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e INRAE, Universitéde Pau et des Pays de l′Adour, Saint-Pee-sur-Nivelle, France 
f Lucta S.A., Innovation Division, Animal Science Unit, UAB Research Park, Bellaterra, Spain   

A R T I C L E  I N F O   

Keywords: 
Aquafeeds 
Plant-derived ingredients 
Butyric acid 
Short-chain fatty acid 
Growth performance 
Fish welfare 

A B S T R A C T   

Dietary supplementation with tributyrin (TBT), a source of butyric acid, has been shown to improve growth 
performance and health status when high levels of plant ingredients are included in aquafeeds. Here, we 
investigated the response of rainbow trout (Oncorhynchus mykiss) to a plant-based diet supplemented with TBT 
aiming to improve fish performance and welfare. Juvenile rainbow trout (19.0 ± 0.19 g, mean ± SEM) were 
divided into 12 tanks (210 L, 40 fish/tank) connected to a RAS system and fed four experimental diets in trip-
licate to apparent satiety. Diets tested comprised a basal diet (CTR) including 10% fishmeal and 10% fish oil, plus 
83% plant-derived ingredients (44% crude protein, 18% crude fat, gross energy 21.8 MJ kg− 1) with increasing 
inclusion levels of TBT (55% purity), supplying 0.05% (TBT1), 0.1% (TBT2) and 0.2% (TBT4) of this compound. 
Fish performance was evaluated after 44 days. Following the growth trial, the effect of the diets on selected 
plasma innate immune and hepatic antioxidant parameters of trout was investigated at 3 h and 24 h after 
feeding. TBT supplementation had no significant impact on growth performance, feed efficiency, feed intake, or 
proximal composition in rainbow trout (P > 0.05). However, the plasma lysozyme activity was higher in fish fed 
the TBT2 diet than in those fed CTR or TBT4 diets after 3 h (P = 0.021). In addition, the plasma antiprotease 
activity in fish fed the TBT2 and TBT4 diets was higher than those fed the CTR diet after 24 h (P = 0.010 and 
0.013, respectively). Catalase activity in the liver of trout fed the TBT4 diet was higher than in fish fed CTR or 
TBT2 diets after 3 h (P = 0.016 and 0.019). Results showed that effective levels of dietary TBT supplementation 
at 0.1% and 0.2% could result in improved immune and antioxidant responses in trout, respectively. Therefore, 
dietary TBT supplementation in this carnivorous species may result in enhanced welfare when high levels of 
plant-derived ingredients are used in aquafeeds.   

1. Introduction 

Aquaculture production is projected to steadily increase in the 
future, although it will encounter some challenges. One of the major 

concerns is the stable quantity of fishmeal (FM) and fish oil (FO) 
generated, which have traditionally been essential ingredients for 
aquafeed production (FAO, 2020). To tackle this growing concern, one 
of the focuses of aquaculture nutrition research has been the 
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procurement of alternative ingredients (Glencross et al., 2020; Turchini 
et al., 2019). Plant-based diets have been tested and optimized for 
several fish species, decreasing the use of FM and FO in aquafeeds. 
However, the use of full plant-based diets in some cultured fish seems to 
be linked with reduced growth and higher disease outbreaks due to 
potential amino acid profile imbalance (Gatlin et al., 2007), inadequate 
fatty acid profile (Glencross, 2009) and/or the presence of 
anti-nutritional factors (Francis et al., 2001; Kokou and Fountoulaki, 
2018), which may result in functional changes (Dhanasiri et al., 2020; 
Panserat et al., 2009), and may involve alterations in the gut microbiota 
(Pérez-Pascual et al., 2021; Ringø et al., 2016). 

Previous studies in rainbow trout (Oncorhynchus mykiss) have shown 
that diets with total or partial replacement of FM or FO by plant-based 
ingredients result in impaired growth, reduced feed intake, and lower 
feed efficiency and protein retention (Lazzarotto et al., 2018; Le Boucher 
et al., 2011; Sadoul et al., 2016; Véron et al., 2016). Feeding rainbow 
trout plant-based diets resulted as well in alterations of several meta-
bolic pathways (Lazzarotto et al., 2018; Panserat et al., 2009; Véron 
et al., 2016), and adverse effects on various immune-related parameters 
(Burrells et al., 1999; Jalili et al., 2013; Rumsey et al., 1994). In 
particular, the dietary replacement of FM by soybean meal (SBM) in 
rainbow trout has been shown to trigger an overall pro-inflammatory 
status, inducing gut inflammation and intestinal impairment (Blaufuss 
et al., 2020; Palma et al., 2021; Seibel et al., 2022). 

