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Abstract. The present study was performed to investigate the
effects of dietary yeast â-1,3/1,6-D-glucans after 15-, 30-, and
45-day feeding periods on the development of oxidative
stress, antioxidant defenses, and lysosomal functioning in
gills and hepatic tissue of rainbow trout, Oncorhynchus

mykiss (Walbaum). The fish were fed a control diet or an
experimental diet containing the supplement Yestimun® at
a dose of 1% in the basal feed (with 85% content of
â-1,3/1,6-glucans). On days 15, 30, and 45 of the experiment,
the following were analyzed in gills and hepatic tissue:
oxidative stress biomarkers (2-thiobarbituric-acid-reacting
substances [TBARS]); aldehydic and ketonic derivatives of
oxidatively modified proteins; activities of superoxide
dismutase (SOD), catalase (CAT), glutathione reductase (GR),
and glutathione peroxidase (GPx); total antioxidant capacity
(TAC); activities of lysosomal enzymes (alanyl
aminopeptidase [AAP], leucyl aminopeptidase [LAP], acid
phosphatase [AcP], â-N-acetylglucosaminidase [NAG]). The
dietary â-glucans stimulated CAT, GPx, LAP, and AcP
activities in gills and hepatic tissue compared to the control
group; however, the opposite trend was observed in TAC

levels in gills on days 30 and 45. The present study suggests
that â-glucans can enhance immune response, antioxidant
capacity, and lysosomal functioning effectively in rainbow
trout.
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Introduction

Aquaculture and fish farming play an important role
in food security and welfare; therefore, many fish
species are now being cultured in response to in-
creased demands for fish (Kumar 2014). Massive
production losses in aquaculture are caused by many
factors. Studies have demonstrated that almost fifty
percent of production losses in developing countries
are associated with diseases of different etiologies
(Assefa and Abunna 2018). A variety of microbial
agents (viruses, bacteria, fungi, parasites, etc.) have
been shown to cause diseases in aquaculture (Ngugi
et al. 2015), which is supported by high fish densities
and favorable environmental conditions in intensive
fish farming. Many manipulations in fish farming
also cause stress reactions in fishes that strongly
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impact their immune systems. Therefore, the risk of
diseases and the vulnerability of fishes to various in-
fections in fish farms is also increased by
stress-induced weakening of the immune system
(Nguyen et al. 2019).

In recent years, attention has been focused on
finding novel drugs to develop alternative practices
for disease management in aquaculture. Biological
and chemical disease control strategies, such as the
application of probiotics, prebiotics, and medicinal
plants that help to increase resistance against infec-
tious diseases by enhancing innate humoral and cel-
lular defense mechanisms, are used widely
(Magnadóttir 2006, 2010, Ganguly et al. 2010, Ringø
et al. 2010, Meena et al. 2013, Song et al. 2014). Ap-
plying immunostimulants in aquaculture for disease
control is a promising alternative to antibiotics
(Assefa and Abunna 2018).

â-Glucans, i.e., naturally occurring polysaccha-
rides with glucose as a structural component linked
by â-glycosidic bonds, are natural feed additives
used in fish diets to improve the immune system and
are one of the most significant immuno-
stimulant-based approaches to health care and
growth performance (Novak and Vetvicka 2009,
Meena et al. 2013). Various studies in a wide range
of fish species have revealed the effect of â-glucans
on growth, antibody production, immune-related
gene expression, survival, resistance, and protection
against pathogens, and their role as an adjuvant
(Meena et al. 2013, Petit and Wiegertjes 2016, Petit
et al. 2019, Song et al. 2020). â-Glucans are a hetero-
geneous group of glucose polymers found, inter alia,
in the cell walls of plants, bacteria, fungi, and proto-
zoa. â-Glucans have a basic chain, and in some cases,
side chains, which comprise â(1,3), â(1,4), and/or
â(1,6)-bound glucose groups, depending on the ori-
gin of the glucan (Douxfils et al. 2017, Felicioli et al.
2020). Depending on the source and mode of excre-
tion, â-glucans have different degrees of branching
and types of bonding in the main and side chains
(Skov et al. 2012). The frequency and type of the
bond in the side chain is largely consistent with the
biological activity of the molecule. Glucans also differ
significantly in their molecular weight and in the

tendency of chains to agglomerate, both of which are
essential to the efficiency profile of these molecules
(Meena et al. 2013).

