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Exercise promotes a set of physiological responses known to provide long-term health

benefits and it can play an important role in cardioprotection. In the present study,

we examined cardiac responses to exercise training in the adult zebrafish and in the

context of cardiac regeneration. We found that swimming-induced exercise increased

cardiomyocyte proliferation and that this response was also found under regenerating

conditions, when exercise was performed either prior to and after ventricular cryoinjury

(CI). Exercise prior to CI resulted in a mild improvement in cardiac function and

lesion recovery over the non-exercise condition. Transcriptomic profiling of regenerating

ventricles in cryoinjured fish subjected to exercise identified genes possibly involved in the

cardioprotective effects of exercise and that could represent potential targets for heart

regeneration strategies. Taken together, our results suggest that exercise constitutes

a physiological stimulus that may help promote cardiomyogenic mechanisms of the

vertebrate heart through the induction of cardiomyocyte proliferation. The zebrafish

exercise model may be useful for investigating the potential cardioprotective effects of

exercise in teleost fish and to contribute to further identify and develop novel avenues in

basic research to promote heart regeneration.
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INTRODUCTION

Regular exercise initiates cardiovascular and respiratory changes in order to supply and deliver
oxygen and nutrients to the working muscles and other tissues. Apart from the acute cardiac
responses that are put in place to meet the increased energetic demands, exercise training provides
a set of physiological responses suggested to be cardioprotective on the heart or the cardiovascular
system. Cardiac growth, improved myocardial contractility and increased coronary blood flow,
reduced myocardial infarction in diseased hearts, cardiomyocyte renewal and, as recently reported,
increased cardiomyogenesis, are some of the reported effects of exercise in the mammalian heart
(Duncker and Bache, 2008; Lavie et al., 2015; Platt et al., 2015; Vujic et al., 2018). It is well-known
that regular exercise is associated with reduced risk of mortality and prevalence of chronic diseases,
especially those that compromise the cardiovascular system (Booth et al., 2012; Lee et al., 2012)
and, therefore, there is a growing interest in elucidating the mechanisms driving exercise-induced
cardioprotection in health and disease.
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Among vertebrates, teleost fish hearts show a remarkable
plasticity in response to environmental or physiological
stressors, such as temperature, hypoxia, sexual maturation,
diet, fish farming and exercise (Gamperl, 2004). In teleost fish,
cardiovascular responses to exercise have been reported, such
as changes in cardiac output, oxygen extraction efficiency,
hematocrit, capillarization or cardiac growth (Davison, 1997;
Gamperl, 2004; Jean et al., 2012). Similar to mammals,
exercise-induced physiological responses in teleost fish may
depend on the training intensity and duration and species
analyzed, including fish species of commercial interest in
view of the cardiac abnormalities reported in farmed fish
(Poppe et al., 2009).

Among the fish species investigated, the zebrafish has received
increased attention as a vertebrate model in the field of exercise
physiology (Pelster et al., 2003; van der Meulen et al., 2006;
LeMoine et al., 2010; Palstra et al., 2014; Rovira et al., 2017).
Moreover, the zebrafish is currently a valuable complement to
mammalian models in regenerative medicine. In contrast to
mammals, adult zebrafish cardiomyocytes have the capacity
to proliferate in response to a cardiac injury, contributing to
the regeneration of the heart and its functional restoration
(Foglia and Poss, 2016). While the mechanisms or factors
involved in adult heart regeneration in zebrafish are being
intensively studied, swimming tests have only been performed to
evaluate the extent of cardiac injury on swimming performance
(Wang et al., 2011; Gemberling et al., 2015) and the possible
cardioprotective effects of exercise on heart regeneration in
this species have not been investigated to date. Our group
has previously demonstrated remarkable physiological responses
in the adult zebrafish skeletal muscle under sustained aerobic
exercise conditions (Palstra et al., 2014; Rovira et al., 2017) and,
therefore, considering the reported plasticity of the teleost heart
and specifically of the zebrafish heart, in this study we aimed
to investigate the physiological effects of swimming-induced
exercise in the healthy adult zebrafish heart as well as during
regeneration after a cardiac injury. By subjecting adult zebrafish
to the same swimming-induced exercise conditions previously
established in our laboratory (Palstra et al., 2010), we found that
exercise alone stimulates cardiomyocyte proliferation and that
this response is maintained under cardiac injury. Furthermore,
we identified genes that are induced or supressed in response
to exercise in the lesioned heart that could contribute to the
cardioprotective effects of exercise and that could represent
potential targets for future cardiac regeneration studies. Our
results suggest that exercise is a physiological stimulus that
may induce cardioprotection in teleost fishes and contribute to
the cardiac regenerative process in adult zebrafish through the
induction of cardiomyocyte proliferation.

RESULTS

Swimming-Induced Exercise Effects on
Cell Proliferation and Cardiac Function
To investigate the cardiac responses to swimming-induced
exercise in adult zebrafish, we first examined whether

swimming-induced exercise could lead to a hypertrophic
cardiac response, as shown in mammals (Maillet et al.,
2013) and other fish species (Davison, 1997; Jean et al.,
2012). Morphometric analyses of the ventricular myocardium
(Supplementary Figures S1A,B) revealed a significant increase
in ventricular area when normalized by body weight (P = 0.026)
in exercised zebrafish (Supplementary Figure S1H) but no
significant changes were detected for other ventricular or
cortical area measurements in response to swimming-induced
exercise (Supplementary Figures S1C–G,I). Given that an
increase in muscle mass in mammals is associated, at least
in part, with increased protein synthesis (Goodman et al.,
2011), we measured the activity of mTOR and the activity
and phosphorylation status, respectively, of two downstream
targets, p70S6K and 4E-BP1, in individual ventricles from
exercised and non-exercised zebrafish. mTOR activity levels
significantly increased in exercised over non-exercised fish
(P = 0.017), but no significant changes were observed in
p70S6K and 4E-BP1 activity or phosphorylation status,
respectively (Supplementary Figures S1J,K). In addition,
protein expression levels of myocyte enhancer factor 2
(Mef2), an essential transcription factor for cardiomyocyte
differentiation (Hinits et al., 2012) that has been also linked
to pathological hypertrophy (Kim et al., 2008), remained
unchanged (Supplementary Figures S1J,K). We also examined
the mRNA expression levels and localization of nppa and postnb,
known markers for cardiac stress and fibrosis, respectively
(González-Rosa et al., 2014; Ito et al., 2014), and no differences
were found between exercised and non-exercised zebrafish
indicating the absence of cardiac damage as a result of exercise
training (Supplementary Figure S2). Therefore, our results
suggest that the swimming-induced exercise training protocol
applied did not result in a clear hypertrophic response nor in
cardiac damage.

