ON CALCINEURIN CONTROVERSY

The role of calcineurin-dependent transcription remains unclear in physiologic cardiac
hypertrophy following exercise training. Eto et al (63)’s findings are contradictory to
Wilkins et al (64), whereas other available studies in this and related fields do not provide
turther clarity. Several confounding factors have been identified that may explain the
controversy. Though it is feasible that calcineurin could play a role in the development
of physiologic cardiac hypertrophy, there are however also a number of other probable
mechanisms that altogether have received more scientific attention and now present with
a broader evidence base. Any potential calcineurin activity is therefore not sole and most
likely supplementary to other regulators, and in any case appears to have a greater role
in pathologic remodeling and hypertrophy.

These controversies within the literature highlight the importance of further research
within this area. The senior author, J. D. Molkentin, of the Wilkins et al 2004 paper (64)
wrote an insightful follow-up 9 years after the initial study, which reviewed more recent
advances within the area and assessed how the results of the initial study compared to
new development (51). The follow-up suggested that the current body of literature and
more recent studies agreed that calcineurin remained inactive in physiologic cardiac
hypertrophy, although it acknowledged that calcineurin had some physiologic
importance as it was vital in promoting myocyte proliferation and survival. We however
point out the obvious, this statement comes from one of the proponents of the initial
controversy and though it may well be correct, does not offer an independent perspective.

In our review, we have sought to provide a balanced viewpoint to the question of
whether or not calcineurin activation in the heart may contribute to development of
physiologic cardiac hypertrophy following exercise training; the central question
motivating the Eto and Wilkins studies (63,64). The strongest evidence perhaps suggests
that no definitive regulatory role has yet been convincingly identified, but the positive
findings reported by Eto et al (63) have also at least circumstantially been supported by
several lines of studies, so a lack of a participating role cannot be ruled out. Admittedly,
in our review, we may have inadvertently sought to find supporting evidence for a role
rather than the opposite, but this is perhaps natural given this would challenge rather
than confirm the current dogma, and for this we apologize to the reader.

COMPARISON TO OTHER CONTROVERSIES

The calcineurin controversy is not unique; in fact, several controversies showcase areas
with “live” scientific theoretical battlegrounds that also keep moving science forward by
way of debate. However, we suggest that the calcineurin controversy suits teaching
purposes given its simplicity with two diametrically opposing conclusions on a basic
research question and hypothesis. For a wider context and discussion though, we suggest
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further examples of scientific controversies that may be explored to strengthen the
desired educational aim:

The cholesterol hypothesis and statins for primary prevention of cardiovascular
mortality: statin therapy is prescribed for protection against cardiovascular disease
because they are thought to lower low-density lipoprotein-cholesterol (87). However, the
rationale for this has come under scrutiny. For instance, clinical trials have been criticized
for methodological flaws that potentially render the reported results invalid (88), clinical
data are not being released for independent verification (87), guidance from governing
and advisory health authorities may be questioned due to ties to the pharmaceutical
industry (89,90), and finally, the basis of the cholesterol hypothesis in itself has been
questioned (91). Thus, while there is more agreement on statins for secondary prevention,
the debate surrounding primary prevention remains divisive, and would be worthy of
debate. As a controversy, it differs from the calcineurin story in that it is more complex,
has a rather more clinical than physiologic foundation, and thus requires a wider
background for full appreciation, but may serve wider purposes in exploring scientific
themes.

Asymmetrical dimethylarginine (ADMA): ADMA endogenously inhibits nitric oxide
(NO) synthase such that increased circulating ADMA impairs endothelial function and
thereby may increase risk of cardiovascular disease (92). However, a paradox was
reported in 2017 when free ADMA was shown to have a weak potency for inhibiting
endothelial NO synthase (93). This represents a potential controversy that is physiologic
in nature, but so far may have less applicability in this context since the weight of
evidence is far in favor of one side, i.e. ADMA as an inhibitor of NO synthase (e.g. 94),
whereas the calcineurin controversy remains more balanced.

HOW CAN THIS SUPPORT PHYSIOLOGY TEACHING?

