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A B S T R A C T   

The cardiovascular performance of salmonids in aquaculture can be impaired by acute climate warming, posing 
risks for fish survival. Exercise training and functional feeds have been shown to be cardioprotective in mammals 
but their action on the fish heart and its upper thermal performance has not been studied. To investigate this, 
rainbow trout were trained at a moderate water velocity of 1 body length per second (bl s− 1) for 6 h per day, 
either alone or in combination with one of two functional feed-supplements, allicin and fucoidan. After 6 weeks 
of exercise training and feeding, maximum heart rate and the temperature coefficient of heart rate were 
significantly higher in the trained fish as compared to untrained ones. There was a slight increase in hematocrit 
in trained control fish reared on a normal diet (TC group) compared to untrained fish fed with the same diet (CC). 
This implies that exercise training enhanced oxygen delivery to trout tissues via an increase of cardiac blood flow 
in warm water. However, cardiac thermal tolerance was not affected by exercise training or feeding, except from 
the temperature of peak heart rate which was higher in the trained group fed with fucoidan supplement (TF) as 
compared to the untrained group fed with same diet (CF). Allicin supplement caused a significant reduction in 
the maximum heart rate and the temperature coefficient of heart rate, especially in trained fish, while fucoidan 
supplement did not cause any effect on heart rate. No differences were observed in growth performance among 
groups. However, fish fed with fucoidan-supplemented diet had a slight reduction in feed conversion efficiency. 
We suggest further investigations to understand the antagonistic effect of allicin supplemental feeding and ex-
ercise training on cardiovascular performance. More studies are also required to investigate if other exercise 
training intensities could increase cardiac thermal tolerance.   

1. Introduction 

The warming climate is affecting the biological functions of many, if 
not all, marine and freshwater fish living in natural habitats and aqua-
culture systems, posing risks for their survival (Ficke et al., 2007; 
Pörtner and Knust, 2007; FAO et al., 2016; Handisyde et al., 2017). In 
natural settings when temperature increases, wild fish populations 
might have the opportunity to migrate to cooler areas (McKenzie et al., 
2021a). However, barriers such as dams and canals as well as drought 
can negatively impact the movement of wild fish to cooler habitats 
(NRDC et al., 2008). The warming climate can also affect fish in aqua-
culture that may not be able to change their habitat. Especially in 
shallow ponds and tanks, farmed fish rely on their phenotypic plasticity 

in order to acclimate to heat waves. However, these species may not be 
able to react swiftly enough to survive, since mass mortalities of fish and 
shellfish have been reported by the farmers after heat waves (FAO et al., 
2018; Green et al., 2019). 

One reason for mortalities could be that temperature sensitive 
physiological processes, such as cardiac function, become impaired 
during extreme temperature challenges (Haverinen and Vornanen, 
2020). Acute temperature changes challenge fish hearts to maintain 
regular function while also increasing circulation to match a rising 
metabolic rate (Clark et al., 2008; Farrell et al., 2009). When tempera-
ture reaches the fish’s upper thermal limit, cardiac output collapses due 
to bradycardia and there is an increase in the occurrence of cardiac 
arrhythmias (Haverinen and Vornanen, 2020). Limitations in heart 
performance and its plasticity during heat waves could, therefore, be 
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influencing the health and survival of fish. This is a special concern for 
fish in the aquaculture industry since domestication and current rearing 
practices have caused severe cardiac abnormalities (Poppe et al., 2003; 
Mercier et al., 2000; Brijs et al., 2020; Frisk et al., 2020) which can limit 
their cardiovascular capacity to respond warming. There is, thus, urgent 
need to find ways to improve the cardiovascular performance of fish at 
warming temperatures. 

Exercise training is a promising strategy for increasing cardiac per-
formance of aquaculture fish (Palstra and Planas, 2011). Also in nature, 
the habitat characteristics like temperature and flow velocity could 
affect the fish performance and cause “natural training” (Eliason et al., 
2017). Swimming exercise-training at moderate speeds has been shown 
to have beneficial effects on maximum cardiac performance but also on 
growth, swimming and muscular capacity, brain plasticity, stress 
tolerance, and disease resistance in salmonids (Walker and Emerson, 
1978; Houlihan and Laurent, 1987; Farrell et al., 1990, 1991; Claireaux 
et al., 2005; Anttila et al., 2011; Castro, 2012; Davison and Herbert, 
2013; Grisdale-Helland et al., 2013; Mes et al., 2020; McKenzie et al., 
2021b). For example, training intensity, equal to 60% of maximal 
swimming capacity, has shown to improve the cardiovascular perfor-
mance of rainbow trout (Oncorhynchus mykiss) in in situ perfused heart 
analysis (Farrell et al., 1991). However, the question remains whether 
exercise training could enhance maximum cardiac performance during 
warming and the cardiac thermal tolerance. Here, we explored a novel 
idea that exercise training at 1 body length per second (bl s− 1) could 
improve the maximum cardiovascular performance and its thermal 
limits of farmed rainbow trout. 