Next, we investigated whether swimming-induced exercise
caused a hyperplastic response in the adult zebrafish heart
ventricle. We performed in vivo labeling with EdU followed
by immunofluorescent detection of the cardiomyocyte-specific
MEF2 protein to identify proliferating cardiomyocytes and
measured the cardiomyocyte proliferation index (Figures 1A–F).
Our results show a significant increase in the number of
proliferating cardiomyocytes (EdU+/MEF2+) in ventricles from
exercised over non-exercised zebrafish (P = 0.026; Figure 1G).
In contrast, swimming did not affect the proliferation of non-
cardiomyocyte cells (EdU+/MEF2−; Figure 1H). Consistent
with the observed increase in cardiomyocyte proliferation, the
activity of p38 mitogen activated protein kinase (p38-MAPK),
an inducer of cell cycle arrest and promoter of differentiation
that negatively regulates cardiomyocyte proliferation (Engel
et al., 2005), was significantly decreased in exercised zebrafish
ventricles (P= 0.02; Figures 1I,J). Analysis of protein expression
levels in individual zebrafish ventricles of proliferating cell
nuclear antigen (Pcna) and phospho-histone 3 (Ph3), two distinct
proliferative cell cycle markers, revealed no differences between
exercised and non-exercised fish (Supplementary Figure S3),
likely because of the low proliferative index in the (uninjured)
ventricles. Furthermore, the ventricular mRNA levels of
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neuroregulin1 (nrg1) and of two isoforms of the hypoxia-
inducible factor 1 alpha (hif1aa and hif1ab), factors involved
in cardiomyocyte proliferation in zebrafish (Jopling et al.,
2012a; Gemberling et al., 2015), were not significantly altered in
response to exercise (Supplementary Figure S2A). These results
suggest that exercise may promote a small but significant level of
cardiomyocyte proliferation in the adult zebrafish heart.

In order to investigate the potential functional consequences
of swimming-induced exercise on cardiac function, we also
measured ventricle ejection fraction (EF) and basal heart rate by
2D-echocardiography at the termination of the exercise training
period (Figure 1K). However, no significant differences between
exercised and non-exercised zebrafish were observed in EF (36.74
vs. 37.35%, respectively) or heart rate (126.1 and 125.8 bmps,
respectively; Figures 1L,M).

Overall, these results indicate that swimming-induced exercise
resulted in an increase in cardiomyocyte proliferation in the
absence of significant changes in ventricular hypertrophy and
cardiac function under the present exercise training conditions.
In view of these results, we next investigated the effects of
swimming-induced exercise on heart regeneration in response
to cryoinjury using two experimental approaches: (1) exercise
prior to ventricular cryoinjury and (2) exercise after ventricular
cryoinjury.

Effects of Swimming-Induced Exercise
Prior to Ventricular Cryoinjury on Heart
Regeneration
We first investigated the influence of swimming-induced exercise
prior to ventricular cryoinjury on cardiac function in a
longitudinal study. After four weeks of swimming-induced
exercise, we analyzed cardiac function by 2-D echocardiography
in control and previously exercised animals at 0 (or basal, after
exercise or resting), 7 and 28 days post-injury (dpi; Figure 2A).
At 7 dpi, a significant decrease in ejection fraction (EF) in
exercised (P = 0.0023) and non-exercised (P = 0.0005) fish was
observed with respect to pre-injury (basal) values (Figure 2B),
and although exercised fish showed slightly higher EF values than
non-exercised fish when compared to their respective basal levels,
the difference was not significant. At 28 dpi, EF values from
exercised and non-exercised fish were not significantly different
from pre-injury EF values, suggesting that cardiac function was
restored in both groups, although again the difference with
respect to basal levels was slightly lower in exercised (P= 0.0835)
than in non-exercised fish (P = 0.0526) but without reaching
statistical significance. Furthermore, exercised fish showed a
significantly higher increase in EF (P = 0.029) between 7
and 28 dpi in contrast to non-exercised fish (P = 0.054;
Figure 2B). Overall, these results suggest that swimming-induced
exercise prior to ventricular cryoinjury may have resulted in a
slight improvement in cardiac function during the process of
regeneration.

We next investigated whether prior exercise training
influenced cardiomyocyte proliferation during heart
regeneration. We performed in vivo BrdU labeling of previously
exercised and non-exercised zebrafish subjected to cryoinjury

and examined cardiomyocyte proliferation at 28 dpi from
the same individuals that had cardiac function assessed by
2D-echocardiography (Figures 2C–F). At the terminal sampling
time of 28 dpi, we observed a 3-fold higher number of
proliferating cardiomyocytes (BrdU+/MEF2+) in the injury-
border zone of ventricles from exercised over non-exercised
fish (P = 0.066), although the difference was not statistically
significant (Figure 2G). In addition, the number of proliferating
ventricular non-cardiomyocyte cells (BrdU+/MEF2−) was
similar between exercised and non-exercised fish (P = 0.178;
Figure 2H).

