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Introduction
Cardiovascular disease is a leading cause of morbidity and mortal-
ity worldwide, and exercise-training (TRN) is known to be effective 
in countering cardiovascular risk factors, reducing the incidences 
and severity of ischemic heart disease, and protecting against heart 
failure [1–3]. The beneficial effects of TRN are mediated by both 

organ and system adaptations that reduce the relative workload of 
daily living, such as increased cardiac output, improved tissue blood 
flow regulation, and increased maximal oxygen uptake, and direct 
cellular adaptations that improve heart function and reduce dis-
eases of the heart. These include improved coronary circulation, 
enhanced contractility, increased left ventricular end diastolic di-
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Abstrac t

Cardiovascular disease is a leading cause of morbidity and mor-
tality, and exercise-training (TRN) is known to reduce risk fac-
tors and protect the heart from ischemia and reperfusion in-
jury. Though the cardioprotective effects of exercise are 
well-documented, underlying mechanisms are not well under-
stood. This review highlights recent findings and focuses on 
cardiac factors with emphasis on K +  channel control of the 
action potential duration (APD), β-adrenergic and adenosine 
regulation of cardiomyocyte function, and mitochondrial Ca2 +  
regulation. TRN-induced prolongation and shortening of the 
APD at low and high activation rates, respectively, is discussed 
in the context of a reduced response of the sarcolemma de-
layed rectifier potassium channel (IK) and increased content 
and activation of the sarcolemma KATP channel. A proposed 
mechanism underlying the latter is presented, including the 
phosphatidylinositol-3kinase/protein kinase B pathway. TRN 
induced increases in cardiomyocyte contractility and the re-
sponse to adrenergic agonists are discussed. The TRN-induced 
protection from reperfusion injury is highlighted by the in-
creased content and activation of the sarcolemma KATP channel 
and the increased phosphorylated glycogen synthase kinase-
3β, which aid in preventing mitochondrial Ca2 +  overload and 
mitochondria-triggered apoptosis. Finally, a brief section is 
presented on the increased incidences of atrial fibrillation as-
sociated with age and in life-long exercisers.
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mension, elevated myofibrillar Ca2 +  sensitivity, improved meta-
bolic efficiency, and altered electrical properties of the heart [4–10]. 
This review will focus on cardiac factors considering how TRN af-
fects surface membrane receptors, membrane channels, excita-
tion-contraction coupling, and mechanical properties of cardio-
myocytes. We will also consider 1) a comparison of moderate and 
high intensity TRN; and 2) TRN effects on diseases of the heart with 
special emphasis on ischemic heart disease and arrhythmias.

Importance of moderate versus intense 
exercise
A question of considerable interest to the public is how much ex-
ercise is enough to generate cardiovascular protection, and is mod-
erate exercise enough or do exercise programs require some de-
gree of intense exercise. This topic has been recently reviewed in 
detail [11, 12] and is reviewed only briefly here. TRN programs can 
be defined as those primarily employing moderate-intensity con-
tinuous exercise-training (MICT) utilizing work loads of approxi-
mately 60 to 75 % of heart rate (HR) peak or high-intensity interval 
training (HIIT) generally at 85 to 95 % of HR peak [13, 14]. Argu-
ments favoring a component of HIIT stem in part from the obser-
vation that it generates a greater increase in aerobic power than 
MICT in both healthy and cardiovascular patients. This is particu-
larly important to the latter group as low aerobic power has been 
reported to be the best predictor of cardiac and all caused death 
among these patient groups [12, 14]. Additionally, in cardiac pa-
tients HIIT increases left ventricular ejection fraction and isovolu-
metric relaxation time factors unaffected by MICT [11, 12, 14–16]. 
HIIT is also more effective in reducing exercise blood pressure and 
norepinephrine levels, which would contribute to a reduction in 
blood pressure [11, 17]. At the cell level, HIIT has been shown to 
cause a greater increase in shortening rate than MICT an effect that 
would contribute to the TRN-induced increase in stroke volume 

[18]. Additionally, HIIT requires less exercise time than MICT for 
similar health benefits [11, 12]. Nonetheless, for many cardiovas-
cular risk factors, such as resting blood pressure and heart rate, and 
blood glucose and lipid control, HIIT does not outperform MICT 
[12]. Adherence to TRN is also a consideration and this appears 
higher with MICT than HIIT [11]. Another concern is that HIIT is as-
sociated with a greater number of life-threatening events [12, 15]. 
For healthy individuals of all ages, incorporating a HIIT component 
into a TRN program is important for optimal health gains [13, 14]. 
The published literature suggests that HIIT offers advantages over 
MICT for cardiovascular patients as well, but the optimal protocol 
for improving cardiovascular function and the risk to benefit ratio 
needs further investigation for this population group [11, 12].

TRN induced adaptations in cardiac action 
potential
Regulation of the cardiac action potential duration (APD) during 
rest and exercise is important to ensure adequate Ca2 +  influx while 
preventing Ca2 +  overload, excess ionic pump activity (Na + -K +  and 
SR Ca2 +  pumps) and/or inadequate time for relaxation [7]. It is well 
known that transmural differences exist in the AP shape with car-
diomyocytes (CMs) in the base region of the heart (dominated by 
endocardial CMs) showing longer durations compared to the apex 
region (dominated by epicardial CMs) (▶Fig. 1) [6, 19–22]. Regu-
lation of the various sarcolemma K +  channels seems particularly 
important in controlling APD [7, 23]. The most relevant K +  chan-
nels are as follows: the rapidly activating, transient Ito channel that 
generates the early repolarization preceding the AP plateau; the 
delayed rectifier channel IK, which consists of two Kv (voltage-gat-
ed) channel isoforms; a rapidly activating IKr and a slowly activat-
ing IKs, and the KATP channel as they regulate the duration of the 
action potential plateau and thus Ca2 + influx, and in animals all 
three have been shown to be altered by programs of exercise-training 
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▶Fig. 1	 Overlapping representative action potential traces from apex and base myocytes in sedentary (SED) and exercise-trained (TRN) female 
rats. Action potential durations (APD) measured at 90 % repolarization of the action potential (APD90) in apex and base myocytes show a regional 
difference, with APD90 of base myocytes (representative of endocardial cells) significantly longer than apex myocytes (representative of epicardial 
cells). The APD90 values for both are significantly prolonged by exercise training. Measurements were obtained at room temperature with 1-Hz 
stimulation.

23°C , 1Hz , Apex 23°C , 1Hz , Base

TRN

SED TRN
SED

0 25 50

Time (ms)
75 100 125 150 0 25 50

Time (ms)
75 100 125 150

0mV

– 75mV

0mV

– 75mV

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Fitts R et al. Cardiomyocyte Adaptation to Exercise:.  Int J Sports Med 2024; 45: 791–803 | © 2024. Thieme. All rights reserved.

[6, 7, 19, 24, 25]. With low activation rates (1 Hz) up to rates ob-
served in resting rat hearts (5 Hz), we showed that a type of MICT 
(wheel running in rats) prolonged the CM APD while regional dif-
ferences base  >  apex were maintained (▶Fig. 1). However, at CM 
stimulation rates simulating heavy exercise (10 Hz), APD is reduced 
with greater reductions in CMs isolated from TRN compared to sed-
entary (SED) animals (▶Fig. 2) [19]. These adaptations in the APD 
are important for improving the efficiency of the heart at rest (i. e. 
lower heart rate) and during exercise (reduced energy requirement 
for ion homeostasis), and for preserving time for cardiac relaxation 
and venous return during exercise. The TRN-induced prolongation 
of the APD at low CM stimulation rates (1 to 5 Hz) is in part medi-
ated by a downregulation in the response to β-adrenergic receptor 
(β-AR) agonist causing inhibition of the Ito and reduced activation 
of the delayed rectifier (Ik) [6, 25, 26]. The observation that this ef-
fect was observed in isolated CM suggests that TRN also directly 
inhibited K +  channel function. In unstressed CM, the primary re-
polarizing current is carried by the Ik, where the relative importance 
of the two major isoforms is species dependent [27–29]. In rat CMs, 
the Iks is relatively more important than the Ikr[25], and recently 
we showed TRN to reduce channel protein (KCNQ1 and KCNE1) 
content and current density of the Iks and the kinase anchoring pro-
tein Yotiao, a protein required for the PKA phosphorylation of IKs 
[25]. This TRN-induced down regulation of the Iks channel and Yo-
tiao provides a mechanism for the reduced responsiveness of the 
action potential to β-AR agonists despite no change in adrenergic 
receptor content (▶Fig. 3) [25, 26]. The reduced Yotiao content 
would reduce PKA phosphorylation of the pore forming Iks subunit 
KCNQ1, which accounts for most of the functional modulation of 
Iks by the sympathetic nervous system [30]. It is not known wheth-
er TRN downregulates the delayed rectifier channel in human car-
diac muscle, but the known exercise-training induced reduction in 
resting heart rate in humans is consistent with a delayed onset of 
action potential repolarization and outward K +  current. Human 
ventricles have higher Ikr current than Iks so a TRN downregulation 

in the latter may be less important [31]. However, at heart rates 
higher than resting, the rapidly activating Ikr channel may become 
inactivated, increasing the importance of the Iks channel to repo-
larization and the APD even in human CM [31]. The higher content 
of the pore forming subunit KCNQ1 of the Iks in the apex region 
compared to the base region of the heart explains the greater APD 
observed in CM base (▶Fig. 1). This regional difference in Iks con-
tent is important as it allows the endocardium while depolarizing 
first to repolarize after the epicardium facilitating ventricular ejec-
tion and reducing the likelihood of arrhythmias caused by prema-
ture excitation of the endocardium [32].

