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ABSTRACT 26 
Developing engaging activities that build skills for understanding and appreciating 27 
research is important for undergraduate and postgraduate science students. Comparing 28 
and contrasting opposing research studies does this, and more: it also appropriately for 29 
these cohorts challenges higher-level cognitive processing. Here, we present and discuss 30 
one such scenario, that of calcineurin in the heart and its response to exercise training. 31 
This scenario is further accentuated by the existence of only 2 studies. The background is 32 
that regular aerobic endurance exercise training stimulates the heart to physiologically 33 
adapt to chronically increase its ability to produce a greater cardiac output to meet the 34 
increased demand for oxygenated blood in working muscles, and this happens by 2 main 35 
mechanisms: 1) increased cardiac contractile function and 2) physiologic hypertrophy. 36 
The major underlying mechanisms have been delineated over the last decades, but one 37 

aspect has not been resolved: the potential role of calcineurin in modulating physiologic 38 
hypertrophy. This is partly because the existing research has provided opposing and 39 
contrasting findings, one line showing that exercise training does activate cardiac 40 
calcineurin in conjunction with myocardial hypertrophy, but another line showing that 41 
exercise training does not activate cardiac calcineurin even if myocardial hypertrophy is 42 
blatantly occurring. Here, we review and present the current evidence in the field and 43 
discuss reasons for this controversy. We present real-life examples from physiology 44 
research and discuss how this may enhance student engagement and participation, 45 
widen the scope of learning, and thereby also further facilitate higher-level cognitive 46 
processing. 47 
 48 
SNAPSHOT 49 
Physiologic cardiac hypertrophy is an important exercise adaptation. Several signaling 50 
pathways responding to the exercise stress cause this. However, the role of calcineurin 51 
has yet to be determined, because the available studies on its role have delivered 52 
diametrically opposite results and conclusions. Here, we review the field and present 53 
and discuss the controversy, in order to facilitate enhanced teaching and learning in 54 
physiology. 55 
 56 
KEY WORDS Training, heart, physiologic hypertrophy, athletes’ heart, calcineurin. 57 
 58 
DEFINITION Controversy: a discussion marked especially by the expression of 59 
opposing views; dispute.  60 
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INTRODUCTION 61 
 62 
For undergraduate and postgraduate science students, it is important to develop skills 63 
that enable them to appropriately appreciate, understand, critically evaluate and maybe 64 
even conduct research. As educators, we must provide engaging activities that facilitate 65 
and support this. Comparing and contrasting opposing research studies is an important 66 
aspect in this regard. Apart from highlighting an issue of “known unknowns,” it also 67 
enhances learning because it requires cognitive processing at a high level in Bloom’s 68 
Taxonomy (1). This scenario of compare and contrast is simplified and yet accentuated if 69 
within a given field, only 2 studies on the matter exist, and they lead to diametrically 70 
opposite conclusions, with no further studies able to reconcile the given matters. 71 
 72 

Here, we present and discuss one such scenario, that of calcineurin in the heart and its 73 
response to exercise training. We review the current evidence and discuss reasons that 74 
may have contributed to the lack of clarity, and use this to develop an approach (from a 75 
real-life example) that showcases and highlights physiology research as a source to 76 
challenge and thereby facilitate higher-level cognitive processing in an innovative 77 
manner that extends beyond covering only well-established concepts of physiology. We 78 
thereafter propose a framework to follow for the physiology educator that directs the 79 
discussion to cover adjacent, but related topics such as research methodologies and 80 
experimental research models, clinical utility and drug discovery, critical appraisal of 81 
evidence with a view from the theorem of hypothesis testing, falsification and knowledge 82 
generation, as well as practical aspects from ethics to publishing; some of which may be 83 
specifically tailored to either undergraduate and/or postgraduate students. This may be 84 

challenging, but in our experience, it leads to profound intellectual growth. 85 
 86 
EXERCISE TRAINING-INDUCED PHYSIOLOGIC CARDIAC HYPERTROPHY 87 
 88 
The scientific background is that it is well-established that trained endurance athletes 89 
from a variety of sports backgrounds, such as running, cycling, rowing, and cross-90 
country skiing, present with increased cardiac dimensions and myocardial mass, mainly 91 
in the form of ventricular hypertrophy (2). This view is supported by longitudinal studies 92 
of intense endurance exercise training that show the heart adapts by increasing 93 
dimensions and size (3) and therefore may not be inherited but rather at least partly 94 
adapted, while experimental animal studies demonstrate that this occurs by a process 95 
that involves physiologically beneficial expansion and growth in the myocardium as well 96 
as concomitant increases in length and width of cardiomyocytes (4). This results in 97 
parallel deposition of sarcomeres, is considered beneficial, and it improves heart 98 
contractility and pump performance (5).  99 
 100 
The stimulus for physiologic cardiac hypertrophy is that during intense exercise, there is 101 
an increased metabolic and oxygen demand in the working skeletal muscles (due to the 102 
exercise, with a similar adaptation occurring in pregnancy). This demand can only be met 103 
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sufficiently by increasing the supply of oxygenated blood from the heart as arterial blood 104 
oxygenation, vascular redistribution, peripheral diffusion, and muscle extraction all have 105 
capacity limits well below the demand set by the exercise (6). Hence, and regardless of 106 
changes in cardiac stress or workload, the heart must deliver more blood. When this 107 
exercise stimulus is frequently repeated, particularly at a high exercise intensity (7), the 108 
heart will adapt partly through increased contractile capacity and function, and partly 109 
through increased dimensions and mass. From a simplistic perspective, and without 110 
further comparison, this is analogous to skeletal muscle hypertrophy in response to 111 
increased load demands in the trained muscle (8). Physiologic cardiac hypertrophy is due 112 
to its association with highly trained endurance athletes, also sometimes called athletes’ 113 
heart (9).  114 
 115 
In contrast, pathologic hypertrophy is typically characterized by either ventricular wall 116 
growth or stretching without a concomitant preservation of wall-to-chamber ratio. At a 117 
gross organ level, pathologic hypertrophy may appear reminiscent to physiologic 118 
hypertrophy, but ensues from pathologic stimuli such as myocardial infarction (MI), 119 
valvular diseases, chronic hypertension and metabolic syndromes (10,11) and may in fact 120 
precede heart disease with reduced contractility and cardiac pump capacity (12). 121 
Pathologic adaptation is however outside the remit of this paper but is mentioned here 122 
for clarity. 123 
 124 
MOLECULAR SIGNALING FOR PHYSIOLOGIC CARDIAC HYPERTROPHY 125 
 126 
The molecular pathways that activate, maintain and modulate physiologic cardiac 127 