Another option to enhance the cardiovascular performance of fish at 
high temperatures could be changing the composition of their feed, as 
recently shown by Hardison et al. (2021). Functional feeds are enriched 
diets with natural components derived generally from terrestrial plants 
and seaweeds with potential benefits in the prevention and treatment of 
cardiovascular diseases (Hasler et al., 2000; Marriott, 2000). Two 
prevalent functional feeds, the allicin and fucoidan, have been shown to 
act against cardiovascular disorders in humans and mammals. Allicin, 
an organosulfur substance isolated from the terrestrial plant garlic 
(Allium sativum), has been shown to have antiplatelet, 
anti-atherosclerotic and antiarrhythmic properties in mammals (Prasad 
et al., 1995; Banerjee and Maulik, 2002; Huang et al., 2013; Cui et al., 
2020). Allicin is an inhibitor that caused a reduction in hepatic lipid 
synthesis in mice fed with a high-fat diet and reduced heart oxidative 
stress in a rat model with chronic kidney disease (García-Trejo et al., 
2016; Shi et al., 2019). The molecular mechanism by which allicin acts 
against cardiovascular disorders is partly the reduction of oxidative 
stress, which allows the restoration of mitochondrial function (Marón 
et al., 2020). Fucoidan, on the other hand, is a sulfated polysaccharide 
isolated from marine brown algae (Fucus vesiculosus), that has also been 
shown to act against cardiovascular disorders in mammals. The molec-
ular mechanism of fucoidan relies on the activation of enzymatic anti-
oxidants, suppression of inflammatory cytokines and nitric 

oxide-mediated disorders in cardiomyocytes (Thomes et al., 2010; 
Zaporozhets and Besednova, 2016). The mechanisms underlying those 
protective effects of fucoidan are associated with significant improve-
ments in oxidative stress, cardiac systolic and diastolic function, ven-
tricular rhythm, and vascular density (Manzo-Silberman et al., 2011; 
Tsai et al., 2017; Chang et al., 2019). 

In aquaculture, dietary supplementations of allicin increase growth 
performance and feed conversion efficiency, stimulate appetite, pro-
mote intestinal development, improve immunity and control infectious 
diseases in rainbow trout and other commercial fish species (Nya and 
Austin, 2009; Nya et al., 2010; Militz et al., 2013; Lee et al., 2014; Huang 
et al., 2020). Fucoidan has also been reported to enhance the growth 
response of barramundi (Lates calcarifer) (Tuller et al., 2014; Purcell--
Meyerink et al., 2021). Yet, the effects of allicin and fucoidan on teleost 
cardiovascular performance and its thermal tolerance have not been 
experimentally evaluated even though there have been discussions that 
allicin might be beneficial in this respect (Crumlish and Austin, 2020). 

The objective of this study was to test whether exercise training at 
moderate intensity alone or together with allicin- or fucoidan- 
supplement feeding could have an effect on the maximum cardiovas-
cular performance and its thermal tolerance in juvenile farmed rainbow 
trout. We compared the maximum heart rates (fHmax), induced by 
atropine and isoproterenol, during acute warming, and measured the 
temperatures where trout showed signs for cardiac arrhythmias (Tarr) 
between control and treated groups after 6 weeks. To our knowledge, 
this is the first study to test the effects of exercise training together with 
functional feeds on the cardiac performance and its thermal tolerance in 
teleosts. Besides cardiovascular measurements, we also evaluated 
whether the treatments could influence the growth performance of fish – 
important knowledge for aquaculture. The combined the effect of ex-
ercise training and dietary modifications has important applications in 
aquaculture and ecology. 

2. Materials and methods 

2.1. Ethical approval 

All the experimental procedures followed the EU legal framework 
(Directive 2010/63/EU) and the Finnish legislation (Decree no. 812/ 
2010, Helsinki 2013) for the protection of animals used for scientific 
purposes. The specific ethics license number for current study was 
ESAVI/11880/2019. The experiments were carried out at the Natural 
Resources Institute Finland (Luke) in Enonkoski during the spring- 
summer of 2019. 

2.2. Experimental fish and design 

Experiments were conducted on juvenile rainbow trout (age 1+, n =
216; body mass = 66.3 ± 1.3 g; fork-length = 17.2 ± 0.3 cm), which 
were randomly assorted into six experimental groups in duplicate tanks 

Abbreviations 

BMG body mass gain 
bl s− 1 body length per second 
CC untrained control group fed with normal diet 
CA untrained group fed with allicin-supplemented diet 
CF untrained group fed with fucoidan-supplemented diet 
ECG electrocardiogram 
FCE feed conversion efficiency 
fHmax maximum heart rate 
Hct hematocrit 
Hb hemoglobin 

HSI hepatosomatic index 
K condition factor 
Q10 temperature coefficient 
RVM relative ventricle mass 
SGR specific growth rate 
Tarr arrhythmia temperature 
Tpeak temperature of peak heart rate 
Tabt Arrhenius break point temperature 
TC trained group fed with normal diet 
TA trained group fed with allicin-supplemented diet 
TF trained group fed with fucoidan-supplemented diet  
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(n = 18 per group). The tanks were randomly distributed across the 
aquaculture facility to prevent tank/human disturbance effects. At the 
beginning of the experimental trial, fish size was approximately similar 
and the density of the fish in the tanks followed aquaculture 
recommendations. 

The untrained groups were divided into control group CC, which was 
untrained trout fed with normal (control) diet, group CA, which was 
untrained trout fed with allicin-supplemented diet, and group CF, which 
was untrained trout fed with fucoidan-supplemented diet. The exercise 
trained groups were divided into group TC, which was trained trout fed 
with a normal diet, group TA, which was trained trout fed with allicin- 
supplemented diet, and group TF, which was trained trout fed with 
fucoidan-supplemented diet. Each experimental group was divided in 
two identical duplicate tanks. The fish were reared in 230 L circular 
flow-through plastic tanks (0.51 m height × bottom area 0.45 m2) with 
freshwater coming from the nearby Lake Ylä-Enonvesi (62◦04′01′′N, 
29◦00′00′′E). The water temperature, oxygen level and daily light cycle 
were following the ambient natural conditions. At the first week of the 
exercise training and feeding, the average water temperature was 5.5 ±
0.3 ◦C, and at the last week, it was 13.9 ± 0.7 ◦C (Supplementary 
Figure 1). Dissolved water oxygen level was measured daily using an 
optical oxygen meter (HACH HQ30d flexi, HACH Company, USA) and it 
was around 86 ± 7.1% O2 saturation throughout the experimental 
period. Trout were fed to satiation once a day for five days per week. The 
amount of food was recorded daily for each tank to calculate feed intake, 
as the total average dry food consumed (g) per number of fish in each 
tank. 

