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Domestication and selective breeding for rapid-growth have impaired the
cardiorespiratory system of salmonids, which might compromise their capacity to
tolerate environmental stressors, such as heat waves. Exercise training by swimming
has been proposed as a potential tool to enhance growth, cardiac function and disease
resilience in farmed fish and thereby improves aquaculture production. However, whether
exercise training could also improve cardiac robustness against heat waves, which are
becoming more common and cause severe challenges to aquaculture, remains unknown.
Here, we trained juvenile rainbow trout at three different training velocities: 0.06 m*s-1 (or
0.9 body lengths per second [bl*s-1]; control group), 0.11 m*s-1 (or 1.7 bl*s-1; medium
speed group) and 0.17 m*s-1 (or 2.7 bl*s-1; high speed group) for 5 weeks, 6h per day, 5
days per week. Measuring maximal heart rate (fHmax) during acute warming, we
demonstrated that training at 1.7 bl*s-1 was optimal in order to increase the
temperature at which fHmax reached its peak (Tpeak) as well as the upper thermal
tolerance of the cardiovascular function (arrhythmia temperature, TARR), up to 3.6°C as
compared to the control fish. However, more intensive training did not provide similar
improvement on thermal tolerance. Both training regimes enhanced the ventricular citrate
synthase activity which may provide higher aerobic energy production capacity for
ventricles. Further mechanistic studies are needed to understand the complex
interactions between training intensities and changes in thermal tolerance. Although not
conclusive on that point, our findings present a valid training programme for hatchery
salmonids to increase their cardiac thermal tolerance and consequently probably also
their capacity to tolerate heat waves, which has a direct application for aquaculture.

Keywords: aquaculture, cardiac arrhythmia, citrate synthase, climate change, fish, heart rate, swimming training,
thermal tolerance
INTRODUCTION

Aquaculture is one the most rapidly growing sectors in the food production industry (FAO, 2020)
and it is expected to keep expanding to meet the world’s increasing demand for animal-based
protein. Due to this rising demand in fish consumption, the aquaculture industry, especially with
regard to salmonids species, is facing several challenges (Ahmed et al., 2019), including emerging
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diseases (Pulkkinen et al., 2010), lack of genetic diversity, low
survival rates (Skaala et al., 2019) and low robustness of fish to
respond environmental stressors (Castro et al., 2011; Zhang et al.,
2016). Furthermore, the aquaculture sector is expected to be
significantly affected by anthropogenic climate change which
may lead to suboptimal rearing conditions, that further challenge
aquaculture production (Blanchard et al., 2017; Barange et al.,
2018; Reid et al., 2019; Collins et al., 2020; Calado et al., 2021;
Maulu et al., 2021; Oyinlola et al., 2022). Heat waves are, for
instance, causing massive mortality events in aquaculture as the
fish cannot escape the rapidly warming waters (Froehlich et al.,
2018; Wade et al., 2019; FAO, 2020; Gamperl et al., 2021).
Especially in hatcheries, rising water temperature is a concern
for juvenile fish since they are often reared in shallow tanks with
wide air/water interface exposing them to acute warming. For
these reasons, there is an urgent need to optimize and implement
better efficiency and productivity in the aquaculture sector, in
order to guarantee the sustainability of the industry and
animal welfare.

The thermal tolerance of fish, especially salmonids, is thought
to be limited by the reduction of the absolute aerobic scope
(AAS) - the difference between the minimum (i.e. standard
metabolic rate, SMR) and maximum metabolic rate (MMR).
When the temperature rises, the AAS reaches its peak at an
optimal temperature of aerobic scope (Topt). Thereafter the AAS
plateaus and then it starts to decline due to impairments of
cardiorespiratory system (McKenzie et al., 2021b). The critical
thermal limits are reached when AAS is zero and there is no
room for aerobic activities. In salmonids, the decline in AAS is
mainly due to impairment of maximum heart rate (fHmax),
which is associated to reduction in MMR and, thus, AAS at
temperatures beyond Topt (Eliason and Anttila, 2017). At upper
critical temperatures, besides a reduction in fHmax, fish start to
show cardiac arrhythmias which might lead to death if warming
continues (Casselman et al., 2012; Anttila et al., 2017; Gilbert and
Farrell, 2021; van der Walt et al., 2021). Farmed fish could be
especially challenged by environmental warming since previous
studies have shown that selection for fast-growth and sedentary
aquaculture conditions are often associated with cardiac
deformities and impaired cardiac performance (Gamperl and
Farrell, 2004; Brijs et al., 2020; Frisk et al., 2020). The decreased
cardiac performance of farmed fish might also hinder their
responses to heat waves (Gamperl and Farrell, 2004; Eliason
et al., 2013; Eliason and Anttila, 2017).