On calcineurin, the research so far is inconclusive and we cannot yet with confidence
know its role in physiologic cardiac hypertrophy, but this provides an opportunity for
physiology education, especially for skills associated with advanced higher-level
cognitive processing. Following teaching the relevant physiology (broadly
cardiovascular and exercise physiology) in advanced (in our experience this would be
senior/final year) undergraduate or postgraduate cohorts, we also suggest follow-up
topics:

e History of science and research, including generation and development of the
scientific method and scientific techniques, e.g. in this case bioluminescence,
originally found in fireflies and now used in numerous research applications, as
well as other physiologic, biochemical, and life science/biologic methods.
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e Measurement issues, including exploration of suitability, differences, benefits and
limitations of each, and specific aspects of accuracy, precision, sensitivity,
reproducibility, and validity.

e Research models, including the use of experimental animals, associated ethics and
the 3R (replacement, reduction, refinement) framework for performing more
humane animal research, specific concerns about applying exercise and stress
stimuli to animals, and concepts of transgenic and gene-modified animals.

e Research design, including appropriate and fit-for-purpose research protocols, the
theorem of hypothesis testing and falsification, statistics, inference, and
extrapolation to humans.

e Clinical utility and drug discovery, including exploration of potential targets for
therapy originating from basic research.

e Practical aspects of performing, disseminating, and publishing research, including
confirmation bias, positive versus negative results, and ethics and practice of
publishing in scientific journals.

e Research existing in a state of flux, where discussions like the current are necessary
to move science forward. This could include a broad range of aspects including
exploration of other controversies, but also personification such as asking “what
must the researchers have felt when the results from the second study (64)
contradicted the first study (63)?”

From the calcineurin controversy itself and its associated topics, we have experience with
introducing several activities to the classroom, which may be delivered in either teacher-
or student-led modes; active use of Table 1 for tasking and researching these activities as
well as break-out group-work is encouraged:

e Pro/con-style debates: Students either individually or in groups are tasked with
presenting and defending their side on the argument, in this case either of Eto et
al (63) or Wilkins et al (64) articles. Students should be given time to appropriately
research the article and associated topics before the debate to prepare their
arguments. Within a group, students could take responsibility for specific focused
aspects, such as the respective methodologies, validity and reliability of specific
measurements, results, interpretations, and robustness of conclusions. This is the
activity we have the most experience and enjoyed the most success with, as it is
easy to organize, immediately intuitive to the students, and often creates lively
discussions, with the engaged students showing deep thinking and in-depth
research on various aspects of the 2 articles in question.

e Discussion: Critical appraisal of strengths and weaknesses of the presented
research, including discussions of how to interpret results and evidence, and
planning for future research to resolve or generate reconciliation on the
controversy. In our experience, this is often best achieved by open-ended journal-
club-style discussion without pro/con debates, but may also be incorporated into
other modes of teaching delivery by short, focused discussion segments.
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Voting: Following debate or discussion, students vote on which side of argument
they believe in. This may be extended to Oxford-style voting, where the audience
votes before and after the debate, and the side that gains the most votes wins. We
have tried voting with mixed success; for this to be successful, we have found it
relies on passionate advocates on both sides of the argument, which are not always
present. However, an interesting discussion ensued after voting, when the
audience was asked which parts of the arguments swayed their vote, with a
variety of expected and unexpected replies.

Grant-writing: A grant-writing exercise or assessment may be introduced, where
the task is to design a research proposal to reconcile the controversy. Teachers,
students outwith this class, or the class itself, especially if taking turns between
different topics, may serve as a mock grant-reviewing panel. In our experience,
this requires students be adept at research design and is more suitable for
postgraduate students.

IMPLEMENTATION TO TEACHING

We suggest the described approach is implemented as a class activity following delivery
of the background exercise and cardiovascular physiology. A workplan includes:

Formulate aims and intended learning objectives (ILOs): critical appraisal and
compare and contrast of published research studies; develop graduate attributes.
Introduce concepts of physiologic cardiac hypertrophy, molecular signaling
mechanisms, and calcineurin, all provided in this article.
Briefly present the contradictory Eto et al (63) and Wilkins et al (64) articles.
Students research the articles as group work, with support on critical appraisal for
research articles available including checklists for points to cover (95,96):
o Identify hypothesis/aim.
o Evaluate methodologies (examples include design, ethics, sample size,
models, protocols, outcome measures, analysis and statistics).
o Evaluate results and appropriateness of conclusions, crosscheck to
hypothesis/aim.
o Consider strengths and weaknesses.
Students present findings.
Class discussion/debate, possibly extended to voting and post-discussion
activities such as mock grant-writing.
Formal or informal evaluation of activity: did students achieve ILOs, did activity
engage/ attract interest/lead to discussion?

CONCLUSION

In our experience, the approach described in the current paper leads to learning of
important skills and development of critical and reflective attributes in both senior
undergraduate and postgraduate student cohorts, such as ability to compare and
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contrast, analyze and critically appraise, and evaluate opposing views. This was achieved
by breaking up classes and seminars with interactive, community-centered activities that
resulted in a high degree of engagement with lively and entertaining discussions that we
believe both students and educators enjoyed and benefitted from. If nothing else, it
provided variety to the classroom, which may also suit both learners and teachers (97).
Thus, in the end something good comes out of the stalemate.