Short-chain fatty acids (SCFA), including butyric acid, have been 
used as dietary supplements to reverse or ameliorate the potential 
negative effects of plant-derived ingredients in aquafeeds (Abdel-Latif 
et al., 2020; Estensoro et al., 2016; Rimoldi et al., 2016; Tran et al., 
2020), improving the immune status (Abd El-Naby et al., 2019; Liu et al., 
2019; Yamamoto et al., 2021). Butyric acid is a biologically active 
molecule, and its derived salt forms, particularly sodium butyrate, have 
been well-investigated as an aquafeed supplement (Abdel-Latif et al., 
2020). Previous studies have shown a beneficial effect of sodium buty-
rate in rainbow trout when supplemented at 0.25% and 0.5% in a diet 
containing 18% SBM, increasing growth rate and feed efficiency 
(Mirghaed et al., 2022), as well as boosting the immune response and the 
fish resistance to disease (Mirghaed et al., 2019). 

Tributyrin (TBT; or glyceryl tributyrate; CAS Number: 60–01–5) is a 
triglyceride composed of butyric acid and glycerol that presents several 
advantages over butyrate in aquafeeds (Palma et al., 2022). In partic-
ular, the active compound is released after the gastric passage, and each 
TBT mole can deliver up to three moles of butyric acid after complete 
hydrolysis (Hou et al., 2018; Newmark and Young, 1995; Volatiana 
et al., 2020a; Volatiana et al., 2020b). In contrast to the use of butyrate 
and its derived salt forms, dietary inclusion of TBT in aquaculture spe-
cies is recent and has been less studied, although results suggest that it 
may be highly advantageous when supplemented in the diet of carniv-
orous species between 0.05% and 0.2% (Palma et al., 2022). 

A previous study in juvenile yellow drum (Nibea albiflora) fed diets 
with FM substituted by SBM showed improved growth performance, 
suppression of pro-inflammatory genes, and improved intestinal 
morphology when TBT was supplemented at 0.1% (Tan et al., 2020). 
Similarly, juvenile black seabream (Acanthopagrus schlegelii) fed diets 
including SBM supplemented with TBT at 0.05% and 0.2% had an 
improved growth performance (Volatiana et al., 2020a), as well as a 
more healthy intestinal morphology with changes in the humoral anti-
oxidant activity (Volatiana et al., 2020b). Therefore, assessing the ef-
fects of dietary TBT supplementation on plant-based diets is key for 
improving aquafeed formulations, as this compound could be used to 
optimize fish production and enhance animal welfare. This is particu-
larly interesting for carnivorous species such as rainbow trout, requiring 
high protein diets. 

Despite the importance of rainbow trout for freshwater aquaculture 
worldwide, no previous studies have reported on the potential effects of 
TBT when supplemented in a diet including 83% plant-derived in-
gredients. This study investigated the potential use of dietary TBT 

supplementation in this species aiming to improve fish performance and 
welfare by studying changes in growth rate, feed intake, feed conversion 
ratio, and selected parameters related to the innate immune and anti-
oxidant responses. 

2. Materials and methods 

2.1. Experimental design 

Juvenile rainbow trout were produced by Truticultura do Minho 
(Portugal), transported to the CIIMAR facilities, and quarantined. Dur-
ing this period, fish were fed twice a day with a commercial diet. 
Thereafter, 480 juvenile trout (19.0 ± 0.19 g, mean ± SEM) were 
randomly distributed in 12 tanks (210 L, 40 fish per tank, density 3.62 
Kg m− 3) connected to a RAS system under controlled conditions and 
daily monitored (16 ± 1 ◦C; 0.3 ± 0.1‰; pH 6.0 ± 0.5; >95% air 
saturation; 12 h:12 h photoperiod). Water ammonium and nitrite levels 
were below 0.05 mg mL− 1 and 0.5 mg mL− 1, respectively. 

Four experimental diets, extruded pellets of 3 mm, were formulated 
and manufactured by Sparos Lda. (Portugal), consisting of a basal diet 
including 10% FM and 3% FO, plus 83% plant-derived ingredients with 
increasing inclusion levels of TBT in replacement of silica. The diets 
included 0% (CTR), 0.1% (TBT1), 0.2% (TBT2), and 0.4% (TBT4) of a 
TBT product (55% purity, Lucta S.A., Spain), resulting in effective 
concentrations of 0.05%, 0.1%, and 0.2%, respectively. The ingredients 
and proximal composition of the diets used in this trial are provided in  
Table 1. Each diet was randomly assigned to triplicate tanks. Fish were 
hand-fed twice a day to apparent satiety at 9:00 h and 16:00 h. After 44 
days, fish were feed deprived for 24 h and growth performance was 
evaluated. For this procedure, each group of fish was anesthetized with 
MS-222 (0.1 g L− 1) buffered with NaHCO3 (0.2 g L− 1) in well- 
oxygenated water, individually weighted. Fish were returned to their 
original tanks for recovery and the previously described feeding regime 
was resumed. Six days after this procedure, nine fish per treatment (n =
3 per tank) were sampled to evaluate the impact of dietary TBT sup-
plementation on innate immune parameters in plasma and antioxidant 

Table 1 
Ingredients and proximal composition of the experimental diets.  