hypertrophy have also been well described, albeit not all aspects are equally well 128 
understood. There is, however, good evidence indicating that the entire cell machinery 129 
from modulation of gene transcription to protein translation and subsequent post-130 
translation are all processes that contribute to the physiologic hypertrophy phenotype. 131 
This evidence comes from a number of different approaches, including studies of 132 
experimental animals including genetically modified animals undergoing different types 133 
and modes of exercise training (4,7,13–24), cell-in-a-dish-based studies of growth factor-134 
stimulated C2C12 muscle mimics (25,26), as well as studies of exercise training in humans 135 
(27,28). It is beyond the scope of this review to exhaustively present and discuss those 136 
studies; however, because we ultimately point out an area of controversy, we here also 137 
highlight that at least several molecular pathways have been convincingly shown to 138 
associate with physiologic hypertrophy (Figure 1):  139 
 140 
1: Mitogen-activated protein kinase (MAPK): In the early phases of an exercise training 141 
program, activated gene transcription via MAPK have been shown to induce myocardial 142 
hypertrophy, whereas intriguingly, during the continued chronic phase of the exercise 143 
training, MAPK responses to exercise slowly deteriorated despite continued hypertrophy 144 
generation (14), suggesting that MAPK-activation may transiently be important in the 145 
early, but not maintenance, phase of the exercise training-induced physiologic 146 
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hypertrophy. The transient, but not chronic activation may be beneficial, given chronic 147 
MAPK activation typically has been linked to pathologic hypertrophy and maladaptive 148 
remodeling in the heart (29). 149 
 150 
2: Calcium-calmodulin-dependent protein kinase-II (CaMKII): Further activation of 151 
muscle and myofilament-specific gene transcription has also been observed after exercise 152 
training. The increased contractile work that the heart has to execute during exercise 153 
initiates calcium-linked regulation due to excitation-transcription coupling. Intracellular 154 
calcium-bound calmodulin activating CaMKII phosphorylates histone deacetylase 155 
(HDAC) to relieve suppression of nuclear myocyte enhancer factor-2 (Mef2) during 156 
exercise training (30-34). In line with this, exercise has also been shown to associate with 157 
deoxyribonucleic acid (DNA)-demethylation (16,35), which taken together are thought to 158 
contribute positively to myocardial gene transcription during exercise training in a 159 
manner that induces physiologic hypertrophy. Other putative processes that also 160 
enhance gene transcription include intracellular metabolic and hypoxic challenges linked 161 
to exercise, as well as endocrine/paracrine or autocrine hormonal events (14). 162 
 163 
3: Micro-RNA: The activation of nuclear gene transcription produces increased amounts 164 
of messenger-ribonucleic acid (mRNA) transcripts (or what we commonly understand as 165 
expressed genes), which for a phenotype effect must be exported to the ribosome for 166 
mRNA-directed amino acid assembly and protein synthesis in the ribosome. After the 167 
relatively recent discovery of short non-coding microRNAs (and also longer non-coding 168 
RNAs with similar function) and their ability to post-transcriptionally negatively regulate 169 
gene transcription, it became clear that the nucleus-ribosome transfer of mRNA is also 170 
subject to modulation, including in the heart (27,36,37). This modulation occurs by 171 
microRNA complementary binding to said mRNA, and since it physically carries RNA-172 
induced silencing complex (RISC), it denatures and silences mRNA and thereby post-173 
transcriptionally decreases gene transcription. Exercise training has been shown to 174 
reduce the expression of specific myocardial microRNAs (27,38), which therefore also 175 
may become permissive for physiologic hypertrophy. 176 
 177 
4: Insulin-like growth factor-1 (IGF1)-phosphoinositide-3 kinase (PI3K)-protein 178 
kinase-B (Akt)-mammalian target of rapamycin (mTOR): Perhaps the most compelling 179 
evidence of molecular activation that modulates physiologic hypertrophy is related to 180 
IGF1-PI3K-Akt-mTOR-signaling; a major modulator of protein synthesis, but also 181 
indicated to regulate nuclear gene transcription, including in muscle (17,39). Its role in 182 
controlling physiologic hypertrophy has been established by studies using a variety of 183 
exercise training modes, such as running and swimming, in experimental animals 184 
(17,24,39-41), after transgenic knock-in, over-expression, knock-out or pharmacological 185 
inhibition of IGF1-PI3K-Akt-mTOR axis targets. These studies demonstrate a central role 186 
in IGF1-PI3K-Akt-mTOR for permitting exercise training-induced physiologic 187 
hypertrophy (24,39), whereas in vitro C2C12 cells hypertrophy after IGF1-stimulation, 188 
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but in the presence of mTOR-inhibitor Rapamycin fail to respond to IGF-1 stimulation 189 
(42). 190 
  191 
5: Heat shock protein (HSP): Post-translational modification with repercussions to 192 
possibly enhanced protein stability have also been indicated to increase in the heart after 193 
exercise training, at least in the aspects that are governed by HSPs, which in a series of 194 
proteomics experiments have been observed to over-express in trained hearts (43,44). 195 
More directly however,  in vitro experiments have also suggested that HSP70 may in 196 
addition co-regulate hypertrophy development in itself and not just chaperone cellular 197 
maintenance, by maintaining HDAC phosphorylation (45), which taken together with 198 
specifically CAMKII-induced transcription as well as general induction of gene 199 
transcription and translation provides a cellular environment that is conducive to 200 
physiologic hypertrophy. 201 
  202 
6: Peroxisome proliferator-activated receptor (PPAR)-coactivator-1α (PGC1α): Adjacent 203 
and complementary to activation of cardiomyocyte hypertrophy is the notion that this  204 
requires energy (46,47). Hence, alongside the processes that lead to architectural changes 205 
and cell and tissue growth, adaptation of cellular bioenergetics to facilitate the former 206 
may also be required. Some evidence has suggested involvement of the transcription 207 
factor PPAR and its coactivator PGC1α, downstream of MAPK, calcium and a host of 208 
other signaling events (46). This pathway is activated by exercise training in several organ 209 
systems including the heart (46,48,49) and is thought to profoundly increase cell 210 
metabolic energy production (47). Hence, PGC1α-activation may not directly control 211 
physiologic hypertrophy, but indirectly it at least partly facilitates this by permitting 212 
conditions to supply the additional cellular energy required by the hypertrophy process. 213 
On the other hand, direct pharmacologically-induced activation of PPAR-β leading to 214 
cardiac growth without any sign of pathology (hence, physiologic hypertrophy) however 215 
indicates a possible role of this molecular cascade for also inducing physiologic 216 
hypertrophy (50). However, it should be pointed out that not all studies have been able 217 
to show increased cardiac PGC1α after exercise training, despite presence of physiologic 218 
hypertrophy, but in this case, other intracellular energy systems that enhance generation 219 
of adenosine triphosphate (ATP) increase, such that a phenotype of higher metabolic state 220 
still occurs (20).  221 
 222 
It is also relevant to note that during physiologic hypertrophy following exercise training, 223 
no evidence of activation of embryonic or fetal gene programs have surfaced, in contrast 224 