In this context, aerobic exercise training could be a potential
tool to improve aquaculture production by enhancing the welfare
of farmed fish and mitigating the detrimental effects of intensive
farming (Palstra and Planas, 2013; Palstra et al., 2020; McKenzie
et al., 2021a). Several studies have shown that aerobic exercise
training, depending on the intensity and duration of the training,
can improve different physiological traits of fish including
cardiovascular performance (Farrell et al., 1990; Gallaugher
et al., 2001; Castro et al., 2011; Palstra et al., 2014; Rovira et al.,
2018; Chen et al., 2021) by increasing the cardiac output and
heart rate, cardiac muscle growth and hematocrit level (Farrell
et al., 1990; Farrell et al., 1991; Palstra et al., 2015; Papadopoulou
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et al., 2022). However, so far the potential benefits of aerobic
exercise training on the capacity of fish to face environmental
stressors has been overlooked. To our knowledge, there is only
one previous study that has shown the potential benefit of
aerobic exercise training, in this case to improve hypoxia
tolerance in goldfish (Fu et al., 2011). Despite the promising
evidences of the benefits of aerobic exercise training on cardiac
performance (Farrell et al., 1991; Gallaugher et al., 2001; Farrell,
2007; Castro et al., 2011; Papadopoulou et al., 2022), any effects
on the robustness of the cardiac system against environmental
stressors, such as thermal stress, have not been shown yet.

On this basis, our first aim was to design a swimming
exercise-training programme for farmed rainbow trout
(Oncorhynchus mykiss) that could improve the fHmax responses
to high temperature and therefore cardiac thermal tolerance. Our
particular interest in fHmax was because increasing the heart rate
toward the maximal is one of the immediate physiological
responses that helps fish face rapid changes in water
temperature (Eliason and Anttila, 2017). The fHmax

measurements provide an estimate of upper temperature
performance of fishes during acute warming by providing
functional transition temperatures, e.g. Arrhenius breakpoint
temperature (TABP) - the temperature at which the fHmax first
slows down its incremental rate with temperature - and
arrhythmia temperature (TARR) - temperature at which fHmax

starts to become arrhythmic (Farrell, 2016). The TABP and TARR

give estimates within 1-2°C for the optimum temperature of
aerobic scope (TOPT) and critical thermal maximum (CTMAX),
respectively (Casselman et al., 2012; Ferreira et al., 2014; Anttila
et al., 2017; Gilbert and Farrell, 2021; van der Walt et al., 2021).

The second aim of the study was to identify the mechanisms,
induced by the training, that could be involved with possible
changes in cardiac performance and thermal tolerance. The
activity of key aerobic (citrate synthase, CS) and anaerobic
(lactate dehydrogenase, LDH) energetic enzymes were used as
a comprehensive proxy to assess any energy-metabolic
modifications in the ventricles in response to the training
programme. Additionally, we measured the protein levels of
sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA), hypoxia-
inducible factor (HIF) and vascular endothelial growth factor
(VEGF) from the whole ventricle as well as the hematocrit
(HCT) and haemoglobin (Hb) concentrations from the blood.
We focused on these proteins since SERCA is a calcium channel
involved in the excitation-contraction coupling (E-C coupling)
in myocytes and it has been shown to be related to high
cardiovascular performance in sockeye salmon (Oncorhynchus
nerka) (Anttila et al., 2019). On the other hand, HIF and VEGF
are involved with molecular pathways that will lead to increase in
capillary density in muscles (Palstra et al., 2014) and therefore
provide more oxygen for exercising muscles. We hypothesized
that training could increase the need of oxygen supply to the
ventricle and therefore induce angiogenesis of new coronary
vessels, that can be evaluated by measuring the levels of HIF and
VEGF. Similarly, we measured Hb and HCT since increased
hematocrit and hemoglobin levels after training might improve
oxygen provision to the muscles. Furthermore, training has been
June 2022 | Volume 9 | Article 912720
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previously shown to enhance swimming muscle vascularization,
oxygen diffusion to the mitochondria, E-C coupling and the
management of Ca2+ currents (Anttila et al., 2006; Anttila et al.,
2008). Therefore, we measured these parameters in ventricles.

Overall, this study will provide new and broader perspectives
regarding the potential benefits of aerobic exercise training on
the welfare and cardiac robustness of farmed fish in the context
of climate change and with direct application to the aquaculture
sector. Specifically, we aimed to develop a training program
suitable for hatchery facilities using energetically sustainable way
for generating the water flow. Therefore, the studies were
conducted in regular hatchery facilities using rainbow trout
that is one of the most widely cultured salmonid in the world
(FAO, 2020).
MATERIAL AND METHODS