Ingredients (%) CTR TBT1 TBT2 TBT4 
Fishmeal 10.0 10.0 10.0 10.0 
Soy protein concentrate 12.5 12.5 12.5 12.5 
Pea protein concentrate 12.5 12.5 12.50 12.5 
Wheat gluten 13.0 13.0 13.0 13.0 
Corn gluten meal 7.5 7.5 7.5 7.5 
Soybean meal 5.0 5.0 5.0 5.0 
Wheat meal 9.35 9.35 9.35 9.35 
Wheat bran 4.0 4.0 4.0 4.0 
Potato starch gelatinized 6.35 6.35 6.35 6.35 
Vit. & Min. Premix 1.0 1.0 1.0 1.0 
Vitamin E 0.05 0.05 0.05 0.05 
Betaine 0.05 0.05 0.05 0.05 
Antioxidant 0.2 0.2 0.2 0.2 
MAP 1.5 1.5 1.5 1.5 
L-Lysine 0.5 0.5 0.5 0.5 
DL-Methionine 0.2 0.2 0.2 0.2 
Silica 0.4 0.3 0.2 0.0 
Tributyrin (TBT) 0.0 0.1 0.2 0.4 
Fish oil 3.0 3.0 3.0 3.0 
Rapeseed oil 12.9 12.9 12.9 12.9 
Total 100.0 100.0 100.0 100.0 
Diet proximal composition     
Dry matter (DM, %) 92.0 92.0 92.0 92.0 
Crude protein (% DM) 44.0 44.0 44.0 44.0 
Crude fat (% DM) 18.0 18.0 18.0 18.0 
Ash (% DM) 5.2 5.2 5.2 5.2 
Gross energy (MJ/kg) 21.8 21.8 21.8 21.8 

CTR control diet. Diets TBT1, TBT2, and TBT4 included a product with TBT at 
55% purity (Lucta S.A., Spain) resulting in effective inclusion levels of 0.05%, 
0.1%, and 0.2%, respectively. 
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response in the liver at 3 h or 24 h post-feeding, being these sampling 
times representative of absorptive and post-absorptive states, respec-
tively. Fish were anesthetized as described before and blood was 
collected from the caudal vein with heparinized syringes. Plasma was 
obtained immediately after blood centrifugation at 10.000 xg for 5 min. 
Fish were euthanized and the liver was dissected. Samples were stored at 
− 80 ◦C until analyses. 

2.2. Feed and whole-body composition analysis 

Fish were sampled at the end of the growth trial (three fish per tank) 
and frozen at − 20 ◦C. Whole animals were pooled per tank and ground. 
All the samples were freeze-dried and kept at − 20 ◦C before analysis. 
Samples were analyzed for dry matter (105 ◦C for 24 h), ash by com-
bustion using a muffle furnace (500 ◦C for 5 h), crude protein content (N 
× 6.25, Leco N analyzer, Model FP-528, Leco Corporation, St. Joseph, 
USA), and crude fat content by petroleum ether extraction (at 140 ◦C) in 
a Soxttherm Multistat/SX PC apparatus (Gerhardt, Germany). 

2.3. Lysozyme activity 

Lysozyme activity was measured in plasma using a turbidimetric 
assay as described by Costas et al. (2011). A suspension of Micrococcus 
lysodeikticus was prepared at a concentration of 0.5 mg mL− 1 in phos-
phate buffered saline (PBS, Na2HPO4 0.05 M and pH 6.2). The sample 
(15 µL) and 250 µL of the bacterial suspension were added to each well 
of a plate in triplicate. The reaction was carried out at 25 ◦C and the 
absorbance at 450 nm was measured between 0.5 and 4.5 min in a 
microplate spectrophotometer (BioTek Instruments, Inc., USA). Lyoph-
ilized hen egg-white lysozyme (Sigma) was serially diluted in Na2HPO4 
buffer (0.05 M, pH 6.2) and used to calculate the lysozyme activity in μg 
mL− 1. 

2.4. Peroxidase activity 

The peroxidase activity in plasma was quantified according to Quade 
and Roth (1997) with some modifications. Briefly, 15 µL of the sample 
was transferred to each well of a plate in triplicate. Then 50 µL of 3,3′,5, 
5′-tetramethylbenzidine hydrochloride (TMB, 20 mM), and 50 µL of 
H2O2 (5 mM) were added as substrates. The reaction was stopped after 2 
min by adding 50 µL of H2SO4 (2 M). The OD was read at 450 nm in a 
microplate spectrophotometer (BioTek Instruments, Inc., USA). Hanks’ 
balanced salt solution (HBSS) instead of plasma was used as a blank. One 
unit of activity was defined as a change of 1 unit of absorbance and 
expressed per mL− 1 of plasma. 

