N

N

Gut physiology of rainbow trout (Oncorhynchus mykiss)
is influenced more by short-term fasting followed by
refeeding than by feeding fishmeal-free diets
Laura Frohn, Diogo Peixoto, Frédéric Terrier, Benjamin Costas, Jérome

Bugeon, Christel Cartier, Nadege Richard, Karine Pinel, Sandrine Skiba-Cassy

» To cite this version:

Laura Frohn, Diogo Peixoto, Frédéric Terrier, Benjamin Costas, Jérome Bugeon, et al.. Gut physiology
of rainbow trout (Oncorhynchus mykiss) is influenced more by short-term fasting followed by refeeding
than by feeding fishmeal-free diets. Fish Physiology and Biochemistry, 2024, 50 (3), pp.1281-1303.
10.1007/s10695-024-01339-0 . hal-04643254

HAL Id: hal-04643254
https://hal.inrae.fr /hal-04643254v1
Submitted on 10 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.inrae.fr/hal-04643254v1
https://hal.archives-ouvertes.fr

Fish Physiol Biochem (2024) 50:1281-1303
https://doi.org/10.1007/s10695-024-01339-0

RESEARCH

®

Check for
updates

Gut physiology of rainbow trout (Oncorhynchus mykiss)
is influenced more by short-term fasting followed
by refeeding than by feeding fishmeal-free diets

Laura Frohn - Diogo Peixoto - Frédéric Terrier - Benjamin Costas -
Jérome Bugeon - Christel Cartier - Nadege Richard - Karine Pinel -

Sandrine Skiba-Cassy

Received: 7 November 2023 / Accepted: 26 March 2024 / Published online: 16 April 2024

© The Author(s) 2024

Abstract Supplementing a fishmeal-free diet with
yeast extract improves rainbow trout (Oncorhyn-
chus mykiss) growth performance and modulates the
hepatic and intestinal transcriptomic response. These
effects are often observed in the long term but are
not well documented after short periods of fasting.
Fasting for a few days is a common practice in fish
farming, especially before handling the fish, such as
for short sorting, tank transfers, and vaccinations. In
the present study, rainbow trout were subjected to a
4-day fast and then refed, for 8 days, a conventional
diet containing fishmeal (control diet) or alternative
diets composed of terrestrial animal by-products sup-
plemented or not with a yeast extract. During the
refeeding period alone, most of the parameters con-
sidered did not differ significantly in response to the
different feeds. Only the expression of claudin-15

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10695-024-01339-0.

L. Frohn - F. Terrier - K. Pinel - S. Skiba-Cassy (<))
INRAE, NUMEA, Université de Pau & des Pays de
I’Adour, E2S UPPA, 64310 Saint Pée-sur-Nivelle, France
e-mail: sandrine.skiba@inrae.fr

L. Frohn - N. Richard
Phileo By Lesaffre, 59700 Marcq-en-Barceul, France

D. Peixoto - B. Costas
ICBAS - Instituto de Ciéncias Biomédicas Abel Salazar,
Universidade Do Porto, 4050-313 Porto, Portugal

was upregulated in fish fed the yeast-supplemented
diet compared to the control diet. Conversely, fasting
followed by refeeding significantly influenced most
of the parameters analyzed. In the proximal intes-
tine, the surface area of villi significantly increased,
and the density of goblet cell tended to decrease dur-
ing refeeding. Although no distinct plasma immune
response or major signs of gut inflammation were
observed, some genes involved in the structure, com-
plement pathway, antiviral functions, coagulation,
and endoplasmic reticulum stress response of the liver
and intestine were significantly regulated by refeeding
after fasting. These results indicate that short-term
fasting, as commonly practiced in fish farming, sig-
nificantly alters the physiology of the liver and intes-
tine regardless of the composition of the diet.
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Introduction

Aquaculture-rearing practices and feeds changed
greatly during the twentieth century. Development
of extruded pellets in the late 1980s and the gradual
replacement of fishmeal and fish oil with plant ingre-
dients (e.g., whole grains, oilseeds, legumes) helped
address the constraints faced by the sector, particu-
larly in reducing human pressures on wild forage-fish
populations (Tacon and Metian 2009; Bandara 2018).
From 1990 to 2020, especially for Atlantic salmon
(Salmo salar), the contents of fish oil and fishmeal
in feed decreased from 65.4% and 24.0% to 12.1%
and 10.3%, respectively, with no influence on zoot-
echnical performances (Aas et al. 2019). Nonethe-
less, most carnivorous fish species, such as salmonids
(salmon and trout), are sensitive to dietary changes,
which prohibit completely replacing fishmeal and
fish oil in their feed. Thus, for these species, plant-
based diets are likely to influence feed intake, nutrient
digestion, absorption, and assimilation (e.g., metab-
olism) (Bureau et al. 1998; Panserat et al. 2009; Li
et al. 2014). These diets can also degrade intestinal
health by causing inflammation in the digestive tract,
likely due to the presence of anti-nutritional factors
(e.g., oligosaccharides, lectins, saponins) in the plant
ingredients (Francis et al. 2001; Gatlin et al. 2007).
Therefore, plant-based diets are likely to decrease the
growth and degrade the health of the fish, thus ren-
dering them more sensitive to stress (Krogdahl et al.
2010; Lazzarotto et al. 2015).

In addition to plant ingredients, the aquaculture
sector is considering other replacements for marine
ingredients, such as insect meals, microalgae, and
industrial by-products from terrestrial animals. How-
ever, their use is restricted due to variable growth
performances that result from their inconsistent qual-
ity and nutritional values, as well as the amounts
included in diets (Galkanda-Arachchige et al. 2020).
Including functional ingredients can meet the objec-
tives of maintaining acceptable growth performances
and mitigating adverse effects of alternative diets. For
example, yeast can be included in whole or in deriva-
tive form (i.e., cell wall, cytosolic fraction, purified
components). Including yeast in feed has been shown
to provide many benefits for most terrestrial and
aquatic livestock, such as improvements in feed palat-
ability, nutrient digestibility (due to enzyme produc-
tion and intestinal pH regulation), the immune system
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and pathogen resistance (due to bioactive components
such as MOS, f-glucan, nucleotides, and peptides),
the quality of meat and milk, egg production of poul-
try, and growth performances of fish and pigs (Gate-
soupe 2007; Vohra et al. 2016; Agboola et al. 2021).
The performance of new feeds or the benefits of feed
additives are often examined over the long term to
primarily assess effects on growth without neces-
sarily analyzing the early physiological responses of
animals. When using a new diet, long-term responses
could be the result of mechanisms that fish gradually
implement to adapt to change in formulation. Short-
term responses, on the other hand, could reflect an
acute homeostatic response involving the mobiliza-
tion of mechanisms aimed at restoring or maintain-
ing metabolic balance in a perturbed environment, in
this case a change in diet. Indeed, a study of Atlantic
salmon fed a soybean meal diet showed that diet can
have effects on the first day of exposure, particularly
on intestinal histopathology and on the regulation of
genes involved in immunity, detoxification, cellular
repair, and metabolism (Sahlmann et al. 2013).

Short periods of fasting followed by refeeding are
frequently used in aquaculture. On fish farms, short-
term fasting is strongly recommended and commonly
applied during periods of stress (i.e., animal handling,
transport between different production sites, epizootic
situations) or in order to induce compensatory growth
(Dobson and Holmes 1984; Cho 2005; Jena et al. 2017).
During short-term fasting (less than 2 weeks), the met-
abolic rate of fish is lowered and causes the energy
required for digestion to be directed to vital functions
such as maintaining cellular homeostasis, brain func-
tion, and respiration, without necessarily causing sig-
nificant weight loss (Caruso et al. 2012; Karatas et al.
2021). Like birds and mammals, fish in their natural
environment are also frequently subjected to long peri-
ods of fasting or starvation (greater than 2 weeks) dur-
ing winter, migration, and reproduction events (Navarro
and Gutiérrez 1995; Bar 2014). Indeed, even when
short, these periods influence gut microbiota (Xia et al.
2014), metabolism (Black and Skinner 1986), and
digestive and hepatic physiology (Martin et al. 2001;
Krogdahl and Marie Bakke-McKellep 2005; Bar 2014).

Utilization of alternative diets without fishmeal
during 12 weeks impacted the growth performance
of juvenile rainbow trout (Oncorhynchus mykiss) and
these phenotypes were accompanied by changes in
hepatic and intestinal transcriptomic profiles, as well
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as structural changes in the intestine (Frohn et al.
2024). As no short-term evaluation has been car-
ried out on this type of feed, we first compared the
early effect within the first 8 days of feeding a com-
mercial-like diet containing fishmeal and fish oil, an
alternative diet based on plant ingredients and ter-
restrial animal by-products which had been shown
to reduce the growth performance of juvenile rain-
bow trout (Oncorhynchus mykiss), and the same diet
supplemented with yeast extract which significantly
improved growth (Frohn et al. 2024). Like the use
of a novel feed, we then hypothesized that refeeding
after a short fasting period could also influence the
fish’s early physiological response, which is rarely
accounted for, despite the frequent implementation
of fasting and refeeding periods in fish farms. Conse-
quently, this study also aimed to evaluate the effects
of a short 4-day fasting period followed by refeeding
with the above-mentioned feeds on intestinal histol-
ogy and parameters related to defense and protection
mechanisms in juvenile rainbow trout.

Materials and methods
Feed formulation and experimental design

Three experimental feeds were formulated to meet the
nutritional requirements of the rainbow trout accord-
ing to NRC recommendations (Council NR 2011).
The control diet (CTL) was formulated as close as
possible to a commercial feed for rainbow trout and
contained 19% fishmeal and 7.0% fish oil. Two pro-
cessed animal protein diets (10% dehydrated poultry
protein, 6% hydrolyzed feather meal, and 1% poul-
try and pig blood meal) were also formulated: one
not supplemented (PAP) and one supplemented with
yeast extract (PAP + YE). The yeast extract used con-
tained the cytosolic fraction of the yeast Saccharomy-
ces cerevisiae (Prosaf®, Phileo by Lesaffre, Marcq-
en-Barceul, France). The contents of other ingredients
in the experimental feeds varied (Table 1).

A schematic diagram of the experimental proto-
col is shown in Supplementary Fig. 1. One hundred
and twenty (120) rainbow trout, with an average bio-
mass of 232+39 g, were distributed in four 100 L
tanks in groups of 30 fish (initial density: 55 kg/m?).
Tanks were continuously supplied with well-oxygen-
ated freshwater at 17 °C (flow-through system), with

Table 1 Ingredients and proximate composition of three
experimental diets: commercial-like feed (CTL), processed
animal protein feed (PAP), and PAP with 3% yeast extract
(PAP+YE)

CTL PAP PAP+YE
Ingredient (%)
Corn gluten 15.00 17.90 16.00
Soy protein concentrate 14.03 11.00 12.00
Soybean meal 12.00 10.52 8.34
Faba bean 8.00 12.00 8.00
Whole wheat 10.76 922 13.01
Fishmeal 19.00 - -
Dehydrated poultry protein - 10.00  10.00
Hydrolyzed feather meal - 6.00 6.00
Poultry and pig blood meal - 1.00 1.00
Rapeseed oil 12.18 1045 10.54
Fish oil 7.03 7.87 7.91
Yeast extract! - - 3.00
L-lysine - 0.27 0.49
L-methionine - 0.26 0.29
Soy lecithin - 0.51 0.42
Vitamin premix> 1.00 1.00  1.00
Dicalcium phosphate - 1.00 1.00
Mineral premix® 1.00 1.00 1.00
Proximate composition®

Dry matter (DM) (%) 97.1 97.4 97.2
Protein (%DM) 46.9 46.5 46.3
Lipid (%DM) 22.1 21.6 20.8
Energy (%DM) 25.0 25.1 249
Ash (%DM) 6.8 55 5.6
Starch (%DM) 12.1 13.5 14.2

ICytosolic fraction of Saccharomyces cerevisiae (Prosaf®,
Phileo by Lesaftre, Marcq-en-Barceul, France)

Provided per 100 g of premix: vitamin A 500,000 IU, vitamin
D; 250,000 IU, vitamin E 500 mg, vitamin C 1429 mg, vita-
min B, 10 mg, vitamin B, 50 mg, vitamin B; 100 mg, vitamin
B 200 mg, vitamin B¢ 30 mg, vitamin B, 3000 mg, vitamin
Bg 100 mg, vitamin By 10 mg, vitamin B,, 100 mg, vitamin
K5 200 mg, folic acid 10 mg, biotin 100 mg, choline chloride
16,700 mg, and cellulose 76,921 mg