DISCLOSURES

No conflicts of interest, financial or otherwise, exist.

REFERENCES

10.

Krathwohl DR. A Revision of Bloom's Taxonomy: An Overview. Theory into Practice
41: 212-218, 2002.

Fagard R. Athlete’s Heart. Heart 89: 1455-1461, 2003.

Cox ML, Bennett JB, Dudley GA. Exercise Training-Induced Alterations of Cardiac
Morphology. | Appl Physiol 61: 926-931, 1986.

Kemi OJ, Wisleff U. Mechanisms of Exercise-Induced Improvements in the
Contractile Apparatus of the Mammalian Myocardium. Acta Physiol 199: 425-439,
2010.

Leinwand LA. Calcineurin Inhibition and Cardiac Hypertrophy: A Matter of
Balance. Proc Natl Acad Sci 98: 2947-2949, 2001.

Wagner PD. Central and Peripheral Aspects of Oxygen Transport and Adaptations
with Exercise: Sports Med 11: 133-142, 1991.

Kemi OJ, Haram PM, Loennechen JP, Osnes J-B, Skomedal T, Wisleff U,
Ellingsen @. Moderate Vs. High Exercise Intensity: Differential Effects on Aerobic

Fitness, Cardiomyocyte Contractility, and Endothelial Function. Cardiovasc Res 67:
161-172, 2005.

Glass DJ. Skeletal Muscle Hypertrophy and Atrophy Signaling Pathways. Int |
Biochem Cell Biol 37: 1974-1984, 2005.

Maron B]J, Pelliccia A. The Heart of Trained Athletes. Circulation 114: 1633-1644,
2006.

Frey N, Katus HA, Olson EN, Hill JA. Hypertrophy of the Heart. Circulation 109:
1580-1589, 2004.

19



669
670

671
672

673
674

675
676
677

678
679
680

681
682
683
684

685
686
687

688
689
690
691

692
693
694

695
696
697

698
699
700
701

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Nakamura M, Sadoshima J. Mechanisms of Physiological and Pathological Cardiac
Hypertrophy. Nat Rev Cardiol 15: 387-407, 2018.

Wilkins BJ, Molkentin JD. Calcium-Calcineurin Signaling in the Regulation of
Cardiac Hypertrophy. Biochem Biophys Res Commun 322: 1178-1191, 2004.

Hunter JJ, Chien KR. Signaling Pathways for Cardiac Hypertrophy and Failure. N
Engl | Med 341: 1276-1283, 1999.

Iemitsu M, Maeda S, Jesmin S, Otsuki T, Kasuya Y, Miyauchi T. Activation
Pattern of MAPK Signaling in the Hearts of Trained and Untrained Rats Following a
Single Bout of Exercise. | Appl Physiol 101: 151-163, 2006.

Iemitsu M, Maeda S, Miyauchi T, Matsuda M, Tanaka H. Gene Expression
Profiling of Exercise-Induced Cardiac Hypertrophy in Rats. Acta Physiol Scand 185:
259-270, 2005.

Kanzleiter T, Jahnert M, Schulze G, Selbig J, Hallahan N, Schwenk RW,
Schiirmann A. Exercise Training Alters DNA Methylation Patterns in Genes Related
to Muscle Growth and Differentiation in Mice. Am | Physiol-Endocrinol Metab 308:
E912-E920, 2015.

Kemi OJ, Ceci M, Wisloff U, Grimaldi S, Gallo P, Smith GL, Condorelli G,
Ellingsen O. Activation or Inactivation of Cardiac Akt/Mtor Signaling Diverges
Physiological from Pathological Hypertrophy. | Cell Physiol 214: 316-321, 2008.

Kemi O]J, Ellingsen &, Ceci M, Grimaldi S, Smith GL, Condorelli G, Wisleff U.
Aerobic Interval Training Enhances Cardiomyocyte Contractility and Ca2+ Cycling
by Phosphorylation of CaMKII and Thr-17 of Phospholamban. | Mol Cell Cardiol 43:
354-361, 2007.

Kemi OJ, Haram PM, Wisleff U, Ellingsen . Aerobic Fitness Is Associated with
Cardiomyocyte Contractile Capacity and Endothelial Function in Exercise Training
and Detraining. Circulation 109: 2897-2904, 2004.

Kemi OJ, Hoydal MA, Haram PM, Garnier A, Fortin D, Ventura-Clapier R,
Ellingsen @. Exercise Training Restores Aerobic Capacity and Energy Transfer
Systems in Heart Failure Treated with Losartan. Cardiovasc Res 76: 91-99, 2007.