These large molecules do not undergo enzymatic
fragmentation in the gastrointestinal tract. They are
absorbed by cells in the intestinal mucosa and ac-
tively transferred to the submucosa layer, where they
activate macrophages and, through them, lympho-
cytes responsible for protecting the endothelium, i.e.,
local immunity. Through a repopulation mechanism,
activated lymphocytes disperse from the intestinal
mucous membrane into the mucous membranes of
various organs and thus protect against infections. In
general, the mechanism of action of â-1,3/1,6-glucan
can be explained by its marked selectivity to specific
receptors on the surface of macrophages that bind
only to an unbranched area of the â-glucan molecule
(Medina-Córdova et al. 2018). This results in the ac-
tivation of macrophages, which leads to the imple-
mentation of triggering mechanisms for several
processes aimed at protecting the immune system
(Selvaraj et al. 2006, Yar Ahmadi et al. 2014).

They both act on invading microorganisms and
complement the activation and action of immune re-
sponses because of their ability to bind directly with
macrophages and other white blood cells (neutro-
phils and natural killer cells) and to activate them
(Sakai 1999, Gantner et al. 2003, Herre et al. 2004).
The engagement of â-glucan receptors results in im-
provement of immune responses, i.e., phagocytosis,
the release of certain cytokines – IL-1, IL-6, GM-CSF,
interferons, and the processing of antigens (Meena et
al. 2013). Activated phagocytic cells, i.e., B cells and
T cells, in fish produce cytokines and antibodies, re-
spectively, and enhance the efficacy of vaccines (Raa
2000). In addition to stimulating macrophages,
â-glucans can also improve other immune responses
(Vetvicka et al. 2013). â-Glucans contribute to a se-
ries of non-specific abilities to resist pathogens in
fish. For example, they enhance serum lysozyme ac-
tivity, rapid tissue growth, and the division of bone
marrow cells (Meena et al. 2013).

The ability of fish to adapt to changing environ-
mental conditions, with an increase in the probability
of survival and self-reproduction at the cell and
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tissue levels, is supported by various biochemical
mechanisms (Valavanidis et al. 2006, Mendel et al.
2018). These mechanisms have been shown to re-
build metabolism through quantitative and qualita-
tive changes in enzyme-related systems (Biller and
Takahashi 2018, Kurhaluk 2019). An important role
in maintaining complex integrative functions in the
organism is played by lysosomes, i.e., specialized cel-
lular organelles that directly participate in cell enzy-
matic hydrolysis reactions (Saftig and Klumperman
2009). Mammal and human lysosomes have been
studied in detail, while there are substantially fewer
studies on the participation of the lysosomal appara-
tus in maintaining homeostasis and adaptive reac-
tions in response to changing environmental
conditions and development of various pathologies
in fishes and other hydrobionts (Misra et al. 2004).

Reactive oxygen species (ROS) are produced nat-
urally via several cellular pathways of aerobic metab-
olism, including oxidative phosphorylation, electron
transport chains in mitochondria and microsomes,
the activity of oxidoreductase enzymes producing
ROS as intermediate or final products, and even im-
munological reactions such as active phagocytosis
(Halliwell and Gutteridge 2007, Regoli and Giuliani
2014). They differ greatly in terms of cellular reactiv-
ity and the potential to cause toxic insults to lipids,
proteins, and DNA (Regoli and Winston 1999, Regoli
and Giuliani 2014). In basal conditions, the adverse
effects of oxyradicals are prevented by the antioxi-
dant system consisting of a wide array of low molecu-
lar weight scavengers and antioxidant enzymes that
interact in a sophisticated network with both direct
and indirect effects (Regoli and Giuliani 2014). The
balance between ROS production and removal by
antioxidant systems is the “redox state.” Oxidative
stress is defined as the excess production of ROS rel-
ative to the levels of antioxidants. When the produc-
tion of ROS exceeds the capacity of antioxidant
defense, oxidative stress has a harmful effect on the
functional and structural integrity of biological tissue
(Tsutsui et al. 2011).

