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A B S T R A C T

Intestine in fish is a complex multifunctional organ, not only plays roles in digestion and absorption of nutrient,
but also has critical role in immunity. The present study evaluated the effects of different levels of dietary sodium
butyrate [Butirex® C4 (Butirex)] on intestinal immune-,antioxidant-and tight junction-related gene expression
injuvenile rainbow trout(Oncorhynchusmykiss). 240 healthy rainbow trout were dispensed in 12 fiberglass tanks
appointed to four treatments [0 (control), 1.5 (B1.5), 2.5 (B2.5) and 5 (B5)g Butirex per kg diet]. After a 45-day
feeding trial, the fish fed with the Butirex-supplemented diets showed higher intestinal lysozyme (LYZ), com-
plement(ACH50) and bactericidal activities; the elevations in ACH50 and bactericidal activities depended on
Butirex levels (P < 0.05). The Butirex-supplemented groups, particularly the B2.5 group, had significantly
higher LYZ gene expression compared to the control group (P < 0.05). Butirex at 2.5 and 5 g/kg levels led to
significantly higher IL-1β gene expression. B2.5 and B5 had significantly lower and higher TNF-α gene ex-
pression compared to the control group (P < 0.05). The B2.5 group had significantly higher TGF-B, and sig-
nificantly lower IL-8 compared to the control group (P < 0.05). The B1.5 and B2.5 group had significantly
higher IL-10 gene expression compared to the control group (P < 0.05). The B2.5 and B5 groups had sig-
nificantly higher SOD gene expression compared to the other groups; the highest expression was related to the
B2.5 group (P < 0.05). Dietary Butirex supplementation significantly up-regulated CAT and GPx genes ex-
pression compared to the control group; the highest expression as related to the B2.5 and B5 groups (P < 0.05).
The B2.5 group had significantly lower CLD12 gene expression compared to the control group (P < 0.05). The
B2.5 and B5 groups had significantly higher CLD3, OCLD and ZO-1 gene expression compared to the control. The
highest CLD3, ZO-1 gene expressions was related to the B2.5, and B5 groups respectively (P < 0.05). After
challenge with Streptococcus iniae, B2.5 and B5 had significantly higher survival compared to the control group
(55.6 ± 7.70 and 68.9 ± 10.2 vs. 33.3 ± 6.67). In conclusion, Butirex is efficient immune stimulant and
health booster in rainbow trout, which augments the fish resistance to disease. Modulation of immune com-
ponents, cytokines, antioxidant system and intestinal integrity might involve in improving disease resistance in
Butirex-treated fish. Although most of the examined genes were modulated by 2.5 g/kg Butirex under normal
conditions, 5 g/kg level is recommended under pathogenic state to mitigate mortality.

1. Introduction

Most of the aquaculture production in Iran is allocated to rainbow
trout (Oncorhynchus mykiss), so it is one of the most economically im-
portant fish species [1]. In intensive and modern culture systems, fish

may face different stressors such as crowding, handling and bad water
quality that could negatively affect the fish health status [2]. Different
stresses subsequently decrease growth performance and efficiency, in-
creases its susceptibility to outbreak of infectious diseases and finally
reduces profitability [3–6]. In aquaculture, the common way to treat
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diseased fish is use of antibiotic and chemical drugs. The administration
of chemical drugs and antibiotics treats fish health [7] and suppresses
immune functions [8].Moreover, application ofantibiotics results in
food and environmental pollutions and development of antibiotic re-
sistant pathogen [9,10]. Besides, antibiotics cause immune suppression,
oxidative stress and tissue damage in fish [11]. Therefore, finding or-
ganic materials with health- and immune-boosting potentials is key
factor to prevent outbreak of disease and reduce use of antibiotics in
aquaculture [12].

Innate immune system in fishes is first line of defense in preserva-
tion of fish against infectious diseases [10].The innate immune re-
sponses in fish are divided into physical barriers, cellular and humoral
components [13,14]. The intestine of fishes is a complex multi-
functional organ, not only plays role in digestion and absorption of
nutrients, but also has critical role in immune responses [15,16]. The
physicalbarrier ofintestine controls uptake nutritionals material across
the mucosa and serves as the front-line defense to prevent pathogens
entering to the body [15,17]. Tight junction proteins and epithelial cells
are also important to maintain integrity and function of intestinal
physical barrier for optimum intestinal health [17,18]. Gut associated
lymphoid tissue (GALT) contains numerous immune cell types that are
involved in both innate and adaptive immune responses and immune
activity control of the intestine [19]. Lysozyme (muramidase, EC
3.2.1.17) is a lytic enzyme that hydrolyzes glycosidic bonds and its level
or activity has been commonly measured as an important innate im-
mune parameter [33]. Cytokines are key regulators of the immune
system [20] and expressions of different cytokine genes are important
indicators of intestinal health statues [16]. Previous study demon-
strated that deficiency or excess of some nutritional factors affect cy-
tokine genes expression in intestine of some species [16,20,21]. Lipid
peroxidation and protein oxidation may result in excessive reactive
oxygen species (ROS) production in the intestine. ROS can affect the
epithelial cells and eliminate the integrity of the intestinal tissue.ROS
negatively can affect epithelial and integrity of intestine.The para-
meters of the antioxidant system in the intestinal tract are important
factors in controlling intestinal health, because oxidative damage
causes disturbances in the tight junction proteins through the reduction
of expression ZO-1 and Claudine genes in intestine [22]. Therefore, the
analysis of antioxidant enzymes such as SOD, CAT, GPx and GR in fish,
may use as indicators of fish health.

It is now widely accepted that nutritional approaches are acceptable
strategy to stimulate immune system and improve health to prevent
disease among farmed aquatic animals [23]. Different studies have
demonstrated that feed additives such as probiotic, prebiotic and non-
digestible fibers potentiate to improve intestine tissue integrity and
immune responses through modulation of gastrointestinal microbiota
[27,31]. Short chain fatty acids (SCFAs)are alternatives for antibiotics
and other chemical drugs in aquaculture because the organic acids have
multiple effects on aquatic animals [24]. SCFAs have 1 to 6 carbon
molecules (C1–C6) and weak carboxylic acids with one or more car-
boxyl groups in their structure [25]. Several studies have reported
positive effects of different organic acids such as benzoic, formic, lactic
and propionic acids on reducing the pH and microbial population of
thefood and feed ingredients, so commercial mixtures of organic acids
can be used as storage preservative for food and feed [26].