Ethics Statement
The current study followed Finnish laws and ethical guidelines
regarding animal welfare and was approved by the Regional State
Administrative Agency (license number ESAVI/11880/2019).
Animals
The experiments were conducted at the hatchery of the Natural
Resources Institute Finland (Luke, Enonkoski, Finland) with
juvenile rainbow trout born in June 2019. The fish were reared
in a circular tank (1000 L) for 2 months under seasonal
fluctuation of temperature, oxygen and light conditions and
water flow of 0.06 m*s-1 until the beginning of the experiment,
at the end of August 2019. The fish were fed ad libitum with
a 0.5-1.5 mm commercial pellet (Raisioaqua, Raisio, Finland)
with an automatic feeding machine (Itumic, Itumic Oy,
Jyskä, Finland).
Training Program
Before starting the five-week-long training programme, the fish
(n=105) were anesthetized with 60 ppm buffered MS-222
(Finquel® , Argent Chemical Laboratories, Redmond,
Washington, USA) and their body mass and fork length were
measured (4.45 ± 0.14 g; 6.89 ± 0.29 cm). At the beginning of the
training experiment, the fish were equally divided into three
treatment groups (n=35 per treatment): 1) water flow velocity of
0,06m*s-1 (or 0.9 body length*seconds-1 [b1*s-1] which was
normally in use in the hatchery facilities and therefore
considered as control group (C); 2) medium intensity (M) of
training with 0.11 m*s-1 (or 1.7 b1*s-1) water flow velocity and 3)
high intensity (H) of training with 0.17m*s-1 (or 2.9 b1*s-1) water
flow velocity (Table S1). These velocities were selected since
earlier studies have shown that training with around 1.5 b1*s-1 is
optimal for swimming performance of the fish (Anttila et al.,
2006; Anttila et al., 2008) and lower velocity will not improve the
cardiac thermal tolerance (Papadopoulou et al., 2022). The
absolute speed in m*s-1 remained constant over the course of
Frontiers in Marine Science | www.frontiersin.org 3
the experiment resulting in decreasing b1*s-1 as the fish grew.
The average values of speeds in body length*seconds-1 between
week 1 and week 5 were 0.7, 1.3, 2.1 b1*s-1 for control, medium
and high speed, respectively.

Each tank was provided by two inputs of water, the control speed
inflow during the resting hour, the training inflow was specifically
opened during the training hours. The water speed was achieved by
regulating the inflow of the water flow already existing in the main
water pipes of the hatchery. One third of each tank was partially
covered by a black plastic fabric in order to provide a shelter zone
where the fish preferentially swim in schools (personal observation)
even though the fish were free to choose their swimming location.
The velocities of the water flow were measured three times per week
in three different spots correspondent to the zone where the fish
were swimming in school (Figure S2; Table S1) with a
velocitymeter (MiniAir20®+ MiniController MC20, Schiltknecht
Messtechnik, Gossau, Switzerland). The training took place for 6 h
per day (8:00-14:00), 5 days per week. During the resting period (18
h per day and during weekends) the water flow was 0.06 m*s-1 for
all the treatments. The fish were fed ad libitummodulating the daily
feeding rate of continuous automatic feeders. All the tanks were
identical regular aquaculture circular tanks (80*10 cm, 50 L). The
temperature and oxygen level followed the seasonal natural
fluctuations during the training programme (Table S1 and Figure
S1). One week before the measurement started, the water
temperature stabilized around the average of 10.7 ± 0.3°C, and it
stayed stable at the average of 10.6 ± 0.4°C during the week of the
fHmax measurements. Therefore, all the fish were acclimated for
more than 1 week to the same temperature of 10°C.
Measurement of fHmax During
Acute Warming
After five weeks of training, the temperature-specific maximum
heart rate (fHmax) was measured according to Casselman et al.
(2012) (see details in Supplementary Information). To obtain
the fHmax that could last for the entire measurement duration, it
was induced pharmacologically by sequential injections of
atropine and isoproterenol. To stop skeletal muscle movements
and therefore to prevent electrical artefacts in the ECG signal, a
maintenance dose of anesthetic (50 ppm MS-222) was used in
the fHmax measurement setup. To avoid bias related to the day of
the measurement, the fHmax measurements were conducted in
randomized order and fish belonging to same group were
measured in two different days. The pharmacologically induced
fHmax was measured during an acute warming challenge with a
stepwise temperature increase rate of 1°C/6 min. The stepwise
warming rate of 1°C/6 min was chosen since it is the minimum
rate that provides proper trade-off between stabilized heart rate
at the end of each stepwise increment and fast measurement. The
measurements started at 10°C (corresponding to the average
water temperature one week before the measurements started see
Figure S1) and continued until a cardiac arrhythmia was first
detected, i.e. when the QRS complex was missing from the ECG
trace indicating arrhythmia in ventricular systole (Figure S3).
The temperature was recorded, giving the arrhythmia
temperature (TARR) for each fish. Then, the fish was
June 2022 | Volume 9 | Article 912720
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euthanized by blow to the head. The mass and length of the fish
was measured (Table 1) and the ventricle was dissected, weighed
and flash frozen in liquid nitrogen for western blot analysis.
Based on the ECG data traces, we calculated the fHmax by
measuring the duration for 15 continuous R-R peaks at the
end of each temperature step. The TABP, considered a proxy for
the TOPT of an organism (Casselman et al., 2012), was calculated
according to Yeager and Ultsch (1989). The fHmax values were
also used to calculate additional transition temperatures that
characterized the thermal performance curve of the fHmax,: 1) the
temperature where the highest fHmax was achieved (Tpeak), 2)
upper thermal scope (TS =TARR-TABP) defined as the range of
temperatures between the TABP and the TARR, that informs about
the upper thermal window for the heart rate and 3) heart
resilience (TR =TARR-Tpeak) defined as the range of
temperature between the Tpeak and the TARR which provides
the information about how long the heart was able to function
before collapsing at TARR.
Molecular Analyses
The effect of training programmes on the relative levels of
SERCA, HIF and VEGF in the whole ventricle was analyzed
with western blots method according to Mottola et al. (2020) (see
Supplementary Information). The primary antibodies used
were SERCA, ab 91032 (Abcam, Cambridge, UK); HIF, ab2185
(Abcam) and VEGF, ab209835 (Abcam) at concentrations of
1:2000. The gels and membranes were scanned using a
ChemicDoc MP Imaging system (Bio-Rad). Relative protein
concentrations were calculated with Image Lab 6 (Bio-Rad) by
relating the intensity of the bands of SERCA, HIF and VEGF to
the intensity of the total amount of protein in the sample in
the gel.