In order to quantify scar tissue clearance in the injured
ventricular area we performed acid fuchsin orange G (AFOG)
staining from the same individuals at 28 dpi (Figures 2C,D).
Lesioned ventricular areas were smaller in exercised than in
non-exercised zebrafish (4.5 and 5.7%, respectively), but no
statistically significant differences were found between the two
groups (Figure 2I). In order to analyze the extent of fibrosis
in the regenerating ventricles, fibrin- and collagen-containing
areas were quantified at 28 dpi. Fibrin (1.6% in exercised
and 2.5% in non-exercised zebrafish) and collagen (2.8% in
exercised and 3.14% in non-exercised zebrafish) ventricular areas
were again slightly smaller in exercised than in non-exercised
zebrafish, but no statistically significant differences between the
two groups were found (Figure 2J). Overall, the increase in
ventricular cardiomyocyte proliferation and the trend toward a
slight cardiac functional recovery in previously exercised over
non-exercised zebrafish, is not associated with a statistically
significant reduction in the lesioned or fibrotic area, at least at
28 dpi.

Effects of Swimming-Induced Exercise
After Ventricular Cryoinjury on Heart
Regeneration
In view of the effects of exercise on cardiomyocyte proliferation
in the absence of or prior to cardiac injury, we set out
to investigate the effects of swimming-induced exercise after
ventricular cryoinjury at the cellular and molecular levels.
We first established that cryoinjured zebrafish were able
to tolerate our swimming-induced exercise conditions at 3
dpi (data not shown) and examined possible functional
differences in cryoinjured ventricles between exercised and
non-exercised zebrafish by monitoring critical swimming speed
(Ucrit; Supplementary Figure S4A). We subjected (untrained)
cryoinjured zebrafish to resting conditions or to the swimming-
induced exercise protocol for 5 consecutive days (from 3 to
7 dpi). After either swimming or resting during 5 consecutive
days (from 3 to 7 dpi), no differences in Ucrit average values
between the two groups were found and these were similar to
those of non-injured (non-exercised) zebrafish used as reference
control (Supplementary Figure S4B). These results suggest that
swimming-induced exercise during the first days of heart
regeneration or a localized ventricular injury, such as cryoinjury,
do not compromise adult zebrafish swimming performance.
Interestingly, ventricular amputation in adult zebrafish does not
compromise swimming performance either and it is only when
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FIGURE 1 | Evaluation of cardiomyocyte proliferation and cardiac function by 2D-echochardiography in response to swimming-induced exercise. (A) Schematic

representation of the experimental design. Fish were induced to swim for a total of 20 days and injected with EdU (green arrows). (B–F) Representative section stained

by EdU (green), Mef2c (red) and nuclei staining with Hoechst (blue). (B) Image of a whole ventricle section (dotted lines) labeled with EdU. Scale bar represents

100µm. Higher magnification views of the framed area in (B): (C) merged image from (D–F). White arrowheads indicate EdU+-MEF2c+ cardiomyocyte nuclei. Yellow

arrowheads indicate EdU+-MEF2c− non-cardiomyocyte nuclei, as shown by the absence of MEF2c staining in (E) (open yellow arrowheads). Scale bar represents

10µm. (G) There is a significant increase in the percentage of proliferative cardiomyocytes after exercise (P = 0.026). (H) Percentage of non-cardiomyocyte

proliferative nuclei. Exercised (E, n = 6) and Control (C, n = 6) groups. (I) Representative SDS-PAGE of p38 MAPK as a cell differentiation/growth marker. (J)

Quantification by densitometry of p38 MAPK activity as the ratio between phosphorylated p38 MAPK relative to total p38 MAPK (P = 0.020). Full-length blots are

presented in Supplementary Figure S4. Data is expressed as fold change relative to the control group. Exercised (E, n = 12), Control (C, n = 6). (K) 2D

echochardiography image of an adult zebrafish positioned ventrally (left side–caudal, right side–rostral) showing the ventricle apex (V.A.) and the bulbus arteriosus

(B.A.). Atrium is not shown as is not easily visible. (L) Ejection fraction (%) parameter was measured to assess pumping ability of the ventricles. No significant

differences were found. (M) Heart Rate (bpm, beats per min) was not altered between groups. Exercised (E, n = 13), Control (C, n = 15). *P < 0.05 (Mann-Whitney

and Student’s unpaired t-test). Bars represent the mean ± SEM.
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FIGURE 2 | Effects of swimming-induced exercise prior to ventricular cryoinjury on heart regeneration. (A) Schematic representation of the experimental design. CI,

cryoinjury; IA, injured area; BrdU injection (green arrow). (B) Evaluation of cardiac function after a cardiac injury in previously exercised (E) and non-exercised (C) fish.

The relative change of ejection fraction shows a significant decrease at 7 days post injury (dpi; E, P = 0.0023; C, P = 0.0005) in comparison with basal conditions

(non-injured ventricles) that is subsequently recovered after 28 dpi, with previously exercised fish (P = 0.0835) showing a better recovery (i.e., EF values at 28 dpi

closer to basal values) than non-exercised fish (P = 0.0526). (E, n = 7; C, n = 7; *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s post-hoc

test). (C,D) AFOG staining of representative ventricle sections from C and E fish at 28 dpi. Scale bar represents 100µm. (E,F) Higher magnification views of serial

sections corresponding to the framed areas in (C,D). Immunofluorescence with BrdU (5-bromo-2′-deoxyuridine) combined with MEF2c. White arrowheads indicate

BrdU+-MEF2c+ nuclei (cardiomyocytes). Yellow arrowheads indicate BrdU+-MEF2c− nuclei (non-cardiomyocytes). Scale bar represents 10µm. (G) Previously

exercised fish show an increase in the percentage of proliferative cardiomyocyte nuclei at 28 dpi (P = 0.066, Mann-Whitney test) (E, n = 7; C, n = 7). (H) Percentage

of proliferative non-cardiomyocyte nuclei. (I) After AFOG staining of ventricular sections from the same fish analyzed in B, the percentages of the total lesioned area in

the ventricle at 28 dpi are shown (E, n = 7; C, n = 7). (J) From the same images analyzed in (I), the percentages of fibrin and collagen over the total ventricle area

were quantified. Bars represent the mean ± SEM.

cardiomyocyte depletion is distributed throughout the whole
heart that swimming performance is reduced (Wang et al., 2011).