Butyric acid is formed by microbial fermentation of non-digestible
carbohydrates in gastrointestinal tract of animals. Among SCFAs, bu-
tyrate has received particular attention for its multiple beneficial effects
on intestinal tract and peripheral tissues [27]. Based on our knowledge
some previous studies reported the positive effect of butyrate on growth
performance, feed efficiency, antioxidant factors and immunological
responses in different aquatic animal species [18,28–30]. However, few
studies have clarified the effects of butyrate on the fish intestine
[31,32].

Despite the mentioned studies that report the effects of dietary
butyrate supplementation on growth performance, physiological and

immunological responses indifferent species, there is limited informa-
tion about effect of butyrate on regulation of intestinal immune related
genes in rainbow trout. Therefore, the aim of the present study was to
investigate the effects of different levels of sodium butyrate [Butirex®

C4 (Butirex)] on immune, antioxidant defense and tight junction re-
lated genes expression in intestine of rainbow trout.

2. Materials and methods

2.1. Experimental design and feed preparation

Two hundred and forty rainbow trout (34.97 ± 1.87 g) were ob-
tained from a private farm (Tehran, Iran), transferred tothe department
of aquatic animal health and disease, University of Tehran and were
acclimated with the experimental conditions for 10 days. During the
acclimation period, the fish were fed control diet (Faradaneh Co.) at
rate of 4% of body weight, thrice a day. Thereafter, the fishwere ran-
domly assigned to each of 12 fiberglass tanks (500 L); triplicate tanks
per treatment. Four levels [0 (control), 1.5 (B1.5), 2.5 (B2.5) and 5 (B5)
g/kg) of Butirex® C4 (Butirex: commercial sodium butyrate; Novation
Co; Spain) wereused for preparation of the experimental diets. Butirex
contained 54% sodium butyrate protected by a physical and chemical
matrix of buffer salts.

The ingredients and proximate composition of the experimental
diets are shownin Table 1. During the experiment (45 days), the fish
were hand-fed at rate of 4% of BW,thrice a day (08:00, 12:00 and
17:00). The amount of feed for each tank was calculated based on
feeding ration and biomass of each tank that was corrected every 2
weeks following a 24-h starvation period and batch weighing.

Table 1
Dietary formulations (g kg1 dry matter) and
proximate composition of basal diet Ingredients.

Ingredients g/kg

Fish meala 455
Soybean meal 180
Corn starch 213
Soybean oil 48.8
Fish oil 23.1
Vitaminb 30
Mineralc 30
CMCd 20

Proximate composition

Crude Protein 453.2
Crude Lipid 91.4
Ash 110.2
GE (MJ kga) 20.71

a Danish fish meal.
b Vitamin contains the following (kg−1 dry

weight): vitamin A: 50.000 MIU; vitamin D3: 10
MIU; vitamin E: 130 g; vitamin K3: 10 g; vitamin
B1: 10 g; vitamin B2: 25 g; vitamin B6: 16 g; vi-
tamin B12: 100mg; niacin: 200 g; pantothenic
acid: 56 g; folic acid: 8 g; biotin: 500mg; anti-
oxidant: 0.2 g; anticake: 20 g.

c Mineral premix contains the following (kg−1

dry weight): calcium phosphate 397 g; calcium
lactate 327 g; ferrous sulfate 25 g; magnesium sul-
fate 137 g; potassium chloride 50 g; sodium
chloride 60 g; potassium iodide 150mg; copper
sulfate 780mg; manganese oxide 800mg; cobalt
carbonate 100mg; zinc oxide 1.5 g; sodium sele-
nite 20mg.

d Carboxyl methyl cellulose (sodium salt),
binder.
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2.2. Water quality parameters

Water temperature, dissolved oxygen and pH were monitored daily
using portable multiparameter (HI 14198; Hana Co) and maintained at
17 ± 1.2 °C, 6.6 ± 0.3 mg L−1 and 7.0 ± 0.1, respectively.
Continuous aeration was provided to each tank through an air stone
connected to a central air compressor.

2.3. Sampling

Three specimens per tank were randomly sampled at the end of
experiment. The fish were starved 24 h before sampling and then an-
esthetized using clove powder (200 ppm, 20min) for tissue sampling.
Animal study protocol was approved by The Animal Ethic Committee
based on International Laws [33]. The intestine samples were collected
immediately under sterile condition, transferred to liquid nitrogen, and
stored at −80 °C for biochemical analysis and RNA extraction.

2.4. Intestinal biochemical and immunological analysis

The intestinal samples were homogenized in 10 vol (w v −1) of ice-
cold physiological saline and centrifuged at 6000 g for 20min at4°C,
and then the collected supernatant was stored at−80 °C for the analysis
of related parameters as described by Pérez-Jiménez, Cardenete [34].

2.5. Intestinal alternative complement activity

The alternative complement activity was determined based on
protocol that described by Ortono et al. [35] using sheep red blood cells
(SRBC). The volume of extract yielding 50% hemolysis was determined
and used to calculate the complement activity of the samples (value of
ACH50 is in units per ml).

2.6. Intestinal lysozyme activity

Intestinal lysozyme activity was measured after Demers and Bayne
[29] based on turbidmetric assay and lysis of the lysozyme-sensitive
Gram-positive bacterium Micrococcus luteus (Sigma).

2.7. Intestinal bactericidal activity

The intestinal bactericidal activity was determined according to the
method previously described by Ahmadi, Farahmand [36].

2.8. Total RNA extraction and cDNA synthesis

At the end of the experiment 50–100mg of intestine samples were
collectedfrom three fish per replicate (i.e. 9 per treatment) and samples
were immediately stored in liquid nitrogen and then transferred to
−80 C until analysis. The totalRNA extraction was performed from
100mg of all homogenized body tissue using 1ml Biozol Rigent (Bio
flux; Chaina) based on company's protocol that previously described by
Yarahmadi et al., [37].