to its common activation during pathologic hypertrophies (51). 225 
 226 
The mechanisms of control of physiologic cardiac hypertrophy described so far (Figure 227 
1) have been reasonably well established. However, one well-described signaling 228 
pathway that may potentially also play a regulatory role to physiologic hypertrophy is 229 
calcineurin, but a link to exercise training has not yet received the same attention afforded 230 
other signal pathways, albeit its role in pathologic hypertrophy is better understood (12). 231 
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The attempts to study it in the setting of exercise training have in contrast provided 232 
contradictory and diametrically opposite results, which thereby may have inadvertently 233 
to some degree thwarted the field.   234 
 235 

 236 
 237 
 238 
CALCINEURIN 239 
 240 
Calcineurin is a heterodimeric, calcium-calmodulin dependent, serine-threonine protein 241 
phosphatase, also known as protein phosphatase-3 or calcium-dependent serine-242 
threonine phosphatase. It is made up of both catalytic (calcineurin A) and regulatory 243 
(calcineurin B) subunits (52). Functionally it is vital in the development of both cardiac 244 
and skeletal muscle. Calcineurin dephosphorylates the transcription factor nuclear factor 245 
of activated T cells (NFAT), which thereby influences gene transcription. Calcineurin can 246 
be stimulated by a variety of endocrine, autocrine and paracrine hypertrophic stimuli 247 

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. 
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such as angiotensin-II, endothelin-1 and catecholamine activation of G protein-coupled 248 
receptors that stimulate a calcium influx through activation of stretch-activated calcium 249 
channels, or via excitation-transcription coupling calcium release via plasma membrane-250 
bound L-type calcium channels or sarcoplasmic reticulum-bound ryanodine receptors 251 
(12,53; Figure 2). Hypertrophic stimuli also trigger release of calcium through inositol 252 
triphosphate-mediated endoplasmic reticulum calcium channels. After entry, calcium 253 
ions bind to and activate calmodulin, which consequently binds to calcineurin, thereby 254 
dephosphorylating NFAT (Figure 2). There are 4 NFATS activated by calcineurin and 255 
these are located in the cytoplasm. Dephosphorylated NFAT is translocated to the 256 
nucleus and activates genetic programs, including induction of cardiac hypertrophy (54-257 
56). Other actions involving NFAT are linked to immune function, whereby NFAT also 258 
activates and differentiates T cells (57). However, dephosphorylated NFAT can be 259 
phosphorylated by glycogen synthase kinase-3 (GSK3), thereby inhibiting cardiac 260 
hypertrophy. GSK3 is inhibited by phosphorylation of serine-9 by Akt, downstream of 261 
PI3K, which has been found to be activated in several scenarios including pressure 262 
overload hypertrophy (58,59) as well as exercise training (17,60), as previously described. 263 
Calcineurin can be also inhibited by several mechanisms. Most notably, cyclosporin A 264 
(CsA) blocks NFAT activation indirectly by conformationally changing cyclophilin A, 265 
which prevents activation of calcineurin. FK506 inhibition also works similarly through 266 
FK506 binding protein-12 (61). The link between calcineurin and cardiac hypertrophy 267 
was first elucidated using transgenic mice expressing activated NFAT and calcineurin in 268 
1998. These mice developed cardiac hypertrophy and eventually heart failure, suggesting 269 
calcineurin played an important role in myocardial hypertrophic signalling (62). The 270 
next, and perhaps the more controversial, step in calcineurin discovery would however 271 
revolve around its potential involvement in physiologic cardiac hypertrophy. 272 
 273 
 274 
 275 
 276 
 277 
 278 
 279 
 280 
 281 
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  282 