TRN-induced upregulation and activation of 
the sarcolemma KATP channel
Recently, we observed TRN to increase sarcolemma KATP (sKATP) 
channel content in CM isolated from both the apex and base re-
gions of the heart; however, regional differences existed with TRN 
upregulating the Kir6.2 and SUR2A subunits in apex and base CM, 
respectively [22]. The greater reduction in CM APD at high stimu-
lation rates in TRN compared to SED was associated with an in-
creased sKATP repolarization current, an effect at least in part caused 
by a TRN-induced increase in sKATP channel content [7, 19, 22, 33]. 
In support of this conclusion, the greater decrease in the APD with 
high CM stimulation (10 Hz) following TRN was blocked by gliben-
clamide, a sKATP channel blocker [7, 19]. Additionally, pinacidil, a 
sKATP channel activator, shortened the APD more in CM from TRN 
than SED rats and in the presence of pinacidil, 10 Hz stimulation 
had no additional effect on the APD than pinacidil plus 1 Hz stimu-
lation [22].

TRN increases in the sKATP channel content and shifts the prima-
ry control of action potential repolarization during high activation 
rates (i. e. exercise) from the Ik channel to the metabolically con-
trolled sKATP channel (▶Fig. 3). At rest, the channel is inhibited by 
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▶Fig. 2	 Representative action potential traces highlighting high stimulation rate (10 Hz) induced shortening of action potential duration (APD) 
measured at 90 % repolarization of the action potential (APD90) compared to 1 Hz stimulation (left) and exercise-training effect at 10 Hz (right). At 
10 Hz, APD90 was shortened more in myocytes from exercise-trained (TRN) than sedentary (SED) rats.
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nonhydrolytic binding of ATP an effect relieved during exercise by 
the elevated metabolic demand causing reduced ATP/ADP and ATP/
AMP ratios [34–36]. The TRN-induced increase in the sKATP chan-
nel allows for rapid beat to beat control of heart APD in response 
to changes in cell metabolism, which should result in a more opti-
mal match of cell activation (i. e. intracellular Ca2 +  influx), contrac-
tility, and HR leading to a more efficient heart. While it is known 
that the sKATP channel is activated with exercise and with ischemia 
and reperfusion (IR), the mechanism of activation is not well un-
derstood [37]. A decline in the ATP/ADP and ATP/AMP ratios likely 
contribute to sKATP channel activation with exercise; however, that 
is unlikely to be the only mechanism or explain the elevated activ-
ity following TRN. A prime candidate for the observed TRN-induced 
activation of the channel is the phosphatidylinositol-3kinase (PI3K)/
protein kinase B (Akt) pathway. It is well established that TRN in-
creases growth hormone and insulin-like growth factor (IGF-1) 
leading to an activation of phosphatidylinositol-3-kinase (PI3K), 
which phosphorylates phosphatidylinositol bisphosphate (PIP2) to 
triphosphate (PIP3). The PIP3 in turn phosphorylates Akt [38]. The 
ATP inhibition of the sKATP channel is partially blocked by PIP3 
[36, 38]. Importantly, PIP3 is known to activate 3-phosphoinositide-
dependent kinase 1 (PDKI), which phosphorylates itself and Akt. 
Phosphorylated Akt (pAkt), the active form of the protein, can de-
tach from PIP3 and activates multiple cytosolic proteins, including 

glycogen synthase kinase-3β (pGSK3β) [39], and the mammalian 
target of rapamycin (mTOR), which has been implicated in the TRN-
induced physiological cardiac hypertrophy [9, 38]. While there is 
no evidence that the mTOR pathway has any effect on the sKATP 
channel, it has been reported that GSK3β promotes sKATP channel 
closing, an activity inhibited by pGSK3β [40, 41]. Importantly, TRN 
has been shown to cause a 2.5-fold increase in pGSK3β [39]. Con-
sequently, the TRN-induced activation of the sKATP channel with 
exercise may be in part caused by activation of the PI3K-Akt-GSK3β 
pathway (▶Fig. 3). Activation of this pathway might be facilitated 
by brain-derived neurotrophic factor (BDNF) as this protein has 
been shown to increase with swim exercise-training in mice and 
activate PI3K-Akt [42, 43].

Due to its importance, activation of the sKATP channel with stress 
(cardiac ischemia or exercise) is likely controlled by multiple fac-
tors. Besides the PI3K-Akt-GSK3β pathway, there is evidence that 
activation of AMP-activate protein kinase (AMPK) may play a role 
[37, 44]. AMPK is known to physically interact with the sKATP chan-
nel, and with stress AMPK activation via phosphorylation (pAMPK) 
by upstream kinases (AMPKKs) promotes channel opening [44, 45]. 
With exercise, AMP increases and binds to AMPK, which reduces 
ATP inhibition of AMPK and makes it a better substrate for AMPKKs, 
which increases pAMPK [46]. Importantly, TRN is known to increase 
pAMPK, which might contribute to the TRN-induced activation of 
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▶Fig. 3	 Schematic of key cardiomyocyte components, including the sarcolemma, myofibrils, sarcoplasmic reticulum, and mitochondria, and adap-
tations with exercise-training (TRN). Downward and upward arrows indicate a TRN-induced decrease and increase, respectively, in proteins or physi-
ological conditions. The downward arrows for ICa,L and cytosolic Ca2 +  refer to less of an increase in TRN compared to sedentary (SED) during stress. 
Abbreviations: AP, action potential; IKATP, outward repolarizing potassium current through the KATP channel; IKS, outward repolarizing potassium 
current through the slowly activating, delayed rectifier potassium channel; ICa,L, current thru the L-type Ca2 +  channel; A1, A2a, A2b, A3; adenosine 
receptor isoforms; β1, beta adrenergic receptor; Gs, stimulatory G protein; Gi, inhibitory G protein; GRK2, G-protein-coupled receptor kinase 2; PKA, 
protein kinase A; AMPK, AMP-activated protein kinase; pGSK3β, phosphorylated glycogen synthase kinase-3β; pAkt, phosphorylated protein kinase 
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T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Fitts R et al. Cardiomyocyte Adaptation to Exercise:.  Int J Sports Med 2024; 45: 791–803 | © 2024. Thieme. All rights reserved. 795

the sKATP channel (▶Fig. 3) [46, 47]. While not proven, it is possi-
ble that the TRN upregulation of the sKATP channel in the heart 
could play an important metabolic role in addition to its regulation 
of the APD and Ca2 +  influx by upregulating glucose uptake and mi-
tochondrial biogenesis, and increasing glucose metabolism during 
stress a role that might be enhanced by pAMPK [37, 46, 47]. The 
idea that the sKATP channel plays an important metabolic role is 
supported by the observation that channel activation increases 
PGC-1α expression, a transcriptional coactivator known to stimu-
late mitochondrial biogenesis [48].

Adenosine may be important in TRN-induced increases in the 
sKATP channel. Adenosine has been shown to decrease channel sen-
sitivity to the inhibitory effects of ATP and, acting via A1 and A3 
adenosine receptors (AR), activate the channel via a Gi protein 
(▶Fig. 3) [49–51]. Adenosine may also mobilize PKCξ a kinase 
linked to increased incorporation of KATP channel subunits into the 
sarcolemma [52, 53]. However, adenosine may be more effective 
in regulating atrial than ventricular tissue, as it appears to have lit-
tle effect on the ventricular AP [54]. Additionally, the effect of TRN 
on AR is unknown. Clearly, the mechanisms by which TRN increas-
es the sKATP channel content and activation are important topics 
for future investigation.

TRN-induced increase in CM contractility
The TRN-induced increase in biomechanical function and cardiac 
efficiency are mediated by a combination of factors, including the 
increase in CM length, AP regulation of Ca2 +  influx, the Ca2 +  tran-
sient rate of rise and duration, β-AR regulation, increased myofila-
ment Ca2 +  sensitivity, and an elevated rate of CM shortening 
[5, 13, 19, 21, 22, 55]. TRN-induced cardiac hypertrophy and, in 
resting CM, a prolonged APD and Ca2 +  transient facilitates an in-
creased stroke volume and reduced HR at a given CO producing a 
more efficient heart [9, 10, 19, 38, 56]. Cardiac hypertrophy ap-
pears to be primarily due to a TRN-induced increase in CM cell 

length [19, 57], but Natali et al. [21]. did observe TRN to increase 
CM width and peak tension. This adaptation was associated with 
an increased steepness in the tension-length relationship which 
would contribute to an increased SV. In agreement with Moore et 
al. [58] and Wisløff and colleagues [56, 59], we found wheel run-
ning in rats to increase CM shortening velocity and the rate of rise 
of the intracellular Ca2 +  transient (▶Fig. 4) [22]. Our results ex-
tended the previous findings to show that these adaptations oc-
curred in CM isolated from both the apical (primarily epicardial CM) 
and basal (primarily endocardial CM) regions of the heart in both 
sexes [22]. The mechanism for the TRN-induced increase in short-
ening velocity is unknown. A possibility may be that it could reflect 
an increased myofibril ATPase as this enzyme has been shown to 
regulate shortening velocity [60]. However, Baldwin et al. [61, 62] 
found only a transient increase in this enzyme with endurance 
treadmill running in rats. It is unknown how TRN increases the rate 
of rise in the CM Ca2 +  transient. An untested possibility is that TRN 
might increase the number, open probability, or activation rate of 
the SR ryanodine receptor [63]. Alternatively, SR Ca2 +  release is 
known to be dependent on SR Ca2 +  content; so, TRN might increase 
the rate of Ca2 +  release by shifting the SR Ca2 +  content-SR Ca2 +  re-
lease relationship to favor release at a given SR Ca2 +  content 
[63, 64]. In the resting state, the TRN-induced prolongation of the 
APD would allow the sarcolemma L-type Ca2 +  channel to remain 
open longer, thus facilitating Ca2 +  influx and activation of Ca2 +  in-
duced SR Ca2 +  release. This factor could contribute to a faster onset 
of the Ca2 +  transient in resting, unstressed CM, but not during ex-
ercise, as TRN shortens the APD, which would close the L-type Ca2 +  
channel sooner reducing Ca2 +  influx. Additionally, TRN has been 
shown to have no effect on L-type Ca2 +  channel number or current, 
which decreases the likelihood that it mediates TRN-induced 
changes in the Ca2 +  transient [65].