The quantity and quality of RNA were evaluated by spectro-
photometer at 260/280 nm and 1.5% agarose, respectively. The
synthesis of the first-strand cDNAs were carried out using
GenetBio®cDNA synthesis kit (Korea) following the manufacture in-
struction. RT-PCR reactions were run in triplicate and using a standard
protocol and especial primers (see Table 2).

2.9. Challenge test

Frozen stock-culture of strain Streptococcus iniae isolated from dis-
eased Rainbow trout that identified by Phenotyping tests, was grown in
tryptic soy broth (TSB, Difco Laboratories, Sparks, MD) for 24 h at 30 °C
harvested by centrifugation at 4000g for 10min at 4 °C, and was washed

three times in 0.9% (w/v) saline and was prepared a suspension in 0.9%
(w/v) saline to achieve an absorbance of 0.132 at 600 nm (0.5
McFarland Standard) [28]. The resultant suspension adjusted to
2×107 cells ml−1. All fish in each tank were challenged by in-
traperitoneal injection with 10mL of S. iniae culture containing 2
*107 CFU/ml. During the challenge period, fish were continually fed
their respective diets. Fish mortality was monitored twice a day for 14
days. Total cumulative mortalities were accounted and data presented
as survival rate and finally relative percent survival (RPS) values were
calculated as follows.

= − ∗RPS test mortality control mortality100 [( / ) 100]

2.10. Statistical analysis

β-actin gene was used as the housekeeping gene to normalize the
expression of the target genes. The iQ5 optical system software (Bio-
Rad) and ΔΔCt method was used for data analysis. All values were
expressed as means ± SD. Differences in normalized mRNA levels.

β-actin gene was used as the housekeeping gene to normalize the
expression of lysozyme (LYZ), TNF-α, IL-1β and IL-8, IL-10, TGF-β,
SOD, CAT, GPx, cluadin-3 (CLD3), cluadin-12 (CLD12), ocludin(OCLD)
and ZO-1 target genes and immune parameters of rainbow trout in
different treatments were analyzed using one-way analysis of variance
[38] followed by Duncan's test. Differences were considered statistically
significant at P < 0.05. SPSS software (version 23.0) was applied for
statistical analysis.

3. Results

3.1. Intestinal innate immune responses

The effects of dietary Butirex on innate immune parameters in the
intestine of juvenile rainbow trout are presented in Table 3. Dietary
Butirex supplementation led to significantly (P < 0.05) higher LYZ,
ACH50 and bactericidal activities compared to the control. The highest
LYZ activity was related to the B2.5 and B5 groups; whereas, ACH50
and bactericidal activities increased along with the dietary Butirex

Table 2
Primers sequences for the study of selected immune, oxidative and tight junc-
tion related genes expression in rainbow trout.

qPCR primers Accession Number Gen name

LYZ X59491.1 ACAGCCGCTACTGGTGTGACG
GCTGCTGCCGCACATAGAC

IL-1β AJ278242 ACAGACATGGATTTTGAGTCA
CTCATACTGTGATGTACTGCTGA

IL-10 NM_001246350.1 CGACTTTAAATCTCCCATCGAC
GCATTGGACGATCTCTTTCTTC

TGF-β X99303.1 AGATAAATCGGAGAGTTGCTGTG
CCTGCTCCACCTTGTGTTGT

TNF-α NM_001124374.1 CAAGAGTTTGAACCTCATTCAG
TGGCAACGATGCAGGACGGAA

CAT BE669040 GAGGGCAACTGGGACCTTACT
GGACGAAGGACGGGAACAG

SOD NM_001160614.1 TGGTCCTGTGAAGCTGATTG
TTGTCAGCTCCTGCAGTCAC

GPx BG934453 GATTCGTTCCAAACTTCCTGCTA
GCTCCCAGAACAGCCTGTTG

CLD3 BK007964.1 CTTCATCGGCAGCAACATCG
ATGGCCAGGAGGATGGAGAT

CLD12 BK007967.1 TCTCCCCACACTTCCTAACTC
GTAGCCCTGGGAGGAGG

OCLD NM_001190446.1 CAGCCCAGTTCCTCCAGTAG
GCTCATCCAGCTCTCTGTCC

ZO-1 HQ656020.1 CTGGCCCAGAAGAAGAAGGA
CGTTGTAGAGGGTGTCCACT

Beta actin NM_001124235.1 ATGGGCCAGAAAGACAGCTACGTG
CTTCTCCATGTCGTCCCAGTTG
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Table 3
Intestinal innate immune responses of rainbow trout fed 0 (control), 1.5, 2.5 and 5 g/kg Butirex for 45 days. Values in a row with different superscripts denote
significant difference (P < 0.05). Values are presented as the mean ± SE.

Dietary Butirex levels (g/kg)

Control 1.5 2.5 5

Lysozyme (U/ml) 168.44 ± 2.22a 193.67 ± 2.12b 218.11 ± 2.36c 221.33 ± 2.04c

ACH50(U/ml) 3.17 ± 0.20a 4.28 ± 018b 8.97 ± 0.26c 11.19 ± 0.29d

Bactericidal activity (% control) 29.33 ± 0.88a 34.66 ± 1.33b 49.11 ± 2.1c 56.11 ± 1.53d

Fig. 1. Relative expression of LYZ, IL-1β, TNF-α, IL- 8, TGF-β and IL-10 genes in intestine of rainbow trout fed different levels ofButirex. Data are expressed as
mean ± SE. Error bars with different superscripts denote show significant difference at P < 0.05.
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levels in dose-depending manner.

3.2. Intestinal immune-related genes expression

The immune-related genes expression are shown in Fig. 1. The Bu-
tirex-supplemented groups had significantly higher LYZ gene expres-
sion compared to the control group and the highest expression was
related to the B2.5 group (P < 0.05). Butirex at 1.5 g/kg levels had no
effects on IL-1B expression, but at 2.5 and 5 g/kg levels, it led to sig-
nificantly higher gene expression. Expression of TNF-α gene sig-
nificantly decreased in B2.5 and increased in B5 groups, compared to
the control. There were no significant differences in IL-8 and TGF-β
gene expression between the control group with B1.5 and B5 groups.
The B2.5 group had significantly higher TGF-β, and significantly lower
IL-8 gene expression compared to the control group (P < 0.05). There
was no significant difference in IL-10 gene expression between the
control and B5 groups, both were significantly lower than those of the
B1.5 and B2.5 groups (P < 0.05).