 283 
CALCINEURIN CONTROVERSY 284 
 285 
In 2000, Eto et al (63) published findings that convincingly demonstrated that in rats, 286 
calcineurin was activated in physiologic left ventricular hypertrophy (LVH) following 10 287 
weeks of chronic exercise (Table 1). This was a considerable effect, in the order of 150% 288 

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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or a 2.5-fold increase vs sedentary controls, and of course of statistical and most likely 289 
also biological significance. Furthermore, the study also found calcineurin was activated 290 
in developing pathologic LVH (44.9±6.7 pmol/min/mg after 1 week of aortic constriction 291 
vs 22.1±3.7 pmol/min/mg after surgical placebo (sham)); i.e. a 100% or 2-fold increase. 292 
In contrast, calcineurin activity was not elevated in decompensated cardiac hypertrophy 293 
(29.0±3.4 pmol/min/mg after 4 weeks of aortic constriction vs 18.4±0.5 pmol/min/mg in 294 
sedentary or 22.1±3.7 pmol/min/mg in sham). The exercise protocol involved exercising 295 
rats by running 2.4±0.7 km/day on a bespoke voluntary running wheel for 10 consecutive 296 
weeks, and importantly, the exercise protocol also increased cardiac contractile capacity. 297 
 298 
However, in 2004, a conflicting study by Wilkins et al (64) found that in mice, calcineurin 299 
activity was not significantly elevated in physiologic LVH (~1800 µg-1 after 20 days of 300 
swim training and ~1700 µg-1 after 14 days of running vs ~2000 µg-1 in sedentary mice; 301 
Table 1). In fact, the experiments even showed downregulation of calcineurin in the early 302 
phase of exercise training (~1000 µg-1 after 3-14 days of swimming). In contrast, 303 
calcineurin activity was upregulated in pathologic LVH (~8000 µg-1 after 8 weeks of aortic 304 
constriction vs ~2800 µg-1 in sham). For the exercise effect, physiologic LVH was 305 
stimulated by daily exercise training either in the form of swimming in increments that 306 
increased by 10 minutes/day until day 9, after which mice then swam 2x90-minute 307 
sessions for 12 more days, making 20 days in total, or running on voluntary wheels for 5-308 
7 km/day (or more specifically, /night), whereas pathologic LVH was initiated by aortic 309 
constriction. 310 
 311 
No other studies have before or after assessed calcineurin responses in the heart 312 
simultaneous to development of physiologic hypertrophy, such that we are left with 313 
these 2 studies to compare and contrast. Likewise, no subsequent study has been 314 
published that would swing confidence one way or the other or otherwise enable us to 315 
make a decisive informed decision to trust one over the other. Furthermore, both come 316 
from renowned research groups with a long established history in the techniques and 317 
models; both studies are all things considered expertly executed and fairly represented 318 
in the publications, and the publications themselves appear in Circulation and Circulation 319 
Research, both globally leading journals in the field with the highest bars and strictest 320 
criteria for accepting and publishing manuscripts, and incidentally, from the same 321 
organization (American Heart Association, also a globally leading authority in all matters 322 
of the heart). Hence, asserting credence to one over the other is near-impossible, and so 323 
we as readers are caught in a limbo in the middle. What shall we believe? 324 

  325 
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 326 

AUTHOR ETO ET AL (63) WILKINS ET AL (64) 

YEAR 2000 2004 

RESEARCH 
QUESTION 

Is calcineurin activated in physiologic or 
pathologic cardiac hypertrophy? 

Is calcineurin involved in physiologic or 
pathologic cardiac hypertrophy? 

ANIMAL MODEL Wistar Rats Transgenic Mice 

STUDY TYPE Experimental Animal Study Experimental Animal Study 

INTERVENTIONS Exercise training (running) 
Sedentary regime 
Pressure overload (1- and 4-week aortic 
constriction) 
Surgical placebo (sham) 

Exercise training (running and swimming) 
Pressure overload (8-weeks aortic 
constriction) 
Myocardial infarction (left anterior 
descending artery ligation) 
Surgical placebo (sham) 

OUTCOME 
MEASURES 

Relative phosphatase enzyme assay 
Echocardiogram 
Hemodynamic measurements 
Heart/body weight ratio 
Hematoxylin and eosin-stained 
myocardial sections  

Relative NFAT-luciferase reporter activity 
(NFAT-luciferase transgenic mice and 
luciferase assays) 
Heart/body weight ratio 
Masson’s trichome stained myocardium  
Protein and mRNA expression 

KEY RESULTS Calcineurin upregulated in physiologic 
LVH (46.4±8.3 pmol/min/mg in exercise 
vs 18.4±0.5 pmol/min/mg in control) 

No significant calcineurin increase in 
physiologic cardiac hypertrophy (1700-1800 
RLU/µg in exercise vs ~2000 RLU/µg in 
control; ~1000 RLU/µg in early phase of 
exercise) 

STUDY 
STRENGTHS 

Large sample size 
Low variability 
Confirmed findings with CsA as negative 
control 
Utilized imaging and hemodynamic 
measurement to confirm physiologic 
hypertrophic and functional changes in 
myocardium 
Published in a world-leading journal 