Next, we subjected (untrained) cryoinjured zebrafish
for 12 consecutive days (from 3 to 15 dpi) to resting
conditions or to swimming-induced exercise and samples
of cryoinjured hearts were taken at 7 and 15 dpi (Figure 3A;

Supplementary Figure S5). Cardiomyocyte proliferation in
response to swimming-induced exercise was only assessed at
15 dpi by EdU labeling (Figures 3B–E). Our results indicate
that cardiomyocyte proliferation (EdU+/MEF2+) increased
significantly (4-fold; P = 0.029) in exercised over non-exercised
lesioned zebrafish hearts at 15 dpi, both in the injury-border
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zone as well as in an area distant from it (Figure 3F). In contrast,
proliferation of non-cardiomyocyte cells showed no statistically
significant differences between exercised and non-exercised
zebrafish (Figure 3G). Next, we quantified the extent of the
injured area at 7 and 15 dpi in AFOG-stained sections. In
ventricles from exercised zebrafish, the damaged area was
reduced by 25.3% at 7 dpi and 53.3% at 15 dpi when compared
to non-exercised zebrafish, although no statistically significant
differences were found (Figure 3H). In order to analyze the
extent of fibrosis in the regenerating ventricle, fibrin- and
collagen-containing areas were quantified (Figure 3I). At 7 dpi,
lesioned exercised ventricles contained less fibrin than lesioned
non-exercised ventricles (8.0 and 8.9%, respectively) or collagen
(0.4 and 2.5%, respectively), although the differences between
exercised and non-exercised fish were not statistically significant.
Similar results were obtained when comparing lesioned exercised
and non-exercised ventricles at 15 dpi, with 2.4 and 3.9% fibrin
areas in exercised and non-exercised ventricles, respectively, and
with 1.5 and 4.7% collagen areas in exercised and non-exercised
ventricles, respectively. These results, although not statistically
significant likely as a result of the modest sample size, suggest a
trend toward a reduction of ventricular lesioned area or fibrosis
in fish exercised after cryoinjury, similar to that observed in fish
exercised prior to cryoinjury.

Transcriptomic Response of
Swimming-Induced Exercise After
Ventricular Cryoinjury on Heart
Regeneration
We analyzed the transcriptomic changes in the adult zebrafish
ventricle induced by exercise during the regenerative process
from 7 to 14 dpi (Figure 4A) in order to gain insight on genes and
gene networks involved in heart regeneration that are regulated
in response to exercise. Sample clustering showed that samples
are clustered by time (7 and 14 dpi) and condition (exercised or
non-exercised; Supplementary Figure S6). Principal component
analysis (PCA) showed that the distribution of the samples clearly
represents the regenerative process over time, from left (7 dpi)
to right (14 dpi) over the x axis (Supplementary Figure S6B).
A total of 512 differentially expressed genes (DEGs; Padj <

0.1) were found, with 174 up-regulated and 338 down-regulated
genes (Supplementary Table S1). Based on the gene expression
data, hierarchical clustering grouped the samples by time (7 and
14 dpi) and condition (exercised or non-exercised) into four
different clusters with distinct dynamic gene expression patterns,
with 14 dpi being the time point with more relevant gene
expression changes in response to exercise (Figure 4B). Cluster 1
and 2 comprised 278 and 60 DEGs, respectively, that were down-
regulated by exercise from 7 to 14 dpi, whereas clusters 3 and 4
comprised 100 and 74 DEGs, respectively, that were up-regulated
by exercise from 7 to 14 dpi (Figure 4C).

A functional analysis of the complete set of DEGs was also
performed to examine significantly enriched biological processes
in response to swimming-induced exercise after ventricular
cryoinjury (Figure 5A). Among others, exercise resulted in an
enrichment of terms related to cellular and tissue structure

and development, such as regulation of cell differentiation
(e.g., hdac9, numb, notch3, smad1, smad7), muscle structure
development (e.g., hand2, ccnt2, ifrd1, jph1, myh7b), cardiac
muscle hypertrophy (e.g., atp2a2, agtr2, tcap, klf15), circulatory
system development (e.g., agtr2, aimp1, ednra, fgf1, fgf3, flt1,
heg1, vezf1) and anatomical structure formation involved in
morphogenesis (e.g., cited2, irx1, irx2, fzd5, fzd9; Figure 5B).
In addition, functional terms related to metabolism, such as
glycogen metabolic process (e.g., dryk2, gyg2, irs1, ppp1r3a)
and response to decreased oxygen levels [e.g., hif1aa, hif1al
(hif3a), egln3, loxl2, egr1], suggestive of a hypoxic response, were
also differentially regulated in exercised zebrafish (Figure 5B;
Supplementary Table S2).

More specifically, factors related with adult zebrafish heart
regeneration were differentially expressed including (a) members
of the HIF-1α signaling pathway that positively regulate zebrafish
heart regeneration and cardiomyocyte proliferation, such as
hif1aa (up-regulated) and hif1al [down-regulated; (Jopling et al.,
2012a)], (b) hand2 (up-regulated), expressed during vertebrate
cardiogenesis and also in the regenerating heart and that plays
a role inducing cardiomyocyte proliferation (Lepilina et al.,
2006; Schindler et al., 2014), (c) nfkb2 (up-regulated), a subunit
of the NF-kB transcription factor whose activity modulates
cardiomyocyte proliferation and de-differentiation (Karra et al.,
2015) and (d) fgf17b (up-regulated), suggested to be synthesized
from the regenerating myocardium (including cardiomyocytes)
in order to recruit epicardial cells and vascularize the new
tissue (Lepilina et al., 2006; Supplementary Table S1). Exercise
also induced the expression of genes involved in zebrafish fin
regeneration, such as klf17 (or klf4b) and rarga (Christen et al.,
2010; Blum and Begemann, 2012), in limb regeneration in
urodeles, such as fgf1a and klf17 (or klf4b; Dungan et al., 2002;
Maki et al., 2009), or in zebrafish hair cell regeneration, such as
klf17 and midn (Jiang et al., 2014). Other genes that have been
related with cardiomyocyte proliferation include p27 cdkn1bb,
ccnd2 or hdac9 (Yuan and Braun, 2017). From the significant
differentially expressed genes, 60 unknown or non-described
genes were found that could have a relevant role in the response
of exercise in adult zebrafish heart regeneration.