The hematocrit and the hemoglobin concentration were
measured from fish that did not experience the fHmax

measurement (defined so on as naïve fish). The fish were
euthanized in 200 ppm buffered MS-222, biometrics were
measured and the blood sample was quickly taken from a
caudal vein with a heparinized syringe. A portion of the blood
was collected in the hematocrit capillaries and the hematocrit
was read after centrifugation for 10 min in a capillary-centrifuge
(Hettich zentrifugen, Tuttlingen, Germany). Ten ml of the
collected blood was also pipetted into tubes containing 1 ml of
cyanide solution (0.6 mM K3[Fe(CN)6], 0.77 mM KCN, 1.2 mM
Frontiers in Marine Science | www.frontiersin.org 4
KH2PO4) for hemoglobin analyses. The hemoglobin
concentration was measured at 540 nm with an EnSpire 2300
Multilabel Reader (Perkin Elmer) and the concentrations were
calculated according to Clark et al. (2008).

Ventricles from naïve fish were also dissected and flash frozen
with liquid nitrogen. Citrate synthase (CS, EC 2.3.3.1) and lactate
dehydrogenase (LDH, EC 1.1.1.27) activities were measured
from the samples of the whole ventricle following the protocol
established by Dalziel and Schulte (2012) (see Supplementary
Information). Enzyme activity was measured as µmol*min-1*mg
protein-1. The protein concentration for the calculations was
spectrophotometrically measured with a bicinchoninic acid assay
kit (ThermoFisher, Waltham, MA, USA). The LDH/CS ratio was
calculated by dividing the value of the LDH activity/CS activity.
Statistical Analysis
The values provided in the study are presented as means and s.e.
and p < 0.05 was chose to indicate statistical significance. Linear
mixed models (LMM) with training group as fixed effect and day
of sampling as random factor were used to analyze the effect
training on (1) the biometry of all the fish: mass, length,
condition factor [(Fish mass (g) * (Fish length (cm))-3)*100],
ventricle mass and relative ventricle mass [RVM=(Ventricle
Mass (g)*(Fish mass (g)-1)*100]; (2) the cardiac thermal
performance (TARR, TABP, Tpeak, TS, TR, highest peak of fHmax

during acute warming), and (3) the molecular level variables
(proteins levels of SERCA, HIF and VEGF, enzyme activity of CS
and LDH and the LDH/CS ratio, HTC and [Hb]). For those
variables where the random factor (day) did not had effect or
improved AICs, the random factor was removed from LMM.
The final model for CS included the training group as a fixed
factor and the day of the sampling as a random factor. The final
LMM model used to analyse the effect of training on the fHmax

during acute warming, included the training groups and
temperature steps (10-24°C) as the main factors, the
temperature steps as repeated measure and the day of
measurement as a random factor. The effects of the atropine
and isoproterenol injections on the fH was tested with a LMM
including the training groups and injections type as the main
factors and also as repeated measure. Sidak post hoc tests were
used to the test the differences between the groups. Statistical
analyses were conducted using SPSS ver. 26 (IBM Corp., Version
26.0. Armonk, NY, USA).
TABLE 1 | The effects of training programmes on biometric variables of rainbow trout.

Control Medium training High training

Mean ± s.e. N Mean ± s.e. N Mean ± s.e. N

Mass (g) 15.4 ± 1.4 21 15.3 ± 1.3 21 14 ± 1.1 26
Length (cm) 10.6 ± 0.30 21 10.7 ± 0.29 21 10.5 ± 0.24 26
Condition factor 1.23a ± 0.02 21 1.18ab ± 0.01 21 1.13b ± 0.01 26
Ventricle mass (mg) 17.5 ± 1.7 21 16.9 ± 1.6 21 15 ± 1.4 26
Relative ventricle mass 0.11 ± 0.004 21 0.11 ± 0.003 21 0.11 ± 0.002 26
June 20
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RESULTS