3Provided per 100 g of premix: calcium hydrogen phosphate
49,478 mg, calcium carbonate 21,500 mg, sodium chloride
4000 mg, potassium chloride 9000 mg, magnesium oxide
12,400 mg, iron sulfate 2000 mg, zinc sulfate 900 mg, man-
ganese sulfate 300 mg, copper sulfate 300 mg, cobalt chloride
2 mg, potassium iodide 15 mg, sodium selenite 5 mg, and
sodium fluoride 100 mg

4 Analyzed values
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concentrations of 9.4 mg/L at the inlet and 7.5 mg/L
at the outlet of the tank. After batching, the fish were
acclimated to their new environment and fed a com-
mercial feed (T3P Omega®, Skretting, Fontaine-les-
Vervins, France) for 3 days (distributed daily to visual
satiation) and then fasted for 4 days. The duration of
this fasting period was applied in accordance with
estimated gastric emptying rates in rainbow trout
and Atlantic salmon (Windell et al. 1976; Aas et al.
2017). Compared to these studies, the duration was
slightly increased to ensure that the gastrointestinal
tracts were completely empty, allowing only the effect
of the experimental diets to be considered during the
refeeding period. To evaluate the effects of fasting fol-
lowed by refeeding, fish from the first tank were not
refed after fasting and were used to represent day 0
and the “fasted fish” group of the experiment. In this
tank, six individuals were anesthetized and then euth-
anized in baths containing 50 and 150 mg tricaine/L
of water, respectively. Then, blood was drawn from
the caudal vein using a 2.5 mL EDTA-treated syringe
and a 0.6Xx32 mm needle, centrifuged at 3000 g
for 10 min (microcentrifuge 1-15 P, Sigma Centri-
fuges, Osterode am Harz, Germany), and the plasma
extracted was stored at—20 °C until plasma immune
markers were quantified. Whole liver samples and
intestine (proximal and distal parts) were collected,
soaked in RNA later and immediately immersed in
liquid nitrogen and stored at—80 °C until molecular
analyses were performed. Additional samples of the
proximal and distal intestine were fixed in a 10% buff-
ered formalin solution before being processed for his-
tological analysis. In order to assess the early effect of
novel diets, the other 3 tanks (tanks 2 to 4) were ran-
domly assigned to one of the three experimental feeds
(Table 1), and fish were refed twice a day until visual
satiation over an 8-day period, selected based on the
study by Sahlmann et al. (2013). On days 2, 5, and 8
of refeeding, 6 fish per tank were anesthetized, eutha-
nized, and sampled as described above, 6 h after the
last meal, as previously done by Richard et al. (2021).
Final density on day 8 was 23 kg/m°.

Plasma immune markers
Activities of the alternative complement pathway,
lysozyme, and peroxidase were measured in the

plasma, as described by Frohn et al. (2024). Total
antiprotease activity was determined by assessing
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the ability of plasma to inhibit trypsin activity, as
described by Peixoto et al. (2022).

Histology of intestine

According to the recommendations of Feldman and
Wolfe (2014), samples of the proximal and distal
intestine were fixed in buffered formalin, dehydrated
in successive ethanol baths, clarified in xylene, and
embedded in paraffin blocks. Transverse intestine
sections 2 um thick were cut using a semi-automatic
rotating microtome (HM 340E, Microm Microtech,
Brignais, France). Tissues were then stained with peri-
odic acid—Schiff alcian blue to assess gut morphology
and count the number of goblet cells in the intestinal
mucosa, as it has been described by Frohn et al. (2024).

Image analysis

Images of the intestinal mucosa were obtained using
a microscope (DMRB, Leica, Wetzlar, Germany)
equipped with a digital camera (DP71 1.4 M pix-
els, Olympus, Tokyo, Japan). The images were then
processed using two macros that were created using
the MorphoLibJ (Legland et al. 2016) and StarDist
(Schmidt et al. 2018) plugins of FIJI 1.53t software
(Schindelin et al. 2012). The first macro measured the
surface area (um?®) of a given villus and counted the
number of goblet cells in it, in order to calculate the
density of goblet cells (per mm?) (Fig. 1). The cells
were detected using the StarDist Versatile (H&E
nuclei) model, and each villus of interest was manu-
ally delineated (polygon-selection tool). The cells
inside the villus were manually corrected if incor-
rectly segmented. The second macro measured villi
height (um) manually using the segmented-line tool
of FIJI. Five villi per section were analyzed.

Molecular analysis: RNA extraction and real-time
RT-gPCR

Total RNA was extracted from the liver, proximal
intestine, and distal intestine (n=6 per sampling
day and diet) according to the miRNeasy Tissue/
Cells Advanced Mini Kit protocol (Qiagen, Hilden,
Germany). RNA was treated with the Turbo DNA-
free kit (Invitrogen, Waltham, MA, USA) to avoid
genomic DNA contamination. RNA integrity was
verified on 1% agarose gel, and RNA concentrations
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Fig. 1 Example of manual delineation of a villus (red line)
and detection of goblet cells (circles) using FIJI software

were quantified using a spectrophotometer (Nan-
odrop® ND1000, Thermo Scientific, Waltham,
MA, USA). The cDNA synthesis was performed
with 750 ng of total RNA using the SuperScript III
reverse transcriptase (Invitrogen, USA) and random
primers (Promega, Madison, WI, USA) according
to manufacturers’ instructions. Then, for each gene
of interest, real-time RT-qPCR was performed using
the Lightcycler® 480 II system (Roche Diagnostics,
Basel, Switzerland). Primers were designed based
on (i) genes identified in a previous study by Frohn
et al. (2024) showing that alternative diets based on
animal by-product decrease growth performances and
are accompanied by changes in the transcriptomic
profiles of the liver and the intestine, and (ii) supple-
mental genes that are key markers of the pathways
of interest (Table 2). These genes were involved in
immunity and inflammation, structure, coagulation
functions, cell protection, antiviral functions, and
endoplasmic reticulum stress.

Real-time RT-qPCR was performed using a reac-
tion mix containing 2 pL of diluted cDNA, 3 pL of

Light Cycler 480 SYBR® Green I Master mix (Roche
Diagnostics, Switzerland), 0.24 pL of each primer
(10X), and 0.52 pL of RNase- and DNase-free water
(Thermo Fisher Scientific, USA). Negative controls
constituted of RT- and cDNA-free samples. Each RT-
gPCR assay was deposited in triplicates on a Frame-
Star® 384-well skirted gqPCR plate (Roche Diagnos-
tics, Switzerland). The qPCR program was initiated
at 95 °C for 10 min to denature the cDNA and acti-
vate the TAQ polymerase enzyme in a thermocycler
(Lightcycler® 480 II Roche thermocycler, Roche
Diagnostics, Switzerland). The initiation was fol-
lowed by 45 amplification cycles, each consisting of
successive thermal steps (15 s at 95 °C, 10 s at 60 °C,
and 15 s at 72 °C). Melting curves (0.5 °C/10 s from
65 to 95 °C) were run at the end of each amplification
cycle to confirm the specificity of the reaction. The
relative expression of genes was quantified using the
AACT method (Pfaffl 2001). Elongation factor EFla
(forward 5'-TCCTCTTGGGTTTCGCTG-3'; reverse
3'-ACCCGAGGGACATCCTGTG-5"), 18S rRNA
(forward 5'-CGGAGGTTCGAAGACGATCA-3",
reverse 3-TCGCTAGTTGGCATCGTTTAT-5'), and
B-actin (forward 5-GATGGGCCAGAAAGACAG
CTA-3"; reverse 3'-TCGTCCAGTTGACGAT-5")
were employed as non-regulated reference genes in
the liver, the proximal intestine, and the distal intes-
tine, respectively. Expression levels were then nor-
malized relative to those of the fasted fish.

Statistical analysis

Plasma immune markers, histological parameters, and
gene expression were statistically analyzed using the
Remdr package of R software (version 4.1.2).

To assess the early effect of experimental feeds,
data from the refeeding period including days 2, 5,
and 8 were first treated excluding fasted fish from
day 0. Normality of distributions and homogeneity
of variances were assessed using a Shapiro—Wilk test
and a Levene test, respectively. When these prerequi-
sites were met, the effects of diet, duration of refeed-
ing (days 2, 5, and 8), and the interaction between
diet and duration of refeeding (Di:Du) were analyzed
using a 2-way analysis of variance (2-way ANOVA),
followed by Tukey’s range test.

Then, to assess the effect of short-term fasting
followed by refeeding, data including days O (fasted
fish), 2, 5, and 8 were statistically processed without

@ Springer



1286

Fish Physiol Biochem (2024) 50:1281-1303

Table 2 Primer sequences for RT-qPCR analysis of the liver and proximal and distal intestine

Gene, by category

NCBI accession
number

Forward primer (5-3")

Reverse primer (3'-5")

Liver

Proximal
intestine

Distal
intestine

Immunity and

inflammation
c3

prgd

aZm

il1p

il6

il4

tnfa

Structure

tjpla
4jp3
muc2
cldnl5
aqp7
agpl0a

Coagulation

serpinalQ
fog
cd9

Cell protection

por
miox

Cell proliferation

pcna

Antiviral
ch25h

Endoplasmic reticulum
stress

selenos

XM_021561577.2
XM_036968497.1
XM_021587033.2
XM_021590496.2;
AJ557021.2
NM_001124657.1

FN820500.1

AJ278085.1;
NM_001124357.1

XM_036980662.1
XM_031822609.1
XM_036968565.1;

XM_036968563.1
XM_036987534.1;

XM_021615039.2
XM_021568669.2
XM_021621544.2

XM_036954825.1;
XM_036954823.1

XR_005053092.1;
XM_036987044.1

NM_001124324.1

XM_021623734.2

XM_021572362.2

XM_036936092.1

XM_021564786.2

XM_036963928.1;
XM_036981274.1

TGTCACTTCGCCATA
CACCA

GGCATAGAAGAGCCA
GAACCA

GAGACTGTCCCAAAG
GGCTC

CCCTGCCAGTTGTCT
TAGGG

CTATCTCTCACTCCT
CTCGGC

GACAATCTTGGCCTC
CGTGA

TGCAAAAGCAGCCAT
CCATT

TCAGCTGCGCTATGA
TGAGG

GGGACACAGCCGTGA
TAGTT

GACCCTGAAGGAGTT
CCACG

TCTACATTGGCTGGT
GCTCG

TGAACGTGTTCGAGT
GGGAC

CGATGTCGTCCAATT
GCGG

TCGCACTTTGTCTCC
CCAAA

CTGGGTAACGACCGC
ATCAG

TTCCTGCGTGTAGCG
TTGA

GTGGTCGCACAATAA
TGACGTAG

CAAGCTGATGCACAC
CAACC

ATCCTGAAGTGTGCT
GGGAA

GGGCTTCTTCTCGTC
GGTT

ACTGAAGAGGCCAGC
ACATC

TTTGCAAAACCG
TTGGCCC

AATGGCATAGGC
TGGTCGTC

CTGCCAACTTCA
AGGTGACTTC

GTCCTTACAGCG
CTCCAACT

CTTCCACGGGCT
TCTGAAAC

CCACCTGGTCTT
GGCTCTTC

AACGAAGAAGAG
CCCAGTGT

GGTCGTAACGTA
GAGGAGCG
TGACACGCCATT
GACCATGA
GTTTGGAGCAGA
CCTTGGGT
GTCCTGGCCGTA
GGAAGTG
AAGGTACTCTCC
GAACGCAC
CAGGTGCCATGC
GATGAAGA

GCTAGGTTGAGC
CCCTTCAG

GGCTGTTCCTGA
ATACCCATC

AACCCGAACATC
GCAAAACC

ATGGGGCCACTC
ACTGTCTG

TCCAGCGATATG
ACGGCTTC

TCCCAACTGTTC
TACATCGAGA

GTCCTCCACAGA
AAGCCAGA

ACAGGATCCACC
TCCCTCTC

@ Springer
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considering the “diet” factor. As described above,
distributions were tested for normality, and variances
for homogeneity. When these preconditions were
met, the effect of time was assessed using a 1-way
analysis of variance (1-way ANOVA) followed by a
Tukey’s range test. If one or both conditions were not
met, the data were analyzed using the non-parametric
Kruskal-Wallis test.

For all analyses, differences were considered sta-
tistically significant at the 5% threshold. The p-values
generated for the two separate statistical analyses
(early effect of experimental feeds and effect of short-
term fasting followed by refeeding) are shown in
separate insets below each graph. Significant differ-
ences associated with the early effect of experimental
feeds during refeeding are indicated by capital letters.
Significant differences associated with the effect of
short-term fasting followed by refeeding are indicated
by lower-case letters.