On the other hand, ROS activate various
lysosomal enzymes and lysosomal signaling mecha-
nisms, which allows cells to respond to oxidative

bursts and adapt to oxidative stress (Zhang e al.
2016). The involvement of lysosomes in processes
such as intracellular digestion, fertilization, cell divi-
sion, differentiation and aging, metamorphosis, and
immune responses has been shown (Moore et al.
2006a,b). Many hormone effects are realized
through these organelles as is the regulation of meta-
bolic pathways (DeMartino and Goldberg 1978).
These lysosomal reactions are particularly sensitive
to oxidation stress (Weng et al. 2013). Therefore,
studying the relationship between immunological re-
sponse, redox reactions, and the functioning of
lysosomes in fishes is an important approach in the
study of biochemical mechanisms underlying dietary
treatment with â-glucans.

The relevance of this topic stems from the in-
creasing demand for innovative solutions in
aquaculture practice to improve the health and pro-
ductivity of farmed fish. Research into the effects of
â-glucans on fish is becoming increasingly important
as alternative approaches are sought to enhance fish
immunity and improve production efficiency
(Rodrigues et al. 2020, Machuca et al. 2022). With
the challenges of maintaining healthy fish popula-
tions and reducing the use of antibiotics in
aquaculture, substances such as â-glucans offer
valuable alternatives. Not only do they have a positive
impact on fish health and welfare, they also contrib-
ute to sustainable aquaculture production (Vetvicka
et al. 2013, Petit and Wiegertjes 2016). Therefore,
the continued interest in this topic in aquaculture
practice stems from the need to explore effective, en-
vironmentally friendly strategies to improve the qual-
ity and efficiency of fish farming. While some studies
have investigated the general effects of â-glucans
(Dalmo and Bøgwald 2008, Goodridge et al. 2009,
Meena et al. 2013), our focus is on the analysis of
specific biochemical parameters that have been in-
vestigated to a lesser degree in this context
(Tkachenko et al. 2022). Building on the findings of
previous authors, we have extended our analysis to
include markers of oxidative stress, antioxidant de-
fenses, and lysosomal function to provide a more
comprehensive understanding of the effects of
â-glucan supplementation on fish health.
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The present study aimed to explore the potential
effects of dietary yeast â-1,3/1,6-D-glucans after 15-,
30-, and 45-day feeding periods on the development
of oxidative stress, antioxidant defenses, and
lysosomal functioning in gills and hepatic tissue of
rainbow trout, Oncorhynchus mykiss (Walbaum). In
this study, we attempted (i) to determine changes in
levels of oxidative stress biomarkers, i.e.,
2-thiobarbituric-acid-reacting substances (TBARS),
aldehydic and ketonic derivatives of oxidatively mod-
ified proteins, the activities of superoxide dismutase
(SOD), catalase (CAT), glutathione reductase (GR),
and glutathione peroxidase (GPx), and the total anti-
oxidant capacity (TAC) in gills and hepatic tissue of
juvenile rainbow trout following â-glucan treatment;
(ii) to evaluate the relationship between lysosomal
activity and oxidative stress biomarkers after the
three feeding periods; (iii) to characterize trends of
the main effects (i.e., feeding periods, type of tissues,
and impact of â-glucans) on levels of oxidative stress
biomarkers and lysosomal functioning in gills and
hepatic tissue; (iv) to evaluate important determi-
nants in oxidative stress, antioxidant defenses, and
lysosomal functioning in gills and hepatic tissue of
rainbow trout following â-glucan treatment.

Materials and methods

Fish and experimental design

Ninety healthy O. mykiss weighing 54.9 ± 2.2 g were
used in the current study. The fish were maintained
in an indoor system supplied with freshwater with
adequate aeration and an internal power filter. Water
quality was maintained at a temperature of 16 ± 2°C,
dissolved oxygen 12 ± 0.5 ppm, and pH 7.4–7.6. The
fish were fed at 1.5% body weight (BW) four times
daily with a commercial basal diet during the accli-
mation period (14 days). After two weeks, the fish
were divided randomly into six groups and stocked
into aerated 250-L square tanks supplied with
dechlorinated tap water (70 fish per tank). One tank
was assigned per group. The fish were kept in natural
photoperiod conditions throughout the feeding trial.