3.3. Intestinal antioxidant-related genes expression

Antioxidant-related gene expressions are presented in Fig. 2. There
was no significant difference in SOD gene expression between the
control and B1.5 groups, but the B2.5 and B5 groups had significantly
higher SOD gene expression compared to the other groups; the highest
expression was related to the B2.5 group (P < 0.05). Dietary Butirex
supplementation significantly up-regulated CAT and GPx gene expres-
sion compared to the control group; the highest expression as related to
the B2.5 and B5 groups (P < 0.05).

3.4. Intestinal tight junction protein genes expression

The expression of tight junction protein genes are presented in
Fig. 3. There were no significant differences in CLD12 gene expression
between the control, B1.5 and B5 groups, but B2.5 group had sig-
nificantly lower gene expression compared to the control group
(P < 0.05). The B2.5 and B5 groups had significantly higher CLD3,
OCLD and ZO-1 gene expression compared to the control and B1.5
groups. The highest CLD3 and ZO-1 gene expressions were related to
the B2.5 and B5 groups respectively (P < 0.05). However, there was
no significant difference in OCLD gene expression between the B2.5 and
B5 groups.

3.5. Challenge test

14-day the survival rates of rainbow trout fed different dietsand
challenged with S. iniae are shown in Fig. 4. RPS was markedlyhigher in
B2.5 and B5 (33.3% and 53.3%) compared to the B1.5 (10%).

4. Discussion

Previous studies have well documented the multiple function of
intestine in fishes [15,39]. One of the important roles of the intestine is
immune responses and eliminating pathogens by physical barrier,
chemical and cellular components, which finally prevent infection [40];
however, innate and adaptive immune responses can be initiated in the
gastrointestinal tract as part of a mucosal immune responses [41].The
digestive tract including intestine is known to be an important site that
exposed to a heavy load of antigenic molecules and aquatic microbes,

Fig. 2. Relative expression of SOD, CAT and GPX genes in intestine of rainbow trout fed different levels of Butirex. Data are expressed as mean ± SE. Error bars with
different superscripts denote show significant difference at P < 0.05.
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so requires innate and adaptive immune systems to be presented in the
gut that act rapidly to prevent infection [42].

4.1. Intestinal innate immune responses

LYZ activity is an important index of non-specific immunity in fishes
[43]. It is well documented that fish lysozyme possess lytic activity
against both Gram‐positive and Gram‐negative bacteria [43]. In line
with the present results, there are some studies indicating the positive
effects of different SCFAs on immunological and physiological aspect of
fishes. Tian et al. [32] reported that dietary butyrate supplementation
significantly increased gut lysozyme activity, and C3, C4 and IgM levels

in Ctenopharyngodon idella. It is known that SCFAs can improve fish gut
microbiota [44–46]. It is also known that improved microbiota is fol-
lowed by improved immune responses [47,48]. Therefore it can be
concluded that improved immune responses observed in this experi-
ment is because of the improvement in the gut microbiota by admin-
istration of Butirex® C4 in the feed. Another mechanism that can be
considered is the improvement of the intestinal tissue, which will fur-
ther improve the mucus secretion. Mucus contains several immune
components and elevated mucus secretion might lead to improved
immune responses [32].

4.2. Lysozyme and cytokine genes

To our knowledge, this study is the first attempt to investigate the
effects of dietary Butirex supplementation on immune and cytokine
genes expressionin the intestine of rainbow trout. Our results revealed
that administration of Butirex significantly modified immune and cy-
tokine gene expression in intestine of rainbow trout.

Administrations of different level of Butirex in the present study up-
regulated lysozyme gene expression, which is the reason for increased
LYZ activity in the fish intestine (see above). There is no published data
on the effects of dietary butyratesupplementation onintestinal lysozyme
gene expression in fish.The mechanism of butyrate effect on lysozyme
production is not clear but butyrate might stimulate monocytes to im-
prove lysozyme production [49].

Cytokines are key regulators of the immune system.Inflammatory
responses in the intestine are an important category of immune re-
sponses that together with proteins and antimicrobial peptides play an
important role in controlling pathogens [20]. Cytokines responses are
divided into pro-inflammatory and anti-inflammatoryresponses. Pre-
vious study confirmed that inflammation responses could be weaken

Fig. 3. Relative expression of CLD12, CLD3, OCLD and ZO-1 genes in intestine of rainbow trout fed different levels of Butirex. Data are expressed as mean ± SE.
Error bars with different superscripts denote show significant difference at P < 0.05.

Fig. 4. Survival rate values (%) against S. iniae of rainbow trout fed different
levels of Butirex. Data are expressed as mean ± SE. Error bars with different
superscripts denote show significant difference at P < 0.05.
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via down-regulating pro-inflammatory cytokines (like IL-1β and TNFα)
and up-regulating anti-inflammatory cytokines (like TGF-β and IL-10)
mRNA levels in fish [20]. Based on the present results, Butirex had anti-
inflammatory effects at 2.5 g/kg level. The results are in line with
previous studies showing that butyrate had anti-inflammatory effects
by up-regulating anti-inflammatory cytokines (e.g. IL-10 and TGF-β)
and down-regulating pro-inflammatory cytokines (TNF-α, IL-1β and IL-
8) gene expression in intestine of C. idella [32]. It is because that bu-
tyrate and other SCFAs have anti-inflammatory potential [50] and this
effect may be associated with suppression of NF-KB-P65 pathway ac-
tivity [51]. However, sodium butyrate suppressed inflammation in the
fish intestinal tissues, along with up-regulation in TNF-α gene expres-
sion and no change in IL-1β, IL-8 and IL-10 gene expression in European
sea bass fed soybean-based diet [52]. Another study on European sea
bass showed that supplementation of a plant-based diet with sodium
butyrate led to up-regulation of IL-10 gene expression in the fish liver
not intestine; moreover, sodium butyrate had no significant effects on
IL-8, IL-1β and TNF-α gene expression [28]. Such contradictions en-
courage further researches on butyrate-modulated inflammation re-
sponses in different fish species.