Kemi OJ, Hoydal MA, MacQuaide N, Haram PM, Koch LG, Britton SL, Ellingsen
O, Smith GL, Wisloff U. The Effect of Exercise Training on Transverse Tubules in
Normal, Remodeled, and Reverse Remodeled Hearts. | Cell Physiol 226: 2235-2243,
2011.

20



702
703
704

705
706
707
708
709

710
711
712
713

714
715
716

717
718

719
720
721
722
723

724
725

726
727
728
729

730
731

732
733

734
735

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kemi OJ, Loennechen JP, Wisleff U, Ellingsen . Intensity-Controlled Treadmill
Running in Mice: Cardiac and Skeletal Muscle Hypertrophy. | Appl Physiol 93: 1301~
1309, 2002.

McMullen JR, Amirahmadi F, Woodcock EA, Schinke-Braun M, Bouwman RD,
Hewitt KA, Mollica JP, Zhang L, Zhang Y, Shioi T, Buerger A, Izumo S, Jay PY,

Jennings GL. Protective Effects of Exercise and Phosphoinositide 3-Kinase(p110a)
Signaling in Dilated and Hypertrophic Cardiomyopathy. Proc Natl Acad Sci U S A

104: 612-617, 2007.

McMullen JR, Shioi T, Zhang L, Tarnavski O, Sherwood MC, Kang PM, Izumo S.
Phosphoinositide 3-Kinase(p110a) Plays a Critical Role for the Induction of
Physiological, but Not Pathological, Cardiac Hypertrophy. Proc Natl Acad Sci U S A
100: 12355-12360, 2003.

Baek M-O, Ahn CB, Cho H-J, Choi J-Y, Son KH, Yoon M-S. Simulated
Microgravity Inhibits C2C12 Myogenesis Via Phospholipase D2-Induced
Akt/FOXO1 Regulation. Sci Rep 9: 14910, 2019.

Shu L, Houghton PJ. The mTORC2 Complex Regulates Terminal Differentiation of
C2C12 Myoblasts. Mol Cell Biol 29: 4691-4700, 2009.

Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, Bang M-L, Segnalini
P, GuY, Dalton ND, Elia L, Latronico MVG, Heydal M, Autore C, Russo MA,
Dorn GW, Ellingsen &, Ruiz-Lozano P, Peterson KL, Croce CM, Peschle C,
Condorelli G. MicroRNA-133 Controls Cardiac Hypertrophy. Nat Med 13: 613-618,
2007.

Voisin S, Eynon N, Yan X, Bishop D]J. Exercise Training and DNA Methylation in
Humans. Acta Physiol 213: 39-59, 2015.

Parsons SA, Millay DP, Wilkins BJ, Bueno OF, Tsika GL, Neilson JR, Liberatore
CM, Yutzey KE, Crabtree GR, Tsika RW, Molkentin JD. Genetic Loss of

Calcineurin Blocks Mechanical Overload-induced Skeletal Muscle Fiber Type
Switching but Not Hypertrophy. | Biol Chem 279: 26192-26200, 2004.

Erickson JR, Anderson ME. CaMKII and Its Role in Cardiac Arrhythmia. |
Cardiovasc Electrophysiol 19: 1332-1336, 2008.

Maier LS, Bers DM. Calcium, Calmodulin, and Calcium-Calmodulin Kinase II:
Heartbeat to Heartbeat and Beyond. ] Mol Cell Cardiol 34: 919-939, 2002.

Maier LS, Bers DM. Role of Ca2+/Calmodulin-Dependent Protein Kinase (CaMK)
in Excitation-Contraction Coupling in the Heart. Cardiovasc Res 73: 631-640, 2007.

21



736
737

738
739
740
741

742
743
744

745

746
747
748

749
750
751

752
753
754
755

756
757
758

759
760
761

762
763

764
765
766

767
768

33.

34.

35.

36.

37.

38.

39.

41.

42.

43.

Maier LS, Bers DM, Brown JH. Calmodulin and Ca2+/Calmodulin Kinases in the
Heart - Physiology and Pathophysiology. Cardiovasc Res 73: 629-630, 2007.

Sag CM, Wadsack DP, Khabbazzadeh S, Abesser M, Grefe C, Neumann K, Opiela
M-K, Backs J, Olson EN, Brown JH, Neef S, Maier SKG, Maier LS.
Calcium/Calmodulin-Dependent Protein Kinase II Contributes to Cardiac
Arrhythmogenesis in Heart Failure. Circ Heart Fail 2: 664-675, 2009.