The experimental part of the dietary study was car-
ried out in the Department of Salmonid Research,
National Inland Fisheries Research Institute (Rutki,
Poland).

The groups were fed for 15, 30, and 45 days as
follows: the control groups of rainbow trout (n = 15)
received a control basal diet; the â-glucan groups
were fed with the supplement Yestimun® at a dose of
1% in the basal feed (with 85% content of
â-1,3/1,6-glucans, Leiber GmbH, Bramsche, Ger-
many). Yestimun® powder (at a 1% dose of 1 kg per
99 kg, wt/wt) was added to the basal feed.
Yestimun® is an insoluble and highly purified prepa-
ration containing natural polysaccharides, including
â-1,3/1,6-D-glucans derived from spent brewers’
yeast (Saccharomyces cerevisiae). Yeast cell walls
typically contain about 30% â-glucan by dry weight
(Stier et al. 2014).

At the end of the 15-, 30-, and 45-day feeding pe-
riods, the fish were sacrificed by decapitation, and
the liver and gills were dissected. Blood samples
were taken from the caudal vein with plastic syringes.
A part of the blood samples was transferred into
tubes containing K3-EDTA for the phagocytic activity
(PA) and phagocytic index (PI) assays. The fish were
not anesthetized before tissue sampling. The experi-
ments were performed in duplicate. This study was
conducted in the National Inland Fisheries Research
Institute (Olsztyn, Poland). The research was in com-
pliance with Polish animal welfare regulations and
approved by the Local Ethics Committee for Animal
Experimentation of the National Inland Fisheries Re-
search Institute in Olsztyn, Poland.

Reagents and solutions

Tris, EDTA, HEPES, KCl, K2CO3, KH2PO4, GSH,
GSSG, NADPH2, and 2-thiobarbituric acid reagents
were purchased from Sigma-Aldrich (Sigma-Aldrich
Sp. z.o.o, Poznan, Poland). The reagents were pre-
pared before use. All other reagents used were of an-
alytical reagent grade.

Modulation of oxidative stress biomarkers and lysosomal functioning in gills and liver of rainbow trout... 47



Phagocytic activity (PA) and phagocytic index

(PI)

PA and PI were measured using the microscopic

counting method in Siwicki and Anderson (1993).

Briefly, 100 µL of a blood sample was added to 100

µL of formalin-killed Yersinia ruckeri (1 � 107 cells).

The suspension was thoroughly mixed and left to in-

cubate for 30 min in a well. After incubation, the

plate was mixed gently, and 0.05 mL of mixed sus-

pension was transferred onto a glass slide and

air-dried. The slides were fixed with ethanol (96%)

for 5 min and stained with Giemsa solution for 10

min. Phagocytic cells and phagocytosed bacteria

were counted. The slides were observed under a light

microscope to count 100 cells per slide. The

phagocytic activity and phagocytic index were calcu-

lated as follows:

Phagocytic activity (%) = (Number of phagocytic
cells with engulfed bacteria/number of phagocytes)
× 100; Phagocytic index = Number of engulfed bac-
teria/phagocytic cells.

Preparation of tissue homogenates

The gills and hepatic tissue samples were homoge-

nized in an ice-cold buffer (100 mM Tris-HCl, pH

7.2). Blood was removed from the minced tissue with

cold isolation buffer and the tissue was homogenized

on ice in an H500 homogenizer with a motor-driven

pestle. The homogenates were centrifuged at 3,000 g

for 15 min at 4°C. After centrifugation, the

supernatant was collected and frozen at -22°C for

further analysis. Protein contents were determined

with the Bradford method (1976) with bovine serum

albumin as the standard. Absorbance was recorded

at 595 nm. All enzymatic assays were carried out at

22 ± 0.5°C using a Specol 11 spectrophotometer

(Carl Zeiss Jena, Germany) in duplicate. The enzy-

matic reactions were started by adding the tissue

supernatant.