4.3. Antioxidant genes

Oxidative statues in intestine of fish is key factor to monitoring
intestine health status because oxidative damages induced disruption of
TJ proteins by reducing the ZO-1 and occluding complexstructural in-
tegrity of intestinal epithelial cells [53]. Results of present study in-
dicated that optimal level of Butirex improved antioxidant enzymes
gene expressionin intestine of rainbow trout. In line with our results,
previous study revealed that sodium butyrate administration increased
SOD, CAT, GPx, GST and GR gene expression, and consequently these
enzyme activities in intestine of grass carp, which led to lower ROS
formation in the intestinal tissues [18]. Similarly, Liu et al. [54] found
increased SOD and GPx activities in liver of grass carp. Antioxidant
effects of butyrate in fish seems to be related to modulation of nrf2 an
keap1 systems, as they are key regulators of antioxidant systems and
are modulated by butyrate administration in fish [18]. On the other
hand, some species of fish gut microbiota improve antioxidant defense
of the host [26,55] and SCFAs are capable to dominate these beneficial
microbes [56]. Therefore, the results of this study suggest that admin-
istration Butirex® C4, increase antioxidant responses in intestine
through improve intestinal physiology responses.

4.4. Tight junction proteins’ genes

Intestinal barrier function regulates transport and host defense
mechanisms at the mucosal interface with the outside world. The TJs
proteins play a key role in holding the intestinal epithelium integrity
and were important to preserve the physical intestinal barrier in fish
[41]. It is well known that administration of some feed additives up-
regulates the barrier-forming tight junction proteins like claudin-c,
CLD3, OCLD and ZO-1 and in some cases down-regulatestheCLD12 and
CLD15, followed by improved physical barrier in intestine
[18,21,57–59]. There is limited information about effect of dietary
sodium butyrate on intestinal tight junction protein genes expression of
rainbow trout. A previous study indicated that optimal sodium butyrate
supplementation up-regulated OCLD, ZO-1, ZO-2, claudin-b, claudin-c,
claudin-f, claudin-3c, claudin-7a, claudin-7b and CLD11 mRNA levels,
and down-regulated CLD12, claudin-15a and claudin-15b mRNA levels
in three intestinal segments of young C. Idella [18]. In gilthead sea
bream, dietary butyrate supplementation to a plant-based diet sig-
nificantly restored gut OCLD gene expression, but had no effects on
CLD12 and ZO-1 gene expression [60]. There are other studies showing
butyrate potentiates to improve fish gut structure integrity [32,52,61];
such improvements might be related to modulation of TJ proteins. Our
results showed that different levels of dietary sodium butyrate

supplementation improved tight junction protein genes expression and
finally physical barrier of intestine which is possibly due to increase
antioxidant activity in the intestine (see the results of antioxidant en-
zymes gene). Previous studies showed that oxidative stresshad negati-
veeffect on physical intestinal barrier [62,63]. On the other hand, it
should be noted that SCFAs, especially butyric acid, can provide energy
source for the regeneration and repair of the intestine epithelial cells
[64].

4.5. Disease resistance

The results of present study revealed that dietary sodium butyrate
supplementation increased rainbow trout resistance against S. iniae.
There is limited information about effect of butyrate on disease re-
sistance in fishes. previous study reported that mixture of organic acids
include formic acid, propionic acid and calcium propionate improve
resistance of Nile Tilapia (Oreochromis niloticus) against Aeromonas
Sobria [65]. As well as in line with our results dietary supplemented
with mixture of organic acids and essential oils increase resistance of
Pacific white shrimp (Litopenaeus vannamei) against Vibrio para-
haemolyticus [56]. The increase disease resistance fallowing organic
acids administration in aquatic animals is possibly due to improvement
of immunological parameters, antioxidant defense and gut integrity,
which discussed above.

5. Conclusion

In conclusion, dietary Burirex modulated cytokines gene expression
in the fish intestine. Besides, Butirex augmented antioxidant defense
and improved integrity of the fish gut by modulation antioxidant en-
zymes and TJ proteins gene expression. The fish treated by Butirex
would be more resistance to bacterial infection, which is due to im-
proved immune responses, antioxidant defense and gut health. Based
on the results, 5 g/kg Butirexis recommended to be incorporated in
rainbow trout diet to augment fish health and disease resistance.

Acknowledgments

The authors would like to thanks the staff at aquatic disease la-
boratory, faculty of veterinary medicine, University of Tehran for
technical assistance and Gorgan University of Agricultural Sciences and
Natural Resources for research cooperation.

References

[1] H. Abdulhai, M. Ghomi, Rainbow trout culture in Iran: development and concerns,
Aquaculture Asia 10 (2005) 34.

[2] P. Yarahmadi, H.K. Miandare, S. Fayaz, C.M.A. Caipang, Increased stocking density
causes changes in expression of selected stress- and immune-related genes, humoral
innate immune parameters and stress responses of rainbow trout (Oncorhynchus
mykiss), Fish Shellfish Immunol. 48 (2016) 43–53.

[3] C.H. Hernández, C. Hernández, F.J. Martínez‐Cordero, N. Castañeda‐Lomas,
G. Rodríguez‐Domínguez, A.G. Tacon, et al., Effect of density at harvest on the
growth performance and profitability of hatchery‐reared spotted rose snapper,
Lutjanus guttatus, cultured in floating net cages, J. World Aquac. Soc. 47 (2016)
51–60.

[4] P.J. Ashley, Fish welfare: current issues in aquaculture, Appl. Anim. Behav. Sci. 104
(2007) 199–235.

[5] S. Snieszko, The effects of environmental stress on outbreaks of infectious diseases
of fishes, J. Fish Biol. 6 (1974) 197–208.

[6] Ki Iguchi, K. Ogawa, M. Nagae, F. Ito, The influence of rearing density on stress
response and disease susceptibility of ayu (Plecoglossus altivelis), Aquaculture 220
(2003) 515–523.

[7] O. Carnevali, L. de Vivo, R. Sulpizio, G. Gioacchini, I. Olivotto, S. Silvi, et al.,
Growth improvement by probiotic in European sea bass juveniles (Dicentrarchus
labrax, L.), with particular attention to IGF-1, myostatin and cortisol gene expres-
sion, Aquaculture 258 (2006) 430–438.

[8] G.D. Gómez, J.L. Balcázar, A review on the interactions between gut microbiota and
innate immunity of fish, FEMS Immunol. Med. Microbiol. 52 (2008) 145–154.