Results
Plasma immune markers

During the refeeding period, neither diet nor duration
of refeeding significantly influenced plasma activities
of the alternative complement pathway, lysozyme,
antiprotease, or peroxidase (2-way ANOVA, p>0.05
for “Diet” and “Duration” factors) (Fig. 2). However,
an interaction between diet and refeeding duration
(Di:Du) was observed for plasma lysozyme activity,
with a significant decrease in fish fed the PAP diet on
day 8 compared to day 2, and compared to the fish
fed the CTL diet on days 5 and 8 (2-way ANOVA,
p<0.05) (Fig. 2B).

No significant effect of short-term fasting followed
by refeeding was highlighted for plasma activities
of the alternative complement pathway, lysozyme,
antiprotease, and peroxidase (l-way ANOVA or
Kruskal-Wallis, p > 0.05) (Fig. 2).

Histological parameters of the proximal and distal
intestine

In the proximal and distal intestine, diet and duration
of refeeding had no early effect on villi height (2-way
ANOVA, p>0.05 for “Diet” and “Duration” fac-
tors) (Fig. 3A and B). Short-term fasting followed by

refeeding also had no significant effect on this param-
eter in either part of the intestine (1-way ANOVA,
p>0.05) (Fig. 3A and B).

During refeeding period, in the proximal intestine,
the diet did not influence villi area (2-way ANOVA,
p>0.05 for “Diet” factor), but refeeding duration
did (2-way ANOVA, p<0.05 for “Duration” factor)
(Fig. 3C). In the distal intestine, no early effect of
diet and duration of refeeding was observed (2-way
ANOVA, p>0.05 for “Diet” and “Duration” fac-
tors) (Fig. 3D). The intestinal villi area in the proxi-
mal part was significantly affected by short-term
fasting followed by refeeding, resulting in smaller
areas observed in fasted fish and on day 2 of refeed-
ing compared to 8 days of refeeding. Additionally, an
intermediate value was observed on the fifth day of
refeeding (Kruskal-Wallis, p <0.01) (Fig. 3C). In the
distal intestine, short-term fasting followed by refeed-
ing had no significant effect on the villi area (1-way
ANOVA, p>0.05) (Fig. 3D).

During refeeding, the diet did not influence the
mean density of goblet cells in the proximal and
distal intestine (2-way ANOVA, p > 0.05 “Diet” fac-
tor) (Fig. 3E and F). However, refeeding duration
did affect goblet cells density in the proximal intes-
tine (2-way ANOVA, p<0.05 for “Duration” fac-
tor) (Fig. 3E) but not in the distal intestine (2-way
ANOVA, p>0.05 for “Duration” factor) (Fig. 3F).
Short-term fasting followed by refeeding signifi-
cantly impacted goblet cell density in the proximal
part of the intestine, with a significant increase on
day 2 of refeeding compared to day 8, and interme-
diate values observed for fasted fish and on day 5
(I-way ANOVA, p<0.05) (Fig. 3E). Conversely,
short-term fasting followed by refeeding had no
significant effect on goblet cell density in the distal
intestine (1-way ANOVA, p>0.05) (Fig. 3F).

Cell protection, coagulation, immune, and
inflammation-related gene expression in the liver

Expressions of the por (NADPH-cytochrome P450
reductase) and serpinalO (protein Z-dependent pro-
tease inhibitor-like) genes, involved in cell protec-
tion and coagulation, respectively, were too low to be
quantified adequately in the liver (i.e.,> 32 amplifica-
tion cycles (Ct)).

During refeeding, the diets did not significantly
influence the expression of genes related to immunity
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Fig. 2 Mean activity (+standard deviation) (n=6) of alter-
native complement pathway (A), lysozyme activity (B), anti-
protease activity (C), and peroxidase activity (D) in the blood
plasma of rainbow trout after fasting and on three of the eight
subsequent days of refeeding. CTL, commercial-like feed;

and inflammation (i.e., main complement molecule
C3 (c3); proteoglycan 4 (prg4); and alpha-2-mac-
roglobulin isoform X2 (a2m)) (Fig. 4A, B, and C)
and to cell protection (i.e., myo-inositol oxygenase
(miox)) (Fig. 4D) (2-way ANOVA, p>0.05 for “Diet”
factor) in the liver. However, their expression was
significantly impacted by the duration of refeeding
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PAP, terrestrial animal by-products feed; PAP+ YE, PAP feed
with 3% yeast extract. The p-values generated for the two sepa-
rate statistical analyses (early effect of experimental feeds and
effect of short-term fasting followed by refeeding) are shown
below each graph

(2-way ANOVA, p<0.05 for “Duration” factor)
(Fig. 4A, B, C, and D).

Hepatic expressions of ¢3, prg4, a2m, and miox
were significantly influenced by short-term fasting
followed by refeeding (Kruskal-Wallis, p < 0.01)
(Fig. 4A, B, C, and D). ¢3 and prg4 genes were
significantly downregulated on day 8 of refeeding
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compared to day 2, and their expressions were inter-
mediate in fasted fish and on day 5 (Fig. 4A and C).
The expression of the acute-phase protein encoded
by a2m was significantly upregulated in fasted fish
compared to fish refed for 8 days. Intermediate lev-
els of expression were measured on the second and
fifth days of refeeding (Fig. 4B). The expression of
the miox gene peaked in fasted fish and on day 5 of
refeeding, was intermediate on day 2, and was signifi-
cantly downregulated on day 8 (Fig. 4D).

Gene expression in the proximal and distal intestine

Immune, inflammation, and antiviral-related gene
expression

In the proximal intestine, expressions of genes related
to immunity and inflammation (i.e., ¢3, interleu-
kin-1 beta (il1f), interleukin-6 (il6), interleukin-4
(il4), and tumor necrosis factor alpha (tnfar)) and to
antiviral functions (i.e., cholesterol 25-hydroxylase
gene (ch25h)) were too low (Ct>32) to be quantified
adequately using RT-qPCR. In the distal intestine,
the expression levels of genes c3, apolipoprotein A-II
(apoa2), il4, il6, and tnfa were also too low (Ct>32)
to be analyzed.

In the distal intestine, interleukin il/f expres-
sion was not impacted by the diets (2-way ANOVA,
p>0.05 for “Diet” factor) but refeeding duration did
have a significant effect on its expression (2-way
ANOVA, p<0.001 for “Duration” factor). Moreover,
a significant interaction between diet and duration
(Di:Du) due to upregulation of il/ on day 2 in fish
fed the PAP compared to fish fed the CTL diet on day
5 was highlighted during refeeding (2-way ANOVA,
p<0.05) (Fig. 5A). Short-term fasting followed by
refeeding also influenced il/f expression. Compared
to fasted fish, the expression of il/f increased after
2 days of refeeding, and then returned to levels simi-
lar to those in fasted fish after 5 and 8 days of refeed-
ing (Kruskal-Wallis, p <0.001).

During the period of refeeding, expression of the
cholesterol 25-hydroxylase gene (ch25h) in the dis-
tal intestine was influenced neither by the diet nor by
the duration of the feeding period (2-way ANOVA,
p>0.05 for “Diet” and “Duration” factors) (Fig. 5B).
However, short-term fasting followed by refeed-
ing modulated its expression. On day 5 of refeeding,
expression of ch25h was significantly downregulated

compared to fasted fish and its expression was inter-
mediate on days 2 and 8 (1-way ANOVA, p <0.05)
(Fig. 5B).

Structure and cell proliferation-related gene
expression

In the proximal and distal intestine, expression of
tight junction protein-1 zjpla and aquaporins agp”7
and agpl0a were too low to be quantified adequately
using RT-qPCR (Ct>32).

In the proximal and distal parts of the intestine,
expression of the gene encoding the tight junction
protein 3 (¢jp3) was not influenced by the diet (2-way
ANOVA, p>0.05 for “Diet” factor) (Fig. 6A and B).
In the proximal intestine, ¢jp3 expression was influ-
enced by the duration of refeeding (2-way ANOVA,
p<0.001 for “Duration” factor) and a significant
interaction between diet and duration (Di:Du) was
highlighted (2-way ANOVA, p<0.05) (Fig. 6A). In
the distal intestine, no significant effect of duration
of refeeding was shown (2-way ANOVA, p>0.05
for “Duration” factor) (Fig. 6B). Short-term fast-
ing followed by refeeding had a significant effect
on tjp3 expression in both proximal (Kruskal-Wal-
lis, p<0.001) (Fig. 6A) and distal intestine (1-way
ANOVA, p<0.05) (Fig. 6B). In the proximal intes-
tine, tjp3 was significantly upregulated on day 8 of
refeeding compared to fasted fish and to fish refed
during 2 or 5 days. In the distal intestine, tjp3 was
significantly upregulated on days 2 and 8 after refeed-
ing compared to fasted fish.

The tight junction protein claudin-15 (cldni5) was
not early influenced by diet in the proximal intes-
tine during refeeding (2-way ANOVA, p>0.05 for
“Diet” factor) (Fig. 6C) but was significantly upregu-
lated in the distal intestine of fish fed the PAP+YE
diet compared with those fed the CTL diet after 2, 5,
and 8 days of refeeding. Expression of cldnl5 in the
distal intestine of fish fed the PAP diet was not sig-
nificantly different from the two other diets (2-way
ANOVA, p<0.05 for “Diet” factor) (Fig. 6D). In the
proximal and distal sections, cldnl5 expression was
significantly influenced by the duration of refeed-
ing (2-way ANOVA, p<0.01 for “Duration” factor)
(Fig. 6C and D), and an interaction between diet and
duration (Di:Du) was found in the proximal intestine
(2-way ANOVA, p <0.05) (Fig. 6C). In both parts of
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«Fig.3 Mean morphometric markers (+standard deviation)
(n=06) of the proximal (A, C, and E) and distal (B, D, and F)
intestine of rainbow trout after fasting and on three of the eight
subsequent days of refeeding. CTL, commercial-like feed;
PAP, terrestrial animal by-products feed; PAP+ YE, PAP feed
with 3% yeast extract. The p-values generated for the two sepa-
rate statistical analyses (early effect of experimental feeds and
effect of short-term fasting followed by refeeding) are shown
below each graph. Significant differences associated with the
impact of short-term fasting followed by refeeding are indi-
cated by lower-case letters

the intestine, short-term fasting followed by refeed-
ing had a significant effect on cldnl5 expression. In
the proximal intestine, cldnl5 was upregulated on day
8 of refeeding compared to day 2 (Kruskal-Wallis,
p<0.01) (Fig. 6C). In the distal part, expression of
cldnl5 significantly increased between fasted fish and
fish refed during 2 and 5 days. A further increase of
cldnli5 then occurred between days 5 and 8 of refeed-
ing (1-way ANOVA, p<0.001) (Fig. 6D).

Expression of muc2 gene, which encodes a pro-
tein involved in the secretion of intestinal mucus,
was not regulated by diets during refeeding in the
proximal and distal parts of the intestine (2-way
ANOVA, p>0.05 for “Diet” factor) (Fig. 6E and F).
However, its expression was significantly influenced
by the duration of the refeeding period in both sec-
tions (2-way ANOVA, p<0.01 for “Duration” fac-
tor) (Fig. 6E and F). In the proximal intestine, short-
term fasting followed by refeeding notably impacted
muc2 gene expression, showing a significant increase
between days 5 and 8 days of refeeding (1-way
ANOVA, p<0.001) (Fig. 6E). Similarly, in the dis-
tal intestine, short-term fasting followed by refeeding
led to a significant upregulation of muc2 on day 8 of
refeeding compared to both fasted fish and fish refed
for 5 days. However, the expression of muc2 after
2 days of refeeding did not differ from that measured
for fasted fish, and on days 5 and 8 (1-way ANOVA,
p<0.01) (Fig. 6F).