Large sample size 
Low variability 
Assessment of calcineurin activation at 
different stages of physiologic cardiac 
hypertrophy 
In-vivo and in-vitro reporter activity may 
offer improved accuracy of calcineurin 
quantification 
Multiple exercise protocols 
Published in a world-leading journal 

STUDY 
WEAKNESSES 

Exercise protocol was less standardized 
Reduced quality echocardiogram images 
Relied on single enzyme assay 

Lack of hemodynamic monitoring 
In vivo reporting may be confounded by 
other activators of NFAT 

 327 
 328 
SO DOES CALCINEURIN PARTICIPATE IN PHYSIOLOGIC CARDIAC 329 
HYPERTROPHY? 330 
 331 
Eto et al’s (63) “yes” to the central question here regarding calcineurin involvement in 332 
physiologic LVH contradicts the majority of current literature (60,65-69), as well as 333 
Wilkins et al (64), although it is only Eto et al (63) and Wilkins et al (64) of those studies 334 
that have designed and dedicated their studies to this question. The central conclusion 335 

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. 
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from these studies is that calcineurin has not been found to participate in exercise 336 
adaptation in a regulatory manner that would stimulate physiologic cardiac 337 
hypertrophy. In fact, it was even reported from a microarray analysis with subsequent 338 
mRNA and protein expression confirmation in left ventricular myocardial samples after 339 
exercise training-induced cardiac hypertrophy that the gene calcineurin-inhibitor (Cain) 340 
increased significantly with exercise training (15). If the latter is true, calcineurin activity 341 
would most likely have been suppressed after exercise training, which was also 342 
demonstrated biochemically after loaded and unloaded free-wheel running in mice (70). 343 
 344 
However, several other lines of inquiry provide at least circumstantial support to Eto et 345 
al (63), suggesting calcineurin may have a role to play in forming the exercise training-346 
induced physiologically hypertrophied heart:  347 
 348 
1) Mice overexpressing myocyte-enriched calcineurin-interacting protein-1 (MCIP1), 349 
which rendered calcineurin ineffective, had a decreased hypertrophic response to 350 
exercise (71). Further studies supported this notion by showing calcineurin in the absence 351 
of MCIP1 induced LVH, but prevented pressure-overload hypertrophy, indicating 352 
possible dual roles in physiologic and pathologic hypertrophies (72,73). Yet further 353 
support comes from the finding that calcineurin-deficient mice present with 12% reduced 354 
heart sizes (74). These studies in and of themselves lend support to Eto et al (63), 355 
especially given there may be a required calcineurin threshold to induce 356 
hypertrophy (10). Conversely, it could be argued calcineurin could have a supplementary 357 
role in physiologic LVH, including the possibility that calcineurin also could influence or 358 
promote LVH through a transcriptional regulatory partner such as AP-1 or GATA4 (62); 359 
hence the contradictory results may also depend on how calcineurin is quantified.  360 
 361 
2) In skeletal muscle, calcineurin induces slow twitch muscle hypertrophy, which is the 362 
corollary to physiologic cardiac hypertrophy (75). 363 
 364 
3) In humans, polymorphisms in the calcineurin genes may be among the (admittedly 365 
numerous) potential genetic variant candidates that could explain inherited phenotype 366 
variations as well as differences in trainability between individuals (76). Whether the 367 
described cardiac phenotype effect transcends to include hypertrophy remains unknown, 368 
but it keeps the hypothesis of calcineurin participation alive. 369 
 370 
4) In a different scheme, cardiac hypertrophy activated by PPAR-β stimulation, a 371 

corollary to physiologic hypertrophy, was mediated via calcineurin activation and 372 
included downstream modulation of NFAT (31). In this study, calcineurin activation and 373 
downstream NFAT translocation per se was not measured after exercise training, but the 374 
hypertrophied heart after PPAR-β stimulation and calcineurin-NFAT activation was at a 375 
gross, histologic and cellular level indistinguishable from the hypertrophied heart 376 
resulting from 5 weeks of exercise training. 377 
 378 
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METHODOLOGIES OF THE CALCINEURIN CONTROVERSY 379 
 380 
The studies employed different primary methods. Eto et al (63) measured calcineurin 381 
activation using a phosphatase enzyme assay, whereby free inorganic phosphate is 382 
isolated by cation-exchange chromatography and quantified by liquid scintillation 383 
counting. This technique quantifies phosphate release, which in this case occurs from a 384 
calcineurin-specific substrate (32P-labelled cAMP-dependent protein kinase regulatory 385 
subunit type-II phosphopeptide) controlled by measuring before and after addition of a 386 
calcineurin autoinhibitory peptide. This is therefore per se not a specific measure of 387 
calcineurin activity, but the comparison of phosphate release in a state with calcineurin 388 
inhibition versus a state without calcineurin inhibition generates a proxy index of 389 
phosphatase activity specific to calcineurin (77). Although experimental and biologic 390 

conditions can lead to some confounding, though these are controlled as much as possible 391 
in the experiments as a matter of routine standardization, the technique has become 392 
accepted as a reliable marker of calcineurin activity after validation against western gel 393 
electrophoresis, enzyme-linked immunosorbent assay (ELISA) immunoassays of protein 394 
or peptide expressions, or polymerase chain reaction (PCR)-based measures of transcript 395 
expressions (77), with very low variability between these methods. However, calcineurin 396 
is sensitive to oxidation during lysis by sonication, which has not been extensively 397 
validated, and moreover, calcineurin activation also depends on the levels of calcium and 398 
calmodulin. Therefore, there are reasons that could render the enzymatic phosphatase 399 
assay inaccurate.  400 
 401 
In comparison, Wilkins et al (64) used NFAT-luciferase transgenic mice to assess 402 