Biochemical assays

2-Thiobarbituric acid reactive substance

(TBARS) assay

Lipid peroxidation was determined in aliquots of
10% homogenate of hepatic and gill tissues from the
treated and control fish using the procedure pro-
posed by Kamyshnikov (2004). The lipid
peroxidation level was expressed as nanomoles of
2-thiobarbituric acid reactive substances generated
per milligram of protein (nmol MDA·mg-1 protein)
using a molar extinction coefficient of 1.56·105

M-1·cm-1.

Content of carbonyl derivatives of oxidatively

modified proteins (OMP)

The estimation of the rate of protein oxidative de-
struction was based on the reaction of the resultant
carbonyl derivatives of amino acid reaction with
2,4-Dinitrophenylhydrazine (DNPH). The assay is
described in Levine et al. (1990) and modified by
Dubinina et al. (1995). DNPH was used for determi-
nations of the carbonyl content in soluble and insolu-
ble proteins. Carbonyl groups were determined
spectrophotometrically from the difference in
absorbance at 370 nm (aldehydic derivatives,
OMP370) and 430 nm (ketonic derivatives, OMP430).
The results were expressed in nmol per mg of tissue
protein.

Superoxide dismutase activity assay

The activity of superoxide dismutase (SOD, E.C.
1.15.1.1) was assessed by its ability to dismutate
superoxide generated in the process of quercetin
auto-oxidation in an alkaline medium (pH 10.0) as
proposed by Kostiuk et al. (1990). The activity was
expressed in units of SOD per mg of tissue protein.

Catalase activity assay

The activity of catalase (CAT, E.C. 1.11.1.6) was deter-
mined by measuring the decrease in H2O2 in the reac-
tion mixture using a spectrophotometer at a wavelength
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of 410 nm and the method described by Koroliuk et al.
(1988). One unit of catalase activity was defined as the
amount of enzyme necessary to decompose 1 µmol
H2O2 per min per mg of tissue protein.

Glutathione reductase activity assay

The activity of glutathione reductase (GR, EC 1.6.4.2)
in the tissue was measured using the method described
by Glatzle et al. (1974). GR activity was expressed as
nmol NADPH per min per mg of tissue protein.

Glutathione peroxidase activity assay

The activity of glutathione peroxidase (GPx, EC
1.11.1.9) was determined by detecting the
nonenzymatic utilization of GSH (reacting substrate)
at an absorbance of 412 nm after incubation with
5,5-dithiobis-2-nitrobenzoic acid (DTNB) as pro-
posed by Moin (1986). GPx activity was expressed as
ìmol GSH per min per mg of tissue protein.

Total antioxidant capacity (TAC) assay

The TAC level in the sample was estimated by mea-
suring the TBARS level following Tween 80 oxida-
tion. This level was determined spectrophotometri-
cally at 532 nm by Galaktionova et al. (1998). The
sample inhibited the Fe2+/ascorbate-induced oxida-
tion of Tween 80, resulting in a decrease in the
TBARS level. The absorbance of the blank was de-
fined as 100%. The level of TAC in the sample (%)
was calculated based on the absorbance of the blank.

Tissue isolation for lysosomal enzyme assays

Tissue samples were excised, weighed, washed in
ice-cold buffer, and minced. The minced tissues were
rinsed with cold isolation buffer 0.15 M KCl to re-
move blood and homogenized on ice in an H500 ho-
mogenizer with a motor-driven pestle. The isolation
buffer consisted of 0.25 M sucrose and 2 mM EDTA;
the pH was adjusted to 7.0 with KOH. The
homogenates (20%, w/v) were prepared for differen-
tial centrifugation according to the method described
by DeMartino and Goldberg (1978). After

centrifugation, the supernatant fractions were saved
and used after resuspension in 50 mM acetic
acid/sodium acetate buffer, pH 5.0. These isolated
fractions were homogenized and subjected to two
freeze-thaw cycles.