The expression of the proliferating cell nuclear
antigen (pcna) gene, which plays a role in DNA
replication and cell proliferation, was early regu-
lated by the diet in the proximal intestine during
the refeeding period. It was observed to be lower in
fish fed the PAP+YE diet compared to that fed the
PAP diet. The expression of pcna in the CTL group
did not show significant differences compared to the
other two diets (2-way ANOVA, p<0.05 for “Diet”

factor) (Fig. 6G). In the distal part, no early effect
of experimental feeds was observed on pcna gene
expression (2-way ANOVA, p>0.05 for “Diet” fac-
tor) (Fig. 6H). In both proximal and distal parts, the
duration of the refeeding period had a significant
effect on pcna expression (2-way ANOVA, p<0.01
for “Duration” factor) (Fig. 6G and H). In the distal
and proximal intestine, pcna expression increased
after 2 days of refeeding, then rose again between 2
and 8 days of refeeding. The expression level of pcna
on the fifth day of refeeding was significantly higher
than in fasted fish but not different from the expres-
sion levels observed in fish refed for 2 or 8 days
(Kruskal-Wallis, p<0.001) (Fig. 6G). In the distal
part, pcna expression was initially lower in fasted
fish, then significantly increased on day 2 of refeeding
before decreasing on day 5, but its expression levels
after 5 and 8 days of refeeding remained nonetheless
higher than those of the fasted fish (Kruskal-Wallis,
p<0.001) (Fig. 6H).

Coagulation-related gene expression

In the proximal and distal intestine, expression of the
fibrinogen beta chain (fbg) gene was too low (Ct>32)
to be quantified adequately using RT-qPCR (Ct>32).

In both parts of the intestine, cd9 gene expression
was not early affected by experimental feeds
(2-way ANOVA, p>0.05 for “Diet” factor) but was
significantly modulated by the duration of refeeding
(2-way ANOVA, p<0.05 for “Duration” factor)
(Fig. 7A and B). A significant effect of short-term
fasting followed by refeeding was highlighted in
the proximal part of the intestine (Kruskal-Wallis,
p<0.001) (Fig. 7A) but not in the distal part (1-way
ANOVA, p>0.05) (Fig. 7B). In the proximal
intestine, the cd9 gene was downregulated in fasted
fish and on days 2 and 5 of refeeding, compared to
day 8.

Endoplasmic reticulum stress—related gene
expression

Expression of selenoprotein S (selenos) gene, involved
in the endoplasmic reticulum stress response, was
not early affected by the diets during refeeding in
both parts of the intestine (2-way ANOVA, p>0.05
for “Diet” factor) (Fig. 8A and B). Duration of
refeeding period did not impact selenos expression
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Fig.4 Mean normalized expression (+standard deviation)
(n=6) of ¢3 (A), a2m (B), prg4 (C), and miox (D) genes
related to immunity, inflammation, and cell protection in the
liver of rainbow trout after fasting and on three of the eight
subsequent days of refeeding. CTL, commercial-like feed;
PAP, terrestrial animal by-products feed; PAP+ YE, PAP feed
with 3% yeast extract. ¢3, main complement molecule C3;

in the proximal intestine (2-way ANOVA, p>0.05
for “Duration” factor) (Fig. 8A) but did have a sig-
nificant effect in the distal intestine (2-way ANOVA,
p<0.001 for “Duration” factor) (Fig. 8B). A signifi-
cant interaction between diet and time (Di:Du) was
observed in the proximal intestine (2-way ANOVA,
p<0.001). A significant effect of short-term fast-
ing followed by refeeding was highlighted in the
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prg4, proteoglycan 4; miox, myo-inositol oxygenase; aZm,
alpha-2-macroglobulin isoform X2. The p-values generated for
the two separate statistical analyses (early effect of experimen-
tal feeds and effect of short-term fasting followed by refeeding)
are shown below each graph. Significant differences associated
with the impact of short-term fasting followed by refeeding are
indicated by lower-case letters

proximal and distal intestine. In the proximal section,
selenos expression was strongly upregulated starting
from 2 days of refeeding (1-way ANOVA, p<0.001)
(Fig. 8A). Similarly, in the distal part, selenos expres-
sion strongly increased after 2 days of refeeding,
then decreased on days 5 and 8 without returning to
the expression level of fasted fish (1-way ANOVA,
p<0.001) (Fig. 8B).



Fish Physiol Biochem (2024) 50:1281-1303

1293

E,,_

i1
N
1

N % lig iié BE

0 2 5 8
Fasted fish Day

Early effect of experimental Effect of short-term fasting followed
feeds (2-way ANOVA) by refeeding (Kruskal-Wallis)
Diet p=0.10 p<0.001
Duration p<0.001
Di:Du p<0.05

ch25h
»
1

ab _b a3k
10 B8a g pea
| |
0 2 t;
Fasted fish Day

Early effect of experimental Effect of short-term fasting followed
feeds (2-way ANOVA) by refeeding (1-way ANOVA)
Diet p=0.48 p=0.04
Duration p=0.15
Di:Du p=0.56

FASTED Il CTL EE PAP [ PAP+YE

Fig. 5 Mean normalized expression (+standard deviation)
(n=06) of il1f (A) and ch25h (B) genes related to inflamma-
tion and antiviral functions in the distal intestine of rainbow
trout after fasting and on three of the eight subsequent days of
refeeding. CTL, commercial-like feed; PAP, terrestrial animal
by-products feed; PAP+ YE, PAP feed with 3% yeast extract;
il1p, interleukin-1 beta; ch25h, cholesterol 25-hydroxylase.

Discussion

The primary aim of this study was to assess the early
impact of novel aquafeeds on plasma immune mark-
ers, hepatic and intestinal gene expression, and intes-
tinal histology of rainbow trout fed during 8 days
with a conventional diet containing 19% fish meal
(CTL diet) or two new diets in which the proteins pro-
vided by fish meal were replaced with proteins from
terrestrial animal by-products, specifically dehydrated
poultry proteins, hydrolyzed feather meal proteins,
and proteins from pork and poultry blood (PAP and
PAP+ YE diets). One of the two diets based on ani-
mal by-products was supplemented with 3% yeast
extract (PAP+ YE diet).

As shown in our previous study (Frohn et al.
2024), the use of a diet based on terrestrial animal by-
product reduced the growth performances of juvenile
rainbow trout, but this could be partially counteracted
by adding 3% yeast extract. Over a 12-week feeding
period, we have shown that these significant differ-
ences in growth performances were accompanied by
changes in the transcriptomic profiles of the liver and

The p-values generated for the two separate statistical analy-
ses (early effect of experimental feeds and effect of short-term
fasting followed by refeeding) are shown below each graph.
Significant differences associated with the impact of short-
term fasting followed by refeeding are indicated by lower-case
letters

especially the distal intestine. The modulated genes
were related mainly to the innate immune response,
inflammation, coagulation, and the response to cel-
lular or pathogenic stress (Frohn et al. 2024). To
determine whether the long-term responses observed
could be the result of an early response to the diets,
we assessed the early effect of these same feeds
(CTL, PAP, and PAP+ YE diets) on specific plasma
immune markers, the expression of genes involved in
immunity, inflammation, coagulation, and cell pro-
tection in both liver and intestine, and the histology
of the intestinal mucosa. Indeed, in a previous study
on Atlantic salmon, the first 7 days of feeding with
a plant-based diet induced early symptoms of inflam-
mation accompanied by shrinkage of intestinal villi,
increased mucus production by goblet cells, and tran-
scriptomic changes for genes related to immune func-
tions (Sahlmann et al. 2013). In our study on rainbow
trout, although the fishmeal-free PAP and PAP+YE
diets contained 71.09% and 67.89% plant raw materi-
als, respectively, we did not highlight any major early
effects of these novel feeds on plasma immune mark-
ers, liver and intestinal gene expression, and intestinal
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Fig. 6 Mean normalized
expression (+ standard
deviation) (n=06) of genes
related to structure, mucus
synthesis, and cell prolifera-
tion in the proximal (A, C,
E, and G) and distal (B,

D, F, and H) parts of the
intestine of rainbow trout
after fasting and on three of
the eight subsequent days of
refeeding. CTL, commer-
cial-like feed; PAP, ter-
restrial animal by-products
feed; PAP+ YE, PAP feed
with 3% yeast extract; tjp3,
tight junction protein 3;
cldnl5, claudin-15; muc2,
mucin-2; pcna, proliferat-
ing cell nuclear antigen.
The p-values generated for
the two separate statisti-

cal analyses (early effect

of experimental feeds and
effect of short-term fasting
followed by refeeding) are
shown below each graph.
Significant differences
associated with the early
effect of experimental

feeds during refeeding are
indicated by capital letters.
Significant differences asso-
ciated with the impact of
short-term fasting followed
by refeeding are indicated
by lower-case letters
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Fig.7 Mean normalized expression (+standard deviation)
(n=6) of the cd9 gene, involved in coagulation, in the proxi-
mal (A) and distal (B) intestine of rainbow trout after fasting
and on three of the eight subsequent days of refeeding. CTL,
commercial-like feed; PAP, terrestrial animal by-products feed;
PAP+ YE, PAP feed with 3% yeast extract; cd9, CD9 protein.

histology. Of all the parameters studied, only two
intestinal genes were significantly modulated by the
diets: pcna and cldni5. Over the 8§ days of refeeding,
pcna was upregulated from day 2 in the distal intes-
tine of fish fed the PAP diet, which could indicate a
rapid resumption of cell proliferation with refeeding.
The gene cldnl5 was upregulated in the proximal
intestine in response to yeast extract supplementa-
tion. These results may suggest that adding yeast as
a feed additive in aquafeed could stimulate intestinal
cell adhesion after dietary stress, and modulate tis-
sue permeability by preventing the entry of pathogens
or toxic molecules (Zhang et al. 2020). Early bene-
fits of including a yeast extract in the diet have been
described for common carp (Cyprinus carpio) (Sakai
et al. 2001) and European sea bass (Dicentrarchus
labrax) (Bagni et al. 2005). However, we were not
able to demonstrate an early influence on the immune
response or intestinal structure of rainbow trout, as
the other selected genes showed no expression or
were not significantly impacted by the experimental
feeds. Rainbow trout has already shown to be less

The p-values generated for the two separate statistical analy-
ses (early effect of experimental feeds and effect of short-term
fasting followed by refeeding) are shown below each graph.
Significant differences associated with the impact of short-
term fasting followed by refeeding are indicated by lower-case
letters

sensitive than Atlantic salmon to plant-based diets
including soybean meal (Refstie et al. 2000). Never-
theless, in the present study, we rather associate the
lack of early effects more to the composition of the
PAP and PAP+ YE diets that were not strictly plant-
based. Each of these diets contained 17% of terrestrial
animal by-products, ingredients that do not contain
anti-nutritional factors (Bureau et al. 1999; Oliva-
Teles et al. 2015). Thus, these findings suggest that
the long-term effects observed in our previous study
by Frohn et al. (2024) were probably more related to
chronic adaptation to the new diets than to an early
reaction of the fish.

The second objective of this study was to evalu-
ate the effect of a short 4-day fast followed by 8 days
of refeeding on the structure of intestinal mucosa,
plasma immune markers, and hepatic and intestinal
transcriptomic responses. Indeed, intestinal mucosa
and the liver are key organs involved in metabolism
and maintenance of homeostasis and play a major
role in immunity and protective functions. Although
fish can survive fasting for several weeks, it can
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Fig. 8 Mean normalized expression (+standard deviation)
(n=06) of the selenoprotein S (selenos) gene, involved in the
endoplasmic reticulum stress response, in the proximal (A) and
distal (B) intestine of rainbow trout after fasting and on three
of the eight subsequent days of refeeding. CTL, commercial-
like feed; PAP, terrestrial animal by-products feed; PAP+ YE,

cause early structural changes, induce the production
of immune mediators, and modulate transcriptomic
responses within the first 2 weeks of feed deprivation
(Enyu and Shu-Chien 2011; Secombes et al. 2011;
Bar and Volkoff 2012; Mohapatra et al. 2015; Waa-
gbg et al. 2017; Song et al. 2019). In the present study
on rainbow trout, 4-day fasting followed by refeeding
had no significant impact on plasma immune markers
but modulated gene expression in the proximal and
distal intestine and affected the structure of the intes-
tinal mucosa.