Barres R, Yan ], Egan B, Treebak JT, Rasmussen M, Fritz T, Caidahl K, Krook A,
O’Gorman DJ, Zierath JR. Acute Exercise Remodels Promoter Methylation in
Human Skeletal Muscle. Cell Metab 15: 405-411, 2012.

Chien KR. MicroRNAs and the Tell-Tale Heart. Nature 447: 389-390, 2007.

Condorelli G, Latronico MVG, Cavarretta E. MicroRNAs in Cardiovascular
Diseases: Current Knowledge and the Road Ahead. | Am Coll Cardiol 63: 2177-2187,
2014.

Domarnska-Senderowska D, Laguette M-], Jegier A, Cieszczyk P, September A,
Brzezianiska-Lasota E. MicroRNA Profile and Adaptive Response to Exercise
Training: A Review. Int | Sports Med 40: 227-235, 2019.

Weeks KL, Bernardo BC, Ooi JYY, Patterson NL, McMullen JR. The IGF1-PI3K-Akt
Signaling Pathway in Mediating Exercise-Induced Cardiac Hypertrophy and
Protection. In: Exercise for Cardiovascular Disease Prevention and Treatment: From
Molecular to Clinical, Part 2, edited by Xiao J. Springer, p. 187-210.

. Maillet M, van Berlo JH, Molkentin JD. Molecular Basis of Physiological Heart

Growth: Fundamental Concepts and New Players. Nat Rev Mol Cell Biol 14: 38-48,
2013.

Shioi T, McMullen JR, Kang PM, Douglas PS, Obata T, Franke TF, Cantley LC,
Izumo S. Akt/Protein Kinase B Promotes Organ Growth in Transgenic Mice. Mol
Cell Biol 22: 2799-2809, 2002.

Miyazaki M, McCarthy JJ, Esser KA. IGF-1-Induced Phosphorylation and Altered
Distribution of TSC1/TSC2 in C2C12 Myotubes. FEBS | 277: 2180-2191, 2010.

Boluyt MO, Brevick JL, Rogers DS, Randall MJ, Scalia AF, Li ZB. Changes in the
Rat Heart Proteome Induced by Exercise Training: Increased Abundance of Heat
Shock Protein Hsp20. Proteomics 6: 3154-3169, 2006.

. Burniston JG. Adaptation of the Rat Cardiac Proteome in Response to Intensity-

Controlled Endurance Exercise. Proteomics 9: 106-115, 2009.

22



769
770
771
772
773

774
775

776
777

778
779
780

781
782

783
784
785
786

787
788

789

790
791
792

793
794

795
796
797

798
799

800
801

45.Yoon S, Kim M, Min H-K, Lee Y-U, Kwon D-H, Lee M, Lee S, Kook T, Joung H,
Nam K-I, Ahn Y, Kim Y-K, Kim J, Park W], McMullen JR, Eom GH, Kook H.
Inhibition of Heat Shock Protein 70 Blocks the Development of Cardiac Hypertrophy
by Modulating the Phosphorylation of Histone Deacetylase 2. Cardiovasc Res 115:
1850-1860, 2019.

46. Rowe GC, Jiang A, Arany Z, Kelly DP. PGC-1 Coactivators in Cardiac
Development and Disease. Circ Res 107: 825-838, 2010.

47. Ventura-Clapier R, Garnier A, Veksler V. Energy Metabolism in Heart Failure. |
Physiol 555: 1-13, 2004.

48. Guilherme JPLF, Bertuzzi R, Lima-Silva AE, Pereira A da C, Junior AHL. Analysis
of Sports-Relevant Polymorphisms in a Large Brazilian Cohort of Top-Level
Athletes. Ann Hum Genet 82: 254-264, 2018.

49. Ventura-Clapier R, Garnier A, Veksler V. Transcriptional Control of Mitochondrial
Biogenesis: The Central Role of PGC-1a. Cardiovasc Res 79: 208-217, 2008.

50. Wagner N, Jehl-Piétri C, Lopez P, Murdaca J, Giordano C, Schwartz C, Gounon P,
Hatem SN, Grimaldi P, Wagner K-D. Peroxisome Proliferator-Activated Receptor 3
Stimulation Induces Rapid Cardiac Growth and Angiogenesis Via Direct Activation
of Calcineurin. Cardiovasc Res 83: 61-71, 2009.

51. Molkentin JD. Parsing Good Versus Bad Signaling Pathways in the Heart. Circ Res
113: 16-19, 2013.

52. Rusnak F, Mertz P. Calcineurin: Form and Function. Physiol Rev 80: 1483-1521, 2000.

53. Bueno OF, van Rooij E, Molkentin JD, Doevendans PA, De Windt L]. Calcineurin
and Hypertrophic Heart Disease: Novel Insights and Remaining Questions.
Cardiovasc Res 53: 806-821, 2002.