Cardiac Performance
The medium intensity training improved significantly the upper
critical cardiac thermal tolerance by 3.6°C (defined as
arrhythmias temperature - TARR) (Figures 1; 2C; Table S2)
(F=7.051 p=0.003; C vsM Sidak p=0.003; M vs H Sidak p=0.039)
as compared to the control and by 2.6°C as compared to the high
intensity training. However, the control and high intensity
training did not differ significantly from each other (C vs H
Sidak p=0.656). The training did not increase the TABP – the
estimate for optimal temperature (F=1.271 p=0.294, Figure 2A;
Table S2). The fish trained with the medium intensity achieved
the maximal heart rate peak 2.6°C higher temperature (Tpeak)
(Figure 2B) (F=5.557 p=0.008; C vs M Sidak p=0.009; M vs H
Sidak p=0.064; C vs H p=0.797) than the control fish but not as
Frontiers in Marine Science | www.frontiersin.org 5
compared to those from the high intensity training group (Table
S2). Fish trained at a medium intensity were also able to
significantly extend their thermal scope by 2.8°C (TS=TARR-
TABP) (Figure 2E; Table S2) as compared to the control group
and by 2.1°C as compared to the high intensity training group
(F=6.208 p=0.005; C vsM Sidak p=0.006; M vs H Sidak p=0.043;
C vs H Sidak p=0.803). None of the above parameters differed
between the control and high intensity training groups (p>0.05).
No significant differences were found in the highest fHmax during
acute warming (fHpeak) (F=2.228 p=0.124) (Figure 1), or in heart
thermal resilience (TR=TARR-Tpeak) (Figure 2D) (F=0.766
p=0.473) (Table S2). The fHmax increased significantly in all
the groups during acute warming but there were no significant
differences in fHmax values between the groups in the
temperature steps of the acute warming (10-24°C) (Figure 1)
(Training group F=2.571 p=0.111; Temperature F=340.93
FIGURE 1 | The effects of training programmes on the maximal heart rate (fHmax) during acute warming. The average ( ± s.e.) fHmax of the three training groups
(Control=C, blue circles, n=12; Medium intensity=M, green triangles, n=11; High intensity=H, red squares, n=12) during acute warming challenge. The lines on the
right side represent the percent of the fish that developed cardiac arrhythmia at the corresponding temperature steps.
June 2022 | Volume 9 | Article 912720
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p<0.001; Training group * Temperature F=0.304 p=0.998). At
10°C, the heart rate before the injection was not significantly
different between the groups (Training groups F=1.560, p=0.222;
Training groups*Injections F= 0.516, p=0.725). Pharmacological
stimulation significantly affected the fH (Injections F=11.208,
p<0.001). Atropine increased the heart rate from 66.7 ± 3.6
(before injection) to 80.29 ± 1.3 bpm (after atropine injection)
(Sidak, p=0.003). On the other hand, isoproterenol injection did
not significantly elevate the heart rate after atropine injection
(Sidakp=0.176) and heart rate remained at 83.1 ± 0.6 bpm after
isoproterenol injection.

Biometry
The training programmes did not significantly affect the mass or
the length of the fish (mass: F= 0.429 p=0.653; length: F= 0.103
p=0.902); nor did the training affect the ventricle mass (F=0.810
p=0.449) and the relative ventricle mass (F=1.365 p=0.284)
(Table 1). However, the fish from the high intensity training
group had a significantly lower condition factor as compared to
Frontiers in Marine Science | www.frontiersin.org 6
control groups (F=7.632 p=0.001; C vs H Sidak p=0.001; C vs M
Sidak p=0.222; M vs H Sidak p=0.134) (Table 1).

Enzyme Activities
Exercise training significantly affected the CS activity of the
ventricles (F=5.386 p=0.014) (Figure 3B; Table S3). Fish
trained at medium and high intensity had respectively 22%
(Sidak p=0.036) and 21% (Sidak p=0.030) higher CS activity as
compared to the control group. Medium and high intensity
groups did not differ significantly (Sidak p=0.986). LDH
activity also changed significantly in response to training
(F=4.791 p=0.019) (Figure 3A; Table S3). High intensity
training group had significantly lower LDH activity as
compared to the control group (Sidak p=0.018) but not as
compared to the medium intensity group (Sidak p=0.235). The
medium and control group did not differ significantly from each
other (Sidak p=0.534). The LDH/CS activity ratio was
significantly lower in high intensity groups as compared to the
control group (F=4.945 p=0.017; H vs C group Sidak p=0.016)
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(Figure 3C; Table S3). However, the medium did not differ from
control and high intensity training group (M vs C Sidak p=0.718;
M vs C Sidak p=0.132).