Depending on the fish species, fasting influences
plasma immune markers within the first few days
of feed deprivation, and its influence is likely to
increase if fasting lasts more than 2 weeks (Pascual
et al. 2003; Morales et al. 2004; Feng et al. 2011;
Najafi et al. 2014; Eslamloo et al. 2017; Li et al.
2019; Sakyi et al. 2020; Bu et al. 2021). In fish, the
complement pathway, which is part of innate immu-
nity and groups together proteins involved in lysis
and elimination of pathogens, can be influenced
by short- or long-term fasting. For example, tinfoil
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PAP feed with 3% yeast extract. The p-values generated for the
two separate statistical analyses (early effect of experimental
feeds and effect of short-term fasting followed by refeeding)
are shown below each graph. Significant differences associated
with the impact of short-term fasting followed by refeeding are
indicated by lower-case letters

barb (Barbonymus schwanenfeldii) and crucian carp
(Carassius auratus), exposed to short- (2 weeks)
and long-term (60 days) fasting, respectively,
showed a significant decrease in plasma alternative
complement activity (Eslamloo et al. 2017; Li et al.
2019). Thus, nutrient deprivation could weaken the
innate immune system, which in turn could reduce
the ability to fight pathogens. In our study on rain-
bow trout, a decrease in plasma complement path-
way activity was not observed, likely due to appli-
cation of a much shorter fasting period than in the
above-mentioned studies. Lysozyme, also part of
innate immunity, protects against bacterial infec-
tions when released by phagocytes. In the present
study, the short fasting period did not seem to influ-
ence plasma lysozyme activity in rainbow trout, as
it was similar for fasted and refed fish. In the liter-
ature, the influence of fasting on plasma lysozyme
activity is often described as being dependent on
the species studied and the duration of feed depri-
vation (Bowden 2008). For tinfoil barb, Eslamloo
et al. (2017) showed that 1 week of fasting was
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sufficient to induce an increase in lysozyme activ-
ity, which then decreased sharply after 2 weeks of
fasting. In Chinese sturgeon (Acipenser sinensis),
43 days of fasting clearly induced lysozyme activ-
ity (Feng et al. 2011), while prolonged fasting did
not influence it in European sea bass, red seabream
(Pagellus bogaraveo), or European eel (Anguilla
anguilla) (Caruso et al. 2010). Peroxidase is an anti-
oxidant enzyme involved in eliminating reactive
oxygen species released during oxidative stress. In
Chinese perch (Siniperca chuatsi), for example, fast-
ing can induce such oxidative stress (Bu et al. 2021).
Moreover, several studies have demonstrated that
plasma peroxidase can be induced soon after fast-
ing begins in fish. For example, in binni (Mesopo-
tamichthys sharpeyi) fingerlings, plasma peroxidase
activity was strongly induced on the eigth day of
fasting (Najafi et al. 2014), while gilthead seabream
(Saprus aurata) exhibited the highest peroxidase
activity after 7 days of fasting (Pascual et al. 2003).
However, some studies have shown that if fasting
exceeds 2 weeks, peroxidase activity may sharply
decrease due to fatigue of the antioxidant system
(Morales et al. 2004; Eslamloo et al. 2017). In our
study, however, this plasma immune marker was
not affected by the 4-day fast followed by refeeding,
which raises questions about the duration of fast-
ing required in rainbow trout to induce an increase
in peroxidase activity. Plasma antiproteases protect
against pathogens by inhibiting the proteases they
release. However, the influence of fasting on anti-
protease activity remains poorly understood, with
existing studies mainly focusing on tissues other
than blood or analyzing antiprotease activity after
a bacterial challenge (Eslamloo et al. 2017; Esteban
et al. 2020; Irungbam et al. 2021). However, in a
study involving Nile tilapia (Oreochromis niloticus)
fasted for 21 days, a duration considerably longer
than the 4-day fast experienced by rainbow trout
in the current study, plasma antiprotease activity
showed a significant increase followed by a decrease
during refeeding. However, instead of being directly
related to the immune function, these effects were
associated to the inhibition of proteases that degrade
dietary proteins, thereby preventing them from
being digested and assimilated during prolonged
fasting (Sakyi et al. 2020). In contrast to what has
been described above for other fish species, the short
4-day fast followed by refeeding implemented in our

study had no significant impact on plasma alterna-
tive complement pathway, lysozyme, antiprotease,
or peroxidase activities, suggesting that it may be
too short to impact these plasmatic markers in rain-
bow trout.

Although we did not observe systemic or histo-
logical inflammation in response to the 4-day fast,
the expression of certain genes related to immunity,
inflammation, and cell protection in the liver and
intestine differed between fasted and refed fish. In
agreement with observations on red porgy (Pagrus
pagrus), Atlantic salmon (Salmo salar), and Japanese
grenadier anchovy (Coilia nasus) (Martin et al. 2010;
Caruso et al. 2012; Wang et al. 2021), hepatic expres-
sion of the complement ¢3 gene in rainbow trout was
highest after 2 days of refeeding. In our study, its
expression was not significantly lower in fasted fish,
perhaps because the fasting period was shorter than
those applied in the three above-mentioned stud-
ies which used fasting periods ranging from 14 to
28 days. The protein encoded by the a2m gene was
upregulated in the liver of fasted trout, proposing
early regulation of acute-phase protein homeosta-
sis after a 4-day fast. The opposite was observed in
red porgy and Japanese grenadier anchovy, but these
fish were subjected to a longer fast, suggesting that
prolonged fasting may decrease the activity of this
acute-phase protein in fish (Caruso et al. 2012; Wang
et al. 2021). To our knowledge, our study is the first
report on the influence of fasting on prg4 expression
in fish. prg4 encodes a proteoglycan that stimulates
macrophages during inflammation (Krawetz et al.
2022). In the liver of rainbow trout, its expression
decreased between 2 and 8 days of refeeding, even
though expression levels during the refeeding phase
did not show a statistically significant difference com-
pared to fasting. In the intestine, except for genes
encoding cholesterol 25-hydroxylase (ch25h) and
interleukin-1p (il1f), genes related to immune and
inflammatory responses were not expressed, or their
expression was too low to be adequately quantified
in the proximal and distal parts of the intestine. The
gene ch25h has been related to inflammatory patholo-
gies such as Alzheimer’s disease and atherosclerosis
in humans (Liu et al. 2013; Lathe et al. 2014). Addi-
tionally, it has been associated to viral infections in
Atlantic salmon (Krasnov et al. 2021). In our study,
while we observed a higher expression of ch25h in
fasted fish and a strong but temporary upregulation of
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il1p in response to refeeding, these findings are not
sufficient to indicate that short 4-day fast followed
by refeeding can induce an immune or inflammatory
reaction in the intestine of rainbow trout. In addition,
histological analysis of the intestinal mucosa con-
firmed that there were no signs of inflammation (i.e.,
increased number of mucus cells and shriveling of the
intestinal mucosa). In fact, the intestinal expression
levels of genes related to inflammation and immu-
nity in fish appear to be more influenced by long-term
fasting period exceeding 2 weeks as it has been pre-
viously described for grass carp (Ctenopharyngodon
idellus), fresh water crayfish marron (Cherax cai-
nii), Songpu mirror carp (Cyprinus carpio L.), and
zebrafish (Danio rerio) (Tran et al. 2018; Foysal et al.
2020; Zhao et al. 2022; Jawahar et al. 2022). Regard-
ing coagulation markers in the liver and intestine,
although we could not quantify all genes related to
this pathway due to low expressions, the downregu-
lation of cd9 gene in the proximal intestine of fasted
fish suggests that fasting could contribute to reduc-
ing wound healing and clotting capacities, and that
refeeding may restore these functions after 8 days in
rainbow trout. Fasting impairs hemostasis and clot-
ting, as observed for traira (Rios et al. 2005) and for
rainbow trout (Salem et al. 2007), in which all tran-
scripts encoding proteins involved in blood coagula-
tion were downregulated in the liver during fasting.
Finally, regarding the two selected markers associ-
ated with cell protection, only the miox gene, which
encodes myo-inositol oxygenase, was upregulated
in the liver of fasted rainbow trout compared to fish
refed for 8 days. In Nile tilapia, myo-inositol is used
as an osmolyte to protect cells and maintain normal
cytoplasmic osmolarity under hypertonic conditions
(Foroutan et al. 2022; Pan et al. 2023). In plants, spe-
cifically thale cress (Arabidopsis thaliana), miox is
upregulated under low-nutrient conditions (Alford
et al. 2012). Given that fasting can stress cells and
impair the osmolarity of rainbow trout (Salem et al.
2007), its upregulation in the liver of fasted fish seems
consistent with its protective function. In this way,
its downregulation after 8 days of refeeding could
therefore be related to the presence of nutrients in the
gut. In the intestine, especially in the distal section,
the expression of selenos, a gene encoding a protein
involved in protein folding in the endoplasmic reticu-
lum and in glucose metabolism, was also strongly
influenced by the transition from fasting to refeeding
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by being significantly upregulated in refed fish. These
results align with previous descriptions in mammals,
indicating that selenoprotein S expression is regulated
by glucose deprivation (Gao et al. 2004; Schroder and
Kaufman 2005). In fish, feed deprivation is also likely
to induce endoplasmic reticulum stress and conse-
quently a protein folding defect. Indeed, a study on
Masu salmon (Oncorhynchus masou masou) showed
that the transition from a 3-day fast to refeeding was
accompanied by an overexpression of genes involved
in protein folding in the first 24 h post-refeeding
(Kondo et al. 2020). Overall, although not all markers
considered in this study were influenced by the transi-
tion from 4-day fasting to refeeding, our results still
suggest that short-term fasting is likely to influence
the expression of several genes involved in immune
and inflammatory functions, coagulation, cell protec-
tion, and endoplasmic reticulum stress. Even though
fish are known to be capable of enduring fasts lasting
several days, these gene expression variations suggest
significant physiological adaptations of the animal in
response to fasting.

Indeed, during fasting in fish, structural changes
include atrophy of the digestive tract and a decrease
in the length of the gut, followed by intestinal weight
loss and a decrease in the surface area of the intesti-
nal mucosa. A decrease in gut length and mass has
been observed in neon damselfish (Pomacentrus coe-
lestis) subjected to 16 days of fasting, in javelin goby
(Synechogobius hasta) after 7 days of fasting (Hall
and Bellwood 1995; Zhou et al. 2022), and in com-
mon carp (Cyprinus carpi) subjected to 6 months
of starvation (Gas and Noailliac-Depeyre 1976). As
shown for traira (Hoplias malabaricus), a decrease in
gut length can also be accompanied by a decrease in
the height of intestinal mucosa and the villi surface
area (Rios et al. 2004). In the present study, short-
term fasting followed by refeeding had no signifi-
cant effect on intestinal villi height in the proximal
or distal intestine of the rainbow trout. However, villi
surface area in the proximal intestine significantly
increased after 8 days of refeeding compared to fasted
fish, which indicates a strong relation between refeed-
ing and absorptive capacity. This increase in villi sur-
face area is also consistent with the upregulation of
pcna in the proximal intestine of rainbow trout dur-
ing refeeding, results that were also observed in the
intestine of frogs (Xenopus laevis) refed after fast-
ing (Tamaoki et al. 2016). Although pcna expression
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was similarly regulated in the proximal and distal
parts in response to refeeding, no significant increase
in villi surface area was observed in the distal intes-
tine. This shift is certainly associated to the transit
of feed and nutrients through the gut, which reaches
the distal part last. However, our results are consist-
ent with previous observations made in salmonids.
Indeed, for short- or medium-term fasting, the gut
responds rapidly to fasting, and the effects seem to
be reversible upon refeeding, as described for rain-
bow trout and Atlantic salmon being respectively
fasted for 3 weeks and 40 days (Weatherley and Gill
1981; Krogdahl and Marie Bakke-McKellep 2005).
Regarding the expression of genes involved in entero-
cyte adhesion and intestinal permeability, #jp3 and
cldnl5 were modulated by the transition from fast-
ing to refeeding, which provides further evidence of
the influence of short-term fasting (<2 weeks) on
gut structure. However, the response of genes encod-
ing tight junction proteins differed between the sec-
tions of the intestine: the distal section seemed to
respond earlier to refeeding, which could indicate its
higher sensitivity to dietary changes (Van Den Ingh
et al. 1991; Baeverfjord and Krogdahl 1996). Like
tight junction proteins, goblet cells play an important
role in maintaining intestinal homeostasis since they
produce intestinal mucus and are present throughout
the digestive tract. As a lubricant, mucus facilitates
the passage of feed and nutrients through the gut and
protects the intestinal mucosa (Khojasteh 2012). In
our study, although short-term fasting did not sig-
nificantly influence the density of mucus cells in the
distal intestine of rainbow trout, the number of goblet
cells increased after 2 days of refeeding in the proxi-
mal intestine, probably in response to the presence of
feed in the digestive tract. Conversely, the modula-
tion observed for muc2 gene expression (i.e., low in
fasted fish but higher in both sections of the intestine
after 8 days of refeeding) supports the observations
made for northern pike (Esox lucius) and southern
catfish (Silurus meridionalis) showing that mucus
cell dynamic can vary depending on whether the fish
is fed or not (Bucke 1971; Zeng et al. 2012). Overall,
although we observed shifted expression dynamics in
some gene expressions between the two parts of the
intestine, our results indicate that even a short 4-day
fast followed by refeeding can impact transcriptomic
markers involved in structure, cell adhesion, and pro-
liferation and mucus production. Furthermore, the

short fast followed by refeeding appears to have more
influenced the villi surface area and the density of
goblet cells in the proximal intestine, but we assume
that similar effects might have been observed in the
distal part if the duration of fasting had been longer
than 4 days.