2.5. Antiprotease activity 

Total antiprotease activity in plasma was measured according to 
Machado et al. (2015) with some modifications. Briefly, samples diluted 
with PBS (115 mM and pH 7.0) were incubated for 10 min at 25ºC with 
10 µL of 5 mg mL− 1 trypsin solution (Sigma-Aldrich). Then, 80 µL of PBS 
was added along with 125 µL of azocasein (Sigma-Aldrich) and incu-
bated for 1 h at 22 ◦C. The reaction was stopped by adding 250 µL of 
trichloroacetic acid (TCA, 4.6%). The mixture was incubated for 30 min 
at 25 ◦C and centrifuged for 10 min at 10,000 xg. An aliquot of 100 µL of 
the supernatant was transferred along with 100 µL of NaOH 1 N to each 
well of a plate in triplicate. The OD was read at 450 nm in a microplate 
spectrophotometer (BioTek Instruments, Inc., USA). The sample was 
replaced by PBS in positive controls (100% protease), and both sample 
and trypsin were replaced by PBS in negative controls (0% protease). 
The percentage of inhibition of trypsin activity for each sample was 
calculated. 

2.6. Protease activity 

Protease activity in plasma was measured according to Guardiola 
et al. (2016) with some modifications. Samples and 125 µL of 2% azo-
casein (Sigma-Aldrich) were incubated for 24 h at 25 ◦C. The reaction 
was stopped by adding 250 µL of TCA (4.6%). The mixture was incu-
bated for 30 min at 25 ◦C and centrifuged for 10 min at 10,000 xg. Al-
iquots of 100 µL of the supernatant was transferred to each well 
containing 100 µL of NaOH 1 N in triplicate. The OD was read at 450 nm 
in a microplate spectrophotometer (BioTek Instruments, Inc., USA). 
Samples were replaced by PBS and 10 µL of trypsin (5 mg mL− 1, Sigma) 
or just PBS to evaluate 100% and 0% of protease activity, respectively. 

2.7. Oxidative stress parameters 

Livers were homogenized in 0.1 M phosphate buffer (pH 7.4) in a 
ratio of 1:10. The protein concentration in the homogenates was quan-
tified using bovine serum albumin as a standard (Bradford, 1976). Lipid 
peroxidation (LPO) was quantified by using thiobarbituric acid as a 
substrate (TBA test) (Ohkawa et al., 1979). Catalase (Cat, EC 1.11.1.6.) 
activity was quantified using hydrogen peroxide (30%) as a substrate 
(Claiborne, 1985). Glutathione reductase (GR, EC1.8.1.7) and gluta-
thione peroxidase (GPx, EC 1.11.1.9.) activities were measured based on 
NADPH (Sigma, Portugal) oxidation at 340 nm (Cribb et al., 1989; 
Mohandas et al., 1984). Glutathione S-transferase (GST, EC 2.5.1.18) 
activity was measured using 1-chloro-2,4-dinitrobenzene as a substrate 
(Habig et al., 1974). Total and oxidized glutathione levels (TG and 
GSSG) were measured by the concomitant reaction of the reduced 
glutathione (GSH) with 5,5′-dithiobis-(2-nitrobenzoic acid; DTNB) and 
read at 412 nm (Baker et al., 1990). In the GSSG assay, 2-Vinyl-pyridine 
was used to remove all the free thiols present in the sample leaving only 
GSSG (Griffith, 1980). The GSH level was calculated as the result of 
subtracting the amount of GSSG from the TG. All the changes in ab-
sorption were measured at 25 ◦C in a microplate spectrophotometer 
(BioTek Instruments, Inc., USA), and reactions were performed in 
duplicates. 

2.8. Calculations 

Fish performance parameters were calculated as follows:  

Weight gain (WG, in g) = Final body weight (g) – Initial body weight (g)       

Daily growth index (DGI, as %) = 100 × [(FBW)1/3 – (IBW)1/3] × time (days)  

Feed conversion ratio (FCR) =Dry feed intake (g) / Wet weight gain (g)         

Feed intake (FI, as % BW) = [Dry feed intake (g) / Mean body weight (g)] *100  

2.9. Statistical analysis 

Statistical analysis was performed using Sigmaplot software version 
14.5 (2020 Systat Software, Inc.). Data were checked for normality 
(Shapiro-Wilk test) and homogeneity of variances (Levene test). A one- 
way ANOVA was performed to access the effects of diets on the fish 
performance at the end of the growth trial. A two-way ANOVA was 
performed to analyse the effect of diets (D) and time post-feeding (T) on 
humoral innate immune and oxidative stress parameters. When the ef-
fects of the factors were significant, the Tukey test was applied. Signif-
icant differences were considered when P < 0.05. The results were 
expressed as mean ± standard error of the mean (SEM). 
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3. Results 

3.1. Fish growth performance 

The effects of dietary TBT inclusion on the growth performance of 
rainbow trout are presented in Table 2. Despite tripling the initial body 
weight, feeding the experimental diets to rainbow trout at apparent 
satiation for 44 days did not result in significant differences in final body 
weight, weight gain, daily growth index, feed intake, or feed conversion 
ratio (P > 0.05, one-way ANOVA). Similarly, experimental diets had no 
significant impact on proximal body composition (Table 3, dry matter, 
protein, lipid, and ash contents) (P > 0.05, one-way ANOVA). 