54. Hogan PG, Chen L, Nardone J, Rao A. Transcriptional regulation by calcium,
calcineurin, and NFAT. Genes Dev 17: 2205-2232, 2003.

55. Ritter O, Hack S, Schuh K, Rothlein N, Perrot A, Osterziel KJ, Schulte Hagen D.,
Neyses L. Calcineurin in Human Heart Hypertrophy. Circulation 105: 2265-2269,
2002.

56. Schulz RA, Yutzey KE. Calcineurin Signaling and Nfat Activation in Cardiovascular
and Skeletal Muscle Development. Dev Biol 266: 1-16, 2004.

57. Hermann-Kleiter N, Baier G. NFAT Pulls the Strings During CD4+ T Helper Cell
Effector Functions. Blood 115: 2989-2997, 2010.

23



802
803
804

805
806
807

808
809
810
811

812
813

814
815
816

817
818
819
820

821
822
823

824
825
826
827

828
829
830
831

832
833
834

835
836

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Antos CL, McKinsey TA, Frey N, Kutschke W, McAnally J, Shelton JM,
Richardson JA, Hill JA, Olson EN. Activated Glycogen Synthase-33 Suppresses
Cardiac Hypertrophy in Vivo. Proc Natl Acad Sci 99: 907-912, 2002.

Prasad SVN, Esposito G, Mao L, Koch WJ, Rockman HA. GBy-dependent
Phosphoinositide 3-Kinase Activation in Hearts with in Vivo Pressure Overload
Hypertrophy. | Biol Chem 275: 4693-4698, 2000.

De Windt L], Lim HW, Bueno OF, Liang Q, Delling U, Braz JC, Glascock B]J,
Kimball TF, del Monte F, Hajjar R], Molkentin JD. Targeted Inhibition of
Calcineurin Attenuates Cardiac Hypertrophy in Vivo. Proc Natl Acad Sci U S A 98:
3322-3327, 2001.

Sieber M, Baumgrass R. Novel Inhibitors of the Calcineurin/ NFATc Hub -
Alternatives to CsA and Fk506? Cell Commun Signal 7: 25, 2009.

Molkentin JD, Lu J-R, Antos CL, Markham B, Richardson J, Robbins J, Grant SR,
Olson EN. A Calcineurin-Dependent Transcriptional Pathway for Cardiac
Hypertrophy. Cell 93: 215-228, 1998.

Eto Y, Yonekura K, Sonoda M, Arai N, Sata M, Sugiura S, Takenaka K, Gualberto
A, Hixon ML., Wagner MW., Aoyagi T. Calcineurin Is Activated in Rat Hearts with
Physiological Left Ventricular Hypertrophy Induced by Voluntary Exercise
Training. Circulation 101: 2134-2137, 2000.

Wilkins BJ, Dai Y-S, Bueno OF, Parsons SA, Xu J, Plank DM, Jones F, Kimball TR,
Molkentin JD. Calcineurin/NFAT Coupling Participates in Pathological, but not
Physiological, Cardiac Hypertrophy. Circ Res 94: 110-118, 2004.

Bourajjaj M, Armand A-S, Martins PA da C, Weijts B, Nagel R van der, Heeneman
S, Wehrens XH, de Windt L]. NFATc2 Is a Necessary Mediator of Calcineurin-
dependent Cardiac Hypertrophy and Heart Failure. | Biol Chem 283: 22295-22303,
2008.

Hill JA, Rothermel B, Yoo K-D, Cabuay B, Demetroulis E, Weiss RM, Kutschke W,
Bassel-Duby R, Williams RS. Targeted Inhibition of Calcineurin in Pressure-
Overload Cardiac Hypertrophy. Preservation of Systolic Function. | Biol Chem 277:
10251-10255, 2002.

Taigen T, Windt LJD, Lim HW, Molkentin JD. Targeted Inhibition of Calcineurin
Prevents Agonist-Induced Cardiomyocyte Hypertrophy. Proc Natl Acad Sci 97: 1196~
1201, 2000.

van Rooij E, Doevendans PA, Crijns HHGM, Heeneman S, Lips DJ, van Bilsen M,
Williams R. Sanders, Olson EN., Bassel-Duby R, Rothermel BA., De Windt L].

24



837
838

839
840
841

842
843
844

845
846
847
848

849
850
851
852

853
854
855

856
857
858

859
860

861
862
863

864
865
866

867
868
869

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

MCIP1 Overexpression Suppresses Left Ventricular Remodeling and Sustains
Cardiac Function After Myocardial Infarction. Circ Res 94: 18-26, 2004.