Protein and Hematological Measurements
There were no significant differences in the ventricular relative
levels of SERCA (F=0.104 p=0.902), HIF (F=0.660 p=0.523) or
VEGF (F=0.290 p=0.750) among the groups (Table S3) (Figure
S4 gels). The Hematocrit (F=1.563 p=0.233) and Hemoglobin
concentrations (F=0.711 p=0.505) did not differ among the
experimental groups either (Table S3).
DISCUSSION

This study demonstrates for the first time that aerobic exercise
training increases the cardiac upper thermal tolerance
(arrhythmia temperature - TARR) and the upper Thermal scope
(TS) of the maximal heart rate. However, only the medium
intensity training was observed to widen the upper end of the
thermal window where the heart can still beat efficiently. In
salmonids especially, the cardiac function is one of the most
susceptible physiological systems to high environmental
temperatures (Eliason and Anttila, 2017). Therefore, as
suggested also by Anttila et al. (2014), being able to improve
the thermal tolerance of the cardiac function might improve the
thermal tolerance of the whole fish and possibly their capacity to
respond to future heat waves caused by climate change.
Furthermore, the exercise training does not improve only the
cardiac function but training has been previously shown to
increase the survival rate of fish during infection disease
challenges and enhance the immune capacity (Castro et al.,
2013; Hou et al., 2022). Our findings, while preliminary, may
be extremely relevant for the aquaculture sector, e.g. hatcheries
and nursery facilities, in the current global warming scenario.
Rainbow trout is widely farmed around the world and one of the
Frontiers in Marine Science | www.frontiersin.org 7
most important aquaculture fish species. Therefore, exercise
training is not only a useful tool to improve trout heart
performance, but it could also be an easy and low-cost solution
to the urgent need to enhance the sustainability and reduce the
economical loses due to massive death events associated with
heat waves (FAO, 2020). Exercise swimming training is
particularly applicable in hatcheries, but also in recirculating
aquaculture systems (RAS) that are increasingly being used in the
global aquaculture sector (Gorle et al., 2018).

The most interesting and important result of this study is that
the exercise training programme at a medium intensity was able
to increase the TARR by 3.6°C as compared to the control group.
Coherent with TARR, the thermal scope (TS) and Tpeak were all
significantly higher in the medium intensity group as compared
to the controls. Medium intensity training, therefore, seems to
widen the upper thermal window of the cardiac performance
without changing the TABP, proxy of the TOPT (Casselman et al.,
2012). These results mean that medium training intensity could
improve the thermal window without compromising the TOPT

and therefore without substantially changing the usual
temperatures that the farmers are using to rise their fish. From
a physiological point of view, the higher upper thermal tolerance
of the cardiovascular system (TARR) might provide a higher
tolerance to acute warming in the whole organism (Ferreira
et al., 2014; Gilbert et al., 2020). Extensive research has shown
that sustained aerobic exercise swimming can enhance the
cardiac performance of fishes, i.e. by improving twitch tension,
cardiac pumping capacity, contraction rate (Rissoli et al., 2017)
and stroke volume (Farrell et al., 1990; Farrell et al., 1991).
Therefore, it is possible that as a consequence of these systemic
changes, the health status of the cardiovascular system improves.
A healthy heart might be beneficial in metabolically demanding
situations, such as high water temperature. Furthermore,
improvement in the health status would be especially
important for farmed fish having high susceptibility for cardiac
deformities and arteriosclerotic lesions (Ekström et al., 2019;
a
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FIGURE 3 | The effects of training programmes on the enzymes activity in the ventricle. Boxplot of the maximal activity of the ventricular (A) lactate dehydrogenase
(LDH) and (B) citrates synthase (CS) among training groups. (C) LDH/CS ratio. Different letters represent significant difference among the groups.
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Brijs et al., 2020). However, the training did not influence the
fHmax response to acute warming in any of the temperature steps
(10-25°C). Similarly a previous experiment with Chinook salmon
(Oncorhynchus tshawytscha), showed that the heart rate during
critical swimming speed (Ucrit) did not differ between the trained
and untrained fish (Gallaugher et al., 2001). This is in accordance
with human exercise training programme results, where aerobic
training mainly affects the resting or the routine heart rate and
not the maximal rate (D’Souza et al., 2014).