TRN not only increased CM shortening velocity but also the ex-
tent of shortening, and this occurred in the face of no change or 
even a decrease in the amplitude of the Ca2 +  transient (▶Fig. 4) 

▶Fig. 4	 Exercise training and isoproterenol (ISO) effect on sarcomere shortening rate. Left: representative cardiomyocyte sarcomere shortening (a) 
and Ca2 +  transient traces (b) at 37 °C with 1-Hz stimulation. Best-fit lines are shown to demonstrate the measurement of sarcomere shortening and 
relaxation rates. Right: in the absence and presence of β-agonist, exercise training (TRN) increased sarcomere shortening velocity compared to the 
sedentary (SED) group. The addition of 5 nM ISO increased sarcomere shortening velocity in both SED and TRN groups. One micromolar ISO had a 
larger effect than 5 nM ISO on shortening velocity in the TRN group but not in SED. *P = 0.05, TRN group vs. SED group; **P = 0.05, 5 nM ISO vs. no 
ISO; †P = 0.05, 1 µM ISO vs. 5 nM ISO. Source: Am J Physiol Heart Circ Physiol 2018; 315: H885-H896.
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[18, 19, 56, 58]. A logical explanation for the latter is that TRN in-
creases the Ca2 +  sensitivity of the myofilaments [5, 18]. The mech-
anism of this effect is unknown, but it could involve molecular ad-
aptations in filament proteins (▶Fig. 3). There are multiple studies 
assessing the importance of phosphorylation of cardiac myosin 
binding protein C (cMyBP-C), regulatory light chain (RLC), Tro-
ponin-I, and phospholamban (PLB) in regulating Ca2 +  sensitivity, 
rate of tension development (Ktr), and the sarcoplasmic reticulum 
Ca2 +  ATPase (SERCA2) pump [66–70]. For example, phosphoryla-
tion of RLC and cMyBP-C are known to move the myosin head to-
ward the actin binding site, increasing Ca2 +  sensitivity and cross-
bridge kinetics (▶Fig. 3) with phosphorylation of RLC and cMyBP-
C having the greatest effect on Ca2 +  sensitivity and Ktr, 
respectively [68, 71–74]. It is unknown whether TRN increases Ktr, 
the content or phosphorylation of RLC or cMyBP-C. However, Dif-
fee and Nagle [4] showed that TRN increased CM Ca2 +  sensitivity 
at long but not short sarcomere lengths, which suggests that the 
effect is most noticeable when filament spacing is reduced. Phos-
phorylation of RLC is known to move the myosin filament closer to 
the actin filament increasing Ca2 +  sensitivity, and this may be the 
mechanism by which TRN increases Ca2 +  sensitivity. We observed 
TRN to have no effect on CM relaxation under basal conditions but 
accelerate relaxation in response to β-AR agonist [22]. In contrast, 
Kemi et al. [18] and Wisløff et al. [56] observed a TRN-induced ac-
celeration of relaxation at all activation frequencies from 2 to 10 Hz, 
with HIIT having a greater effect than MICT. The accelerated relax-
ation was likely caused by a 25 % upregulation of SERCA2 and PLB 
(▶Fig. 3) [56]. For the most part, the effects of TRN on key myofil-
ament proteins (▶Fig. 3) and how they alter biomechanical prop-
erties of the CMs is unknown.

Role of β-adrenergic agonist and adenosine 
in mediating TRN-induced adaptations in CM 
function
The heart is controlled by the autonomic nervous system with HR 
and contractility regulated by the degree of parasympathetic ver-
sus sympathetic tone. It is well established that TRN increases par-
asympathetic and decreases sympathetic tone in the resting indi-
vidual, which contributes to the reduced resting HR [75, 76]. With 
the onset of exercise, sympathetic tone increases and acting pri-
marily through β1-AR increases PKA, which accelerates contraction 
and relaxation by phosphorylating cMyBP-C, troponin I, the ryano-
dine receptor and PLB (▶Fig. 3) [68, 73, 75]. As reviewed above, 
sympathetic activation acting via the β1-AR is important in the ac-
tivation of the Iks channel and this response is down regulated by 
TRN [19]. This effect was not caused by a decline in β1-AR content 
but rather to a reduced Ik channel protein and the kinase anchor-
ing the protein Yotiao [25]. In the face of a maintained β1-AR num-
ber, TRN upregulated the contractile response of CMs to adrener-
gic agonist [22]. As little as 5 nM of isoproterenol increased the 
amount of sarcomere shortening and relaxation rate, and the re-
sponse was greater than that observed in the sedentary group 
(▶Fig. 4) [22]. A possible explanation for the TRN-induced increase 
in the contractile response to adrenergic agonist is TRN downreg-
ulated β-adrenergic receptor kinase 2 (GRK2), which would reduce 

inactivation of the β-AR, thus maintaining higher PKA and contrac-
tility (▶Fig. 3) [25]. The down regulation of GRK2 may be particu-
larly important in heart failure, as lowering this protein has been 
shown to reverse dysfunction of both the β1-AR and β2-AR, and de-
crease the high sympathetic nervous system activity associated 
with heart failure [77].

Regulation of mammalian cardiac muscle contractility is com-
plex and depends on multiple factors including the ratio of para-
sympathetic/sympathetic tone, and the content and activation of 
adrenergic and adenosinergic receptors [75, 76, 78]. Besides the 
three β-receptor subtypes (β1-R, β2-R, and β3-R), mammalian CMs 
express four adenosine receptors A1AR, A2aAR, A2bAR, and A3AR 
[79]. The primary inotropic receptors are the β1-R and the A2aAR, 
and while both increase the extent and rate of CM shortening, only 
β1-R increases the rate of CMs relaxation [8, 78]. Importantly, the 
extent of contractile enhancement resulting from β1-R activation 
can be altered by adenosine receptor activation. For example, ac-
tivation of A1AR reduces CM contractility via an anti-adrenergic ef-
fect, while A2a and A2b both increase contractility (▶ Fig.3) 
[8, 78, 79]. The A2bAR is thought to have a direct effect on the my-
ofilaments while A2aAR acts indirectly by modulating the A1AR ef-
fects [79]. To our knowledge, there is no information on whether 
TRN alters the CMs response to adenosine, the interplay between 
adrenergic and adenosinergic stimulation or the AR content for any 
of the four receptor subtypes. These are important factors to con-
sider, as TRN-induced changes in AR content or adenosine interac-
tion with β1-R activation would have direct effects on the KATP chan-
nel (A1 and A3) and contractility (A1, A2a, and A2b) (▶Fig. 3).

Mechanisms by which TRN protects the heart 
from ischemic injury and heart failure

Cellular effects of reperfusion injury and TRN-
induced protection
It is well known that TRN protects the heart form ischemia and rep-
erfusion (IR) injury, and while there are multiple theories on poten-
tial mechanisms, to date no unifying concept has emerged 
[3, 80, 81]. The degree of protection is related to the amount of ac-
tivity, and while not definitively tested, HIIT seems to protect bet-
ter than MICT [11, 12, 82]. The prognosis following an acute myo-
cardial infarct (AMI) and the likelihood of progressing to heart fail-
ure is directly related to the extent of CM cell death [83]. Heart 
injury with AMI is exacerbated by IR, and in vivo and ex vivo animal 
models of IR show that TRN results in a 30 to 40 % reduction in IR-
induced CMs cell death [81, 84, 85]. The observation that protec-
tion due to TRN exists in ex vivo hearts suggests that it is at least, in 
part, mediated by adaptations in cell/molecular factors innate to 
the heart. The cellular effects of IR have been extensively reviewed 
[3, 80, 81] and they include reduced ATP, increased glycolysis, low 
pH, increased production of reactive oxygen species (ROS), activa-
tion of Ca2 +  activated proteases, impaired energy dependent ionic 
pumps, and increased intracellular Ca2 +  (iCa2 + ) and mitochondrial 
Ca2 +  (mCa2 + ); all of which could contribute to reduced cardiac 
function. IR injury has been attributed to increased ROS produc-
tion, and the protective effects of TRN to increased production of 
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antioxidants that limit oxidative stress and damage to proteins, 
such as myofilaments and SR [3, 80, 86]. Clearly, ROS production 
can be an important mediator of IR injury, but disruption in iCa2 +  
regulation resulting in mCa2 +  overload and apoptosis seems likely 
to be a key factor in orchestrating IR injury. Support for this idea 
comes from the demonstration that activation of the sKATP chan-
nel is critical to protecting the heart from IR injury and that the ben-
eficial effects of TRN are in part due to the upregulation and acti-
vation of the sKATP channel [7, 33]. Knock-out or pharmacological 
inhibition of the sKATP channel eliminates the TRN-induced protec-
tion form IR injury [7, 33]. Presumably, protection from IR injury in 
hearts of trained individuals is initiated by the early and rapid re-
polarization of the sarcolemma that results from outward K +  cur-
rent through the sKATP channel closing the L-type Ca2 +  channel and 
limiting Ca2 +  influx (▶Fig. 3) [25, 82]. Rat data suggests that TRN 
may induce greater protection from IR-injury in females than males, 
and that this relates to a greater incorporation of the sKATP channel 
subunits into the sarcolemma [87]. It has been suggested that this 
sex effect is mediated by PKCξ and that it can be blocked by ova-
riectomy and PKCξ blockers [53, 88].