3.2. Humoral innate immune-related parameters 

Innate immune response parameters in the plasma of rainbow trout 
fed either experimental diet at 3 h and 24 h post-feeding is presented in  
Fig. 1. Lysozyme activity was higher in the TBT2 group than in CTR or 
TBT4 groups after 3 h of feeding (P = 0.021 for both, two-way ANOVA). 
In addition, plasma antiprotease activity was higher in both TBT2 and 
TBT4 groups than in the CTR group 24 h after feeding (P = 0.010 and 
0.013, respectively, two-way ANOVA). On the other hand, peroxidase 
and protease activities measured in plasma were not affected by the diets 
(P > 0.05, two-way ANOVA). Protease activity in plasma was signifi-
cantly higher in trout sampled at 24 h than at 3 h post-feeding in both 
CTR and TBT4 groups (P < 0.001 and P = 0.006, respectively, two-way 
ANOVA). Antiprotease activity in plasma in the TBT4 group was also 
significantly higher at 24 h than at 3 h post-feeding (P = 0.004, two-way 
ANOVA). 

3.3. Markers of oxidative stress in liver 

The response of several markers of oxidative stress in the liver of 
rainbow trout to dietary TBT inclusion at 3 h and 24 h post-feeding is 
shown in Fig. 2. Higher catalase activity was displayed by the TBT4 
group than the CTR or TBT2 groups at 3 h post-feeding (P = 0.016 and 
0.019, respectively, two-way ANOVA). Other markers, including lipid 
peroxidation, total and oxidized glutathione, glutathione-S-transferase, 
glutathione reductase, and glutathione peroxidase activities remained 
similar between dietary groups either at 3 h or 24 h post-feeding 
(P > 0.05, two-way ANOVA). No significant differences were detected 
between trout at 3 h or 24 h post-feeding for a given dietary group 

(P > 0.05, two-way ANOVA). 

4. Discussion 

TBT supplementation has shown positive effects on the performance 
of cultured fish species when fed plant-based diets. Previous studies 
suggest that supplementation of TBT at 0.1% in plant-based diets 
resulted in improved growth performance in several fish species such as 
snakehead (Channa argus), yellow drum (Nibea albiflora), black sea 
bream (Acanthopagrus schlegelii), turbot (Scophthalmus maximus), and 
hybrid grouper (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatus ♂) 
(Hou et al., 2018; Tan et al., 2020; Volatiana et al., 2020b; Yang et al., 
2021; Yin et al., 2021). The increase in fish growth appears to be at least 
partly linked to improved digestive and absorptive processes by modu-
lating intestinal tract functions (Palma et al., 2022). 

In this study, feeding juvenile rainbow trout a diet formulated with 
83% of plant-derived ingredients to apparent satiation for 44 days did 
not result in improved growth performance or decreased FCR when TBT 
was supplemented at an effective quantity of 0.05–0.2%. These results 
were unexpected, as levels of butyric acid released from TBT in the 
digestive tract of rainbow trout by these diets may have reached be-
tween 0.165% and 0.66% after complete hydrolysis. In a previous study 
performed with juvenile rainbow trout for 45 days fed with a diet 
including 18% SBM supplemented with sodium butyrate (54% purity), 
growth was improved at effective concentrations of 0.135% and 0.27%, 
along with decreased FCR at 0.135% compared with the non- 
supplemented diet (Mirghaed et al., 2022). The disparity in the results 
could be due to the different FM and FO inclusion levels used, as well as 
the type and proportion of plant-based ingredients chosen for the 
replacement, as have been described for aquaculture species when 
butyric acid, butyrate, or TBT are supplemented in aquafeeds (Abdel--
Latif et al., 2020; Palma et al., 2022). However, it could be possible that 
partial hydrolysis of TBT in the present study may result in lower 
effective concentrations of butyric acid released into the gastrointestinal 
tract. Interestingly, feeding adult rainbow trout for 51 days on diets 
supplemented with a blend of sodium formate (~0.6%) and sodium 
butyrate (~0.3%) did not improve growth or feed utilization in 
FM-based (~55%) or plant-based (~38%) diets (Gao et al., 2011). 