DISCUSSION

Little is known about the beneficial and cardioprotective effects
of exercise in teleost fish. In the present study, we investigated
the cardiac response to swimming-induced exercise as well as its
possible cardioprotective effects in adult zebrafish, an emerging
experimental exercise model in vertebrates.

Here, we report for the first time in fish that exercise results
in increased cardiomyocyte proliferation in the (uninjured)
adult zebrafish heart. Our results provide support for previous
studies that suggested that swimming may induce cardiomyocyte
proliferation in the teleost heart (as determined by pcna mRNA
expression levels or the number of cardiomyocytes or PCNA-
positive cells; van der Meulen et al., 2006; Jean et al., 2012;
Castro et al., 2013) and are in line with the known stimulatory
effects of exercise on cardiomyocyte proliferation in the adult
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FIGURE 3 | Effects of swimming-induced exercise after ventricular cryoinjury on heart regeneration. (A) Schematic representation of the experimental design. CI,

cryoinjury; IA, injured area; EdU injection (green arrow). (B–E) After 13 days of swimming, lesioned hearts were examined for proliferation at 15 dpi. (B,D) AFOG

staining. Boxed area shows the injured area (IA). Scale bars represent 100µm. (C,E) Higher magnification views of the framed area in (B,D). EdU labeling (green),

MEF2 (red) and nuclei staining with Hoechst (blue). White arrowheads indicate EdU+-MEF2+ nuclei (cardiomyocytes). Yellow arrowheads indicate EdU+-MEF2−

nuclei (non-cardiomyocytes). Scale bar represents 10µm. (F–G) Percentage of proliferative cardiomyocytes is increased both in the IA and distant to IA (P = 0.029

and P = 0.029, respectively; *P < 0.05, Mann Whitney test) (F), whereas no differences were found for non-cardiomyocyte nuclei (G). (H,I) Fibrotic area differences at

7 and 15 dpi after AFOG staining. (H) Total lesioned area. (I) Fibrin and collagen deposition quantification from the same images analyzed in I. 7 dpi: E, n = 5; C, n = 5

and 15 dpi: E, n = 4; C, n = 4. Bars represent the mean ± SEM. dpi, days post-injury.

mammalian heart (Boström et al., 2010; Waring et al., 2014;
Xiao et al., 2014; Vujic et al., 2018). Moreover, swimming-
induced exercise in adult zebrafish also resulted in a decrease
in the ventricular activity of p38-MAPK, a known inducer of
cell cycle exit and differentiation in many cell types. p38α

is a negative regulator of mammalian adult cardiomyocyte
proliferation (Engel et al., 2005) and a similar mechanism in
zebrafish cardiomyocytes has been found, whereby active p38α
can block cardiomyocyte proliferation and heart regeneration
(Jopling et al., 2012b). Therefore, our results support the notion
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FIGURE 4 | Transcriptomic analysis of adult zebrafish regenerating ventricles in response to swimming-induced exercise after ventricular cryoinjury. (A) Schematic

representation of the experimental design. CI, cryoinjury; RNA-seq, RNA-sequencing. (B) Heat map for the 512 significant differential expressed genes (Padj < 0.1)

from exercised (E) and control or non-exercised (C) zebrafish at two time points analyzed, 7 and 14 dpi. After hierarchical clustering, four clusters were obtained (see

legend). (C) Expression trend of the genes included in each cluster. Gene counts (log2 scale) were plotted to show differential time expression between exercised (blue

lines) and non-exercised (red lines) at 7 and 14 dpi.

that exercise may be a physiological stimulus to induce cardiac
hyperplasia across vertebrates, a process that may contribute to
the maintenance of tissue homeostasis in response to exercise
by increasing cell turnover. Interestingly, despite the modest
but significant cardiomyocyte proliferative effects of exercise in
the healthy adult zebrafish heart, we did not observe a clear
change in hypertrophy, except for the significant increase in
ventricular area normalized by body weight and in mTOR
activity, nor in cardiac function. The lack of a clear hypertrophic
and functional response in the zebrafish heart under sustained
swimming conditions was also reported in a previous study (Jean
et al., 2012). Therefore, these results, combined with the lack of
evidence for cardiac damage, suggest that sustained swimming
conditions do not result in pathological cardiac stress in adult
zebrafish. Further experiments should be performed in order to

investigate conditions leading to a hypertrophic response in the
adult zebrafish heart.

One of the objectives of the present study was to
determine if swimming-induced exercise could exert
subsequent cardioprotective effects in the context of cardiac
injury. Studies investigating myocardial injury, ischemia or
ischemia/reperfusion injury have provided evidence for a role
of exercise in protecting the mammalian heart from subsequent
myocardial damage, known as ischemic preconditioning
(Maybaum et al., 1996; Domenech et al., 2002; Michaelides
et al., 2003; Marongiu and Crisafulli, 2014). Interestingly,
several studies have suggested that the fish heart can also be
preconditioned under hypoxic and inflammatory conditions
(Gamperl et al., 2001; Chen et al., 2005; de Preux Charles et al.,
2016). On one hand, Gamperl et al. (2001) reported that after
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FIGURE 5 | Functional analysis of differentially expressed genes in adult zebrafish regenerating ventricles in response to swimming-induced exercise. (A) Overview

chart of the most significant GO terms (Biological Process) from all the significant DEGs (Padj < 0.1). **Indicates significant association of the genes represented in the