[9] P.H. Serrano, Responsible use of antibiotics in aquaculture, Food & Agriculture Org.
(2005).

[10] R. Subasinghe, Disease control in aquaculture and the responsible use of veterinary

A.T. Mirghaed, et al. Fish and Shellfish Immunology 92 (2019) 621–628

627

http://refhub.elsevier.com/S1050-4648(19)30693-X/sref1
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref1
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref2
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref2
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref2
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref2
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref3
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref3
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref3
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref3
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref3
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref4
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref4
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref5
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref5
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref6
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref6
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref6
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref7
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref7
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref7
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref7
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref8
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref8
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref9
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref9
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref10


drugs and vaccines: the issues, prospects and challenges, Options Méditerranéennes
86 (2009) 5–11.

[11] G.T. Rijkers, A.G. Teunissen, R. Van Oosterom, W.B. Van Muiswinkel, The immune
system of cyprinid fish. The immunosuppressive effect of the antibiotic oxyte-
tracycline in carp (Cyprinus carpio L.), Aquaculture 19 (1980) 177–189.

[12] D. Barman, P. Nen, S. Mandal, V. Kumar, Immunostimulants for aquaculture health
management, J. Mar. Sci. Res. Dev. 3 (2013).

[13] B. Magnadóttir, Innate immunity of fish (overview), Fish Shellfish Immunol. 20
(2006) 137–151.

[14] C. Uribe, H. Folch, R. Enriquez, G. Moran, Innate and adaptive immunity in teleost
fish: a review, Vet. Med. 56 (2011) 486–503.

[15] J.H. Rombout, L. Abelli, S. Picchietti, G. Scapigliati, V. Kiron, Teleost intestinal
immunology, Fish Shellfish Immunol. 31 (2011) 616–626.

[16] I. Mulder, S. Wadsworth, C. Secombes, Cytokine expression in the intestine of
rainbow trout (Oncorhynchus mykiss) during infection with Aeromonas salmonicida,
Fish Shellfish Immunol. 23 (2007) 747–759.

[17] Keita åv, J.D. Söderholm, The intestinal barrier and its regulation by neuroimmune
factors, Neuro Gastroenterol. Motil. 22 (2010) 718–733.

[18] P. Wu, L. Tian, X.-Q. Zhou, W.-D. Jiang, Y. Liu, J. Jiang, et al., Sodium butyrate
enhanced physical barrier function referring to Nrf2, JNK and MLCK signaling
pathways in the intestine of young grass carp (Ctenopharyngodon idella), Fish
Shellfish Immunol. 73 (2018) 121–132.

[19] T. Doggett, J. Harris, Morphology of the gut associated lymphoid tissue of
Oreochromis mossambicus and its role in antigen absorption, Fish Shellfish Immunol.
1 (1991) 213–227.

[20] T. Wang, C.J. Secombes, The cytokine networks of adaptive immunity in fish, Fish
Shellfish Immunol. 35 (2013) 1703–1718.

[21] L. Feng, W. Li, Y. Liu, W.-D. Jiang, S.-Y. Kuang, J. Jiang, et al., Dietary phenyla-
lanine-improved intestinal barrier health in young grass carp (Ctenopharyngodon
idella) is associated with increased immune status and regulated gene expression of
cytokines, tight junction proteins, antioxidant enzymes and related signalling mo-
lecules, Fish Shellfish Immunol. 45 (2015) 495–509.

[22] R. Watson, R. Poddar, J. Walker, I. McGuill, L. Hoare, C. Griffiths, et al., Altered
claudin expression is a feature of chronic plaque psoriasis, J. Pathol.: J. Pathol.
Soc.G. B. Irel. 212 (2007) 450–458.

[23] V. Kiron, Fish immune system and its nutritional modulation for preventive health
care, Anim. Feed Sci. Technol. 173 (2012) 111–133.

[24] C. Luckstadt, The use of acidifiers in fish nutrition. Perspectives in Agriculture,
Veterinary Science, Nutr.Nat. Resour. 3 (2008) 1–8.

[25] J.L. Rombeau, S.A. Kripke, R.G. Settle, Short-Chain Fatty Acids. Dietary Fiber,
Springer, 1990, pp. 317–337.

[26] S.H. Hoseinifar, Y.Z. Sun, C.M. Caipang, Short‐chain fatty acids as feed supplements
for sustainable aquaculture: an updated view, Aquacult. Res. 48 (2017) 1380–1391.

[27] J. Bond, M. Levitt, Fate of soluble carbohydrate in the colon of rats and man, J. Clin.
Investig. 57 (1976) 1158–1164.

[28] G. Terova, N. Díaz, S. Rimoldi, C. Ceccotti, E. Gliozheni, F. Piferrer, Effects of so-
dium butyrate treatment on histone modifications and the expression of genes re-
lated to epigenetic regulatory mechanisms and immune response in European sea
bass (Dicentrarchus Labrax) fed a plant-based diet, PLoS One 11 (2016) e0160332.

[29] B.C. da Silva, A. Jatobá, D.D. Schleder, FdN. Vieira, J.L.P. Mouriño, W.Q. Seiffert,
Dietary supplementation with butyrate and polyhydroxybutyrate on the perfor-
mance of pacific white shrimp in biofloc systems, J. World Aquac. Soc. 47 (2016)
508–518.

[30] W. Liu, Y. Yang, J. Zhang, D.M. Gatlin, E. Ringø, Z. Zhou, Effects of dietary mi-
croencapsulated sodium butyrate on growth, intestinal mucosal morphology, im-
mune response and adhesive bacteria in juvenile common carp (Cyprinus carpio)
pre-fed with or without oxidised oil, Br. J. Nutr. 112 (2014) 15–29.

[31] R. Robles, A. Lozano, A. Sevilla, L. Márquez, W. Nuez-Ortin, F. Moyano, Effect of
partially protected butyrate used as feed additive on growth and intestinal meta-
bolism in sea bream (Sparus aurata), Fish Physiol. Biochem. 39 (2013) 1567–1580.