2.3. Diet preparations 

During the 6-weeks experimental period, trout were fed with a 
commercial diet (3.5-mm Hercules pellets with 43% crude protein, 28% 
crude fat, 1.5% crude fiber, 4.8% ash, 0.7% calcium, 0.9% phosphorus, 
0.5% sodium, vitamin A, vitamin D3, vitamin E, vitamin C3 and astax-
anthin with the energy level of 24 MJ kg− 1) produced at Raisio Aqua Oy 
in Turku (Finland). 

The CC and TC groups were fed only with the commercial diet. 
Groups CA and TA were fed with the commercial diet, supplemented 
with allicin as Allimed® liquid (1000 mg L− 1, Allicin International 
Company, East Sussex, UK), while the CF and TF groups diet were 
supplemented with fucoidan as MariVet® (powder from Fucus ves-
iculosus and Undaria pinnatifida, Marinova Pty Ltd, Cambridge TAS, 
Australia). The concentration of fucoidan in MariVet® powder was 398 
mg g− 1. MariVet® also contained marine polyphenols (131 mg g− 1) and 
mannitol (125 mg g− 1). The concentrations of Allimed® and MariVet® 
for the current study were selected according to Nya et al. (2010) and 
Tuller et al. (2014). Allimed® was sprayed into pelleted food at a 1 mL 
100 g− 1 food and MariVet® was manually mixed at 10 g kg− 1 food for 
fucoidan. After mixing the supplements to food pellets, the pellets were 
spray-coated with fish oil (1%, Möller Orkla Care Oy, Finland) to ensure 
the binding of supplements and reduced their dissolution to water when 
feeding the fish. After overnight air-drying the food was vacuum-coated 
and stored in plastic bags at 4 ◦C and used within one month. Control 
groups’ diets were prepared in the same way but without the addition of 
the supplements. The feeds were prepared in 300 g batches. 

2.4. Exercise training 

During the 6-week experimental period, the untrained trout were 
swimming against an average water flow velocity of 0.3 bl s− 1 in circular 
plastic tanks (24 h). The trained fish were exposed to average water flow 
velocity of 1.0 bl s− 1 for 6 h per day (from 8 a.m. to 2 p.m.), and rest for 
18 h at 0.3 bl s− 1. All the fish were fed 1 h after the exercise training 
ended. The exercise training was conducted 5 days per week. During the 
weekends fish were swimming with a velocity of 0.3 bl s− 1. The water 
flow velocity was calculated as an average velocity from three different 

spots from the tank. The flow velocity was measured with OTT C small 
current meter with a propeller (Lindell, Germany). 

2.5. Growth performance and feed utilization 

One month before the experiment started trout were passive inte-
grated transponder (PIT, #AB10350; HS code: 85235290, Loligo Sys-
tems, Viborg, Denmark) tagged under anesthesia (100 ppm buffered MS- 
222). At the same time, the initial mass and length of the fish were 
measured. These parameters were also measured at the end of the 
experiment. The growth performance parameters such as gain in body 
mass, specific growth rate, feed conversion efficiency, and condition 
factor were calculated according to the following formulas:  

Body mass gain (BMG) % = (Wt - W0) × 100 / W0, where W0 = initial trout mass 
in grams and Wt = final mass in grams                                                      

Specific growth rate (SGR) % = ((ln Wt) - ln(W0))/T x 100, where ln = natural 
logarithm and T = time interval (days)                                                       

Feed conversion efficiency (FCE) = mass gained (g) / feed intake (g), where 
feed intake was the total average dry food consumed (g) per number of fish in 
tank                                                                                                      

Condition factor (K) = (mass (g) / length (cm) 3) × 100                               

2.6. Hematological and tissue analysis 

At the end of the experiment, the blood, liver, and ventricle samples 
were collected from the rainbow trout groups. Blood samples were taken 
with heparinized syringes from the caudal vein of the fish. The hemat-
ocrit (Hct) of blood was measured in micro-hematocrit capillary tubes 
spun for 5 min at 15000 g (StatSpin MP Centrifuge) by the Wintrobe 
method, and Hct was reported as a percentage of packed red cell vol-
ume (%). In order to measure hemoglobin concentration (Hb), 10 μl of 
blood was diluted to 1 ml of Drabkin’s solution (50 mg K3Fe(CN)6 
(Merck, Espoo, Finland), 12.5 mg KCN (Pharmakon Inc, NJ, USA), 40 mg 
KH2PO4 (MilliporeSigma, Darmstadt, Germany), in 175 ml dH2O) and 
the absorbance of the solutions was measured as triplicates with Perki-
nElmer EnSpine™ 2300 Multilabel plate reader at 540 nm. The Hb was 
calculated as described by Wells et al. (2005). The heart ventricle was 
weighed after removal atrium, bulbus arteriosus, and blood. Liver was 
also removed and weighed. The relative ventricle mass (RVM) and the 
hepatosomatic index (HSI) were calculated using the following 
formulas:  

Relative ventricle mass (RVM) % = ventricle mass (g) / body mass (g) × 100  

Hepatosomatic index (HSI) % = liver mass (g) / body mass (g) × 100            

2.7. Assessment of cardiovascular function in vivo 

To study the cardiac performance of trout during acute warming, 
maximum heart rate (fHmax), temperature of peak heart rate (Tpeak), and 
the two transition temperatures, the Arrhenius break point temperature 
(Tabt) and the arrhythmia temperature (Tarr) of fHmax were measured in 
vivo using electrocardiograms (ECGs) as previously described by Cas-
selman et al. (2012) and Anttila et al. (2017). The cardiovascular mea-
surements of the fish were done within 7 days at the end of the 
experiment. In order to avoid bias and other unwanted effects such as 
temperature fluctuations within those 7 days, each day fish from each 
group were analyzed in random order. 