GO terms (P < 0.05). (B) Selection of genes (human gene symbol) that were associated with GO terms in (A). Large nodes show the GO term as shown in (A). Small

nodes represent selected genes associated with the GO terms (edge color) that correspond to the four clusters shown in Figure 4 (see legend).
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a prior anoxic exposure myocardial function was ameliorated
from subsequent anoxia in the rainbow trout heart and Chen
et al. (2005) reported that in vitro cardiac exposure to hypoxic
conditions in goldfish, through activation of ATP-sensitive
potassium ion channels, promoted the survival of ventricular
myocytes exposed to hypoxic conditions. On the other hand,
de Preux Charles et al. (2016) reported that thoracic surgery
and a challenge with immunogenic agents prior to ventricular
cryoinjury increased mitotic activity leading to the long-term
remodeling of the adult zebrafish myocardium architecture.
Moreover, long-term effects of exercise training in teleost
fish have also been reported, lasting days or weeks (Young
et al., 1994; Liu et al., 2009; Castro et al., 2011). Therefore, we
hypothesize that by subjecting adult zebrafish to swimming-
induced exercise for 4 weeks prior to cryoinjury, we may have
induced a preconditioning-like effect as suggested by the increase
in cardiomyocyte proliferation and the trend toward improved
cardiac contractility, changes that were maintained for 28 days
after training.

In the present study, we also investigated, for the first
time in fish, the effects of swimming-induced exercise in
the regenerating heart in adult zebrafish. Our results on the
stimulation of cardiomyocyte proliferation by exercise during
ventricular regeneration after cryoinjury provide further support
for the proliferative capabilities of cardiomyocytes in the adult
zebrafish heart and their response to swimming-induced exercise.
Interestingly, the increased proliferation at the injury-border
zone as well as in distant areas in exercised ventricles could
suggest a higher contribution from the whole ventricle to the
resolution of the injury in response to exercise in comparison
with non-exercised regenerating hearts (Sallin et al., 2014).

In order to further understand the molecular mechanisms
involved in the induction of cardiomyocyte proliferation during
exercise on the regenerating adult zebrafish heart, we conducted
transcriptomic profiling of the exercised regenerating ventricle.
Our transcriptomic analyses of lesioned ventricles subjected
or not to exercise led to the identification of a number of
genes with regulated expression that have been related to
regeneration and that could be involved in the observed exercise-
induced cardiomyocyte proliferation. For example, we found
that oxygen responsive genes were differentially regulated in
the exercised regenerating zebrafish heart. Recently, hypoxia has
been proposed to induce cardiomyocyte cell cycle re-entry in
mammalian models (Puente et al., 2014; Kimura et al., 2015;
Nakada et al., 2016). In the adult zebrafish heart, (chronic)
hypoxia has shown to be mitogenic (Marques et al., 2008)
especially after a cardiac injury, when the ensuing hypoxic
response positively regulates heart regeneration through a
mechanism involving HIF1α (Jopling et al., 2012a). Our results
on the regulated expression of oxygen responsive genes, together
with the enrichment of terms related with response to oxygen
levels and the increase in cardiomyocyte proliferation, suggest
a mechanism by which exercise may modulate the cardiac
regeneration process through changes in metabolism, at least in
the injured heart.

In addition, swimming-induced exercise also differentially
regulated the expression of members of the Fibroblast Growth

Factor family (FGF), such as fgf17b (Lepilina et al., 2006),
fgf3, and fgf1a, found to be relevant in zebrafish cardiogenesis
and neovascularization (Lepilina et al., 2006; Simoes et al.,
2011). It is noteworthy that in mammals exercise promotes
angiogenesis, regulation of the vascular tone and protection of
coronary vasculature, changes that have been associated with
the cardioprotective role of exercise in diseased hearts (Duncker
and Bache, 2008; De Biase et al., 2014; Platt et al., 2015; Wang
et al., 2015). Here, the enrichment of processes involved in
the development of the circulatory system and, in particular,
the differential regulation of pro-angiogenic genes from the
FGF and HIF1α families, suggest a possible involvement of
exercise to promote or control the vascular system during adult
zebrafish heart regeneration. The possible angiogenic role of
exercise in the zebrafish heart is supported by a previous study
showing that under the same experimental conditions exercise
promoted adult zebrafish skeletal muscle vascularization (Palstra
et al., 2014) and by the observed coronary vessel regrowth
in exercised and ablated fish (Farrell et al., 1990). Moreover,
we identified other differentially expressed genes that can be
associated with the observed exercise-induced cardiomyocyte
proliferation in regenerating ventricles and that had not been
previously characterized during zebrafish heart regeneration.
For example, the transcription factor CITED4 was found to
induce cardiomyocyte proliferation in the mammalian exercised
heart (Boström et al., 2010). Here, cited4b was found to be
significantly up-regulated in regenerating exercised ventricles
at 15 dpi. Therefore, this transcription factor may represent a
potential target for future cardiac regeneration studies. Taken
together, in this study we identified a number of cardiac genes
that are induced or suppressed in response to exercise in the
lesioned heart that could contribute to the cardioprotective
effects of exercise. In addition to intrinsic cardiac responses
to exercise, it is also possible that the cardioprotective effects
of exercise could be mediated by factors produced by the
contractile skeletal muscle (i.e., myokines; Rovira et al., 2017),
as suggested in mammals (Ouchi et al., 2016; Xi et al.,
2016).

In conclusion, we found that swimming-induced exercise in
adult zebrafish induced ventricular cardiomyocyte proliferation
under normal and regenerating conditions. Under regenerating
conditions, we identified an exercise-induced transcriptional
program in the adult zebrafish heart, as well as a number of
new potential key players and relevant biological processes. Our
results highlight the potential of exercise as a physiological
stimulus to contribute to the cardiac regenerative process and
support the notion that the zebrafish is an excellent model
to investigate yet unknown mechanisms of exercise-driven
cardioprotection. Interestingly, important questions arise from
our study, such as the possible contribution from the different
cell types shaping the heart, the function of genes that have not
been previously associated with heart regeneration that could
potentially modulate the regenerative capacity of the zebrafish
heart or the possibility that skeletal muscle- or cardiac-derived
factors produced during exercise could have a cardioprotective
effect as it has been recently demonstrated in mammals (Xi et al.,
2016).
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MATERIALS AND METHODS

Ethical Approval
All animal procedures described herein have been approved
by the Ethical Committee of the University of Barcelona
under protocols DAAM7972 and 8969 to JVP and the Ethical
Committee from the Comunidad Autonoma de Madrid. All
experiments with live zebrafish were performed in accordance
with relevant guidelines and regulations.