[32] L. Tian, X.-Q. Zhou, W.-D. Jiang, Y. Liu, P. Wu, J. Jiang, et al., Sodium butyrate
improved intestinal immune function associated with NF-κB and p38MAPK sig-
nalling pathways in young grass carp (Ctenopharyngodon idella), Fish Shellfish
Immunol. 66 (2017) 548–563.

[33] M.M. Naderi, A. Sarvari, A. Milanifar, S.B. Boroujeni, M.M. Akhondi, Regulations
and ethical considerations in animal experiments: international laws and Islamic
perspectives, Avicenna J. Med. Biotechnol. (AJMB) 4 (3) (2012) 114.

[34] A. Pérez-Jiménez, G. Cardenete, A.E. Morales, A. García-Alcázar, E. Abellán,
M.C. Hidalgo, Digestive enzymatic profile of Dentex dentex and response to dif-
ferent dietary formulations, Comp. Biochem. Physiol. Mol. Integr. Physiol. 154
(2009) 157–164.

[35] J. Ortuno, M. Esteban, J. Meseguer, Effects of short-term crowding stress on the
gilthead seabream (Sparus aurata L.) innate immune response, Fish Shellfish
Immunol. 11 (2001) 187–197.

[36] P.Y. Ahmadi, H. Farahmand, H.K. Miandare, A. Mirvaghefi, S.H. Hoseinifar, The
effects of dietary Immunogen® on innate immune response, immune related genes
expression and disease resistance of rainbow trout (Oncorhynchus mykiss), Fish
Shellfish Immunol. 37 (2014) 209–214.

[37] P. Yarahmadi, H.K. Miandare, FayazS, M.A. CaipangC, Increased stocking density
causes changes in expression of selected stress-and immune-related genes, humoral
innate immune parameters and stress responses of rainbow trout (Oncorhynchus
mykiss), Fish Shellfish Immunol. 48 (2016) 43–53.

[38] H.K. Miandare, P. Yarahmadi, M. Abbasian, Immune related transcriptional re-
sponses and performance of Litopenaeus vannamei post-larvae fed on dietary pro-
biotic PrimaLac®, Fish Shellfish Immunol. 55 (2016) 671–678.

[39] H. Stroband, H. vd Meer, L.P. Timmermans, Regional functional differentiation in
the gut of the grasscarp, Ctenopharyngodon idella (Val.), Histochemistry 64 (1979)
235–249.

[40] P. Brandtzaeg, H. Kiyono, R. Pabst, M. Russell, Terminology: nomenclature of
mucosa-associated lymphoid tissue, Mucosal Immunol. 1 (2008) 31.

[41] K. Cain, C. Swan, Barrier function and immunology, Fish Physiol.: Elsevier (2010)
111–134.

[42] L. Niklasson, H. Sundh, F. Fridell, G. Taranger, K. Sundell, Disturbance of the in-
testinal mucosal immune system of farmed Atlantic salmon (Salmo salar), in re-
sponse to long-term hypoxic conditions, Fish Shellfish Immunol. 31 (2011)
1072–1080.

[43] S. Saurabh, P. Sahoo, Lysozyme: an important defence molecule of fish innate im-
mune system, Aquacult. Res. 39 (2008) 223–239.

[44] C.B. Koh, N. Romano, A.S. Zahrah, W.K. Ng, Effects of a dietary organic acids blend
and oxytetracycline on the growth, nutrient utilization and total cultivable gut
microbiota of the red hybrid tilapia, O reochromis sp., and resistance to S trepto-
coccus agalactiae, Aquacult. Res. 47 (2016) 357–369.

[45] W.K. Ng, C.B. Koh, The utilization and mode of action of organic acids in the feeds
of cultured aquatic animals, Rev. Aquacult. 9 (2017) 342–368.

[46] B.C. Da Silva, FdN. Vieira, J.L.P. Mouriño, N. Bolivar, W.Q. Seiffert, Butyrate and
propionate improve the growth performance of Litopenaeus vannamei, Aquacult.
Res. 47 (2016) 612–623.

[47] A.T. Mirghaed, P. Yarahmadi, S.H. Hosseinifar, D. Tahmasebi, N. Gheisvandi,
A. Ghaedi, The effects singular or combined administration of fermentable fiber and
probiotic on mucosal immune parameters, digestive enzyme activity, gut micro-
biota and growth performance of Caspian white fish (Rutilus frisii kutum) fingerlings,
Fish Shellfish Immunol. 77 (2018) 194–199.

[48] S. Nayak, Probiotics and immunity: a fish perspective, Fish Shellfish Immunol. 29
(2010) 2–14.

[49] P. Schley, C. Field, The immune-enhancing effects of dietary fibres and prebiotics,
Br. J. Nutr. 87 (2002) S221–S230.

[50] K. Meijer, P. de Vos, M.G. Priebe, Butyrate and other short-chain fatty acids as
modulators of immunity: what relevance for health? Curr. Opin. Clin. Nutr. Metab.
Care 13 (2010) 715–721.

[51] J. Segain, D.R. De La Blétiere, A. Bourreille, V. Leray, N. Gervois, C. Rosales, et al.,
Butyrate inhibits inflammatory responses through NFκB inhibition: implications for
Crohn's disease, Gut 47 (2000) 397–403.

[52] S. Rimoldi, G. Finzi, C. Ceccotti, R. Girardello, A. Grimaldi, C. Ascione, et al.,
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
(2016) 40.

[53] J.-X. Zhang, L.-Y. Guo, L. Feng, W.-D. Jiang, S.-Y. Kuang, Y. Liu, et al., Soybean β-
conglycinin induces inflammation and oxidation and causes dysfunction of in-
testinal digestion and absorption in fish, PLoS One 8 (2013) e58115.

[54] M. Liu, W. Guo, F. Wu, Q. Qu, Q. Tan, W. Gong, Dietary supplementation of sodium
butyrate may benefit growth performance and intestinal function in juvenile grass
carp (Ctenopharyngodon idellus), Aquacult. Res. 48 (2017) 4102–4111.

[55] Y. Dong, Y. Yang, J. Liu, F. Awan, C. Lu, Y. Liu, Inhibition of Aeromonas hydrophila-
induced intestinal inflammation and mucosal barrier function damage in crucian
carp by oral administration of Lactococcus lactis, Fish Shellfish Immunol. 83 (2018)
359–367.