Comparison of TRN with preconditioning/
postconditioning
Besides TRN, brief periods of ischemia and reperfusion, preceding 
deleterious IR (ischemic preconditioning, IPC) and at the onset of 
reperfusion (postconditioning, POC), have been shown to reduce 
IR-induced CM cell death [7, 87, 89, 90]. In 1986, Murry et al. [89] 
were the first to discover IPC, while Zhao et al. [90] discovered POC 
and compared it to IPC. All except TRN, have a limited period of 
protection; so while IPC and POC have clinical value, they cannot 
be used to limit heart damage due to AMI. The mechanisms by 
which these modalities protect the heart are not completely de-
fined, but it seems likely that some of the same signaling pathways, 
substrates and enzymes induced by TRN may also be triggered by 
IPC and POC. Frasier et al. [81] suggests that while TRN and IPC may 
utilize some common features, the mechanisms are not the same, 
as IPC seems to involve the PI3K-Akt-GSK3β pathway, while increas-
es in pAkt and pGSK3β are not involved in the TRN-induced protec-
tion from IR-injury. However, that conclusion may not be appropri-
ate, as we noted above whereby TRN does increase pAkt and 
pGSK3β [39]. Thus protection could result from pGSK3β increasing 
the open probability of the sKATP channel, and by inhibiting ER pro-
tein inositol 1,4,5-trisphosphate receptor (IP3R) release of ER Ca2 + , 
thus preventing mCa2 +  overload [39–41]. The increased sKATP open 
probability could be aided by a TRN-induced increase in BDNF [42]. 
Support for this comes from the observation that BDNF knock-out 
mice showed increased CM cell death and left ventricular dysfunc-
tion following IR compared to the wild type control [91]. It is estab-
lished that IPC and TRN have some overlapping signaling pathways, 
and evidence that they may converge on the same target in pro-
tecting against IR injury is based on the finding that IPC plus TRN 
did not produce greater protection than either treatment alone 
(unpublished data).

Importance of mitochondria associated membrane 
and its role in mediating TRN-induced 
cardioprotection from IR injury
While the causative events in IR- induced CM injury and death are 
not well established, mitochondria-triggered apoptosis is thought 
to be a final event leading to CM death [92, 93]. Important to the 
structural and functional integrity of the CM is the mitochondria-
endoplasmic reticulum (SR/ER) network, also known as the mito-
chondria associated membrane (MAM). The MAM constitutes a 
complex of molecular tethers that associates the outer mitochon-
drial membrane (OMM) with the ER (▶Fig. 3), which mediate in-
terorganelle communications [93, 94]. Functionally, the MAM fa-
cilitates lipid and Ca2 +  exchange between mitochondria and ER. 
This anatomical and functional coupling is the hub for the integra-
tion of mitochondrial function during normal cell physiology and 
the preservation of life during stress [95]. Mitochondria, are a major 
hub for Ca2 +  handling and are central in energy metabolism, and 
the MAM domain provides a crucial link between ER Ca2 +  signaling 
and the control of cellular energy demand by regulating mitochon-
drial bioenergetics [92, 94]. Dysregulation of ER-mitochondria 
(MAM) crosstalk is known to alter cardiac physiology and is impli-
cated in cardiac IR injury. As noted above, and also well reported, 
one of the salient hallmarks of cellular damage by IR is iCa2 +  and 
mCa2 +  overload. Indeed, mCa2 +  overload due to disruption of ER-
mitochondria crosstalk in the MAM domain is implicated in the for-
mation of the deleterious and permanent mitochondrial permea-
bility transition pore (mPTP) opening and CM death [92, 93, 96, 97]. 
Deleterious mPTP opening following oxidative stress, mCa2 +  over-
load or combination of both, has been reported as a trigger for IR 
injury or AMI [92, 98–101]. As alluded to previously, it is well known 
that the benefits of TRN encompass adaptations in heart and CM 
function as well as other systems that have secondary beneficial ef-
fects on cardiac efficiency [3, 10, 102, 103]. TRN is known to be a 
powerful way to protect the heart from ischemic stress [3] and 
while untested, our hypothesis is that TRN preserves MAM Ca2 +  ho-
meostasis and protects against mCa2 +  overload to preserve mito-
chondrial function during IR. Therefore, TRN regulating ER/-mito-
chondrial Ca2 +  homeostasis in the MAM domain could represent a 
novel feature, biochemically and biophysically, in mediating cardi-
oprotection against injury by ischemic stress.

The MAM domain contains numerous transport proteins and 
signaling molecules that act as a platform for multiple physiologi-
cal functions, as well as the regulation of cytosolic Ca2 +  homeosta-
sis. In the CM MAM domain, the chaperone protein glucose-regu-
lated protein 75 (GRP75), the ER protein IP3R for Ca2  +  release, and 
the voltage-dependent anion channel 1 (VDAC1) in the OMM form 
the IP3R-GRP75-VDAC1 complex that regulates the direct transfer 
of Ca2 +  from the ER to mitochondria (▶Fig. 3) and regulates cyto-
solic Ca2 +  [96, 104–107]. Under normal physiological conditions, 
the ER-mitochondria interaction via domain [Ca2 + ] provides the 
necessary physiological coupling between muscle contraction/re-
laxation and the required mitochondrial ATP necessary for muscle 
function [108]. The MAM complex is also modulated biochemical-
ly by hexokinase II (HKII), and the signaling molecules Akt and the 
serine/threonine kinase GSK3β further regulate domain Ca2 +  dur-
ing IR injury or cytoprotection against IR stress [109–111]. Regard-
ing cardioprotection, a crucial cell survival strategy involves HKII 
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association with VDAC1 [110, 112, 113]. For example, in cancer 
cells, HKII translocates at the MAM and its displacement from MAM 
triggers mCa2 +  overload following IP3R opening [114, 115]. We 
also reported that hypothermic cardioprotection against acute IR 
led to increased Akt and phosphorylation of Akt, and HKII associa-
tion with VDAC1 [112]. During cardiac ischemic stress, the increase 
in GSK3β activity leads to the phosphorylation of IP3R, and to the 
transfer of excess Ca2 +  from the ER to mitochondria via the IP3R-
GRP75-VDAC1 complex [116]. Furthermore, during ischemic stress, 
it is reported that GSK3β phosphorylation of VDAC1 reduces HKII 
binding to VDAC1 and abrogates its protection [92, 110, 117]. 
Thus, disruption of the ER-mitochondria interaction in the MAM re-
gion or inhibition of GSK3β during reperfusion has been shown to 
protect and preserve CMs from IR injury [107, 116, 118, 119]. Im-
portantly, TRN has been shown to increase Akt activity and inhibit 
GSK3β activity by phosphorylation (pGSK3β), leading to stimula-
tion of cardiac hypertrophy [10, 39]. As discussed above, TRN is 
known to activate the PI3K/Akt signaling pathway and increase 
pAkt [120–122]. Consistent with these findings, we have shown in 
pilot studies (unpublished data) that TRN increased total Akt (tAkt), 
phospho-Akt (pAkt), and pGSK3β after IR, suggesting that the TRN-
induced inhibition of GSK3β may decrease the IP3R-induced aber-
rant MAM Ca2 +  release. These observations strongly implicate the 
role of MAM proteins in modulating TRN-induced cardioprotection 
against IR-mediated dysregulation of Ca2 +  dynamics and homeo-
stasis. Whether TRN-induced protection against IR injury involves 
adaptation of MAM Ca2 +  handling, and whether this adaptation 
leads to decreased mCa2 +  overload by the activation of the PI3K/
Akt/GSK3β signaling axis during ischemic stress remains to be fully 
explored. A better understanding of the underlying molecular 
mechanisms of how TRN regulates MAM Ca2 +  handling, minimizes 
mCa2 +  overload, and preserves mitochondrial function during IR 
stress represents an innovative approach that may contribute to 
the development of optimal TRN protocols that lead to long-term 
protection of cardiac viability and function.

Impact of life-long exercise on incidence of 
atrial fibrillation
Programs of regular exercise (TRN) are known to promote cardio-
vascular health, reduce conditions associated with heart disease, 
such as obesity and type 2 diabetes, and increase longevity 
[3, 10, 123]. Despite these known benefits, recently there has been 
considerable discussion on whether chronic life-long TRN can lead 
to detrimental cardiovascular effects and, in particular, to an in-
creased incidence of atrial fibrillation (AF) [124–126]. The majority 
of AF patients are over the age of 65 [127], and interestingly, the 
incidence of AF has been reported to be 2 to 10-fold higher in life-
long exercisers, with the risk increasing based on the total hours 
and number of years of TRN [123, 124]. This observation has led to 
the hypothesis that TRN beyond a certain threshold may not pro-
duce additional benefits and could be detrimental to cardiovascu-
lar health such that the benefits of life-long TRN may show a re-
versed j-shaped dose-response curve, where chronic moderate-in-
tensity/duration TRN reduces the risk of AF and chronic high- 
intensity/duration TRN increases this risk [125, 128]. The causes 

for the age-related increase in AF are poorly understood, but a por-
tion of the increase occurs in concert with other health issues, such 
as diabetes and coronary artery disease, that place the heart in a 
condition susceptible to arrythmias [129]. There are also changes 
in sarcolemma channel function with aging, such as a reduced L-
type Ca2 +  current and slowed conduction velocity, that might fa-
cilitate AF [129]. TRN reduces heart disease and diabetes, and has 
no effect on L-type Ca2 +  channel [10, 65]. So the question is why 
does AF show a higher incidence with life-long TRN? This question 
remains unanswered, but its etiology is likely heterogeneous, i. e. 
relating to structural and electrophysiological changes 
[123, 126, 130]. TRN increases the ratio of parasympathetic/sym-
pathetic tone and the size of all four chambers, and it has been sug-
gested that either or both increase the risk of AF [123]. However, 
this cannot be the only explanation, as increases in vagal tone and 
heart hypertrophy occur early with the onset of TRN when there 
are no electrical changes in the heart or an increased risk for AF 
[126, 131]. TRN has been reported to increase left atrial (LA) vol-
ume more than left ventricular (LV) volume [126], and this dispro-
portionate increase in LA volume was shown to be an independent 
predictor of AF [127]. Life-long TRN has also been shown to increase 
myocardial fibrosis and coronary artery calcification (CAC), factors 
linked to AF [1, 128]. Athletes with high life-long TRN volumes had 
higher CAC scores than those who TRN with low volume; however, 
the high volume group showed mostly calcified atherosclerotic 
plaques that were benign, with lower risk for cardiovascular dis-
ease, including AF [132]. While a TRN-induced increase in myocar-
dial fibrosis seems to increase with the amount of TRN and could 
contribute to a slower conduction velocity, the incidence is low and 
its relationship to AF is unknown [128]. It seems reasonable to sug-
gest that the combination of age-related changes in heart function 
coupled with the TRN-induced increase in vagal tone, LA volume, 
and myocardial fibrosis could contribute to the increased AF in in-
dividuals who maintain a high degree of TRN for multiple years. 
Support for this notion comes from the study of Wilhelm et al. 
[133], who stratified athletes according to training hours as low 
(  <  1,500 hrs), medium (1,500 to 4,500 hrs), high (  >  4,500 hrs), 
and very high (  >  20,000 hrs) and observed a progressive increase 
with TRN hours in P-wave duration, LA volume, vagal tone, and pre-
mature atrial contractions.