Lysosomal enzyme assays

The method developed by McDonald and Barrett
(1986) using Fast Blue BB salt
(4-benzoyloamino-2,5-diethoxybenzene-diazonium
chloride) derivatives was applied for the activities of
lysosomal enzymes, i.e., alanyl aminopeptidase
(AAP, EC 3.4.11.2) and leucyl aminopeptidase (LAP,
EC 3.4.11.1). L-alanyl-2-naphtylamine in 0.1M PBS
buffer, pH 7.0, was used as a substrate for determi-
nations of alanyl aminopeptidase activity.
L-leucyl-2-naphtylamine in 0.1M PBS, pH 7.0, was
used as the substrate for leucyl aminopeptidase ac-
tivity. The activities of these lysosomal enzymes were
determined spectrophotometrically at 540 nm. The
reaction was initiated using 50 ìL of the sample and
500 ìL of substrate incubation media with DMF, pH
6.0 (Serva, Germany), in 60-min incubation at 37°C;
next, 500 ìL of stop buffer consisting of Fast Blue BB
salt dissolved in 2% Tween 20 (Sigma, USA) were
added.

The method proposed by Barrett and Heath
(1977) was used for determinations of the activities
of other lysosomal enzymes, i.e., acid phosphatase
(AcP, EC 3.1.3.2) and â-N-acetylglucosaminidase
(NAG, EC 3.2.1.30). The activities of these enzymes
were determined spectrophotometrically as 4-nitro-
phenyl derivatives at 420 nm and expressed in nmol
per h per mg of protein.

Statistical analysis

The results are expressed as mean ± S.D. The basic
statistics were calculated using STATISTICA 13.3
(TIBCO Inc., USA). The data were tested for homoge-
neity of variance using Levene’s test of the equality of
error variances. Normality was checked with the
Kolmogorov-Smirnov test. Significant differences be-
tween the means were measured using a multiple
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range test at min. P < 0.05. Data that did not have
normal distribution were log-transformed. The cor-
relation of parametric values was based on the analy-
sis of Pearson’s regressions using the multiple
regression module. The correlation and regression
analysis comprised the correlation coefficient (r), re-
gression equation, and the significance of these de-
pendencies (P). The arithmetic means of the
concentrations of substrates and the activities of en-
zymes in hepatic and gill tissues were estimated us-
ing MANOVA.

The coefficients of multiple correlation analysis
(R) and the coefficient of determination (R2) with its
corrected form reduced by random errors (R2 ad-
justed) were used in the data analysis for the descrip-
tion of the full model. We used the SS test to describe
the share of all analyzed biomarkers of oxidative
stress and biochemical parameters for the assess-
ment of the antioxidant barrier with the F test of sig-
nificance (Zar 1999).

The use of multivariate significance tests of the
main effects (type of stages, type of tissue, experi-
ment conditions, and combined effects) permitted
determining statistically significant relationships for
all three values. To combine the impact of three fac-
tors (tissues, three experimental stages, and type of
experiment) in the model approach, we adopted
a three-way classification model to analyze the value
of the other parameters: the dependent variable, the
mean, the main effect of the tissue factor, the main ef-
fect of the stage factor, the main effect of the experi-
ment type factor, the effect of the interaction of the
tissue type and stage factors, the effect of the interac-
tion of the stage and experiment factor, the effect of
the interaction of the tissue type and experiment fac-
tor, and random experimental error.

Results

Immune-related variables

Relative to the value obtained in the unhandled con-
trol groups, phagocytic activity (Fig. 1A) was 27.3%,
37.1%, and 64.3% higher (P < 0.05) in the rainbow

trout fed the diet supplemented with â-glucans on
days 15, 30, and 45, respectively. The phagocytic in-
dex (Fig. 1B) was higher in the â-glucan treatment
group by 84.1% on day 15 (P < 0.05), 92% on day 30
(P < 0.001), and by 129.5% on day 45 (P < 0.05), in
comparison to the unhandled control groups.