calcineurin. These were generated by inserting a transgene containing high-affinity 403 
NFAT binding sites upstream of a luciferase reporter, which was subsequently validated 404 
by showing a high level of expression in the heart. A commercial luciferase assay with 405 
luminometry (bioluminescence) then measured NFAT-dependent luciferase reporter 406 
activity, which thereby indicates the amount of NFAT binding and therefore generates a 407 
proxy index of activated calcineurin. However, other undiscovered signalling 408 
mechanisms could potentially also regulate NFAT and therefore confound the signal, 409 
while peptide molecules that inhibit NFAT activation without affecting calcineurin 410 
phosphatase levels could distort the results (52,78). Therefore, using a surrogate measure 411 
like NFAT-luciferase establishes a correlation but cannot be considered a direct cause-412 
effect measure of calcineurin regulation.  413 
 414 
Both Eto et al (63) and Wilkins et al (64) subsequently attempted to verify their primary 415 
results. Wilkins et al (64) verified the efficacy of the NFAT-luciferase reporter by crossing 416 
NFAT-luciferase transgenic mice with calcineurin-activated transgenic mice, which 417 
reported a 6-10-fold increase in NFAT activity. In contrast, Eto et al (63) did not verify the 418 
accuracy of the phosphatase enzyme assay - a technique Wilkins et al (64) is somewhat 419 
critical of – but Eto et al (63) did validate their findings by additional experiments in the 420 
presence of the calcineurin antagonist CsA (79) that showed reduced physiologic 421 
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hypertrophy in exercising rats but only partially reduced hypertrophy in pressure-422 
overload hypertrophy, which implies calcineurin may have played a role in modulating 423 
the physiologic cardiac hypertrophy. While factors remain unclear regarding CsA and 424 
cardiac hypertrophy, others (80,81) as well as Wilkins et al (64) have also found CsA fails 425 
to prevent hypertrophy, suggesting it might only influence calcineurin and not 426 
hypertrophy.  427 
 428 
Based on the issues discussed in the preceding paragraphs, it is therefore probably fair to 429 
state that both sets of methodologies have inherent sources of potential error and 430 
confounding including different levels of variability, but both the phosphatase and 431 
luciferase detection assays represent accepted gold-standard technologies. They have 432 
been developed, validated and are supplied with appropriate protocols by the respective 433 
manufacturers, and they are characterized by high sensitivity and accuracy. It should also 434 
be noted that the reported variability of the specific measurements in the results of both 435 
studies was remarkably low, adding credence to their conclusions. Although neither 436 
method was ideal, another study (82), using a third method of immunoprecipitation with 437 
specific protein-binding antibodies, recorded similar findings to Wilkins et al (64) where 438 
they converged. However, both phosphatase and luciferase assays could be more suitable 439 
than immunoprecipitation assays, which may be adversely affected by potential isoform 440 
phenotype shifts that may occur during the development of physiologic hypertrophy. 441 
Additionally, a number of other studies have used and therefore validated NFAT-442 
Luciferase reporter activity to measure calcineurin levels (29,83-85). These therefore in 443 
hindsight indicate Wilkins et al (64)’s method may be more accurate, but nonetheless, it 444 
is still on the basis of this difficult to discard the results from Eto et al (63), especially 445 
given the robust magnitude of change, low variability of effect and validation with CsA. 446 
 447 
What about the experimental designs? They are broadly similar - exercise and aortic or 448 
coronary constriction was used to induce physiologic and pathologic LVH (Table 1). 449 
These are all protocols widely used for evoking profound cardiac stress (17,21,27,81). 450 
However, running training has been shown to provide a greater stimulus for modulating 451 
the cardiac proteome than swimming (69). Although this difference may not explain the 452 
discrepancy in their results, especially since both exercise protocols evoked substantial 453 
hypertrophy responses, it may contribute to diverging molecular signals. 454 
 455 
Furthermore, rats and mice are good, well-established animal models of cardiac function, 456 
and both have over a long time been used for experimental studies that include surgical 457 

and other interventional procedures, whereas mice remain the model of choice for genetic 458 
manipulation. Importantly, almost all human genes are linked to murine orthologs. Both 459 
species, but perhaps especially mice, breed quickly, further making them a popular 460 
choice. However, their cardiac contractility differs more drastically from humans than 461 
other small rodents. In contrast, rats make very successful models of pressure-overload 462 
cardiac hypertrophy (86). 463 
 464 
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CONCLUDING DISCUSSION ON CALCINEURIN CONTROVERSY 465 
 466 
The role of calcineurin-dependent transcription remains unclear in physiologic cardiac 467 
hypertrophy following exercise training. Eto et al (63)’s findings are contradictory to 468 
Wilkins et al (64), whereas other available studies in this and related fields do not provide 469 
further clarity. Several confounding factors have been identified that may explain the 470 
controversy. Though it is feasible that calcineurin could play a role in the development 471 
of physiologic cardiac hypertrophy, there are however also a number of other probable 472 
mechanisms that altogether have received more scientific attention and now present with 473 
a broader evidence base. Any potential calcineurin activity is therefore not sole and most 474 
likely supplementary to other regulators, and in any case appears to have a greater role 475 
in pathologic remodeling and hypertrophy.  476 