Swimming-Induced Exercise Training and
Experimental Conditions
Exercise training conditions were performed as previously
described (Palstra et al., 2010; Rovira et al., 2017). In brief, adult
wild-type zebrafish of ∼2.5 to 3 cm in body length (BL) were
purchased from a local supplier. Exercised fish were housed
in a 30 L swimming tunnel (Loligo Systems, Denmark) at the
University of Barcelona while control fish were housed under the
same density. Exercised adult zebrafish swam at their optimal
swimming speed (i.e., speed at which the cost of transport is
lowest; Uopt) of 13 BL/s (0.4 m/s) for 6 h/day for 5 days/week
in a total of 20 experimental days over a 4-weeks period (Palstra
et al., 2010; Rovira et al., 2017) or in a total of 13 experimental
days (see Experiments details below; Supplementary Methods;
Supplementary Table S3; Supplementary Video S1).

Exercise Training and Subsequent
Recovery From Heart Injury
After a four-week training period, exercised (n = 13) and
non-exercised or control (n = 15) fish were transferred to
the zebrafish facility of the Centro Nacional de Investigaciones
Cardiovasculares (CNIC, Madrid) and acclimated for 2 days.
Subsequently, fish were housed individually in 1.5 L tanks to
perform a longitudinal study on heart lesion recovery after
exercise. For that purpose, control and exercised fish were
anesthetized by immersion in 0.168 mg/ml of buffered MS-222
and lesioned by ventricular cryoinjury as previously described
(González-Rosa and Mercader, 2012) and kept individually in
1.5 L tanks for 28 days post-injury (dpi). At ∼24 h (27 dpi)
before being sacrificed, fish were anesthetized as indicated above
and received an intraperitoneal injection of BrdU (5-bromo-
2′-deoxyuridine; 30 µl at 2.5 mg/ml). Cardiac function in
control (n = 7) and exercised fish (n = 7) was assessed by
echocardiography, as previously described (González-Rosa et al.,
2014), before the myocardial lesion (0 dpi), and at 7 and 28
dpi. Parameters measured were heart rate (bmp), systolic and
diastolic area (mm2), systolic and diastolic volume (µl) and
ejection fraction (%).

Exercise Training During Recovery From
Heart Injury
In order to evaluate the effects of exercise training during
recovery from a heart lesion, non-exercised fish were subjected
to heart cryoinjury as previously described (González-Rosa and
Mercader, 2012) and allowed to recover for 48 h. At 3 dpi, a group
of cryoinjured fish were introduced in the swimming tunnel and
exercised daily under the conditions described above (13 BL/s for

6 h/day) continuously for a total of 13 experimental days, whereas
a control group was maintained in resting conditions. At 7 and
14 dpi (after 5 and 12 experimental days, respectively), ventricle
samples were obtained, flash frozen in liquid nitrogen and stored
at −80◦C. In order to assess in vivo cell proliferation, exercised
fish and control fish were anesthetized at 14 dpi after the training
session by immersion in 0.168 mg/ml of buffered MS-222 and
received an intraperitoneal injection of EdU (1.25 mg/ml). Fish
were sampled 24 h after the termination of exercise training
(corresponding to 15 dpi) and heart samples were processed for
histological procedures.

Sampling
Fish were sampled after the experiments and euthanized
by immersion in 0.250 mg/ml buffered MS-222. For the
transcriptomic analysis, hearts were dissected, placed in sterile
PBS to remove the atrium or bulbus arteriosus and the remaining
ventricle was subsequently flash frozen in liquid nitrogen and
stored at −80◦C. Hearts were also collected for histology as
previously described (González-Rosa and Mercader, 2012).

RNA-Sequencing and Data Analysis
Total RNA from three or four pooled ventricles from cryoinjured
fish was isolated and homogenized in 150 µl of QIAzolLysis
Reagent. Pooled samples at 7 (Exercised, n = 4; Control,
n = 4) and 14 dpi (Exercised, n = 4; Control, n = 4)
were processed with the miRNeasy MicroKit (Qiagen). The
miRNeasyMicro Kit DNAse treatment was included for RNA-seq
analysis to remove genomic DNA, following the manufacturer’s
specifications. Samples were sent to GenomeScan (Leiden, The
Netherlands) for library preparation and sequencing. All samples
passed the quality checks, being the lowest RQN = 8.9 (RNA
Quality Number). Samples were sequenced using the next
generation sequencing (NGS) platform IlluminaNextSeq 500 and
the alignment was performed against the reference zebrafish
genome GRCz10. Detected genes were considered differentially
expressed if P-value (Benjamini-Hochberg) adjusted was <0.1
and any of the time points had a fold change >1.2. Human
orthologs Ensembl Gene IDs were used to perform the Gene
Onthology term enrichment analysis using ClueGO 2.3.2, a
Cytoscape platform plugin (Bindea et al., 2009). Deposit of
RNAseq data in the Gene Expression Omnibus (GEO) database
at NCBI is under accession GSE100892.

Histological Processing and Staining
Hearts stored in 70% ethanol were dehydrated, cleared in xylene
and embedded in paraffin. Paraffin sections of 6µm were cut
using a Rotary 3003 microtome (Pfm Medical) and mounted
on Superfrost slides (VWR). Hematoxylin and Eosin stained
slides were scanned with NanoZoomer 2.ORS (Hamamatsu)
and total and compact ventricle areas were quantified using the
Tissuemorph software (Visiopharm). Acid Fuchsin Orange G
(AFOG) staining was used to reveal fibrotic scar from cryoinjured
heart samples (fibrin, red; collagen, blue; González-Rosa et al.,
2014). Quantification of the injured area (fibrin and collagen)
was calculated as a percentage over the total ventricular area and
was averaged by all the lesioned sections for each heart. Image
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analysis was performed using ImageJ software (http://rsb.info.
nih.gov/ij/).