The ECGs of the fish were detected with custom made silver elec-
trodes (two detecting electrodes and the ground electrode immersed in 
chambers), which were placed underneath trout and below the heart. 
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ECG signal was amplified with Grass P122 AC/DC Strain Gage Amplifier 
(Grass Technologies, Warwick, USA) and detected with BIOPAC Data 
Acquisition Unit MP100 (BIOPAC® Systems, Inc. Goleta, CA, USA) and 
Acknowledge software (ver. 3.9.1.). 

For the heart measures, trout (n = 9 per group) were anesthetized in 
buffered tricaine methanesulfonate (100 ppm MS-222, Western Chem-
ical, Inc. WA, USA) and their weight was recorded. Thereafter the fish 
were immersed in oxygen and temperature regulated chambers. The 
chambers were PVC pipes cut lengthwise, water circulation and tem-
perature controlling of chambers were performed with Lauda RC6 
(Lauda- Königshofen, Germany). Trout were maintained anesthetized 
(60 ppm buffered MS-222) and a nozzle was inserted in the mouth of the 
fish providing oxygen-rich water to gills during measurements. The 
temperature in the system was kept at 10 ◦C at the beginning of mea-
surements. The anesthetized trout were stationary and fully submerged 
during the measurements to reduce skeletal muscle activity and mini-
mize electrical interference. After 30 min of equilibration period at 
10 ◦C, atropine sulfate solution was injected to fish intraperitoneally (1 
μl g− 1; concentration of 2.5 μg g− 1; Alfa Aesar by ThermoFisher Scietific, 
Karlsruhe, Germany), and followed with isoproterenol injection (1 μl 
g− 1; concentration of 8 ng g− 1; Sigma-Aldrich Chemie GmbH, Munich, 
Germany) 15 min later. Both reagents were dissolved into 0.9% NaCl 
(Sigma-Aldrich, Helsinki, Finland) and prepared daily. Fifteen minutes 
after the isoproterenol injection, the temperature was started to increase 
stepwise: 1 ◦C per 6 min according to Casselman et al. (2012). The heart 
rate was allowed to stabilize before each temperature step. The warming 
continued until cardiac arrhythmias were observed i.e. QRS complex or 
P wave was missing, indicating arrhythmia temperature Tarr. After that, 
fish were immediately removed and killed with cranial percussion and 
the length of the fish was recorded. Fish that had noisy signal (no QRS 
complexes were able to be observed), or complications after the in-
jections (fish developed cardiac arrhythmias shortly after injection) 
were omitted from analyses. In total, four fish were removed based on 
these criteria (final n-numbers per groups are presented in Table 2). 

The fHmax in each temperature step was calculated by counting R-R 
intervals for ten final heartbeats per temperature step. The peak heart 
(fHpeak) indicated the highest heart rate value recorded during temper-
ature increase and the Tpeak temperature where fHpeak occurred. The Tabt 
indicated the temperature where rate functions first fail to follow an 
exponential increase with temperature and was calculated according to 
Yeager and Ultsch (1989). This was done by plotting the natural loga-
rithm of fHmax (ln fHmax) against the inverse of Kelvin temperature (1/T). 
The two linear regression lines were fitted into plots of the ln fHmax 

versus 1/T. The intersection of these two regression lines indicated that 
the Tabt at which temperature-induced increase in fHmax shifts to a lower 
exponent. Temperature dependency of the fHmax was expressed as a 
temperature coefficient (Q10) calculated with the formula: Q10 =

(R2/R1) (10/(T2 -T1)), where T1 and T2 are the temperatures that produce 
the fHmax values for R1 and R2 respectively. 

2.8. Statistical analysis 

All data in the text and figures, except the original recordings of ECG 
in vivo, are presented as mean ± SEM (standard error of the mean). The 
Shapiro-Wilk normality test and the Brown-Forsythe equal variance test 
were used to examine the distribution and variance of variables. The 
effect of the diet and exercise training on growth, hematological, organ, 
and cardiovascular variables (BMG, SGR, FCE, K, Hct, Hb, RVM, HSI, 
fHpeak, Tabt, Tpeak and and arrTarr) were assessed using a two-way ANOVA, 
while the fHmax and Q10 at different temperatures were analyzed with 
three-way ANOVA. Pairwise multiple comparisons between groups were 
identified using Holm-Sidak’s post hoc analysis. All the statistical ana-
lyses were performed with SigmaPlot 14 (Systat Software Inc., San Jose, 
CA, USA, www.sigmaplot.com). Statistical significance was accepted at 
P ≤ 0.05. 

3. Results 

No mortalities were observed in any of the groups throughout the 6- 
week training program. 