 477 
These controversies within the literature highlight the importance of further research 478 
within this area. The senior author, J. D. Molkentin, of the Wilkins et al 2004 paper (64) 479 
wrote an insightful follow-up 9 years after the initial study, which reviewed more recent 480 
advances within the area and assessed how the results of the initial study compared to 481 
new development (51). The follow-up suggested that the current body of literature and 482 
more recent studies agreed that calcineurin remained inactive in physiologic cardiac 483 
hypertrophy, although it acknowledged that calcineurin had some physiologic 484 
importance as it was vital in promoting myocyte proliferation and survival. We however 485 
point out the obvious, this statement comes from one of the proponents of the initial 486 
controversy and though it may well be correct, does not offer an independent perspective. 487 
 488 

In our review, we have sought to provide a balanced viewpoint to the question of 489 
whether or not calcineurin activation in the heart may contribute to development of 490 
physiologic cardiac hypertrophy following exercise training; the central question 491 
motivating the Eto and Wilkins studies (63,64). The strongest evidence perhaps suggests 492 
that no definitive regulatory role has yet been convincingly identified, but the positive 493 
findings reported by Eto et al (63) have also at least circumstantially been supported by 494 
several lines of studies, so a lack of a participating role cannot be ruled out. Admittedly, 495 
in our review, we may have inadvertently sought to find supporting evidence for a role 496 
rather than the opposite, but this is perhaps natural given this would challenge rather 497 
than confirm the current dogma, and for this we apologize to the reader.  498 
 499 
COMPARISON TO OTHER CONTROVERSIES 500 
 501 
The calcineurin controversy is not unique; in fact, several controversies showcase areas 502 
with “live” scientific theoretical battlegrounds that also keep moving science forward by 503 
way of debate. However, we suggest that the calcineurin controversy suits teaching 504 
purposes given its simplicity with two diametrically opposing conclusions on a basic 505 
research question and hypothesis. For a wider context and discussion though, we suggest 506 
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further examples of scientific controversies that may be explored to strengthen the 507 
desired educational aim: 508 
 509 
The cholesterol hypothesis and statins for primary prevention of cardiovascular 510 
mortality: statin therapy is prescribed for protection against cardiovascular disease 511 
because they are thought to lower low-density lipoprotein-cholesterol (87). However, the 512 
rationale for this has come under scrutiny. For instance, clinical trials have been criticized 513 
for methodological flaws that potentially render the reported results invalid (88), clinical 514 
data are not being released for independent verification (87), guidance from governing 515 
and advisory health authorities may be questioned due to ties to the pharmaceutical 516 
industry (89,90), and finally, the basis of the cholesterol hypothesis in itself has been 517 
questioned (91). Thus, while there is more agreement on statins for secondary prevention, 518 
the debate surrounding primary prevention remains divisive, and would be worthy of 519 
debate. As a controversy, it differs from the calcineurin story in that it is more complex, 520 
has a rather more clinical than physiologic foundation, and thus requires a wider 521 
background for full appreciation, but may serve wider purposes in exploring scientific 522 
themes. 523 
 524 
Asymmetrical dimethylarginine (ADMA): ADMA endogenously inhibits nitric oxide 525 
(NO) synthase such that increased circulating ADMA impairs endothelial function and 526 
thereby may increase risk of cardiovascular disease (92). However, a paradox was 527 
reported in 2017 when free ADMA was shown to have a weak potency for inhibiting 528 
endothelial NO synthase (93). This represents a potential controversy that is physiologic 529 
in nature, but so far may have less applicability in this context since the weight of 530 
evidence is far in favor of one side, i.e. ADMA as an inhibitor of NO synthase (e.g. 94), 531 
whereas the calcineurin controversy remains more balanced. 532 
 533 
HOW CAN THIS SUPPORT PHYSIOLOGY TEACHING? 534 
 535 
On calcineurin, the research so far is inconclusive and we cannot yet with confidence 536 
know its role in physiologic cardiac hypertrophy, but this provides an opportunity for 537 
physiology education, especially for skills associated with advanced higher-level 538 
cognitive processing. Following teaching the relevant physiology (broadly 539 
cardiovascular and exercise physiology) in advanced (in our experience this would be 540 
senior/final year) undergraduate or postgraduate cohorts, we also suggest follow-up 541 
topics: 542 
 543 

• History of science and research, including generation and development of the 544 
scientific method and scientific techniques, e.g. in this case bioluminescence, 545 
originally found in fireflies and now used in numerous research applications, as 546 
well as other physiologic, biochemical, and life science/biologic methods. 547 
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• Measurement issues, including exploration of suitability, differences, benefits and 548 
limitations of each, and specific aspects of accuracy, precision, sensitivity, 549 
reproducibility, and validity. 550 

• Research models, including the use of experimental animals, associated ethics and 551 
the 3R (replacement, reduction, refinement) framework for performing more 552 
humane animal research, specific concerns about applying exercise and stress 553 
stimuli to animals, and concepts of transgenic and gene-modified animals. 554 

• Research design, including appropriate and fit-for-purpose research protocols, the 555 
theorem of hypothesis testing and falsification, statistics, inference, and 556 
extrapolation to humans. 557 

• Clinical utility and drug discovery, including exploration of potential targets for 558 
therapy originating from basic research. 559 

• Practical aspects of performing, disseminating, and publishing research, including 560 
confirmation bias, positive versus negative results, and ethics and practice of 561 
publishing in scientific journals. 562 

• Research existing in a state of flux, where discussions like the current are necessary 563 
to move science forward. This could include a broad range of aspects including 564 
exploration of other controversies, but also personification such as asking “what 565 
must the researchers have felt when the results from the second study (64) 566 
contradicted the first study (63)?” 567 