In vivo Labeling of Cardiomyocytes and
Immunohistochemistry
Twenty microliters of EdU (5-ethynyl-2′-deoxyuridine, Click-
iT kit) at 1.25 mg/ml (Life Technologies) diluted in sterile PBS
were injected in anesthetized fish (0.168 mg/ml of MS-222)
intraperitoneally once a week and/or 24 h before being sacrificed,
depending on the experiment. After the 20 experimental days,
fish were euthanized and hearts were collected and processed
for histological analyses. Briefly, 6µm paraffin slides were
dewaxed in xylene and rehydrated by a series of graded alcohols.
After antigen retrieval was performed, slides were washed in
3% BSA/PBS, permeabilized in PBS-0.5% Triton for 20min at
room temperature and incubated with the Click-iT reaction
cocktail in a wet chamber for 30min at room temperature. After
washing, blocking of non-specific binding was performed for
at least 1 h in a wet chamber (5% BSA, 5% sheep serum/PBS).
Immunofluorescence to specifically label cardiomyocyte cells was
performed by using MEF2c (1:100, ab79436, Abcam) or MEF2
(1:50, sc-313, Santa Cruz) primary antibodies and AlexaFluor
555 (1:400, Life Technologies) secondary antibody, as previously
reported (Jopling et al., 2012a; de Preux Charles et al., 2016;
Hui et al., 2017). Nuclei staining was performed with Hoechst
33342 (1:2000, Thermo Scientific) and slides were mounted in
ProLong Gold Antifade mounting media (Life Technologies).
BrdU immunofluorescence in hearts at 28 dpi was performed
as described above by using MEF2 antibody (1:50, Santa Cruz)
and BrdU antibody (1:100, BD Biosciences) and anti-rabbit
secondary antibody AlexaFluor 555 and anti-mouse secondary
antibody Alexa Fluor 488 (1:400, Life Technologies), respectively.
The cardiomyocyte proliferative index (proportion of EdU+

(or BrdU+)/Mef2+ nuclei over total number of Mef2+ nuclei)
was calculated by averaging results from three non-consecutive
separate sections in one slide (two slides in the case of 28 dpi
hearts) containing the largest injury area per individual in the
case of injured hearts or containing complete or near complete
whole hearts per individual in the case of uninjured hearts.
Similarly, quantification of proliferative non-cardiomyocyte cells
was calculated by substracting the number of proliferative
cardiomyocytes over the total cell number [EdU+ (or BrdU+)
nuclei - EdU+ (or BrdU+)/Mef2+ nuclei over total number of
Hoechst-stained nuclei]. Nuclei were counted manually using
ImageJ software (http://rsb.info.nih.gov/ij/).

Western Blotting
Individual ventricles were lysed in RIPA buffer (Sigma)
containing 1mM phenylmethylsulfonyl fluoride (PMSF), 1X
protease and phosphatase inhibitor cocktails (Sigma). The BCA
kit (Thermo Scientific) was used for total protein quantification.
A minimum of 20 µg of protein lysates were loaded in a SDS-
PAGE gel and transferred to a PVDF membrane (Millipore).
Membranes were blocked in 5% milk diluted in PBS/0.5%
Tween for 1 h at room temperature and probed overnight at
4◦C with the primary antibody. Membranes were washed in
PBS/0.01% Triton and incubated for 2 h at room temperature

with an anti-rabbit or anti-mouse HRP-conjugated secondary
antibody (1:10,000, Jackson ImmunoResearch). The membranes
were developed with the enhanced chemiluminescence method
using Amersham ECL Prime Western Blotting Detection
Reagent (GEHealthcare). Membranes were stripped with Restore
Western Blot Stripping Buffer (ThermoScientific) following
the manufacturer’s indications to re-probe the membranes
with the corresponding loading control. Effectiveness of the
stripping procedure was checked every time by incubating the
membrane with the secondary antibody. Primary antibodies
used were: phospho-mTOR Ser2448 (1:100, Cell Signaling),
mTOR (1:1000, Cell Signaling), phospho-p70 S6 Kinase Thr389
(1:200, Cell Signaling), p70 S6 Kinase (1:200, Cell Signaling),
phospho-4E-BP1 Thr37/46 (1:500, Cell Signaling), 4E-BP1
(1:500, Cell Signaling), Mef2-pan (1:500, Anaspec), phospho-
p38 Thr180/Tyr182 (1:200, Cell Signaling), p38 (1:100, Santa
Cruz), and y-tubulin as a loading control (1:2000, Bethyl).
Immunoreactive bands were visualized (LAS-3000; Fujifilm)
and quantified with ImageJ software (http://rsb.info.nih.gov/
ij/). Full-length blots are provided as Supplementary Material
(Supplementary Figures S7, S8).

Imaging
Fluorescent images were visualized by fluorescence microscopy
using a Leitz DMIRBmicroscope and captured with a DFC360FX
camera (Leica) or a Leica TCS SP2 confocal microscope (Leica
Microsystems). White field images were obtained using a light
microscope (Olympus) connected to a digital camera (DP70,
Olympus).

Statistical Analysis
Statistical differences between two given groups were analyzed
by two-tailed Student’s t-test. Echocardiographic measurements
were analyzed by one-way ANOVA followed by Tukey’s honest
significant test to control for multiple comparisons. When
parametric assumptions of normality and equality of variance
were not met, equivalent non-parametric tests were used as
indicated in the figures. Results are expressed asmean± standard
error of the mean (SEM) and considered to be significant at P
< 0.05. All statistical analyses were performed using GraphPad
Prism6.
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