3.1. Growth and morphological parameters 

The results of body parameters such as mean growth, relative 
ventricle mass and hepatosomatic index as well as feed conversion ef-
ficiency and hematological parameters are presented in Table 1. The 
Supplementary Table 1 also contains the average growth parameters of 
each duplicate tank per group. Overall, no differences were found 
among groups on body mass gain (F = 1.95, P = 0.15 diet; F = 0.56, P =
0.45 exercise training; F = 0.30, P = 0.74 interaction between diet x 
exercise training), specific growth rate (F = 1.42, P = 0.24 diet; F = 0.47, 
P = 0.49 exercise training; F = 0.49, P = 0.61 diet x exercise training), 
condition factor (F = 0.54, P = 0.58 diet; F = 1.26, P = 0.26 exercise 
training; F = 0.09, P = 0.91 diet x exercise training), relative ventricle 
mass (F = 1.06, P = 0.35 diet; F = 1.11, P = 0.30 exercise training; F =
0.18, P = 0.83 diet x exercise training) and hepatosomatic index (F =

Table 1 
Growth, hematological, and tissue parameters of rainbow trout fed with normal diet (control group), allicin-supplemented diet and fucoidan-supplemented diet and 
raised under two different water velocities, control (0.3 bl s− 1) and moderate swimming exercise training (1.0 bl s− 1). Measurements were taken after 6 weeks of 
feeding and exercise training. All values are presented as means ± SEM with number of samples for each group in parentheses.  

Trout groups CC CA CF TC TA TF 

Water velocity 0.3 bl s− 1 (control) 1.0 bl s− 1 (training) 
Growth parameters 

W0 65.36 ± 3.32 (19) 68.23 ± 3.15 (17) 70.22 ± 2.65 (18) 65.35 ± 2.62 (17) 60.66 ± 3.21 (15) 62.94 ± 2.58 (18) 
Wt 103.45 ± 4.69 (20) 109.90 ± 5.64 (17) 110.23 ± 4.64 (19) 107.96 ± 5.16 (19) 102.95 ± 5.54 (16) 98.53 ± 5.05 (20) 
BMG % 62.05 ± 3.99 (19) 63.49 ± 7.62 (17) 57.13 ± 4.46 (18) 66.37 ± 5.99 (17) 70.78 ± 5.86 (15) 55.81 ± 5.19 (18) 
SGR % 1.70 ± 0.41 (19) 1.68 ± 0.18 (17) 1.59 ± 0.10 (18) 1.78 ± 0.13 (17) 1.88 ± 0.12 (15) 1.54 ± 0.13 (18) 
FCE 1.12 ± 0.07 AB (19) 1.08 ± 0.11 AB (17) 1.03 ± 0.08 AB (18) 1.15 ± 0.10 AB (17) 1.31 ± 0.11 A (15) 0.81 ± 0.08 B (18) 
K 1.74 ± 0.41 (20) 1.36 ± 0.02 (17) 1.38 ± 0.02 (19) 1.36 ± 0.02 (19) 1.33 ± 0.03 (16) 1.32 ± 0.02 (20) 

Hematological parameters       
Hct % 34.5 ± 2.45A (16) 41.3 ± 1.21AB (13) 39.7 ± 2.44AB (10) 44.2 ± 4.13B (15) 38.8 ± 2.58AB (14) 41.6 ± 1.42AB (14) 
Hb g/l 57.22 ± 6.29 (9) 68.75 ± 6.2 (8) 72.42 ± 3.72 (7) 73.0 ± 4.01 (9) 63.0 ± 8.66 (7) 67.2 ± 4.07 (9) 

Tissue parameters       
RVM % 0.08 ± 0.00 (10) 0.09 ± 0.00 (8) 0.08 ± 0.00 (10) 0.09 ± 0.00 (10) 0.09 ± 0.00 (8) 0.08 ± 0.00 (10) 
HSI % 0.77 ± 0.04 (9) 0.88 ± 0.05 (8) 0.80 ± 0.03 (9) 0.84 ± 0.07 (9) 0.85 ± 0.04 (8) 0.74 ± 0.03 (9) 

Abbreviations CC: untrained trout fed with normal diet; CA: untrained trout fed with allicin-supplemented diet; CF: untrained trout fed with fucoidan-supplemented 
diet; TC: trained trout fed with normal diet; TA: trained trout fed with allicin-supplemented diet; TF: trained trout fed with fucoidan-supplemented diet; W0 = initial 
trout mass in grams; Wt = final mass in grams; BMG: body mass gain; SGR: specific growth rate; FCE = Feed conversion efficiency; CF: K; Hct: hematocrit; Hb: he-
moglobin; RVM: relative ventricle mass; HSI: hepatosomatic index. Significant differences between groups are indicated with different letters. 

A. Papadopoulou et al.                                                                                                                                                                                                                        

http://www.sigmaplot.com


Current Research in Physiology 5 (2022) 142–150

146

1.98, P = 0.15 diet; F = 0.12, P = 0.73 exercise training; F = 0.99, P =
0.38 diet x exercise training). Diet had a significant effect on feed con-
version efficiency (F = 4.71, P = 0.01), while exercise training did not 
influence feed conversion efficiency (F = 0.06, P = 0.81) and there was 
not an interaction between diet and exercise training (F = 0.63, P =
0.53). The post-hoc test revealed a significant 38%-decrease of FCE in 
trained fish fed fucoidan-supplemented diet (TF) compared to trained 
fish fed with allicin-supplemented diet (TA) (t = 2.66; P = 0.02). Exer-
cise training and diet did not have effect on a hemoglobin (F = 0.40, P =
0.67 diet; F = 0.12, P = 0.74 exercise training). However, for hematocrit 
there was significant interaction between diet and exercise training (F =
3.08, P = 0.05). The post-hoc test revealed a significant increase of Hct 
by exercise training in fish fed with control diet (t = 2.05, P = 0.05), 
while in other diet groups exercise training did not have any effect 
(Table 1). A similar trend was also seen with hemoglobin (F = 2.47, P =
0.09 interaction between diet x exercise training). 