The question remains, what is the primary driver for the in-
creased incidence of AF with life-long high intensity TRN? We hy-
pothesize that the TRN-induced changes in K +  channel function, 
specifically a downregulation in the Iks and upregulation of the 
sKATP channels that allow the heart to adjust the APD to meet the 
metabolic demand and provide protection from ischemia (re-
viewed above), also contribute and may in fact be the primary driv-
ers for the increased incidence of AF in older life-long exercisers. 
AF is characterized by a shortening of the APD and the atrial refrac-
tory period (ARP). Gonzalez et al. [134] showed that the Iks was 
markedly increased in chronic AF patients due to upregulation of 
β-AR, which contributed to the abbreviated APD and ARP and to 
the maintenance of AF. This mechanism cannot explain the in-
creased incidence of AF in chronically TRN older adults compared 
to their sedentary counterparts, as TRN downregulates the Iks 
channel and its regulation by β-AR [25]. However, the increased AF 
in chronically TRN individuals could be mediated by the TRN-in-
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duced increase in the sKATP channel. Balana et al. [135] hypothe-
sized that an increase in the sKATP channel content or activation 
would reduce the APD and contribute to chronic AF. However, what 
they observed was the opposite as myocytes from AF patients 
showed markedly reduced sKATP channel density. The authors con-
cluded that the downregulation of the sKATP channel was a second-
ary compensation mechanism to prolong the APD and ARP to help 
reduce AF. This protective mechanism would be muted in chroni-
cally TRN individuals where the sKATP channel is upregulated [22]. 
While the sKATP channel is not open during resting, non-stressed 
conditions in young individuals, this may not be true of older adults, 
where stress maybe increased and activate the channel even in a 
resting, non-exercising individual [124]. Additionally, TRN not only 
increases sKATP content but it may also increase the likelihood of 
sKATP activation (▶Fig. 3).

It is important that life-long exercisers are aware of their in-
creased susceptibility to AF so that they along with their family phy-
sician can track their heart health. It is also important to realize that 
despite an increased incidence of AF, life-long TRN reduces the risk 
of stroke and heart failure likely because of other beneficial effects 
of TRN, such as reduced diabetes, increased coronary circulation, 
and improved contractility [129]. The increased risk of AF is not a 
reason to become less active as data shows that for every MET (met-
abolic equivalent of task where one MET is the amount of energy 
used while sitting quietly) of exercise  >  4 METS there is a 12–20 % 
reduction in cardiovascular mortality [123]. Simply put, life-long 
exercisers live longer than those with a sedentary life style.

Limitations in our current knowledge/future 
studies
While the value of TRN in promoting cardiovascular health is well 
documented, and major progress has been made in understand-
ing the cellular and molecular mechanisms, considerable gaps in 
our knowledge still exist [10]. Relating to this review, the mecha-
nism of the TRN-induced increased expression, sarcolemma incor-
poration, and activation of the sKATP channel is not well understood. 
The extent to which it involves the PI3K-Akt-GSK3β pathway pro-
ducing an increase in pAkt and pGSK3β, increases in AMPK or BDNF, 
and/or adenosine regulation of the channel needs to be explored 
(▶Fig. 3).

As reviewed above, TRN increases CM contractility, and this is, 
in part, due to an increased response to adrenergic agonist [22]. 
The regulation of CM contractility is complex, and almost nothing 
is known about how TRN alters adenosine’s effect on contractility 
or its interaction with adrenergic activation. Down field from these 
events, it is unclear how TRN increases fiber ATPase and Ca2 +  sen-
sitivity or whether it alters the functional states of the cross-bridge 
or kinetics of tension development (ktr) [136, 137]. Resolving these 
questions will require a detailed analysis of TRN-induced changes 
in content and phosphorylation level of the key contractile proteins, 
such as RLC, cMyBP-C, troponin, titin, etc. (▶Fig. 3), and the abil-
ity to separate out how a change in each contractile protein alters 
function.

Another important unresolved question is understanding what role 
TRN plays in regulating MAM Ca2 +  handling and minimizing mCa2 +  

during IR, and elucidating the mechanism of these effects. Finally, 
working out the mechanisms of how life-long TRN increases AF is an 
important yet difficult problem. Longitudinal studies assessing cardi-
ac function are problematic and unlikely to provide definitive answers, 
and obtaining atrial tissue from sedentary and life-long exercisers in 
the appropriate numbers to study sarcolemma channel function will 
be difficult. A novel approach would be to produce iPSC-CM from skin, 
blood, or urine of sedentary and life-long exercisers. This approach 
would allow a detailed assessment of channel function and the role of 
the sKATP channel in the induction of arrythmias.

Conclusion
The beneficial effects of regular exercise (TRN) are well known and 
include both systemic and cellular adaptations. While controversy 
exists regarding the importance of HIIT versus MICT, the prepon-
derance of evidence suggests that the former provides certain ad-
vantages to cardiac patients by inducing increases in left ventricu-
lar ejection fraction and isovolumetric relaxation, and by stimulat-
ing a greater increase in aerobic power. An important sarcolemma 
adaptation with TRN is the downregulation of the Iks and upregu-
lation of the sKATP channels, which results in a prolonged APD at 
rest due to reduced Iks activation and current and a shortened APD 
with exercise/stress due to increased sKATP channel content and 
current. Important TRN-induced adaptations in contractility in-
clude a faster rise in the Ca2 +  transient, and faster and greater CM 
shortening. The greater CM shortening occurred with no change 
in the amplitude of the Ca2 +  transient suggesting that TRN in-
creased Ca2 +  sensitivity.

IR injury has been attributed to ROS production and the protec-
tive effects of TRN to increased production of antioxidants. While 
ROS production seems to be involved, disruption in iCa2 +  regula-
tion resulting in mCa2 +  overload and apoptosis seems likely to be 
a key factor in orchestrating IR injury. Support for this notion comes 
from the well-established observation that the TRN-induced in-
crease in the sKATP activation is critical in protecting the heart from 
IR injury and that blockage of this channel removes the protection. 
Opening of the sKATP channel depolarizes the CM and closes the L-
type Ca2 +  channel, reducing iCa2 +  and mCa2 + . The TRN-induced 
increase in pGSK3β not only participates in the activation of the 
sKATP channel but may also decrease the IP3R-induced aberrant 
MAM Ca2 +  release during IR and protect the mitochondria from 
Ca2 +  overload and cell death. Finally, chronic life-long TRN is linked 
to a ~5-fold increase in AF compared to sedentary older adults. Im-
portantly, despite this, life-long TRN is known to improve cardio-
vascular function, reduce IR injury, and promote longevity.

Conflict of Interest

The authors declare that they have no conflict of interest.

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Fitts R et al. Cardiomyocyte Adaptation to Exercise:.  Int J Sports Med 2024; 45: 791–803 | © 2024. Thieme. All rights reserved.

Review Thieme

800

References

[1]	 Benito B, Gay-Jordi G, Serrano-Mollar A et al. Cardiac arrhythmogenic 
remodeling in a rat model of long-term intensive exercise training. 
Circulation 2011; 123: 13–22

[2]	 Fletcher GF, Balady G, Blair SN et al. Statement on exercise: Benefits 
and recommendations for physical activity programs for all 
Americans. A statement for health professionals by the Committee 
on Exercise and Cardiac Rehabilitation of the Council on Clinical 
Cardiology, American Heart Association. Circulation 1996; 94: 
857–862

[3]	 Powers SK, Smuder AJ, Kavazis AN et al. Mechanisms of exercise-
induced cardioprotection. Physiol 2014; 29: 27–38

[4]	 Diffee GM, Nagle DF. Exercise training alters length dependence of 
contractile properties in rat myocardium. J Appl Physiol 2003; 94: 
1137–1144

[5]	 Diffee GM, Seversen EA, Titus MM. Exercise training increases the 
Ca(2 + ) sensitivity of tension in rat cardiac myocytes. J Appl Physiol 
2001; 91: 309–315

[6]	 Stones R, Billeter R, Zhang H et al. The role of transient outward K +  
current in electrical remodelling induced by voluntary exercise in 
female rat hearts. Basic Res Cardiol 2009; 104: 643–652

[7]	 Zingman LV, Zhu Z, Sierra A et al. Exercise-induced expression of cardiac 
ATP-sensitive potassium channels promotes action potential shortening 
and energy conservation. J Mol Cell Cardiol 2011; 51: 72–81

[8]	 Monahan TS, Sawmiller DR, Fenton RA et al. Adenosine A(2a)-
receptor activation increases contractility in isolated perfused hearts. 
Am J Physiol Heart Circ Physiol 2000; 279: H1472–H1481