The high intensity training did not induce a significant
enhancement of the TARR. Furthermore, the high intensity
training significantly decreased the condition factor of the fish
as compared to the controls indicating that swimming at this
speed was energy demanding. On the other hand, the control fish
might have been more obese than fish in high speed group.
Nevertheless, these results suggested that excessive high intensity
training cannot induce similar beneficial effects on cardiac
thermal tolerance as medium intensity training because fish
might have altered the energy balance and allocate energy for
other functions. High training intensity might cause an additive
stress that could diminish the otherwise beneficial effects of
training to face acute warming. Indeed, while an optimal
training has been shown to reduce the cortisol levels in fish
(Woodward and Smith, 1985; Boesgaard et al., 1993; Herbert
et al., 2011; Palstra et al., 2020), the exercise training at high
speed (2.5 bl*s-1; length 32.4 cm) increased the cortisol level in
Atlantic salmon (Salmo salar) (Timmerhaus et al., 2021). A
recent study reported that high cortisol levels are associated
with lower TARR and lower CTmax in stressed subordinate
rainbow trout as compare to dominant ones although fH
displayed the same trend during acute warming in both groups
(Bard et al., 2021). Although the cortisol levels were not
measured in the current study, the lower TARR in the high
intensity group as compared to the medium intensity group
could possibly be related to the high cortisol level induced by
excessive high intensity training. The optimal intensity seem to
be, however, species specific since previous studies have reported
that training with ≥2 bl*s-1 was already considered an excessively
high speed for Atlantic salmon (length 32.4 cm) (Timmerhaus
et al., 2021) and European whitefish (Coregonus lavaretus, length
22.2 cm) as it was in our study for rainbow trout (length at the
end of training 10.6 cm) - however, it was found to be the best for
sea trout (Salmo trutta, length 15.4 cm) (Anttila et al., 2008).
When applying the training protocols for fish production, what
needs to be also considered is training volume (i.e. intensity*
training duration*sets). For example, protocols can be obtained
by varying several aspects of the training i.e. water speed, daily
duration of the training, daily resting period and overall duration
of the training. Different combinations of these parameters might
induce different outcomes. Therefore, the training protocol has
to be optimal for the species and selected based on the goals,
since not all the training programs can be suitable for a defined
task/goal, as reported in the literature on human sport
physiology (MacInnis and Gibala, 2017). Future training
experiments should be planned carefully based on the “desired
aim” (i.e. improved growth, delay in maturation, higher
Frontiers in Marine Science | www.frontiersin.org 8
tolerance to stressors) and on the physiology of the fish species
by setting the training protocols with the optimal combinations
of intensity, volume and resting duration. Future studies should
also take into consideration the periodization of the training
programme, such as what is the best period of the year for
training or how long the effects of training last after training
period ends.

The second aim of the study was to identify the mechanisms
induced by training that could explain the widening of the
cardiac thermal window in the medium intensity group (higher
TARR and TS). Both medium and high intensity training
increased the maximal activity of the citrate synthase that may
provide higher aerobic capacity for ATP production.
Furthermore, the LDH activity of high intensity training group
decreased by 16% as compared to the controls indicating that the
ventricles of the high intensity group preferentially used the
aerobic pathway to produce ATP. The heart is a high energy
demanding organ as it needs to maintain a rhythmic contraction
in order to support the living functions. During a single bout of
exercise, the heart energy consumption increases (as a result of
increased heart rate), in order to keep pace with the increased
oxygen consumption of the swimming muscles (Claireaux et al.,
2005; Steinhausen et al., 2008). An expected response to long
term training is, therefore, optimising the cardiac energy
production and minimizing the energy consumption during
the resting period (Farrell et al., 1990; He et al., 2013). Indeed,
we showed that exercise training stimulates an increase in CS
activity. A similar increase in the aerobic metabolic enzyme CS
and a decrease in LDH activity has been shown in the ventricles
of trained rainbow trout (Farrell et al., 1990) and in the red
muscle of trained Atlantic salmon (Anttila et al., 2006; Anttila
et al., 2008; Zhang et al., 2016). Additionally, although the
hematological variables [Hb] and HCT were not significantly
different between the groups, the trained group displayed a slight
trend towards a higher Hb and HCT which might improve the
oxygen carrying capacity of blood to exercising muscles. In
previous studies exercise training has been shown to improve
the Hb (Gallaugher et al., 2001). It is necessary to remember that
the molecular changes induced by training are often small, but all
together they might provide significant improvement in
performance at the whole organism level (Davison, 1997;
Gamperl and Farrell, 2004). The observed changes with
training towards possibly enhanced aerobic energy production
capacity could give an advantage in a situation where the energy
costs of living increases, such as during exercise, but also during
acute warming during summer heat waves (Kühnhold et al.,
2019) or migration (Eliason et al., 2011; Mottola et al., 2020).
However, since high intensity training group did not have
elevated cardiac thermal tolerance, even though their CS
activity was enhanced, some other pathways seem to be
involved in widening the cardiac thermal window.

Our study also investigated the effect of exercise training on
the level of HIF and VEGF, proteins involved in the angiogenesis
and oxygen provision to the muscles. This is because the acute
increase in energy consumption induced by exercise training
might promote an inner hypoxic environment (hypoxemia)
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(Farrell and Richards, 2009) in the heart that may lead to an
over-expression of HIF and VEGF (Palstra et al., 2014) and
consequently trigger a higher ventricle vascularization in order to
improve the oxygen supply. However, the findings of the current
study do not support this hypothesis since training did not
induce a change in the protein levels of HIF and VEGF. These
results partially reflect those of Castro et al. (2013) who showed
that exercise training triggered a higher transcription activity of
genes related to VEGF, but immunofluorescent analysis did not
detect a difference in VEGF protein expression at the tissue level.
There may be several possible explanations for this result. For
example, HIF and VEGF are usually markers that respond
acutely to hypoxia or hypoxemia and are involved in the
regulation mechanisms that provide oxygen homeostasis and
induce angiogenesis (Nikinmaa and Rees, 2005). Therefore, their
levels have been likely higher at the beginning of training but
reduced back to a physiological level once the organism
acclimatized to the training. Furthermore, the analyses were
conducted from the whole ventricle while the capillaries are
located only in the compact layer. This could have prevented us
from seeing the changes of angiogenesis in compact layer.