3.2. Cardiac and thermal tolerance parameters 

The fHmax increased significantly during the acute warming in all 
groups (F = 142.3, P < 0.001). Both diet (F = 3.67; P = 0.02) and ex-
ercise training (F = 11.43; P < 0.001) affected the fHmax during the acute 
temperature change from 10 ◦C to 20 ◦C, and there was almost a sig-
nificant interaction between diet, training and temperature (F = 1.58, P 
= 0.053) (Fig. 1A). Post-hoc tests revealed that exercise training 
increased the average fHmax during the warming challenge of trout (t =
3.38, P < 0.001). The difference between trained and untrained groups 
was 11.3 beats per minute at 20 ◦C. The post-hoc tests also revealed that 
trout fed with allicin-supplemented diet had lower heart rate (fHmax) 
during warming as compared to group fed with control diet (t = 2.70; P 
= 0.02) and the difference between allicin and control groups was 18.4 
beats per minute at 20 ◦C. The reduction of fHmax was especially evident 
in trained fish where the allicin fed had the lowest fHmax during the 
thermal challenge (Fig. 1B) and the difference between TC and TA 
groups was 37.8 beats per minute at 20 ◦C. 

With regards to the thermal tolerance parameters of cardiac func-
tion, neither diet nor the exercise training affected the Tabt (F = 0.74, P 
= 0.48 diet; F = 0.00, P = 0.98 exercise training; F = 2.80, P = 0.07 diet 
x exercise training) or Tarr (F = 1.00, P = 0.37 diet; F = 0.01, P = 0.91 
exercise training; F = 0.47, P = 0.62 diet x exercise training) within any 
of the groups (Table 2). The fHpeak values did not differ significantly 
among groups (F = 0.45, P = 0.63 diet; F = 3.44, P = 0.07 exercise 
training; F = 0.52, P = 0.47 diet x exercise training). Even though diet (F 
= 0.57, P = 0.55) and exercise training (F = 0.52; P = 0.47) did not have 
an effect on the temperature of fHpeak, the Tpeak, there was significant 
interaction between diet and exercise trainings (F = 3.45, P = 0.04). 
According to post-hoc test the trained group fed with fucoidan- 
supplemented diet (TF) had 1.9 ◦C higher Tpeak than the untrained 
trout fed a similar diet (CF) (t = 2.03, P = 0.04) (Table 2). There were no 
significant differences in Tpeak between trained and untrained groups in 
the control and allicin fed fish (CC vs TC t = 0.82, P = 0.41; CA vs TA t =

Table 2 
Cardiac performance and its thermal tolerance parameters of trained and untrained rainbow trout fed with different diets for 6 weeks. The cardiac responses were 
measured during an acute temperature challenge (1 ◦C per 6 min). The table shows data of peak heart rate (fHpeak) and temperature where it was achieved (TPeak) 
during the thermal challenge as well as Arrhenius break point temperature (Tabt) of fHmax and temperature where cardiac arrhythmias appeared (Tarr) for each trout 
group. All values are presented as means ± SEM.  

Trout groups CC CA CF TC TA TF 

(n = 8) (n = 9) (n = 9) (n = 8) (n = 8) (n = 8) 

Water velocity 0.3 bl s− 1 (control) 1.0 bl s− 1 (training) 
Cardiac parameters       
fHpeak 142.3 ± 8.54 145.1 ± 2.84 141.8 ± 5.53 158.4 ± 4.70 143.6 ± 8.45 158.9 ± 7.56 
Tabt (◦C) 15.8 ± 0.46 16.5 ± 0.50 16.5 ± 0.38 16.9 ± 0.29 15.4 ± 0.63 16.5 ± 0.38 
TPeak (◦C) 20.1 ± 0.74AB 20.5 ± 0.44AB 19.4 ± 0.50A 20.9 ± 0.55AB 19.1 ± 0.85AB 21.3 ± 0.67B 

Tarr (◦C) 21.9 ± 0.59 22.8 ± 0.60 22.9 ± 0.71 22.3 ± 0.52 22.2 ± 1.20 23.5 ± 0.92 

Abbreviations of trout groups have been previously mentioned in Table 1. Significant differences between groups are indicated with different letters. 
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Fig. 1. Maximum heart rate (fHmax; in beats per minute, bpm) of (A) untrained 
and (B) trained rainbow trout fed with different diets during an acute warming 
from 10 to 20 ◦C. Values are presented as mean ± SEM. CC: untrained trout fed 
with normal diet; CA: untrained trout fed with allicin-supplemented diet; CF: 
untrained trout fed with fucoidan-supplemented diet; TC: trained trout fed with 
normal diet; TA: trained trout fed with allicin-supplemented diet; TF: trained 
trout fed with fucoidan-supplemented diet. 
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1.61, P = 0.11). 
In general, the temperature had a significant main effect on Q10, as 

Q10 reduced when temperature increased (F = 12.62, P < 0.001) (Fig. 2). 
The diet and exercise training did not affect the Q10 values during 
warming (F = 0.59, P = 0.55 diet; F = 0.95, P = 0.33 exercise training). 
However, there was an interaction between diet and exercise training (F 
= 5.37, P = 0.005) (Fig. 2A), and post-hoc comparisons revealed 
(Fig. 2B) that the trained group fed with a normal diet had significantly 
higher Q10 (t = 1.96, P = 0.050) values at the high temperatures 
compared to untrained group fed with the same diet. Furthermore, the 
trained group fed with a normal diet (TC) had also higher Q10 compared 
to trained group fed with allicin-supplement (TA) (t = 2.76, P = 0.02) 
but not with fucoidan-supplement (TF) (t = 0.45, P = 0.64). Between 
allicin and fucoidan supplements, trained groups fed with the fucoidan 
had higher Q10 values during warming (t = 2.31, P = 0.04). The trained 
group fed with allicin-supplement had lower Q10 than untrained group 

fed with allicin (t = 2.11, P = 0.03). 