In conclusion, diets based on terrestrial by-prod-
ucts supplemented or not with yeast extract did not
have an early major impact on blood plasma immu-
nity, hepatic and intestinal specific gene expression,
and intestinal histology of rainbow trout during
8 days of feeding. Thus, the reduction in growth per-
formance associated to the PAP diet, the improve-
ment of this diet with the addition of yeast extract,
and the changes in hepatic and intestinal transcrip-
tomic profile observed during 12 weeks of feeding
(Frohn et al. 2024) may not be related to an early
response, but rather to long-term adaptation of fish.
Nevertheless, our study demonstrated that short-term
fasting can have a significant impact on rainbow trout
physiology. Although there was no impact on plasma
immune markers, the 4-day fast followed by refeed-
ing impacted intestinal histology and modulated the
expression of certain genes related to inflammation
and immunity, coagulation, structure, cell protection,
and endoplasmic reticulum stress, in the liver and
intestine. Given that these periods of short fasting are
often applied in fish farms before animal handling,
to increase survival, maintain growth, or improve
the immune defenses of fish in situations of stress or
epizootic disease, the effects highlighted in this study
will need to be examined in greater depth in future
studies, to confirm the real benefits or disadvantages
of this type of practice.

Acknowledgements We dedicate this study to Frank Sandres,
who cared for the fish during this study and sadly passed away.
We are also grateful to the research unit ToxAlim (INRAE,
Toulouse, France) for providing their knowledge and lending
us the equipment used to perform histology in this study.

Author contribution Conceived and designed research:
Laura Frohn, Sandrine Skiba-Cassy, Frédéric Terrier.

Performed experiments: Laura Frohn, Diogo Peixoto,
Jérdme Bugeon, Frédéric Terrier.

Analyzed data: Laura Frohn.

Interpreted results: Laura Frohn.

Prepared figures: Laura Frohn.

Drafted manuscript: Laura Frohn.

Edited and revised manuscript: Laura Frohn, Diogo Peixoto,
Frédéric Terrier, Benjamin Costas, Jérome Bugeon, Christel
Cartier, Nadege Richard, Karine Pinel, Sandrine Skiba-Cassy.

@ Springer



1300

Fish Physiol Biochem (2024) 50:1281-1303

Approved final version of manuscript: Laura Frohn, Diogo
Peixoto, Frédéric Terrier, Benjamin Costas, Jérdme Bugeon,
Christel Cartier, Nadége Richard, Karine Pinel, Sandrine
Skiba-Cassy.

Funding This study was financially supported by the iSIte
E2S-UPPA project. This research was partially funded through
Fundagdo para a Ciéncia e a Tecnologia (FCT, Portugal), within
the scope of UIDB/04423/2020 and UIDP/04423/2020. DP and
BC were supported by FCT, Portugal (UI/BD/150900/2021
and 2020.00290.CEECIND, respectively).

Data availability The data that support the findings of this
study are available from the corresponding author upon reason-
able request.

Declarations
Competing interests The authors declare no competing interests.

Animal ethics Rainbow trout were reared at the French
National Research Institute for Agriculture, Feed and Environ-
ment (INRAE) experimental facility (IE Numea https://doi.org/
10.15454/GPYD-AM38), authorized for animal experimenta-
tion by the French Veterinary Service (A64-495-1 and A40-
228-1). The technical staff received training and authorization
to conduct experiments. The experiment was conducted in strict
agreement with Directive 2010/63/EU of European Union regu-
lations on the protection of animals used in scientific research,
and the National Guidelines for Animal Care of the French
Ministry of Research (decree no. 2013-118, 02 Jan 2013). The
experiment did not need approval from the ethical committee
(C2EA-73) since it complied with current rearing standards.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Aas TS, Sixten HJ, Hillestad M et al (2017) Measurement of
gastrointestinal passage rate in Atlantic salmon (Salmo
salar) fed dry or soaked feed. Aquac Rep 8:49-57. https://
doi.org/10.1016/j.aqrep.2017.10.001

@ Springer

Aas TS, Ytrestgyl T, Asgérd T (2019) Utilization of feed
resources in the production of Atlantic salmon (Salmo
salar) in Norway: an update for 2016. Aquac Rep
15:100216. https://doi.org/10.1016/j.aqrep.2019.100216

Agboola JO, @verland M, Skrede A, Hansen J@ (2021) Yeast
as major protein-rich ingredient in aquafeeds: a review of
the implications for aquaculture production. Rev Aquac
13:949-970. https://doi.org/10.1111/raq.12507

Alford SR, Rangarajan P, Williams SP, Gillaspy GE (2012)
Myo-Inositol oxygenase is required for responses to low
energy conditions in Arabidopsis thaliana. Front Plant Sci
3:69. https://doi.org/10.3389/fpls.2012.00069

Baeverfjord G, Krogdahl A (1996) Development and regres-
sion of soybean meal induced enteritis in Atlantic salmon,
Salmo salar L., distal intestine: a comparison with the
intestines of fasted fish. J Fish Dis 19:375-387. https://
doi.org/10.1046/j.1365-2761.1996.d01-92.x

Bagni M, Romano N, Finoia MG et al (2005) Short- and long-
term effects of a dietary yeast f-glucan (Macrogard) and
alginic acid (Ergosan) preparation on immune response in
sea bass (Dicentrarchus labrax). Fish Shellfish Immunol
18:311-325. https://doi.org/10.1016/j.£51.2004.08.003

Bandara T (2018) Alternative feed ingredients in aquaculture:
opportunities and challenges. J Entomol Zool Stud 6:3087

Bar N (2014) Physiological and hormonal changes during pro-
longed starvation in fish. Can J Fish Aquat Sci 71:1447—
1458. https://doi.org/10.1139/cjtas-2013-0175

Bar N, Volkoff H (2012) Adaptation of the physiological,
endocrine, and digestive system functions to prolonged
food deprivation in fish. In: McCue MD (ed) Compara-
tive physiology of fasting, starvation, and food limitation.
Springer, Berlin Heidelberg, Berlin, Heidelberg, pp 69-89

Black D, Skinner ER (1986) Features of the lipid transport sys-
tem of fish as demonstrated by studies on starvation in the
rainbow trout. J Comp Physiol B 156:497-502. https://doi.
org/10.1007/BF00691035

Bowden TJ (2008) Modulation of the immune system of fish
by their environment. Fish Shellfish Immunol 25:373—
383. https://doi.org/10.1016/j.£51.2008.03.017

Bu T, Xu L, Zhu X et al (2021) Influence of short-term fast-
ing on oxidative stress, antioxidant-related signaling mol-
ecules and autophagy in the intestine of adult Siniperca
chuatsi. Aqua Rep 21:100933. https://doi.org/10.1016/j.
aqrep.2021.100933

Bucke D (1971) The anatomy and histology of the alimentary
tract of the carnivorous fish the pike Esox lucius L. J Fish
Biology 3:421-431. https://doi.org/10.1111/j.1095-8649.
1971.tb05914.x

Bureau DP, Harris AM, Young Cho C (1998) The effects of
purified alcohol extracts from soy products on feed intake
and growth of chinook salmon (Oncorhynchus tshawyts-
cha) and rainbow trout (Oncorhynchus mykiss). Aquacul-
ture 161:27-43. https://doi.org/10.1016/S0044-8486(97)
00254-8

Bureau DP, Harris AM, Cho CY (1999) Apparent digestibility
of rendered animal protein ingredients for rainbow trout
(Oncorhynchus mykiss). Aquaculture 180:345-358. https://
doi.org/10.1016/S0044-8486(99)00210-0

Caruso G, Maricchiolo G, Micale V et al (2010) Physiologi-
cal responses to starvation in the European eel (Anguilla
anguilla): effects on haematological, biochemical,


https://doi.org/10.15454/GPYD-AM38
https://doi.org/10.15454/GPYD-AM38
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.aqrep.2017.10.001
https://doi.org/10.1016/j.aqrep.2017.10.001
https://doi.org/10.1016/j.aqrep.2019.100216
https://doi.org/10.1111/raq.12507
https://doi.org/10.3389/fpls.2012.00069
https://doi.org/10.1046/j.1365-2761.1996.d01-92.x
https://doi.org/10.1046/j.1365-2761.1996.d01-92.x
https://doi.org/10.1016/j.fsi.2004.08.003
https://doi.org/10.1139/cjfas-2013-0175
https://doi.org/10.1007/BF00691035
https://doi.org/10.1007/BF00691035
https://doi.org/10.1016/j.fsi.2008.03.017
https://doi.org/10.1016/j.aqrep.2021.100933
https://doi.org/10.1016/j.aqrep.2021.100933
https://doi.org/10.1111/j.1095-8649.1971.tb05914.x
https://doi.org/10.1111/j.1095-8649.1971.tb05914.x
https://doi.org/10.1016/S0044-8486(97)00254-8
https://doi.org/10.1016/S0044-8486(97)00254-8
https://doi.org/10.1016/S0044-8486(99)00210-0
https://doi.org/10.1016/S0044-8486(99)00210-0

Fish Physiol Biochem (2024) 50:1281-1303

1301

non-specific immune parameters and skin structures.
Fish Physiol Biochem 36:71-83. https://doi.org/10.1007/
$10695-008-9290-6

Caruso G, Denaro MG, Caruso R et al (2012) Short fasting and
refeeding in red porgy (Pagrus pagrus, Linnaeus 1758):
response of some haematological, biochemical and non
specific immune parameters. Mar Environ Res 81:18-25.
https://doi.org/10.1016/j.marenvres.2012.07.003

Cho SH (2005) Compensatory growth of juvenile flounder Parali-
chthys olivaceus L. and changes in biochemical composition
and body condition indices during starvation and after refeed-
ing in winter season. J World Aquaculture Soc 36:508-514.
https://doi.org/10.1111/1.1749-7345.2005.tb00398.x

Council NR (2011) Nutrient requirements of fish and shrimp.
National Academies Press, Washington, D.C

Dobson SH, Holmes RM (1984) Compensatory growth in the rain-
bow trout, Salmo gairdneri Richardson. J Fish Biol 25:649—
656. https://doi.org/10.1111/.1095-8649.1984.tb04911.x

Enyu Y-L, Shu-Chien AC (2011) Proteomics analysis of mito-
chondrial extract from liver of female zebrafish under-
going starvation and refeeding: proteomics analysis of
mitochondrial extract of female zebrafish. Aquac Nutr
17:e413-e423. https://doi.org/10.1111/j.1365-2095.2010.
00776.x

Eslamloo K, Morshedi V, Azodi M, Akhavan SR (2017) Effect
of starvation on some immunological and biochemical
parameters in tinfoil barb (Barbonymus schwanenfeldii).
J Appl Anim Res 45:173-178. https://doi.org/10.1080/
09712119.2015.1124329

Esteban MA, Espinosa-Ruiz C, Albaladejo-Riad N (2020)
Feed deprivation effects on bactericidal an immuno-
logical activity of blood and skin mucus, and on blood
chemistry of gilthead seabream (Sparus aurata). 10.5281/
ZENODO.3906149

Feldman AT, Wolfe D (2014) Tissue processing and hematoxy-
lin and eosin staining. In: Day CE (ed) Histopathology.
Springer, New York, New York, NY, pp 31-43

Feng G, Shi X, Huang X, Zhuang P (2011) Oxidative stress and
antioxidant defenses after long-term fasting in blood of Chi-
nese sturgeon (Acipenser sinensis). Procedia Environ Sci
8:469-475. https://doi.org/10.1016/j.proenv.2011.10.074

Foroutan B, Pongtippatee P, Kerdmusic C, et al (2022) Myo-
inositol supplement helps the performance of seawater-
acclimated Nile tilapia, Oreochromis niloticus. Aquac
Fish S2468550X22001472. https://doi.org/10.1016/j.aaf.
2022.09.002

Foysal MJ, Fotedar R, Tay ACY, Gupta SK (2020) Effects of
long-term starvation on health indices, gut microbiota and
innate immune response of fresh water crayfish, marron
(Cherax cainii, Austin 2002). Aquaculture 514:734444.
https://doi.org/10.1016/j.aquaculture.2019.734444

Francis G, Makkar HPS, Becker K (2001) Antinutritional
factors present in plant-derived alternate fish feed ingre-
dients and their effects in fish. Aquaculture 199:197—
227. https://doi.org/10.1016/S0044-8486(01)00526-9