[9]	 Schüttler D, Clauss S, Weckbach LT et al. Molecular Mechanisms of 
Cardiac Remodeling and Regeneration in Physical Exercise. Cells 
2019; 8: 1128

[10]	 Bernardo BC, Ooi JYY, Weeks KL et al. Understanding Key 
Mechanisms of Exercise-Induced Cardiac Protection to Mitigate 
Disease: Current Knowledge and Emerging Concepts. Physiol Rev 
2018; 98: 419–475

[11]	 Hussain SR, Macaluso A, Pearson SJ. High-Intensity Interval Training 
Versus Moderate-Intensity Continuous Training in the Prevention/
Management of Cardiovascular Disease. Cardiol Rev 2016; 24: 273–281

[12]	 Quindry JC, Franklin BA, Chapman M et al. Benefits and Risks of 
High-Intensity Interval Training in Patients With Coronary Artery 
Disease. Am J Cardiol 2019; 123: 1370–1377

[13]	 Wisløff U, Støylen A, Loennechen JP et al. Superior cardiovascular 
effect of aerobic interval training versus moderate continuous 
training in heart failure patients: A randomized study. Circulation 
2007; 115: 3086–3094

[14]	 Weston KS, Wisløff U, Coombes JS. High-intensity interval training in 
patients with lifestyle-induced cardiometabolic disease: A systematic 
review and meta-analysis. Br J of Sports Med 2014; 48: 1227–1234

[15]	 Rognmo Ø, Moholdt T, Bakken H et al. Cardiovascular risk of 
high- versus moderate-intensity aerobic exercise in coronary heart 
disease patients. Circulation 2012; 126: 1436–1440

[16]	 Karlsen T, Aamot IL, Haykowsky M et al. High Intensity Interval 
Training for Maximizing Health Outcomes. Prog Cardiovasc Dis 2017; 
60: 67–77

[17]	 Ciolac EG, Bocchi EA, Bortolotto LA et al. Effects of high-intensity 
aerobic interval training vs. moderate exercise on hemodynamic, 
metabolic and neuro-humoral abnormalities of young normotensive 
women at high familial risk for hypertension. Hypertens Res 2010; 
33: 836–843

[18]	 Kemi OJ, Haram PM, Loennechen JP et al. Moderate vs. high exercise 
intensity: Differential effects on aerobic fitness, cardiomyocyte 
contractility, and endothelial function. Cardiovasc Res 2005; 67: 
161–172

[19]	 Wang X, Fitts RH. Ventricular action potential adaptation to regular 
exercise: Role of β-adrenergic and K(ATP) channel function. J Appl 
Physiol 2017; 123: 285–296

[20]	 Clark RB, Bouchard RA, Salinas-Stefanon E et al. Heterogeneity of 
action potential waveforms and potassium currents in rat ventricle. 
Cardiovasc Res 1993; 27: 1795–1799

[21]	 Natali AJ, Wilson LA, Peckham M et al. Different regional effects of 
voluntary exercise on the mechanical and electrical properties of rat 
ventricular myocytes. J Physiol 2002; 541: 863–875

[22]	 Wang X, Fitts RH. Effects of regular exercise on ventricular myocyte 
biomechanics and K(ATP) channel function. Am J Physiol Heart Circ 
Physiol 2018; 315: H885–H896

[23]	 Himmel HM, Wettwer E, Li Q et al. Four different components 
contribute to outward current in rat ventricular myocytes. Am J 
Physiol Heart Circ Physiol 1999; 277: H107–H118

[24]	 Jew KN, Olsson MC, Mokelke EA et al. Endurance training alters 
outward K +  current characteristics in rat cardiocytes. J Appl Physiol 
2001; 90: 1327–1333

[25]	 Wang X, Fitts RH. Cardiomyocyte slowly activating delayed rectifier 
potassium channel: regulation by exercise and β-adrenergic 
signaling. J Appl Physiol 2020; 128: 1177–1185

[26]	 Stones R, Natali A, Billeter R et al. Voluntary exercise-induced 
changes in beta2-adrenoceptor signalling in rat ventricular myocytes. 
Exp Physiol 2008; 93: 1065–1075

[27]	 Sakatani T, Shirayama T, Yamamoto T et al. Cardiac hypertrophy 
diminished the effects of isoproterenol on delayed rectifier 
potassium current in rat heart. J Physiol Sci 2006; 56: 173–181

[28]	 Wymore RS, Gintant GA, Wymore RT et al. Tissue and species 
distribution of mRNA for the IKr-like K +  channel, erg. Circ Res 1997; 
80: 261–268

[29]	 Marx SO, Kurokawa J, Reiken S et al. Requirement of a 
macromolecular signaling complex for beta adrenergic receptor 
modulation of the KCNQ1-KCNE1 potassium channel. Sci 2002; 295: 
496–499

[30]	 Kurokawa J, Motoike HK, Rao J et al. Regulatory actions of the 
A-kinase anchoring protein Yotiao on a heart potassium channel 
downstream of PKA phosphorylation. PNAS 2004; 101: 16374–
16378

[31]	 Jost N, Virág L, Comtois P et al. Ionic mechanisms limiting cardiac 
repolarization reserve in humans compared to dogs. J Physiol 2013; 
591: 4189–4206

[32]	 Taggart P, Sutton PM, Opthof T et al. Inhomogeneous transmural 
conduction during early ischaemia in patients with coronary artery 
disease. J Mol Cell Cardiol 2000; 32: 621–630

[33]	 Brown DA, Chicco AJ, Jew KN et al. Cardioprotection afforded by 
chronic exercise is mediated by the sarcolemmal, and not the 
mitochondrial, isoform of the KATP channel in the rat. J Physiol 2005; 
569: 913–924

[34]	 Foster MN, Coetzee WA. KATP Channels in the Cardiovascular 
System. Physiol Rev 2016; 96: 177–252

[35]	 Nichols CG. KATP channels as molecular sensors of cellular 
metabolism. Nature 2006; 440: 470–476

[36]	 Huang Y, Hu D, Huang C et al. Genetic Discovery of ATP-Sensitive 
K( + ) Channels in Cardiovascular Diseases. Circu-Arrhythmia Elec 
2019; 12: e007322

[37]	 Youssef N, Campbell S, Barr A et al. Hearts lacking plasma membrane 
K(ATP) channels display changes in basal aerobic metabolic substrate 
preference and AMPK activity. Am J Physiol Heart Circ Physiol 2017; 
313: H469–H478

[38]	 Kemi OJ, Ceci M, Wisloff U et al. Activation or inactivation of cardiac 
Akt/mTOR signaling diverges physiological from pathological 
hypertrophy. J Cell Physiol 2008; 214: 316–321

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Fitts R et al. Cardiomyocyte Adaptation to Exercise:.  Int J Sports Med 2024; 45: 791–803 | © 2024. Thieme. All rights reserved. 801

[39]	 Zhang KR, Liu HT, Zhang HF et al. Long-term aerobic exercise 
protects the heart against ischemia/reperfusion injury via PI3 
kinase-dependent and Akt-mediated mechanism. Apoptosis 2007; 
12: 1579–1588

[40]	 Gross ER, Hsu AK, Gross GJ. GSK3beta inhibition and K(ATP) channel 
opening mediate acute opioid-induced cardioprotection at 
reperfusion. Bas Res Cardiol 2007; 102: 341–349

[41]	 Rossello X, Riquelme JA, Davidson SM et al. Role of PI3K in myocardial 
ischaemic preconditioning: Mapping pro-survival cascades at the 
trigger phase and at reperfusion. J Cell Mol Med 2018; 22: 926–935

[42]	 Yang X, Zhang M, Xie B et al. Myocardial brain-derived neurotrophic 
factor regulates cardiac bioenergetics through the transcription 
factor Yin Yang 1. Cardiovasc Res 2023; 119: 571–586

[43]	 Gupta VK, You Y, Gupta VB et al. TrkB receptor signalling: 
Implications in neurodegenerative, psychiatric and proliferative 
disorders. Int J Mol Sci 2013; 14: 10122–10142

[44]	 Yoshida H, Bao L, Kefaloyianni E et al. AMP-activated protein kinase 
connects cellular energy metabolism to KATP channel function. J Mol 
Cell Cardiol 2012; 52: 410–418

[45]	 Sukhodub A, Jovanović S, Du Q et al. AMP-activated protein kinase 
mediates preconditioning in cardiomyocytes by regulating activity 
and trafficking of sarcolemmal ATP-sensitive K( + ) channels. J Cell 
Physiol 2007; 210: 224–236

[46]	 Winder WW, Taylor EB, Thomson DM. Role of AMP-activated protein 
kinase in the molecular adaptation to endurance exercise. Med Sci 
Sports Exerc 2006; 38: 1945–1949

[47]	 Coven DL, Hu X, Cong L et al. Physiological role of AMP-activated 
protein kinase in the heart: graded activation during exercise. Am J 
Physiol Endocrinol Metabol 2003; 285: E629–E636

[48]	 Hu X, Xu X, Huang Y et al. Disruption of sarcolemmal ATP-sensitive 
potassium channel activity impairs the cardiac response to systolic 
overload. Circ Res 2008; 103: 1009–1017

[49]	 Auchampach JA, Gross GJ. Adenosine A1 receptors, KATP channels, 
and ischemic preconditioning in dogs. Am J Physiol Heart Circ Physiol 
1993; 264: H1327–H1336

[50]	 Hu K, Li GR, Nattel S. Adenosine-induced activation of ATP-sensitive 
K +  channels in excised membrane patches is mediated by PKC. Am J 
Physiol Heart Circ Physiol 1999; 276: H488–H495

[51]	 Wan TC, Ge ZD, Tampo A et al. The A3 adenosine receptor agonist 
CP-532,903 [N6-(2,5-dichlorobenzyl)-3'-aminoadenosine-5'-N-
methylcarboxamide] protects against myocardial ischemia/
reperfusion injury via the sarcolemmal ATP-sensitive potassium 
channel. J Pharmacol Exp Ther 2008; 324: 234–243