4. Discussion 

In this study we hypothesized that exercise training at a moderate 
speed of 1 bl s− 1 and dietary supplementation of the functional feeds, 
allicin and fucoidan, would positively influence cardiac performance, 
and cardiac thermal tolerance of farmed rainbow trout as well as their 
growth. Our results indicate that the supplementation of allicin (CA) or 
fucoidan (CF) in the diet did not improve the cardiac performance or 
growth in untrained groups. However, the exercise training increased 
the trout’s fHmax and Q10 of heart rate at high temperatures. When the 
two-factors, exercise training and supplement feeding, were combined 
they did not work synergistically. Allicin significantly reduced the fHmax 
of the fish. This was especially evident in trained fish. Changes in cardiac 
performance in response to exercise training did not cause similar pos-
itive changes when trout were simultaneously fed with allicin. In other 
words, allicin supplementation eliminated the positive effects of 
training. Further research at a molecular level is required to understand 
the unwanted antagonistic effects of exercise training and supplement 
feeds in trout. 

4.1. Cardiac function and thermal tolerance 

One way to evaluate the performance of fish under environmental 
changes, e.g. warming climate, is to measure their heart rate and ther-
mal tolerance parameters of cardiac function (Casselman et al., 2012). 
For instance, Tabt estimates the temperature when fish achieves its op-
timum performance, Tpeak is a temperature indicating the limit for 
maximum performance, and Tarr indicates the critical temperature when 
fish heart’s performance starts to collapse (arrhythmias appear) (Cas-
selman et al., 2012). Fish can, however, modulate their cardiac perfor-
mance and its thermal tolerance to survive from changing temperatures 
(see review in Eliason and Anttila, 2017). Recently, it has been shown 
that diet has significant effect on cardiac performance of fish during 
warming. The supplementation of Ulva spp. to diet of the omnivorous 
fish opaleye (Girella nigricans) reduced their maximum heart rate (fHmax) 
when compared to fish fed with carnivorous diet without changing their 
thermal tolerance parameters (Hardison et al., 2021). Here, the aim was 
to discover if supplement feeding could improve the cardiac perfor-
mance of the fish during warming. The allicin and fucoidan supple-
ments, however, did not produce any beneficial effects on the cardiac 
performance parameters (fHpeak and fHmax during acute warming) nor 
cardiac thermal tolerance (Tabt, TPeak, and Tarr). Combining the fucoidan 
feeding to exercise training, however, had a positive effect on TPeak. 
Previous studies have shown that fucoidan could influence the cardiac 
function in mammals. In particular, the treatment with fucoidan 
enhanced the ventricular rhythm through reduction of QT intervals and 
improved the swimming endurance of aging mice (Chang et al., 2019). 
Also, enhanced myocardial contractility and reduced risk of ischemic 
heart disease have been reported after administration with dietary 
fucoidan in a rat model with diabetes (Li et al., 2011; Yu et al., 2014). 
Similarly, cardioprotective effects have been observed with allicin, 
through mechanisms that prevented ventricular arrhythmias and 
reduced myocardial infarctions in rats (Huang et al., 2013; Ma et al., 
2017). However, in the current study, the only positive effect was the 
improvement of TPeak with fucoidan feeding when the fish were training 
while allicin reduced the maximum heart rate (fHmax) and its tempera-
ture coefficient (Q10). To date, there are no previous experiments on 
whether allicin or fucoidan could influence the cardiac function of any 
fish species. It is possible, though less likely, that other concentrations of 
allicin and fucoidan than those used in this study, might be more 
effective. 

Exercise training, on the other hand, increased the fHmax of trout 
during the acute thermal challenge. Similarly, the trained trout had 
significantly higher Q10 at high temperatures compared to untrained 
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Fig. 2. The Q10 of maximum heart rate changes between each 1 ◦C temperature 
step during acute warming of (A) untrained and (B) trained rainbow trout. 
Values are presented as mean ± SEM. CC: untrained trout fed with normal diet; 
CA: untrained trout fed with allicin-supplemented diet; CF: untrained trout fed 
with fucoidan-supplemented diet; TC: trained trout fed with normal diet; TA: 
trained trout fed with allicin-supplemented diet; TF: trained trout fed with 
fucoidan-supplemented diet. 

A. Papadopoulou et al.                                                                                                                                                                                                                        



Current Research in Physiology 5 (2022) 142–150

148

ones. It could be that high fHmax enables high blood flow to fish tissues in 
trained trout when temperature rises. Even though fHmax was increased 
by a modest swimming training intensity, there was no statistically 
significant increase in cardiac thermal tolerance parameters (Tabt, TPeak 
and Tarr) of trained trout. Previous work in rainbow trout has shown that 
aerobic swimming exercise training at water velocities ≥1 bl s− 1 posi-
tively affected stroke volume, cardiac output, and maximum power 
output in situ (Farrell et al., 1991). Here, in addition to the elevated fHmax 
values, we observed that trained trout fed with control diet had high Hct 
levels which indicate increased oxygen delivery to tissues. Thorarensen 
et al. (1993) found a similar increase of Hct with swimming in chinook 
salmon (Oncorhynchus tshawytscha). Both Hct and fHmax results in cur-
rent study suggest that exercise training intensity at 1 bl s− 1 was at an 
aerobic level, due to a potential higher oxygen delivery to tissues. 
However, despite the promising results, it could be that higher training 
intensity is needed to enhance the thermal tolerance of the fish, or 
induce changes in cardiac size since there were no significant differences 
in relative ventricle mass among groups. 