[56] W. He, S. Rahimnejad, L. Wang, K. Song, K. Lu, C. Zhang, Effects of organic acids
and essential oils blend on growth, gut microbiota, immune response and disease
resistance of Pacific white shrimp (Litopenaeus vannamei) against Vibrio para-
haemolyticus, Fish Shellfish Immunol. 70 (2017) 164–173.

[57] Y. Kumai, A. Bahubeshi, S. Steele, S.F. Perry, Strategies for maintaining Na+ bal-
ance in zebrafish (Danio rerio) during prolonged exposure to acidic water, Comp.
Biochem. Physiol. Mol. Integr. Physiol. 160 (2011) 52–62.

[58] A. Tamura, H. Hayashi, M. Imasato, Y. Yamazaki, A. Hagiwara, M. Wada, et al., Loss
of claudin-15, but not claudin-2, causes Na+ deficiency and glucose malabsorption
in mouse small intestine, Gastroenterology 140 (2011) 913–923.

[59] J. Zhao, L. Feng, Y. Liu, W. Jiang, P. Wu, J. Jiang, et al., Effect of dietary isoleucine
on the immunity, antioxidant status, tight junctions and microflora in the intestine
of juvenile Jian carp (Cyprinus carpio var. Jian), Fish Shellfish Immunol. 41 (2014)
663–673.

[60] I. Estensoro, G. Ballester-Lozano, L. Benedito-Palos, F. Grammes, J.A. Martos-
Sitcha, L.-T. Mydland, et al., Dietary butyrate helps to restore the intestinal status of
a marine teleost (Sparus aurata) fed extreme diets low in fish meal and fish oil, PLoS
One 11 (2016) e0166564.

[61] J.S. Zhou, P. Guo, H.B. Yu, H. Ji, Z.W. Lai, Y.A. Chen, Growth performance, lipid
metabolism, and health status of grass carp (Ctenopharyngodon idella) fed three
different forms of sodium butyrate, Fish Physiol. Biochem. 45 (2019) 287–298.

[62] J. Jiang, T. Zheng, X.Q. Zhou, Y. Liu, L. Feng, Influence of glutamine and vitamin E
on growth and antioxidant capacity of fish enterocytes, Aquacult. Nutr. 15 (2009)
409–414.

[63] J. Zhao, Y. Liu, J. Jiang, P. Wu, W. Jiang, S. Li, et al., Effects of dietary isoleucine on
the immune response, antioxidant status and gene expression in the head kidney of
juvenile Jian carp (Cyprinus carpio var. Jian), Fish Shellfish Immunol. 35 (2013)
572–580.

[64] S. Becattini, Y. Taur, E.G. Pamer, Antibiotic-induced changes in the intestinal mi-
crobiota and disease, Trends Mol. Med. 22 (2016) 458–478.

[65] R.M. Reda, R. Mahmoud, K.M. Selim, I.E. El-Araby, Effects of dietary acidifiers on
growth, hematology, immune response and disease resistance of Nile tilapia,
Oreochromis niloticus, Fish Shellfish Immunol. 50 (2016) 255–262.

A.T. Mirghaed, et al. Fish and Shellfish Immunology 92 (2019) 621–628

628

http://refhub.elsevier.com/S1050-4648(19)30693-X/sref10
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref10
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref11
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref11
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref11
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref12
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref12
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref13
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref13
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref14
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref14
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref15
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref15
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref16
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref16
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref16
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref17
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref17
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref18
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref18
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref18
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref18
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref19
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref19
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref19
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref20
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref20
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref21
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref21
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref21
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref21
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref21
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref22
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref22
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref22
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref23
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref23
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref24
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref24
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref25
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref25
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref26
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref26
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref27
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref27
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref28
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref28
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref28
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref28
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref29
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref29
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref29
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref29
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref30
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref30
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref30
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref30
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref31
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref31
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref31
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref32
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref32
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref32
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref32
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref33
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref33
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref33
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref34
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref34
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref34
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref34
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref35
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref35
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref35
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref36
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref36
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref36
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref36
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref37
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref37
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref37
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref37
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref38
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref38
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref38
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref39
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref39
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref39
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref40
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref40
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref41
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref41
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref42
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref42
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref42
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref42
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref43
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref43
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref44
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref44
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref44
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref44
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref45
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref45
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref46
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref46
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref46
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref48
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref48
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref49
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref49
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref50
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref50
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref50
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref51
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref51
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref51
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref52
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref52
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref52
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref52
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref53
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref53
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref53
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref54
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref54
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref54
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref55
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref55
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref55
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref55
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref56
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref56
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref56
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref56
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref57
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref57
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref57
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref58
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref58
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref58
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref59
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref59
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref59
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref59
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref60
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref60
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref60
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref60
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref61
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref61
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref61
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref62
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref62
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref62
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref63
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref63
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref63
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref63
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref64
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref64
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref65
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref65
http://refhub.elsevier.com/S1050-4648(19)30693-X/sref65

	Dietary sodium butyrate (Butirex® C4) supplementation modulates intestinal transcriptomic responses and augments disease resistance of rainbow trout (Oncorhynchus mykiss)
	Introduction
	Materials and methods
	Experimental design and feed preparation
	Water quality parameters
	Sampling
	Intestinal biochemical and immunological analysis
	Intestinal alternative complement activity
	Intestinal lysozyme activity
	Intestinal bactericidal activity
	Total RNA extraction and cDNA synthesis
	Challenge test
	Statistical analysis

	Results
	Intestinal innate immune responses
	Intestinal immune-related genes expression
	Intestinal antioxidant-related genes expression
	Intestinal tight junction protein genes expression
	Challenge test

	Discussion
	Intestinal innate immune responses
	Lysozyme and cytokine genes
	Antioxidant genes
	Tight junction proteins’ genes
	Disease resistance

	Conclusion
	Acknowledgments
	References