[52]	 Cohen MV, Baines CP, Downey JM. Ischemic preconditioning: From 
adenosine receptor to KATP channel. Ann Rev Physiol 2000; 62: 
79–109

[53]	 Shinmura K, Nagai M, Tamaki K et al. Loss of ischaemic 
preconditioning in ovariectomized rat hearts: Possible involvement of 
impaired protein kinase C epsilon phosphorylation. Cardiovasc Res 
2008; 79: 387–394

[54]	 Belardinelli L, Shryock JC, Song Y et al. Ionic basis of the 
electrophysiological actions of adenosine on cardiomyocytes. FASEB J 
1995; 9: 359–365

[55]	 Kiliszek M, Mackiewicz U, Maczewski M et al. Molecular evidence that 
exercise training has beneficial effects on cardiac performance. Ann 
Trans Med 2016; 4: 228

[56]	 Wisløff U, Loennechen JP, Falck G et al. Increased contractility and 
calcium sensitivity in cardiac myocytes isolated from endurance 
trained rats. Cardiovasc Res 2001; 50: 495–508

[57]	 Wisløff U, Helgerud J, Kemi OJ et al. Intensity-controlled treadmill 
running in rats: VO2 max and cardiac hypertrophy. Am J Physiol Heart 
Circ Physiol 2001; 280: H1301–H1310

[58]	 Moore RL, Musch TI, Yelamarty RV et al. Chronic exercise alters 
contractility and morphology of isolated rat cardiac myocytes. Am J 
Physiol Heart Circ Physiol 1993; 264: C1180–C1189

[59]	 Wisløff U, Loennechen JP, Currie S et al. Aerobic exercise reduces 
cardiomyocyte hypertrophy and increases contractility, Ca2 +  
sensitivity and SERCA-2 in rat after myocardial infarction. Cardiovasc 
Res 2002; 54: 162–174

[60]	 Bárány M. ATPase activity of myosin correlated with speed of muscle 
shortening. J Gen Physiol 1967; 50: 197–218

[61]	 Baldwin KM, Cooke DA, Cheadle WG. Time course adaptations in 
cardiac and skeletal muscle to different running programs. J Appl 
Physiol 1977; 42: 267–272

[62]	 Baldwin KM, Winder WW, Holloszy JO. Adaptation of actomyosin 
ATPase in different types of muscle to endurance exercise. Am J 
Physiol 1975; 229: 422–426

[63]	 Lascano E, Negroni J, Vila Petroff M et al. Impact of RyR2 potentiation 
on myocardial function. Am J Physiol Heart Circ Physiol 2017; 312: 
H1105–H1109

[64]	 Ríos E, Launikonis BS, Royer L et al. The elusive role of store depletion 
in the control of intracellular calcium release. J Mus Res Cell Mot 
2006; 27: 337–350

[65]	 Mokelke EA, Palmer BM, Cheung JY et al. Endurance training does not 
affect intrinsic calcium current characteristics in rat myocardium. Am 
J Physiol Heart Circ Physiol 1997; 273: H1193–H1197

[66]	 Rajan S, Jagatheesan G, Petrashevskaya N et al. Tropomyosin 
pseudo-phosphorylation results in dilated cardiomyopathy. J Biol 
Chem 2019; 294: 2913–2923

[67]	 Stull JT, Kamm KE, Vandenboom R. Myosin light chain kinase and the 
role of myosin light chain phosphorylation in skeletal muscle. Arch 
Biochem Biophys 2011; 510: 120–128

[68]	 Colson BA, Locher MR, Bekyarova T et al. Differential roles of 
regulatory light chain and myosin binding protein-C 
phosphorylations in the modulation of cardiac force development.  
J Physiol 2010; 588: 981–593

[69]	 Weith A, Sadayappan S, Gulick J et al. Unique single molecule binding 
of cardiac myosin binding protein-C to actin and phosphorylation-
dependent inhibition of actomyosin motility requires 17 amino acids 
of the motif domain. J Mol Cell Cardiol 2012; 52: 219–227

[70]	 Mattiazzi A, Mundiña-Weilenmann C, Guoxiang C et al. Role of 
phospholamban phosphorylation on Thr17 in cardiac physiological 
and pathological conditions. Cardiovasc Res 2005; 68: 366–375

[71]	 Colson BA, Bekyarova T, Locher MR et al. Protein kinase A-mediated 
phosphorylation of cMyBP-C increases proximity of myosin heads to 
actin in resting myocardium. Circ Res 2008; 103: 244–251

[72]	 Colson BA, Patel JR, Chen PP et al. Myosin binding protein-C 
phosphorylation is the principal mediator of protein kinase A effects 
on thick filament structure in myocardium. J Mol Cell Cardiol 2012; 
53: 609–616

[73]	 Stehle R, Iorga B. Kinetics of cardiac sarcomeric processes and 
rate-limiting steps in contraction and relaxation. J Mol Cell Cardiol 
2010; 48: 843–850

[74]	 Martin-Garrido A, Biesiadecki BJ, Salhi HE et al. Monophosphorylation 
of cardiac troponin-I at Ser-23/24 is sufficient to regulate cardiac 
myofibrillar Ca(2 + ) sensitivity and calpain-induced proteolysis. J Biol 
Chem 2018; 293: 8588–8599

[75]	 Billman GE. Cardiac autonomic neural remodeling and susceptibility 
to sudden cardiac death: Effect of endurance exercise training. Am J 
Physiol Heart Circ Physiol 2009; 297: H1171–H1193

[76]	 Carter JB, Banister EW, Blaber AP. Effect of endurance exercise on 
autonomic control of heart rate. Sports Med 2003; 33: 33–46

[77]	 Leosco D, Parisi V, Femminella GD et al. Effects of exercise training on 
cardiovascular adrenergic system. Front Physiol 2013; 4: 348

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Fitts R et al. Cardiomyocyte Adaptation to Exercise:.  Int J Sports Med 2024; 45: 791–803 | © 2024. Thieme. All rights reserved.

Review Thieme

802

[78]	 Dobson JG Jr., Fenton RA. Adenosine A2 receptor function in rat 
ventricular myocytes. Cardiovasc Res 1997; 34: 337–347

[79]	 Chandrasekera PC, McIntosh VJ, Cao FX et al. Differential effects of 
adenosine A2a and A2b receptors on cardiac contractility. Am J 
Physiol Heart Circ Physiol 2010; 299: H2082–H2089

[80]	 Powers SK, Lennon SL, Quindry J et al. Exercise and cardioprotection. 
Curr Opin Cardiol 2002; 17: 495–502

[81]	 Frasier CR, Moore RL, Brown DA. Exercise-induced cardiac 
preconditioning: How exercise protects your achy-breaky heart.  
J Appl Physiol 2011; 111: 905–915

[82]	 Libonati JR, Gaughan JP, Hefner CA et al. Reduced ischemia and 
reperfusion injury following exercise training. Med Sci Sports Exerc 
1997; 29: 509–516

[83]	 Calvert JW. Cardioprotective effects of nitrite during exercise. 
Cardiovasc Res 2011; 89: 499–506

[84]	 Hausenloy DJ, Yellon DM. Myocardial ischemia-reperfusion injury: A 
neglected therapeutic target. J Clin Invest 2013; 123: 92–100

[85]	 Brown DA, Moore RL. Perspectives in innate and acquired 
cardioprotection: Cardioprotection acquired through exercise. J Appl 
Physiol 2007; 103: 1894–1899

[86]	 Zweier JL, Talukder MA. The role of oxidants and free radicals in 
reperfusion injury. Cardiovasc Res 2006; 70: 181–190

[87]	 Brown DA, Lynch JM, Armstrong CJ et al. Susceptibility of the heart to 
ischaemia-reperfusion injury and exercise-induced cardioprotection 
are sex-dependent in the rat. J Physiol 2005; 564: 619–630

[88]	 Edwards AG, Rees ML, Gioscia RA et al. PKC-permitted elevation of 
sarcolemmal KATP concentration may explain female-specific 
resistance to myocardial infarction. J Physiol 2009; 587: 5723–5737

[89]	 Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: A 
delay of lethal cell injury in ischemic myocardium. Circulation 1986; 
74: 1124–1136

[90]	 Zhao ZQ, Corvera JS, Halkos ME et al. Inhibition of myocardial injury 
by ischemic postconditioning during reperfusion: Comparison with 
ischemic preconditioning. Am J Physiol Heart Circ Physiol 2003; 285: 
H579–H588

[91]	 Cannavo A, Jun S, Rengo G et al. β3AR-Dependent Brain-Derived 
Neurotrophic Factor (BDNF) Generation Limits Chronic Postischemic 
Heart Failure. Circ Res 2023; 132: 867–881

[92]	 Camara AK, Lesnefsky EJ, Stowe DF. Potential therapeutic benefits of 
strategies directed to mitochondria. Antioxid Redox Signal 2010; 13: 
279–347

[93]	 Zhou H, Wang S, Hu S et al. ER-Mitochondria Microdomains in 
Cardiac Ischemia-Reperfusion Injury: A Fresh Perspective. Front 
Physiol 2018; 9: 755

[94]	 Peggion C, Massimino ML, Bonadio RS et al. Regulation of 
Endoplasmic Reticulum-Mitochondria Tethering and Ca(2 + ) Fluxes 
by TDP-43 via GSK3β. Int J Mol Sci 2021; 22: 11853

[95]	 Javadov S, Kozlov AV, Camara AKS. Mitochondria in Health and 
Diseases. Cells 2020; 9: 1177

[96]	 Ouyang YB, Giffard RG. ER-Mitochondria Crosstalk during Cerebral 
Ischemia: Molecular Chaperones and ER-Mitochondrial Calcium 
Transfer. Int J Cell Biol 2012; 2012: 493934