Frohn L, Peixoto D, Guyomar C et al (2024) Yeast extract
improves growth in rainbow trout (Oncorhynchus
mykiss) fed a fishmeal-free diet and modulates the
hepatic and distal intestine transcriptomic profile. Aqua-
culture  579:740226. https://doi.org/10.1016/j.aquac
ulture.2023.740226

Galkanda-Arachchige HSC, Wilson AE, Davis DA (2020)
Success of fishmeal replacement through poultry by-
product meal in aquaculture feed formulations: a meta-
analysis. Rev Aquac 12:1624-1636. https://doi.org/10.
1111/raq.12401

Gao Y, Feng HC, Walder K et al (2004) Regulation of the
selenoprotein SelS by glucose deprivation and endoplas-
mic reticulum stress — SelS is a novel glucose-regulated
protein. FEBS Lett 563:185-190. https://doi.org/10.
1016/S0014-5793(04)00296-0

Gas N, Noailliac-Depeyre J (1976) Studies on intestinal epi-
thelium involution during prolonged fasting. J Ultras-
truct Res 56:137-151. https://doi.org/10.1016/S0022-
5320(76)80161-X

Gatesoupe FJ (2007) Live yeasts in the gut: natural occur-
rence, dietary introduction, and their effects on fish
health and development. Aquaculture 267:20-30.
https://doi.org/10.1016/j.aquaculture.2007.01.005

Gatlin DM, Barrows FT, Brown P et al (2007) Expanding the
utilization of sustainable plant products in aquafeeds: a
review. Aquaculture Res 38:551-579. https://doi.org/10.
1111/j.1365-2109.2007.01704.x

Hall KC, Bellwood DR (1995) Histological effects of cya-
nide, stress and starvation on the intestinal mucosa of
Pomacentrus coelestis, a marine aquarium fish species.
J Fish Biol 47:438-454. https://doi.org/10.1111/j.1095-
8649.1995.tb01913.x

Irungbam S, Devi WM, Monsang SJ, Kamilya JD (2021)
Effect of feed deprivation on immune-haematological
responses and resistance of Labeo rohita (Hamilton,
1822) to Aeromonas hydrophila infection. Indian J Ani-
mal Health 60:193-200. https://doi.org/10.36062/ijah.
2021.spl.02721

Jawahar J, McCumber AW, Lickwar CR et al (2022) Starvation
causes changes in the intestinal transcriptome and micro-
biome that are reversed upon refeeding. BMC Genom
23:225. https://doi.org/10.1186/s12864-022-08447-2

Jena AK, Biswas P, Saha H (2017) Advanced farming systems
in aquaculture: strategies to enhance the production. Inno-
vative Farming 2455-6521(2):84-89

Karatas T, Onalan S, Yildirim S (2021) Effects of prolonged
fasting on levels of metabolites, oxidative stress, immune-
related gene expression, histopathology, and DNA dam-
age in the liver and muscle tissues of rainbow trout (Onco-
rhynchus mykiss). Fish Physiol Biochem 47:1119-1132.
https://doi.org/10.1007/s10695-021-00949-2

Khojasteh SM (2012) The morphology of the post-gastric
alimentary canal in teleost fishes: a brief review. Int J
Aquatic Sci 3(2):71-88

Kondo H, Sano H, Wang Y et al (2020) Starvation-refeed-
ing causes cellular stress responses in the gut and
liver of Masu salmon Oncorhynchus masou masou.
Fish  Sci  86:1037-1042.  https://doi.org/10.1007/
$12562-020-01464-8

Krasnov A, Johansen LH, Karlsen C, Sveen L, Ytteborg E,
Timmerhaus G, Lazado CC, Afanasyev S (2021) Tran-
scriptome responses of Atlantic salmon (Salmo salar
L.) to viral and bacterial pathogens, inflammation, and
stress. Front Immunol 12:705601. https://doi.org/10.
3389/fimmu.2021.705601

@ Springer


https://doi.org/10.1007/s10695-008-9290-6
https://doi.org/10.1007/s10695-008-9290-6
https://doi.org/10.1016/j.marenvres.2012.07.003
https://doi.org/10.1111/j.1749-7345.2005.tb00398.x
https://doi.org/10.1111/j.1095-8649.1984.tb04911.x
https://doi.org/10.1111/j.1365-2095.2010.00776.x
https://doi.org/10.1111/j.1365-2095.2010.00776.x
https://doi.org/10.1080/09712119.2015.1124329
https://doi.org/10.1080/09712119.2015.1124329
https://doi.org/10.1016/j.proenv.2011.10.074
https://doi.org/10.1016/j.aaf.2022.09.002
https://doi.org/10.1016/j.aaf.2022.09.002
https://doi.org/10.1016/j.aquaculture.2019.734444
https://doi.org/10.1016/S0044-8486(01)00526-9
https://doi.org/10.1016/j.aquaculture.2023.740226
https://doi.org/10.1016/j.aquaculture.2023.740226
https://doi.org/10.1111/raq.12401
https://doi.org/10.1111/raq.12401
https://doi.org/10.1016/S0014-5793(04)00296-0
https://doi.org/10.1016/S0014-5793(04)00296-0
https://doi.org/10.1016/S0022-5320(76)80161-X
https://doi.org/10.1016/S0022-5320(76)80161-X
https://doi.org/10.1016/j.aquaculture.2007.01.005
https://doi.org/10.1111/j.1365-2109.2007.01704.x
https://doi.org/10.1111/j.1365-2109.2007.01704.x
https://doi.org/10.1111/j.1095-8649.1995.tb01913.x
https://doi.org/10.1111/j.1095-8649.1995.tb01913.x
https://doi.org/10.36062/ijah.2021.spl.02721
https://doi.org/10.36062/ijah.2021.spl.02721
https://doi.org/10.1186/s12864-022-08447-2
https://doi.org/10.1007/s10695-021-00949-2
https://doi.org/10.1007/s12562-020-01464-8
https://doi.org/10.1007/s12562-020-01464-8
https://doi.org/10.3389/fimmu.2021.705601
https://doi.org/10.3389/fimmu.2021.705601

1302

Fish Physiol Biochem (2024) 50:1281-1303

Krawetz RJ, Abubacker S, Leonard C et al (2022) Proteogly-
can 4 (PRG4) treatment enhances wound closure and
tissue regeneration. npj Regen Med 7:32. https://doi.org/
10.1038/541536-022-00228-5

Krogdahl A, Marie Bakke-McKellep A (2005) Fasting and
refeeding cause rapid changes in intestinal tissue mass
and digestive enzyme capacities of Atlantic salmon
(Salmo salar L.). Comp Biochem Physiol a: Mol Integr
Physiol 141:450-460. https://doi.org/10.1016/j.cbpb.
2005.06.002

Krogdahl A, Penn M, Thorsen J et al (2010) Important anti-
nutrients in plant feedstuffs for aquaculture: an update
on recent findings regarding responses in salmonids.
Aquac Res 41:333-344. https://doi.org/10.1111/j.1365-
2109.2009.02426.x

Lathe R, Sapronova A, Kotelevtsev Y (2014) Atherosclerosis
and Alzheimer - diseases with a common cause? Inflam-
mation, oxysterols, vasculature. BMC Geriatr 14:36.
https://doi.org/10.1186/1471-2318-14-36

Lazzarotto V, Corraze G, Leprevost A et al (2015) Three-year
breeding cycle of rainbow trout (Oncorhynchus mykiss)
fed a plant-based diet, totally free of marine resources:
consequences for reproduction, fatty acid composition and
progeny survival. PLoS ONE 10:e0117609. https://doi.
org/10.1371/journal.pone.0117609

Legland D, Arganda-Carreras I, Andrey P (2016) MorphoLibJ:
integrated library and plugins for mathematical morphol-
ogy with Image]. Bioinformatics 32:3532-3534. https://
doi.org/10.1093/bioinformatics/btw413

Li Y, Ai Q, Mai K et al (2014) Comparison of high-protein
soybean meal and commercial soybean meal partly replac-
ing fish meal on the activities of digestive enzymes and
aminotransferases in juvenile Japanese seabass, Lateolab-
rax japonicus (Cuvier, 1828). Aquac Res 45:1051-1060.
https://doi.org/10.1111/are.12042

Li T, Qi M, Gatesoupe F-J et al (2019) Adaptation to fasting
in crucian carp (Carassius auratus): gut microbiota and
its correlative relationship with immune function. Microb
Ecol 78:6-19. https://doi.org/10.1007/s00248-018-1275-0

Liu S-Y, Aliyari R, Chikere K et al (2013) Interferon-inducible
cholesterol-25-hydroxylase broadly inhibits viral entry by
production of 25-hydroxycholesterol. Immunity 38:92—
105. https://doi.org/10.1016/j.immuni.2012.11.005

Martin SAM, Cash P, Blaney S, Houlihan DF (2001) Proteome
analysis of rainbow trout (Oncorhynchus mykiss) liver
proteins during short term starvation. Fish Physiol Bio-
chem 24:259-270. https://doi.org/10.1023/A:1014015530
045

Martin SA, Douglas A, Houlihan DF, Secombes CJ (2010)
Starvation alters the liver transcriptome of the innate
immune response in Atlantic salmon (Salmo salar). BMC
Genom 11:418. https://doi.org/10.1186/1471-2164-11-418

Mohapatra S, Chakraborty T, Shimizu S et al (2015) Starvation
beneficially influences the liver physiology and nutrient
metabolism in Edwardsiella tarda infected red sea bream
(Pagrus major). Comp Biochem Physiol a: Mol Integr
Physiol 189:1-10. https://doi.org/10.1016/j.cbpa.2015.07.
003

Morales AE, Pérez-Jiménez A, Carmen Hidalgo M et al (2004)
Oxidative stress and antioxidant defenses after prolonged
starvation in Dentex dentex liver. Comp Biochem Physiol c:

@ Springer

Toxicol Pharmacol 139:153-161. https://doi.org/10.1016/].
cca.2004.10.008

Najafi A, Salati AP, Yavari V, Asadi F (2014) Effects of short-
term starvation and re-feeding on antioxidant defense sta-
tus in Mesopotamichthys sharpeyi (Glinther, 1874) finger-
lings. Int J Aquat Biol 2(5):246-252. https://doi.org/10.
22034/ijab.v2i5.136

Navarro I, Gutiérrez J (1995) Chapter 17 Fasting and starva-
tion. In: Biochemistry and molecular biology of fishes, vol
4. Elsevier, pp 393-434. https://doi.org/10.1016/S1873-
0140(06)80020-2

Oliva-Teles A, Enes P, Peres H (2015) Replacing fishmeal and
fish oil in industrial aquafeeds for carnivorous fish. In:
Davis DA (ed) Feed and feeding practices in aquaculture.
Woodhead Publishing, Oxford, pp 203-233. https://doi.
org/10.1016/B978-0-08-100506-4.00008-8

Pan J, Chen L, Ji Y et al (2023) A crucial role in osmoregula-
tion against hyperosmotic stress: carbohydrate and inositol
metabolism in Nile tilapia (Oreochromis niloticus). Aquac
Rep 28:101433.  https://doi.org/10.1016/j.aqrep.2022.
101433

Panserat S, Hortopan GA, Plagnes-Juan E et al (2009) Differ-
ential gene expression after total replacement of dietary
fish meal and fish oil by plant products in rainbow trout
(Oncorhynchus mykiss) liver. Aquaculture 294:123-131.
https://doi.org/10.1016/j.aquaculture.2009.05.013

Pascual P, Pedrajas JR, Toribio F et al (2003) Effect of food
deprivation on oxidative stress biomarkers in fish (Sparus
aurata). Chem Biol Interact 145:191-199. https://doi.org/
10.1016/S0009-2797(03)00002-4

Peixoto D, Machado M, Azeredo R, Costas B (2022) Chronic
inflammation modulates opioid receptor gene expression
and triggers respiratory burst in a teleost model. Biology
11:764. https://doi.org/10.3390/biology 11050764

Pfafi MW (2001) A new mathematical model for relative
quantification in real-time RT-PCR. Nucleic Acids Res
29:45e—445. https://doi.org/10.1093/nat/29.9.e45

Refstie S, Korsgen @, Storebakken T et al (2000) Differing
nutrition responses to dietary soybean meal in rainbow
trout (Oncorhynchus mykiss) and Atlantic salmon (Salmo
salar). Aquaculture 190:49-63. https://doi.org/10.1016/
S0044-8486(00)00382-3

Richard N, Costas B, Machado M et al (2021) Inclusion of a
protein-rich yeast fraction in rainbow trout plant-based
diet: consequences on growth performances, flesh fatty
acid profile and health-related parameters. Aquaculture
544:737132.  https://doi.org/10.1016/j.aquaculture.2021.
737132