Despite the lack of differences between treatments, rainbow trout 
tripled their initial BW by the end of the trial and the observed growth 
rate was consistent with values reported for this species under similar 
rearing conditions. For example, Rasmussen et al. (2007) showed that 
feeding juvenile rainbow trout a commercial high-quality energy-rich 
diet to apparent satiation for 42 days resulted in a similar growth rate to 
that reported in this study (~3% BW day− 1 at 17.7ºC). Because the basal 
diet reported here and used as a control (CTR) contained relatively low 
inclusion levels of FM (10%) and FO (3%), the lack of significant effect 
of TBT supplementation on growth performance was unexpected. This 
contrasts with the previously mentioned study in which 

Table 2 
Growth performance parameters of rainbow trout fed diets supplemented with 
tributyrin (TBT) for 44 days.   

Dietary groups 

Parameters CTR TBT1 TBT2 TBT4 P- 
value 

IBW 18.96 ±
1.01 

18.48 ±
0.80 

19.12 ±
0.35 

19.39 ±
0.35  

0.478 

FBW 63.58 ±
6.42 

63.13 ±
8.57 

65.58 ±
2.56 

60.63 ±
2.62  

0.765 

WG 44.62 ±
7.14 

44.65 ±
7.79 

46.45 ±
2.88 

41.24 ±
2.47  

0.724 

FCR 0.79 ±
0.07 

0.80 ±
0.08 

0.79 ±
0.03 

0.82 ±
0.06  

0.933 

DGI 3.00 ±
0.39 

3.03 ±
0.32 

3.09 ±
0.16 

2.82 ±
0.12  

0.658 

FI 1.80 ±
0.15 

1.82 ±
0.18 

1.79 ±
0.07 

1.86 ±
0.12  

0.928 

CTR control diet. Diets TBT1, TBT2, and TBT4 included TBT at 0.05%, 0.1%, and 
0.2%, respectively. IBW, Initial body weight (g); FBW, Final body weight (g); 
WG, Weight gain (g); FCR, Feed conversion ratio; DGI, Daily growth index (%); 
FI, Feed intake (%). Values represent mean ± SEM (n = 3). The absence of letters 
indicates no significant differences between groups (P > 0.05, one-way 
ANOVA). 

Table 3 
Body proximal composition of rainbow trout fed the experimental diets for 44 
days.  

Proximal 
composition  

Dietary groups 
Initial CTR TBT1 TBT2 TBT4 

Dry matter (DM, 
%) 

98.29 ±
0.45 

98.94 ±
0.13 

98.58 ±
0.13 

98.99 ±
0.26 

98.98 ±
0.28 

Ash (% DM) 7.59 ±
0.34a 

6.11 ±
0.07b 

6.09 ±
0.24b 

6.00 ±
0.21b 

5.95 ±
0.34b 

Lipid (% DM) 31.10 ±
1.60a 

39.72 ±
1.82b 

39.91 ±
0.52b 

38.84 ±
0.19b 

40.47 ±
1.91b 

Protein (% DM) 60.39 ±
1.08a 

53.70 ±
1.14a,b 

53.06 ±
0.58b 

54.03 ±
0.63a,b 

52.51 ±
2.05b 

CTR control diet. Diets TBT1, TBT2, and TBT4 included TBT at 0.05%, 0.1%, and 
0.2%, respectively. Values are presented as mean ± SEM (n = 3). Different let-
ters indicate a significant difference between groups (P < 0.05, one-way 
ANOVA). 
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supplementation of butyric acid at 0.135% and 0.27% in a diet con-
taining high levels of FM (45.5%) and 18% SBM resulted in increased 
growth of rainbow trout (Mirghaed et al., 2022). However, it should be 
highlighted that despite the high level (83%) of plant-based ingredients 
and low levels of FM (10%) and FO (3%) used to formulate the diets in 
our study, several good quality plant ingredients, which are unlikely to 
contain important amounts of anti-nutritional factors, were used at 
relatively low levels, rather than performing a replacement of FM with a 
single ingredient. In particular, the basal diet used in this study included 
12.5% soy protein concentrate, 12.5% pea protein concentrate, 13% 
wheat gluten, 7.5% corn gluten meal, 9.35% wheat meal, 5% wheat 
bran, 6.35% starch, 12.9 rapeseed oil, and only 5% SBM. Similar growth 
rate without significant changes in feed intake, and lack of differences in 
the proximal body composition between the experimental groups, sug-
gests that the metabolic utilization of the nutrients included in the feed 
was not altered by the TBT supplementation. 

Despite the lack of changes in fish performance parameters, the 
current study provided important evidence suggesting a positive mod-
ulation of the innate immune response by dietary TBT supplementation, 
which could potentially revert into a better performance in situations 
when fish culture is performed in more stressful conditions. In this re-
gard, changes detected in markers related to humoral immune response 
and oxidative stress in the liver suggest a beneficial effect of TBT on fish 
health and welfare. This is supported by the increased antiprotease ac-
tivity detected in the plasma of fish 24 h after being fed TBT2 and TBT4 
diets compared to the group fed the CTRL diet, suggesting an improved 
innate immune response. Host protease inhibitors are important non- 
specific humoral factors in the defence system, which are broadly pre-
sent in fish and control several protease-mediated processes (Ellis, 
2001). One of the functions proposed for this enzyme is the inactivation 
of proteases (toxins) secreted by pathogenic bacteria (Ellis, 2001). 