Yu H, Berkel TJCV, Biessen EAL. Therapeutic Potential of VIVIT, a Selective
Peptide Inhibitor of Nuclear Factor of Activated T cells, in Cardiovascular Disorders.
Cardiovasc Drug Rev 25:175-187, 2007.

Konhilas JP, Widegren U, Allen DL, Paul AC, Cleary A, Leinwand LA. Loaded
Wheel Running and Muscle Adaptation in the Mouse. Am | Physiol-Heart Circ Physiol
289: H455-H465, 2005.

Rothermel BA, McKinsey TA, Vega RB, Nicol RL, Mammen P, Yang ], Antos CL,
Shelton JM, Bassel-Duby R, Olson EN, Williams RS. Myocyte-Enriched
Calcineurin-Interacting Protein, MCIP1, Inhibits Cardiac Hypertrophy in Vivo. Proc
Natl Acad Sci U S A 98: 3328-3333, 2001.

Sanna B, Brandt EB, Kaiser RA, Pfluger P, Witt SA, Kimball TR, van Rooij E, De
Windt L], Rothenberg ME, Tschop MH, Benoit SC, Molkentin JD. Modulatory
Calcineurin-Interacting Proteins 1 and 2 Function as Calcineurin Facilitators in Vivo.
Proc Natl Acad Sci U S A 103: 7327-7332, 2006.

Vega RB, Rothermel BA, Weinheimer CJ, Kovacs A, Naseem RH, Bassel-Duby R,
Williams RS, Olson EN. Dual roles of modulatory calcineurin-interacting protein 1
in cardiac hypertrophy. Proc Natl Acad Sci 100: 669-674, 2003.

Bueno OF, Wilkins BJ, Tymitz KM, Glascock BJ, Kimball TF, Lorenz JN,
Molkentin JD. Impaired Cardiac Hypertrophic Response in Calcineurin Ap-
Deficient Mice. Proc Natl Acad Sci 99: 4586-4591, 2002.

Sakuma K, Yamaguchi A. The Functional Role of Calcineurin in Hypertrophy,
Regeneration, and Disorders of Skeletal Muscle. | Biomed Biotechnol 2010, 2010.

He Z-H, Hu Y, Li Y-C, Bao D-P, Ruiz JR, Lucia A. Polymorphisms in the
Calcineurin Genes Are Associated with the Training Responsiveness of Cardiac
Phenotypes in Chinese Young Adults. Eur | Appl Physiol 110: 761-767, 2010.

Su Q Zhao M, Weber E, Eugster HP, Ryffel B. Distribution and activity of
calcineurin in rat tissues. Evidence for post-transcriptional regulation of testis-
specific calcineurin B. Eur ] Biochem 230: 469-474, 1995.

Aramburu J, Yaffe MB, Lopez-Rodriguez C, Cantley LC, Hogan PG, Rao A.
Affinity-Driven Peptide Selection of an NFAT Inhibitor More Selective Than
Cyclosporin A. Science 285: 2129-2133, 1999.

25



870
871

872
873
874

875
876
877

878
879
880

881
882
883

884
885
886

887
888
889

890
891

892
893
894
895

896
897
898

899
900

901
902

79.

80.

81

82.

83.

84.

85.

86.

87.

88.

89.

90.

Luo Z, Shyu K-G, Gualberto A, Walsh K. Calcineurin Inhibitors and Cardiac
Hypertrophy. Nat Med 4: 1092-1093, 1998.

Ding B, Price RL, Borg TK, Weinberg EO, Halloran PF, Lorell BH. Pressure
Overload Induces Severe Hypertrophy in Mice Treated with Cyclosporine, an
Inhibitor of Calcineurin. Circ Res 84: 729-734, 1999.

. Zhang W, Kowal RC, Rusnak F, Sikkink RA, Olson EN, Victor RG. Failure of

Calcineurin Inhibitors to Prevent Pressure-Overload Left Ventricular Hypertrophy
in Rats. Circ Res 84: 722-728,1999.

Lim HW, De Windt L], Steinberg L, Taigen T, Witt SA, Kimball TR, Molkentin
JD. Calcineurin Expression, Activation, and Function in Cardiac Pressure-Overload
Hypertrophy. Circulation 101: 2431-2437, 2000.

de Frutos S, Duling L, Alo D, Berry T, Jackson-Weaver O, Walker M, Kanagy N,
Bosc LG. Nfatc3 Is Required for Intermittent Hypoxia-Induced Hypertension. Am |
Physiol Heart Circ Physiol 294: H2382-H2390, 2008.