 568 
From the calcineurin controversy itself and its associated topics, we have experience with 569 
introducing several activities to the classroom, which may be delivered in either teacher- 570 
or student-led modes; active use of Table 1 for tasking and researching these activities as 571 
well as break-out group-work is encouraged: 572 
 573 

• Pro/con-style debates: Students either individually or in groups are tasked with 574 
presenting and defending their side on the argument, in this case either of Eto et 575 
al (63) or Wilkins et al (64) articles. Students should be given time to appropriately 576 
research the article and associated topics before the debate to prepare their 577 
arguments. Within a group, students could take responsibility for specific focused 578 
aspects, such as the respective methodologies, validity and reliability of specific 579 
measurements, results, interpretations, and robustness of conclusions. This is the 580 
activity we have the most experience and enjoyed the most success with, as it is 581 
easy to organize, immediately intuitive to the students, and often creates lively 582 
discussions, with the engaged students showing deep thinking and in-depth 583 
research on various aspects of the 2 articles in question.  584 

• Discussion: Critical appraisal of strengths and weaknesses of the presented 585 
research, including discussions of how to interpret results and evidence, and 586 
planning for future research to resolve or generate reconciliation on the 587 
controversy. In our experience, this is often best achieved by open-ended journal-588 
club-style discussion without pro/con debates, but may also be incorporated into 589 
other modes of teaching delivery by short, focused discussion segments. 590 
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• Voting: Following debate or discussion, students vote on which side of argument 591 
they believe in. This may be extended to Oxford-style voting, where the audience 592 
votes before and after the debate, and the side that gains the most votes wins. We 593 
have tried voting with mixed success; for this to be successful, we have found it 594 
relies on passionate advocates on both sides of the argument, which are not always 595 
present. However, an interesting discussion ensued after voting, when the 596 
audience was asked which parts of the arguments swayed their vote, with a 597 
variety of expected and unexpected replies. 598 

• Grant-writing: A grant-writing exercise or assessment may be introduced, where 599 
the task is to design a research proposal to reconcile the controversy. Teachers, 600 
students outwith this class, or the class itself, especially if taking turns between 601 
different topics, may serve as a mock grant-reviewing panel. In our experience, 602 
this requires students be adept at research design and is more suitable for 603 
postgraduate students. 604 

 605 
IMPLEMENTATION TO TEACHING 606 
 607 
We suggest the described approach is implemented as a class activity following delivery 608 
of the background exercise and cardiovascular physiology. A workplan includes: 609 

• Formulate aims and intended learning objectives (ILOs): critical appraisal and 610 
compare and contrast of published research studies; develop graduate attributes. 611 

• Introduce concepts of physiologic cardiac hypertrophy, molecular signaling 612 
mechanisms, and calcineurin, all provided in this article. 613 

• Briefly present the contradictory Eto et al (63) and Wilkins et al (64) articles. 614 

• Students research the articles as group work, with support on critical appraisal for 615 
research articles available including checklists for points to cover (95,96): 616 

o Identify hypothesis/aim. 617 
o Evaluate methodologies (examples include design, ethics, sample size, 618 

models, protocols, outcome measures, analysis and statistics). 619 
o Evaluate results and appropriateness of conclusions, crosscheck to 620 

hypothesis/aim. 621 

o Consider strengths and weaknesses. 622 

• Students present findings. 623 

• Class discussion/debate, possibly extended to voting and post-discussion 624 
activities such as mock grant-writing.  625 

• Formal or informal evaluation of activity: did students achieve ILOs, did activity 626 
engage/attract interest/lead to discussion? 627 

 628 
CONCLUSION 629 
 630 
In our experience, the approach described in the current paper leads to learning of 631 
important skills and development of critical and reflective attributes in both senior 632 
undergraduate and postgraduate student cohorts, such as ability to compare and 633 
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contrast, analyze and critically appraise, and evaluate opposing views. This was achieved 634 
by breaking up classes and seminars with interactive, community-centered activities that 635 
resulted in a high degree of engagement with lively and entertaining discussions that we 636 
believe both students and educators enjoyed and benefitted from. If nothing else, it 637 
provided variety to the classroom, which may also suit both learners and teachers (97). 638 
Thus, in the end something good comes out of the stalemate. 639 
 640 
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FIGURE LEGENDS 921 

Figure 1: A model of established molecular pathways relevant in physiologic cardiac 922 
hypertrophy, activated in response to several distinct extra- and intracellular signals, 923 
leading to physiologic cellular hypertrophy after modulation via gene transcription 924 
and/or protein synthesis and maintenance. MAPK(K(K)): mitogen activated protein 925 
kinase (kinase (kinase)); CaMK: Ca2+-calmodulin dependent protein kinase; HDAC: 926 
histone deacetylace; IGF1: insulin like growth factor-1; PI3K: phosphoinositide-3 kinase; 927 
Akt: protein kinase B; mTOR: mammalian target of rapamycin; mRNA: messenger 928 
ribonucleic acid; HSP: heat shock protein. Numbers link to text description. 929 
 930 
Figure 2: A model of the established calcineurin pathway for regulating gene 931 
transcription, and as it may be potentially relevant in physiologic cardiac hypertrophy, 932 
activated by calcium-bound calmodulin. Downstream, calcineurin dephosphorylates 933 
the nuclear factor of activated T cells (NFAT), which allows for NFAT entry to nucleus 934 
where it functions as a transcription factor. Calcineurin may also be inhibited, most 935 
notably by cyclosporin A (CsA). ER: endoplasmic reticulum; IP3R: inositol triphosphate 936 
receptor; LTCC: L-type calcium channel; RyR: ryanodine receptor; SAC: stretch-937 
activated (calcium) channel; SR: sarcoplasmic reticulum. 938 
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