Rios FS, Kalinin AL, Fernandes MN, Rantin FT (2004) Changes
in gut gross morphology of traira, Hoplias malabaricus (Tel-
eostei, Erythrinidae) during long-term starvation and after
refeeding. Braz J Biol 64:683-689. https://doi.org/10.1590/
S1519-69842004000400017

Rios FS, Oba ET, Fernandes MN et al (2005) Erythrocyte
senescence and haematological changes induced by star-
vation in the neotropical fish traira, Hoplias malabaricus
(Characiformes, Erythrinidae). Comp Biochem Physiol
a: Mol Integr Physiol 140:281-287. https://doi.org/10.
1016/j.cbpb.2004.12.006


https://doi.org/10.1038/s41536-022-00228-5
https://doi.org/10.1038/s41536-022-00228-5
https://doi.org/10.1016/j.cbpb.2005.06.002
https://doi.org/10.1016/j.cbpb.2005.06.002
https://doi.org/10.1111/j.1365-2109.2009.02426.x
https://doi.org/10.1111/j.1365-2109.2009.02426.x
https://doi.org/10.1186/1471-2318-14-36
https://doi.org/10.1371/journal.pone.0117609
https://doi.org/10.1371/journal.pone.0117609
https://doi.org/10.1093/bioinformatics/btw413
https://doi.org/10.1093/bioinformatics/btw413
https://doi.org/10.1111/are.12042
https://doi.org/10.1007/s00248-018-1275-0
https://doi.org/10.1016/j.immuni.2012.11.005
https://doi.org/10.1023/A:1014015530045
https://doi.org/10.1023/A:1014015530045
https://doi.org/10.1186/1471-2164-11-418
https://doi.org/10.1016/j.cbpa.2015.07.003
https://doi.org/10.1016/j.cbpa.2015.07.003
https://doi.org/10.1016/j.cca.2004.10.008
https://doi.org/10.1016/j.cca.2004.10.008
https://doi.org/10.22034/ijab.v2i5.136
https://doi.org/10.22034/ijab.v2i5.136
https://doi.org/10.1016/S1873-0140(06)80020-2
https://doi.org/10.1016/S1873-0140(06)80020-2
https://doi.org/10.1016/B978-0-08-100506-4.00008-8
https://doi.org/10.1016/B978-0-08-100506-4.00008-8
https://doi.org/10.1016/j.aqrep.2022.101433
https://doi.org/10.1016/j.aqrep.2022.101433
https://doi.org/10.1016/j.aquaculture.2009.05.013
https://doi.org/10.1016/S0009-2797(03)00002-4
https://doi.org/10.1016/S0009-2797(03)00002-4
https://doi.org/10.3390/biology11050764
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/S0044-8486(00)00382-3
https://doi.org/10.1016/S0044-8486(00)00382-3
https://doi.org/10.1016/j.aquaculture.2021.737132
https://doi.org/10.1016/j.aquaculture.2021.737132
https://doi.org/10.1590/S1519-69842004000400017
https://doi.org/10.1590/S1519-69842004000400017
https://doi.org/10.1016/j.cbpb.2004.12.006
https://doi.org/10.1016/j.cbpb.2004.12.006

Fish Physiol Biochem (2024) 50:1281-1303

1303

Sahlmann C, Sutherland BJG, Kortner TM et al (2013) Early
response of gene expression in the distal intestine of
Atlantic salmon (Salmo salar L.) during the development
of soybean meal induced enteritis. Fish Shellfish Immunol
34:599-609. https://doi.org/10.1016/j.£51.2012.11.031

Sakai M, Taniguchi K, Mamoto K et al (2001) Immunostimu-
lant effects of nucleotide isolated from yeast RNA on
carp, Cyprinus carpio L. J Fish Dis 24:433-438. https://
doi.org/10.1046/j.1365-2761.2001.00314.x

Sakyi ME, Cai J, Tang J et al (2020) Short term starvation and
re-feeding in Nile tilapia (Oreochromis niloticus, Linnaeus
1758): growth measurements, and immune responses.
Aquac Rep 16:100261. https://doi.org/10.1016/j.aqrep.
2019.100261

Salem M, Silverstein J, Rexroad CE, Yao J (2007) Effect of
starvation on global gene expression and proteolysis in
rainbow trout (Oncorhynchus mykiss). BMC Genom
8:328. https://doi.org/10.1186/1471-2164-8-328

Schindelin J, Arganda-Carreras I, Frise E et al (2012) Fiji: an
open-source platform for biological-image analysis. Nat
Methods 9:676-682. https://doi.org/10.1038/nmeth.2019

Schmidt U, Weigert M, Broaddus C, Myers G (2018) Cell
detection with star-convex polygons. In: Frangi AF,
Schnabel JA, Davatzikos C et al (eds) Medical Image
Computing and Computer Assisted Intervention — MIC-
CAI 2018. Springer International Publishing, Cham, pp
265-273

Schroder M, Kaufman RJ (2005) ER stress and the unfolded
protein response. Mut Res/fundam Mol Mech Mutagen-
esis 569:29-63. https://doi.org/10.1016/j.mrfmmm.2004.
06.056

Secombes CJ, Wang T, Bird S (2011) The interleukins of fish.
Dev Comp Immunol 35:1336-1345. https://doi.org/10.
1016/j.dci.2011.05.001

Song H, Xu D, Tian L et al (2019) Overwinter mortality in
yellow drum (Nibea albiflora): insights from growth and
immune responses to cold and starvation stress. Fish
Shellfish Immunol 92:341-347. https://doi.org/10.1016/j.
£51.2019.06.030

Tacon AGJ, Metian M (2009) Fishing for aquaculture: non-
food use of small pelagic forage fish—a global perspec-
tive. Rev Fish Sci 17:305-317. https://doi.org/10.1080/
10641260802677074

Tamaoki K, Okada R, Ishihara A et al (2016) Morphological,
biochemical, transcriptional and epigenetic responses to
fasting and refeeding in intestine of Xenopus laevis. Cell
Biosci 6:2. https://doi.org/10.1186/s13578-016-0067-9

Tran NT, Xiong F, Hao Y-T et al (2018) Starvation influences
the microbiota assembly and expression of immunity-
related genes in the intestine of grass carp (Ctenopharyn-
godon idellus). Aquaculture 489:121-129. https://doi.org/
10.1016/j.aquaculture.2018.02.016

Van Den Ingh TSGAM, Krogdahl A, Olli JJ et al (1991)
Effects of soybean-containing diets on the proximal
and distal intestine in Atlantic salmon (Salmo salar): a

morphological study. Aquaculture 94:297-305. https://
doi.org/10.1016/0044-8486(91)90174-6

Vohra A, Syal P, Madan A (2016) Probiotic yeasts in livestock
sector. Anim Feed Sci Technol 219:31-47. https://doi.org/
10.1016/j.anifeedsci.2016.05.019

Waagbg R, Jgrgensen SM, Timmerhaus G et al (2017) Short-
term starvation at low temperature prior to harvest does
not impact the health and acute stress response of adult
Atlantic salmon. Peer] 5:e3273. https://doi.org/10.7717/
peerj.3273

Wang M, Xu G, Tang Y et al (2021) Investigation of the molec-
ular mechanisms of antioxidant damage and immune
response downregulation in liver of Coilia nasus under
starvation stress. Front Endocrinol 12:622315. https://doi.
org/10.3389/fendo.2021.622315

Weatherley AH, Gill HS (1981) Recovery growth following
periods of restricted rations and starvation in rainbow
trout Salmo gairdneri Richardson. J Fish Biology 18:195-
208. https://doi.org/10.1111/.1095-8649.1981.tb02814.x

Windell JT, Kitchell JF, Norris DO et al (1976) Temperature
and rate of gastric evacuation by rainbow trout, Salmo
gairdneri. Trans Am Fish Soc 105:712-717. https://doi.
org/10.1577/1548-8659(1976)105%3c712: TAROGE%
3e2.0.CO;2

Xia JH, Lin G, Fu GH et al (2014) The intestinal microbiome
of fish under starvation. BMC Genom 15:266. https://doi.
org/10.1186/1471-2164-15-266

Zeng L-Q, Li F-J, Li X-M et al (2012) The effects of starva-
tion on digestive tract function and structure in juvenile
southern catfish (Silurus meridionalis Chen). Comp Bio-
chem Physiol a: Mol Integr Physiol 162:200-211. https://
doi.org/10.1016/j.cbpa.2012.02.022

Zhang H, Ran C, Teame T et al (2020) Research progress on
gut health of farmers teleost fish: a viewpoint concerning
the intestinal mucosal barrier and the impact of its dam-
age. Rev Fish Biol Fisheries 30:569-586. https://doi.org/
10.1007/s11160-020-09614-y

Zhao Z, Zhang X, Zhao F et al (2022) Stress responses of the
intestinal digestion, antioxidant status, microbiota and
non-specific immunity in Songpu mirror carp (Cypri-
nus carpio L.) under starvation. Fish Shellfish Immunol
120:411-420. https://doi.org/10.1016/j.51.2021.12.008

Zhou R, Wu G, Qu L et al (2022) Effect of starvation on intes-
tinal morphology, digestive enzyme activity and expres-
sion of lipid metabolism-related genes in javelin goby
(Synechogobius hasta). Aquac Res 53:87-97. https://doi.
org/10.1111/are.15555

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1016/j.fsi.2012.11.031
https://doi.org/10.1046/j.1365-2761.2001.00314.x
https://doi.org/10.1046/j.1365-2761.2001.00314.x
https://doi.org/10.1016/j.aqrep.2019.100261
https://doi.org/10.1016/j.aqrep.2019.100261
https://doi.org/10.1186/1471-2164-8-328
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.mrfmmm.2004.06.056
https://doi.org/10.1016/j.mrfmmm.2004.06.056
https://doi.org/10.1016/j.dci.2011.05.001
https://doi.org/10.1016/j.dci.2011.05.001
https://doi.org/10.1016/j.fsi.2019.06.030
https://doi.org/10.1016/j.fsi.2019.06.030
https://doi.org/10.1080/10641260802677074
https://doi.org/10.1080/10641260802677074
https://doi.org/10.1186/s13578-016-0067-9
https://doi.org/10.1016/j.aquaculture.2018.02.016
https://doi.org/10.1016/j.aquaculture.2018.02.016
https://doi.org/10.1016/0044-8486(91)90174-6
https://doi.org/10.1016/0044-8486(91)90174-6
https://doi.org/10.1016/j.anifeedsci.2016.05.019
https://doi.org/10.1016/j.anifeedsci.2016.05.019
https://doi.org/10.7717/peerj.3273
https://doi.org/10.7717/peerj.3273
https://doi.org/10.3389/fendo.2021.622315
https://doi.org/10.3389/fendo.2021.622315
https://doi.org/10.1111/j.1095-8649.1981.tb02814.x
https://doi.org/10.1577/1548-8659(1976)105%3c712:TAROGE%3e2.0.CO;2
https://doi.org/10.1577/1548-8659(1976)105%3c712:TAROGE%3e2.0.CO;2
https://doi.org/10.1577/1548-8659(1976)105%3c712:TAROGE%3e2.0.CO;2
https://doi.org/10.1186/1471-2164-15-266
https://doi.org/10.1186/1471-2164-15-266
https://doi.org/10.1016/j.cbpa.2012.02.022
https://doi.org/10.1016/j.cbpa.2012.02.022
https://doi.org/10.1007/s11160-020-09614-y
https://doi.org/10.1007/s11160-020-09614-y
https://doi.org/10.1016/j.fsi.2021.12.008
https://doi.org/10.1111/are.15555
https://doi.org/10.1111/are.15555

	Gut physiology of rainbow trout (Oncorhynchus mykiss) is influenced more by short-term fasting followed by refeeding than by feeding fishmeal-free diets
	Abstract 
	Introduction
	Materials and methods
	Feed formulation and experimental design
	Plasma immune markers
	Histology of intestine
	Image analysis
	Molecular analysis: RNA extraction and real-time RT-qPCR
	Statistical analysis

	Results
	Plasma immune markers
	Histological parameters of the proximal and distal intestine
	Cell protection, coagulation, immune, and inflammation-related gene expression in the liver
	Gene expression in the proximal and distal intestine
	Immune, inflammation, and antiviral-related gene expression
	Structure and cell proliferation-related gene expression
	Coagulation-related gene expression
	Endoplasmic reticulum stress–related gene expression


	Discussion
	Acknowledgements 
	References