[97]	 Feissner RF, Skalska J, Gaum WE et al. Crosstalk signaling between 
mitochondrial Ca2 +  and ROS. Front Biosci 2009; 14: 1197–1218

[98]	 Bauer TM, Murphy E. Role of Mitochondrial Calcium and the 
Permeability Transition Pore in Regulating Cell Death. Circ Res 2020; 
126: 280–293

[99]	 Ponnalagu D, Hamilton S, Sanghvi S et al. CLIC4 localizes to 
mitochondrial-associated membranes and mediates 
cardioprotection. Sci Adv 2022; 8: eabo1244

[100]	 Camara AK, Bienengraeber M, Stowe DF. Mitochondrial approaches 
to protect against cardiac ischemia and reperfusion injury. Front 
Physiol 2011; 2: 13

[101]	 Stowe DF, Camara AK. Mitochondrial reactive oxygen species 
production in excitable cells: Modulators of mitochondrial and cell 
function. Antioxid Redox Signal 2009; 11: 1373–1414

[102]	 Hieda M, Sarma S, Hearon CM Jr. et al. One-Year Committed Exercise 
Training Reverses Abnormal Left Ventricular Myocardial Stiffness in 
Patients With Stage B Heart Failure With Preserved Ejection Fraction. 
Circulation 2021; 144: 934–946

[103]	 Howden EJ, Sarma S, Lawley JS et al. Reversing the Cardiac Effects of 
Sedentary Aging in Middle Age-A Randomized Controlled Trial: 
Implications For Heart Failure Prevention. Circulation 2018; 137: 
1549–1560

[104]	 Gong Y, Lin J, Ma Z et al. Mitochondria-associated membrane-
modulated Ca(2 + ) transfer: A potential treatment target in cardiac 
ischemia reperfusion injury and heart failure. Life Sci 2021; 278: 
119511

[105]	 Yang M, Li C, Yang S et al. Mitochondria-Associated ER Membranes 
– The Origin Site of Autophagy. Front Cell Dev Biol 2020; 8: 595

[106]	 Tubbs E, Chanon S, Robert M et al. Disruption of Mitochondria-
Associated Endoplasmic Reticulum Membrane (MAM) Integrity 
Contributes to Muscle Insulin Resistance in Mice and Humans. 
Diabetes 2018; 67: 636–650

[107]	 Paillard M, Tubbs E, Thiebaut PA et al. Depressing mitochondria-
reticulum interactions protects cardiomyocytes from lethal 
hypoxia-reoxygenation injury. Circulation 2013; 128: 1555–1565

[108]	 Nieblas B, Pérez-Treviño P, García N. Role of mitochondria-associated 
endoplasmic reticulum membranes in insulin sensitivity, energy 
metabolism, and contraction of skeletal muscle. Front Mol Biosci 
2022; 9: 959844

[109]	 Roberts DJ, Miyamoto S. Hexokinase II integrates energy metabolism 
and cellular protection: Akting on mitochondria and TORCing to 
autophagy. Cell Death Differ 2015; 22: 248–257

[110]	 Camara AKS, Zhou Y, Wen PC et al. Mitochondrial VDAC1: A Key 
Gatekeeper as Potential Therapeutic Target. Front Physiol 2017; 8: 
460

[111]	 Kolar D, Gresikova M, Waskova-Arnostova P et al. Adaptation to 
chronic continuous hypoxia potentiates Akt/HK2 anti-apoptotic 
pathway during brief myocardial ischemia/reperfusion insult. Mol Cell 
Biochem 2017; 432: 99–108

[112]	 Sun J, Mishra J, Yang M et al. Hypothermia Prevents Cardiac 
Dysfunction during Acute Ischemia Reperfusion by Maintaining 
Mitochondrial Bioenergetics and by Promoting Hexokinase II Binding 
to Mitochondria. Oxid Med Cell Longev 2022; 2022: 4476448

[113]	 Shoshan-Barmatz V, Krelin Y, Chen Q. VDAC1 as a Player in 
Mitochondria-Mediated Apoptosis and Target for Modulating 
Apoptosis. Curr Med Chem 2017; 24: 4435–4446

[114]	 Ciscato F, Ferrone L, Masgras I et al. Hexokinase 2 in Cancer: A Prima 
Donna Playing Multiple Characters. Int J Mol Sci 2021; 22: 4716

[115]	 Ciscato F, Filadi R, Masgras I et al. Hexokinase 2 displacement from 
mitochondria-associated membranes prompts Ca(2 + ) -dependent 
death of cancer cells. EMBO Rep 2020; 21: e49117

[116]	 Gomez L, Thiebaut PA, Paillard M et al. The SR/ER-mitochondria 
calcium crosstalk is regulated by GSK3β during reperfusion injury. 
Cell Death Differ 2015; 22: 1890

[117]	 Pastorino JG, Hoek JB. Regulation of hexokinase binding to VDAC.  
J Bioenerg Biomembr 2008; 40: 171–182

[118]	 Wang Y, Ge C, Chen J et al. GSK-3β inhibition confers 
cardioprotection associated with the restoration of mitochondrial 
function and suppression of endoplasmic reticulum stress in 
sevoflurane preconditioned rats following ischemia/reperfusion 
injury. Perfusion 2018; 33: 679–686

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Fitts R et al. Cardiomyocyte Adaptation to Exercise:.  Int J Sports Med 2024; 45: 791–803 | © 2024. Thieme. All rights reserved. 803

[119]	 Gross ER, Hsu AK, Gross GJ. Opioid-induced cardioprotection occurs 
via glycogen synthase kinase beta inhibition during reperfusion in 
intact rat hearts. Circ Res 2004; 94: 960–966

[120]	 Vega RB, Konhilas JP, Kelly DP et al. Molecular Mechanisms 
Underlying Cardiac Adaptation to Exercise. Cell Metabol 2017; 25: 
1012–1026

[121]	 Wang LR, Baek SS. Treadmill exercise activates PI3K/Akt signaling 
pathway leading to GSK-3β inhibition in the social isolated rat pups.  
J Exerc Rehabil 2018; 14: 4–9

[122]	 Weeks KL, Bernardo BC, Ooi JYY et al. The IGF1-PI3K-Akt Signaling 
Pathway in Mediating Exercise-Induced Cardiac Hypertrophy and 
Protection. Adv Exp Med Biol 2017; 1000: 187–210

[123]	 Sharma S, Merghani A, Mont L. Exercise and the heart: The good, the 
bad, and the ugly. Eur Heart J 2015; 36: 1445–1453

[124]	 Franklin BA, Rusia A, Haskin-Popp C et al. Chronic Stress, Exercise and 
Cardiovascular Disease: Placing the Benefits and Risks of Physical 
Activity into Perspective. Int J Environ Res Public Health 2021; 18: 
9922

[125]	 Franklin BA, Thompson PD, Al-Zaiti SS et al. Exercise-Related Acute 
Cardiovascular Events and Potential Deleterious Adaptations 
Following Long-Term Exercise Training: Placing the Risks Into 
Perspective-An Update: A Scientific Statement From the American 
Heart Association. Circulation 2020; 141: e705–e736

[126]	 McNamara DA, Aiad N, Howden E et al. Left Atrial Electromechanical 
Remodeling Following 2 Years of High-Intensity Exercise Training in 
Sedentary Middle-Aged Adults. Circulation 2019; 139: 1507–1516

[127]	 Tsang TS, Barnes ME, Bailey KR et al. Left atrial volume: Important 
risk marker of incident atrial fibrillation in 1655 older men and 
women. Mayo Clin Proc 2001; 76: 467–475

[128]	 Eijsvogels TMH, Thompson PD, Franklin BA. The "Extreme Exercise 
Hypothesis": Recent Findings and Cardiovascular Health Implications. 
Curr Treat Options Cardiovasc Med 2018; 20: 84

[129]	 Xu GJ, Gan TY, Tang BP et al. Age-related changes in cellular 
electrophysiology and calcium handling for atrial fibrillation. J Cell 
Mol Med 2013; 17: 1109–1118

[130]	 Kapa S, Asirvatham SJA. MET a Day Keeps Arrhythmia at Bay: The 
Association Between Exercise or Cardiorespiratory Fitness and Atrial 
Fibrillation. Mayo Clin Proc 2016; 91: 545–550

[131]	 Fitts RH, Booth FW, Winder WW et al. Skeletal muscle respiratory 
capacity, endurance, and glycogen utilization. Am J Physiol 1975; 
228: 1029–1033

[132]	 Aengevaeren VL, Mosterd A, Braber TL et al. Relationship Between 
Lifelong Exercise Volume and Coronary Atherosclerosis in Athletes. 
Circulation 2017; 136: 138–148

[133]	 Wilhelm M, Roten L, Tanner H et al. Atrial remodeling, autonomic 
tone, and lifetime training hours in nonelite athletes. Am J Cardiol 
2011; 108: 580–585

[134]	 González de la Fuente M, Barana A, Gómez R et al. Chronic atrial 
fibrillation up-regulates β1-Adrenoceptors affecting repolarizing 
currents and action potential duration. Cardiovasc Res 2013; 97: 
379–388

[135]	 Balana B, Dobrev D, Wettwer E et al. Decreased ATP-sensitive K( + ) 
current density during chronic human atrial fibrillation. J Mol Cell 
Cardiol 2003; 35: 1399–1405

[136]	 Claassen WJ, Ottenheijm CAC. Super relaxed myosins loosen up to 
different cues in cardiac and skeletal muscle sarcomeres. J Gen 
Physiol 2023; 155: e202213292

[137]	 Pilagov M, Heling L, Walklate J et al. Single-molecule imaging reveals 
how mavacamten and PKA modulate ATP turnover in skeletal muscle 
myofibrils. J Gen Physiol 2023; 155: e202213087

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.