Exercise training could also remodel the E-C coupling
mechanism. Therefore, we focused on the ventricular SERCA
level. The main energy consumption in cardiomyocytes is due to
the E-C coupling and SERCA is one of the most highly ATP-
consuming calcium channels that supports the contraction
(Schramm et al., 1994). Previous studies in fish have associated
high SERCA expression or high activity with athletics and
improved skeletal and cardiac muscle contractility (Shiels and
Galli, 2014; Anttila et al., 2019). However, our results did not
show any significant effect of exercise training on the protein
level of SERCA. These results are in line with SERCA results
reported by Castro et al. (2013) showing that exercise training
did not have a significant influence on the mRNA expression of
SERCA. However, it triggered a higher transcription activity of
other genes related to E-C coupling, i.e. voltage dependent L-type
Ca2+ channel alpha 1D subunit (DHPRa1D dihydropyridine
receptor) and calsequestrin (CALSEQ1). Nevertheless, Rissoli
et al. (2017) reported that Matrinxã (Brycon amazonicus, length
25.5 cm) trained to 0.4 bl*s-1 for 60 days showed a lower SERCA
expression and higher expression in NCX as compared to
controls. Overall, a significant amount of future work is
required to identify the molecular mechanisms through which
moderate exercise training improves the cardiac thermal
tolerance in rainbow trout.

In the current study we did not control the temperature of
water in the tanks since the aim was to investigate the effects of
training in real aquaculture settings. Therefore, we cannot
address the possible interaction between the training and the
seasonal decrease in temperature. Nevertheless, the temperature,
which declined during the middle of the training period and
stabilized at the end, influenced all the fish similarly. Therefore,
the temperature decline should not be a confounding factor.
Especially because cardiac thermal tolerance decreased with cold
acclimation (see review in Eliason and Anttila, 2017), therefore
the cold acclimation might have even mitigated the improvement
Frontiers in Marine Science | www.frontiersin.org 9
in cardiac thermal tolerance that was associated with medium
intensity training.

In conclusion, this study demonstrated for the first time that a
medium intensity exercise training programme can improve the
upper thermal tolerance of a cardiovascular system, one of the
most sensitive physiological systems to high temperatures in
fishes. These findings lead to a significant advance in the field
since it opens the doors to a new way to improve the thermal
tolerance of the fishes. Not only did we observe that the medium
intensity group achieved a 3.6°C higher TARR as compared to the
controls but also that training enhanced the CS activity in the
ventricle. However, the molecular mechanisms underpinning the
beneficial effect of training to improve cardiac thermal tolerance
remain mainly unclear. By conducting the training in regular
hatchery tanks we provided direct applicability to the hatchery
setting where also temperature fluctuates seasonally. A natural
progression of this work is to scale up the training programme
evaluating the applicability to adult fish, such as brood-stocks,
and to assess the whole organism thermal tolerance and survival
rate during real heat waves. Nevertheless, these findings will
provide a considerable number of beneficial applications for the
salmonid aquaculture sector, especially in the context of the
imminent global warming scenario; these applications will also
benefit the production of fish stocks for conservation
programmes. Considering the market predictions of an
increased demand for farmed fish and the possibility of a
higher frequency of heat waves in the future, this exercise
training can be considered a good and a viable solution to
these two aquaculture challenges.
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GLOSSARY

C Untrained control group reared at water flow velocity of 0.06 m*s-1 or
0.9 body length*seconds-1 (bl*s-1)

M Medium intensity of training with 0.11 m*s-1 (1.7 bl*s-1) water flow
velocity

H High intensity of training with 0.17 m*s-1 (2.7 bl*s-1) water flow velocity
fHmax Maximum heart rate induced pharmacologically by sequential injections

of atropine and isoproterenol
ECG Electrocardiogram
QRS Typical wave of ECG signal corresponding to the electrical

depolarization of the ventricle and consequently ventricular contraction
(systole)

TABP Arrhenius breakpoint temperature, the temperature at which the fHmax

first slows down its incremental rate with temperature
Tpeak The temperature where the highest fHmax was achieved
TARR Arrhythmia temperature, temperature at which fHmax starts to become

arrhythmic
TS Upper thermal scope (TS=TARR-TABP) defined as the range of

temperatures between the TABP and the TARR that informs about the
upper thermal window for the heart rate

TR Heart resilience (TR=TARR-Tpeak) defined as the range of temperature
between the Tpeak and the TARR which provides the information about
how long the heart was able to function before collapsing at TARR

RVM Relative ventricle mass
HCT Hematocrit
Hb Hemoglobin
CS Citrate synthase
LDH Lactate dehydrogenase
SERCA Sarco(endo)plasmic reticulum Ca2+-ATPase
HIF Hypoxia-inducible factor
VEGF Vascular endothelial growth factor
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