Gurda GT, Guo L, Lee S-H, Molkentin JD, Williams JA. Cholecystokinin Activates
Pancreatic Calcineurin-NFAT Signaling In Vitro and In Vivo. Mol Biol Cell 19: 198-
206, 2008.

Wang L, Chang J-H, Paik S-Y, Tang Y, Eisner W, Spurney RF. Calcineurin (CN)
Activation Promotes Apoptosis of Glomerular Podocytes Both in Vitro and in Vivo.
Mol Endocrinol 25: 1376-1386, 2011.

Camacho P, Fan H, Liu Z, He J-Q. Small Mammalian Animal Models of Heart
Disease. Am | Cardiovasc Dis 6: 70-80, 2016.

Ray KK, Seshasai SRK, Erqou S, Sever P, Jukema JW, Ford I, Sattar N. Statins and
All-Cause Mortality in High-Risk Primary Prevention: A Meta-Analysis of 11
Randomized Controlled Trials Involving 65,229 Participants. Arch Intern Med 170:
1024-1031, 2010.

Raebaeus M, Nguyen P, Lorgeril M. Recent Flaws in Evidence Based Medicine:
Statin effects in Primary Prevention and Consequences of Suspending the
Treatment. | Controvers Biomed Res 3: 1-10, 2017.

Demasi M. Statin Wars: Have we been Misled by the Evidence? A Narrative
Review. Br | Sports Med 52: 905-909, 2018.

Lundh A, Lexchin J, Mintzes B, Schroll J, Bero L. Industry Sponsorship
andResearch Outcome. Cochrane Database Syst Rev 2: MR000033, 2017.

26



903
904

905
906
907

908
909
910

911
912
913

914
915

916
917

918
919
920

921

922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938

91. DuBroff R. Cholesterol Paradox: A Correlate does not a Surrogate make. Evidence
Based Med 22: 15-19, 2016.

92.Zhou S, Zhu Q, Li X, Chen C, Liu J, Ye Y, Ruan Y, Hei Z. Assymmetric
Dimethylarginine and All-Cause Mortality: A Systematic Review and Meta-
Analysis. Sci Rep 7: 44692, 2017.

93.Tsikas D. Does the Inhibitory Action of Asymmetric Dimethylarginine (ADMA) on
the Endothelial Nitric Oxide Synthase Activity Explain Its Importance in the
Cardiovascular System? The ADMA Paradox. | Controver Biomed Res 3: 16-22, 2017.

94.Aydin M, Altintas N, Cem Mutlu L, Bilir B, Oran M, Tiiliibas F, Topcu B, Tayfur
I, Kiigiikyalcin V, Kaplan G, Giirel A. Asymmetric dimethylarginine contributes to
airway nitric oxide deficiency in patients with COPD. Clin Respir | 11: 318-327, 2015.

95.Rangachari PK, Mierson S. A checklist to help students analyze published articles
in basic medical sciences. Am | Physiol Adv Physiol Educ 268: 521-525, 1995.

96.Seals DR, Tanaka H. Manuscript peer review: A helpful checklist for students and
novice referees. Adv Physiol Educ 22: 52-58, 2000.

97.Coffield F, Moseley D, Hall E, Ecclestone K. Learning Styles and Pedagogy in Post-
16 Learning. A Systematic and Critical Review. London, Learning and Skills Research
Centre. ISBN 1853389188.

FIGURE LEGENDS

Figure 1: A model of established molecular pathways relevant in physiologic cardiac
hypertrophy, activated in response to several distinct extra- and intracellular signals,
leading to physiologic cellular hypertrophy after modulation via gene transcription
and/or protein synthesis and maintenance. MAPK(K(K)): mitogen activated protein
kinase (kinase (kinase)); CaMK: Ca2+-calmodulin dependent protein kinase; HDAC:
histone deacetylace; IGF1: insulin like growth factor-1; PI3K: phosphoinositide-3 kinase;
Akt: protein kinase B; mTOR: mammalian target of rapamycin; mRNA: messenger
ribonucleic acid; HSP: heat shock protein. Numbers link to text description.

Figure 2: A model of the established calcineurin pathway for regulating gene
transcription, and as it may be potentially relevant in physiologic cardiac hypertrophy,
activated by calcium-bound calmodulin. Downstream, calcineurin dephosphorylates
the nuclear factor of activated T cells (NFAT), which allows for NFAT entry to nucleus
where it functions as a transcription factor. Calcineurin may also be inhibited, most
notably by cyclosporin A (CsA). ER: endoplasmic reticulum; IP3R: inositol triphosphate
receptor; LTCC: L-type calcium channel; RyR: ryanodine receptor; SAC: stretch-
activated (calcium) channel; SR: sarcoplasmic reticulum.
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