Another immune-related marker in the plasma of rainbow trout 
showing a positive modulation by dietary TBT supplementation was 

lysozyme activity. Lysozyme is important in mediating protection 
against microbial invasion, not only by its lytic activity against bacterial 
walls (Saurabh and Sahoo, 2008; Smith et al., 2019; Uribe et al., 2011) 
but also by activating phagocytes and the complement system of fish 
(Saurabh and Sahoo, 2008; Smith et al., 2019). Our study shows an in-
crease in the activity of this enzyme 3 h after being fed the 
diet-supplemented TBT at 0.1% (TBT2) compared to the groups fed the 
CTRL or TBT4 diets. A similar response for this humoral innate immune 
parameter was observed in the intestine of common carp (Cyprinus 
carpio) fed all-plant diets, which showed a higher lysozyme activity 
when TBT was supplemented in the basal diet above 0.1% (Xie et al., 
2021). Interestingly, plasma lysozyme activity was increased in juvenile 
rainbow trout fed a diet supplemented with sodium butyrate at 0.081% 
and 0.135%, but a higher level (0.27%) resulted in a contrary response 
(Mirghaed et al., 2022). This suggests that lysozyme activity in trout 
might display a quadratic response to butyric acid levels, as evidenced 
also by the present study showing no effect of the TBT4 diet. 

Free radicals and reactive oxygen species (ROS) are generated under 
basal and even more during stressful conditions. Fish health status is 
closely related to free radicals and ROS formation, being the immune 
response constrained to some extent to avoid oxidative stress (OS) 
(Biller-Takahashi and Takahashi, 2018; Hoseinifar et al., 2021). To 
avoid and/or repair the damage that these compounds cause when 
generated in excess, organisms possess antioxidant defence systems that 
function to keep a balance between prooxidants and antioxidants, 
minimizing the risk of OS (Hoseinifar et al., 2021). Therefore, an in-
crease in the efficiency of the antioxidant defence system is suggested to 
be a key mechanism displayed by the animals (Gora et al., 2018; 
Kamunde et al., 2019; Magnoni et al., 2017; Sotoudeh and Mardani, 
2018). In the present study, we have shown an improved response in the 
antioxidant system displayed by an increase in catalase activity in the 
liver of rainbow trout 3 h after being fed the TBT4 diet. Catalase has a 
key role in the defence of organisms against OS (Ighodaro and Akinloye, 

Fig. 1. Innate immune parameters in plasma of rainbow trout fed a plant-based diet supplemented with tributyrin (TBT). A, Lysozyme; B, Peroxidase; C, Protease; 
and D, Antiprotease. Fish were fed diets without (CTR) or with increasing inclusion levels of a product (55% purity) supplying 0.05% (TBT1), 0.1% (TBT2), and 0.2% 
(TBT4) of TBT for 50 days and sampled 3 h or 24 h after feeding. Boxes represent the upper 75th and lower 25th percentiles. Within each box, the black line 
represents the median. The whisker bars indicate the 90th and 10th percentiles (n = 9). Different superscript letters indicate significant differences between diets for 
a given time, whereas a different symbol indicates significant differences between time for a given diet (P < 0.05, two-way ANOVA outcome included in inset tables). 
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Fig. 2. Markers of oxidative stress in the liver of rainbow trout fed a plant-based diet supplemented with tributyrin (TBT). A, lipid peroxidation; B, catalase; C, 
glutathione reductase; D, glutathione peroxidase; E, glutathione-S transferase; F, total glutathione; G, oxidized glutathione. Fish were fed diets without (CTR) or with 
increasing inclusion levels of a product (55% purity) supplying 0.05% (TBT1), 0.1% (TBT2), and 0.2% (TBT4) of TBT for 50 days and sampled 3 h or 24 h after 
feeding. Boxes represent the upper 75th and lower 25th percentiles. Within each box, the black line represents the median. The whisker bars indicate the 90th and 
10th percentiles (n = 9). Different superscript letters indicate significant differences between diets for a given time (P < 0.05, two-way ANOVA outcome included in 
inset tables). 
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2018), as it is required to decompose hydrogen peroxide (H2O2), which 
can be generated in abundance when the immune response is activated 
(Biller-Takahashi and Takahashi, 2018). A similar effect on catalase 
activity has been described in plasma of blunt snout bream fed a 
plant-based diet supplemented with TBT between 0.03% and 0.15%, 
showing as well an increased catalase gene expression in the intestine 
24 h after feeding (Liang et al., 2021). Increased catalase activity and 
gene expression has been also shown in the intestine of common carp 
24 h after being fed a plant-based diet supplemented with TBT between 
0.02% and 0.04% (Xie et al., 2021). 