Surprisingly, fHmax values were lower at high temperatures in the 
trained group fed with the allicin-supplement (TA) when compared to 
the normal diet (TC) treatment. Since swimming exercise training alone 
(TC vs. CC) increased fHmax, it seems that there is a possible antagonistic 
interaction with allicin feeding and exercise training. A similar result 
was seen in Q10 values which suggests that the combination of allicin 
and exercise training has a suppressing effect on the capacity of physi-
ological processes, such as the heart rate, to response to environmental 
warming. The current study cannot reveal the reason for the observed 
reduction. However, we can speculate that a reason might be the 
regulation of blood pressure, and therefore cardiac function during 
warming. In mammals, garlic has been shown to reduce both systolic 
and diastolic blood pressure via stimulation of nitric oxide (NO) pro-
duction and inhibition of the angiotensin-converting enzyme (Batiha 
et al., 2020). Similarly, swimming training has been shown to increase 
NO production and its bioactivity (Green et al., 2004). In fish, though, 
venous pressure needs to be kept consistent or even increase at high 
temperatures to enable cardiac filling (Sandblom and Gräns, 2017). The 
trained trout fed with allicin may have needed a low fHmax at high 
temperatures, to enable enough time for cardiac filling. 

4.2. Growth performance 

Besides evaluating the cardiac function and its thermal tolerance, we 
also measured the different growth parameters of the fish. Here, allicin 
supplement did not influence growth performance (BMG, SGR), nutrient 
utilization (FCE), or the general condition (K) of trout after 6 weeks. 
Although the same trend in somatic parameters was seen for trout fed 
fucoidan supplement, the trained group (TF) showed relatively low 
levels of FCE and BMG. In the current study, the FCE was calculated with 
assumption that all the fish in the same tank were feeding the same way. 
This could induce some bias into calculations since some fish might not 
eat same amount as other fish (e.g. larger fish bullying smaller fish and 
preventing them from feeding). Therefore, strong conclusions cannot be 
made about possible negative effects of fucoidan on FCE. In general, the 
condition factors of the fish in all groups were relatively high (1.3–1.8). 
Therefore, it could be that trout were already at their maximum growth 
performance. Furthermore, it could be that the growth parameters might 
be influenced if the experimental trial had lasted longer than 6 weeks. 
Another reason why allicin and fucoidan supplements did not affect 
untrained trout could be that there was no need for extra energy, pro-
tection against pathogenic microorganisms, or atherosclerosis that these 
supplements provide. 

In the current study, trout were exposed to an exercise training 
challenge that often increases metabolism in fish, at least during exercise 
(Soofiani and Priede, 1985; Grisdale-Helland et al., 2013). However, in 
the current study, no differences were found in growth nor morpho-
logical parameters after exercise training irrespective of diet. This 

suggests that moderate swimming exercise training intensity for trout (1 
bl s− 1) might not have been high enough to induce a significant demand 
for more energy. In previous reviews, exercise-training at moderate in-
tensities at the range of 0.75–1.5 bl s− 1 has been shown to have positive 
effects on growth, feed intake, and swimming efficiency of juvenile 
salmonids (Davison, 1989, 1997; Jobling et al., 1993), with a few ex-
ceptions (Kiessling et al., 1994; Skov et al., 2011). Therefore, in terms of 
growth and feeding, we believe that swimming exercise training at ve-
locity of 1 bl s− 1 is at the range of intermediate velocities, at which ju-
venile trout are expected to swim relatively economically (Webb, 1971) 
without high energy demand. Moreover, in the present study we have 
shown that the HSI was unaffected within trained groups fed with 
functional feeds or normal diet. This also indicates that exercise in-
tensity at 1 bl s− 1 did not cause energy depletion, and therefore juvenile 
trout during exercise were able to adjust their energy stores (e.g. hepatic 
glucose) to maintain growth and swimming. Our results seem to be in 
agreement with a previous study where trout exposed to 1.5 bl s− 1 

showed a steady energy budget by balancing glucose production and 
glucose utilization (Shanghavi and Weber, 1999). Future studies could 
test if supplement feeding would have more beneficial effects if the fish 
were trained with higher intensity or if the duration of program would 
be longer. 

In conclusion, we have shown that trout exposed to aerobic exercise 
training were able to maintain a robust fHmax at high temperatures and 
possibly increase the oxygen delivery to tissues via increased Hct. A 
higher fHmax did not, however, increase cardiac thermal tolerance of 
trained fish except when training was combined with fucoidan food 
supplement that increased the TPeak. as compared to untrained fucoidan 
fed fish. Allicin, on the other hand, reduced the fHmax and Q10 of heart 
rate, especially the ones of trained fish. However, on whole, dietary 
allicin and fucoidan do not improve cardiac and upper thermal tolerance 
performance of trout suggesting that these supplements, with used 
concentrations, are not providing any beneficial effects on cardiac per-
formance. Our finding may be significant in fish hatcheries in terms of 
establishing ’swimming training regimes’ and understanding the ability 
of fish to survive acute thermal conditions. Our results also show that 
cardiac function is plastic and different environmental conditions, for 
example water flow rate, can modulate the thermal performance of heart 
which could have implementations in nature as well when fish are e.g. 
migrating. More studies are, however, required for testing the effects 
different training intensities on cardiac thermal tolerance as well as 
revealing, at a molecular level, the combined effects of feeding and 
exercise training. 
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