Even though changes were detected in catalase activity in the liver of 
rainbow trout, several components of the glutathione antioxidant sys-
tem analysed in this study, as well as lipid peroxidation, all remained 
similar between the groups. In contrast, TBT supplementation in 
snakehead fish fed a plant-based diet appeared to produce significant 
effects on markers of OS and antioxidant capacity linked to the gluta-
thione system in the intestine (Hou et al., 2018). TBT supplementation at 
an effective concentration of 0.1% in a diet containing 10.5% SBM 
resulted in a significant increase in glutathione peroxidase activity in 
this tissue 24 h post-feeding, and in a decrease of malonaldehyde levels. 
Different organs might have different responses or sensitivities than that 
detected in the intestine, as this organ acts as a body barrier, and may 
have an important role in controlling ROS formation locally before 
systemic effects on OS become visible. Therefore, it seems possible that 
the challenge imposed by the diet in this study was not intense enough to 
induce changes in OS and antioxidant capacity linked to the glutathione 
system in liver of rainbow trout. Glutathione peroxidase is associated 
with antioxidant capacity, as it reduces free radical and ROS formation, 
whereas malonaldehyde levels are used to determine the degree of OS as 
they are produced from peroxidation of polyunsaturated fatty acids in 
tissues, in a similar way as the quantification of lipid peroxidation by the 
TBA test is often used, as in the present study. Other study has shown 
that glutathione peroxidase activity remained similar 24 h post-feeding 
in the serum of grass carp fed a plant-based diet supplemented with TBT 
at 0.05%, 0.10%, and 0.15%, although serum malonaldehyde levels 
were reduced at 0.10% and 0.15% TBT supplementation (Hu et al., 
2021). In blunt snout seabream fed a plant-based, dietary TBT supple-
mentation did not affect total glutathione levels in plasma 24 h 
post-feeding, but at 0.03% and 0.09% glutathione peroxidase activity 
was increased, and malondialdehyde levels were reduced at 0.06% 
(Liang et al., 2021). 

5. Conclusions 

In the present study, with a diet containing 83% plant-based in-
gredients, the supplementation with TBT at the levels investigated did 
not improve fish growth or feeding efficiency. However, the results 
suggest that dietary TBT supplementation at 0.1% could result in 
improved immunity as indicated by the increased lysozyme and anti-
protease activities in plasma. In addition, increased catalase activity in 
the liver of trout fed the diet-supplemented TBT at 0.2% can result in 
improved antioxidant capacity. Therefore, dietary supplementation 
with this triglyceride supplying butyric acid, a short-chain fatty acid, 
may result in enhanced welfare when FM and/or FO are substantially 
reduced and replaced by plant ingredients in aquafeeds. 
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Pérez-Pascual, D., Pérez-Cobas, A.E., Rigaudeau, D., Rochat, T., Bernardet, J.-F., Skiba- 
Cassy, S., Marchand, Y., Duchaud, E., Ghigo, J.-M., 2021. Sustainable plant-based 
diets promote rainbow trout gut microbiota richness and do not alter resistance to 
bacterial infection. Anim. Micro 3, 47. 

Quade, M.J., Roth, J.A., 1997. A rapid, direct assay to measure degranulation of bovine 
neutrophil primary granules. Vet. Immunol. Immunopathol. 58, 239–248. 

Rasmussen, R.S., Larsen, F.H., Jensen, S., 2007. Fin condition and growth among 
rainbow trout reared at different sizes, densities and feeding frequencies in high- 
temperature re-circulated water. Aquac. Int. 15, 97–107. 

Rimoldi, S., Finzi, G., Ceccotti, C., Girardello, R., Grimaldi, A., Ascione, C., Terova, G., 
2016. Butyrate and taurine exert a mitigating effect on the inflamed distal intestine 
of European sea bass fed with a high percentage of soybean meal. Fish. Aquat. Sci. 
19, 40. 

Ringø, E., Zhou, Z., Vecino, J.L.G., Wadsworth, S., Romero, J., Krogdahl, Å., Olsen, R.E., 
Dimitroglou, A., Foey, A., Davies, S., Owen, M., Lauzon, H.L., Martinsen, L.L., De 
Schryver, P., Bossier, P., Sperstad, S., Merrifield, D.L., 2016. Effect of dietary 
components on the gut microbiota of aquatic animals. A never-ending story. Aquac. 
Nutr. 22, 219–282. 

Rumsey, G.L., Siwicki, A.K., Anderson, D.P., Bowser, P.R., 1994. Effect of soybean 
protein on serological response, non-specific defense mechanisms, growth, and 
protein utilization in rainbow trout. Vet. Immunol. Immunopathol. 41, 323–339. 
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