Pro/antioxidant balance

In the present study, the most widely used and ac-
cepted markers were employed to demonstrate the
existence of oxidative stress in tissues (TBARS as
a marker of lipid peroxidation, aldehydic and ketonic
derivatives of OMP, antioxidant defenses, and total
antioxidant capacity). Our results demonstrated that
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Table 1. Activities of superoxide dismutase (SOD, U·mg-1 pro-
tein), catalase (CAT, ìmol·min-1·mg-1 protein), glutathione
reductase (GR, nmol·min-1·mg-1 protein), and glutathione
peroxidase (GPx, nmol·min-1·mg-1 protein) in gills and hepatic
tissue of rainbow trout fed the diet supplemented with yeast
â-glucans. Results are expressed as mean ± S.D. Differences be-
tween the control and experimental groups were analyzed with
three-way ANOVA and Bonferroni’s post-hoc test. Differences
were considered significant at P < 0.05.



the dietary â-glucan treatment did not alter rainbow
trout gills or hepatic tissue. The statistical analysis
based on parameter F showed significant statistical
differences in the study groups depending on the tis-
sue specificity (gills, liver), the three successive peri-

ods regarding the temporal effects of â-glucan
treatment, and the differences between fish groups

(unhandled control and â-glucan-treatment group).
The final products of lipid peroxidation TBARS were
used as biomarkers of these changes. Data obtained
in this analysis are presented in Fig. 2.

The statistical analysis of the periods and type of
study showed significant differences in the TBARS
levels in gills (F5.43 = 2.65, P = 0.036) and hepatic

tissue (F5.43 = 5.12, P < 0.001). Similar data were ob-

tained in the case of aldehydic derivatives of OMP

(F5,43 = 178.33, p < 0.001) and ketonic derivatives of

OMP (F5.43 = 68.42, P < 0.001) in the hepatic tissue.

The following statistical dependencies were noted for

the gills: SOD (F5.43 = 6.98, P < 0.001), CAT (F5.43 =

45.61, P < 0.001), GR (F5.43 = 24.47, P < 0.001), and

GPx (F5.43 = 38.71, P < 0.001). For the hepatic tis-

sue, they were: SOD (F5.43 = 63.17, P < 0.001), CAT

(F5.43 = 50.69, p = 0.000), GR (F5.43 = 20.37,

P < 0.001), and GPx (F5.43 = 51.90, P < 0.001). Sig-

nificant differences in the TAC levels were observed

both in gills (F5.43 = 10.89, P < 0.001) and hepatic

tissue (F5.43 = 42.01, P < 0.001).
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Figure 2. Levels of TBARS (A, nmol·mg-1 protein), aldehydic derivatives (AD) (B, nmol·mg-1 protein), and ketonic derivatives (KD) of oxi-
datively modified proteins (OMP) (C, nmol·mg-1 protein), and total antioxidant capacity (D, TAC, %) in gills and hepatic tissue of rainbow
trout fed the diet supplemented with yeast â-glucans. Results are expressed as mean ± S.D. Differences between the groups were ana-
lyzed with three-way ANOVA and Bonferroni’s post-hock test. Differences were considered significant at P < 0.05. Statistically significant
differences between the groups of unhandled controls and the â-glucan-supplemented group are indicated. (* – P < 0.05).



Significant differences in the levels of lipid
peroxidation and protein modifications were ob-
served for the study periods and fish tissue specific-
ity. However, we did not observe significant
statistical differences in the relations between the un-
handled controls and the â-glucan treatment group.
There was a significant decrease in the TAC level in
the gills of trout treated with â-glucans in the second
and third periods of the current study. In contrast, an
increased value of TAC level in the hepatic tissue in
the second period of our study was noted. The dietary
â-glucan treatment caused multidirectional changes
in the activity of antioxidative enzymes, depending
on the study periods and tissue specificity (gills,
liver). The immunocompetence processes of the fish

resulted in different tendencies of the activity of
antioxidative enzymes. These changes had clear tis-
sue specificity in comparison to the unhandled con-
trols. For example, in the 15-day feeding period, the
active formation of immunological status in the fish
resulted in a statistically significant decrease in the
activity of CAT, GR, and GPx in the gills, whereas an
increase in the CAT and GPx activity was noted in the
hepatic tissue (Table 1).

Lysosomal enzymes

Biological processes are largely determined not only
by the composition and physiological status of mem-
branes that might be modified by free radical action
but also by membrane-bound, free (solubilized) and
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Table 1

Activities of superoxide dismutase (SOD, U·mg-1 protein), catalase (CAT, ìmol·min-1·mg-1 protein), glutathione reductase (GR,
nmol·min-1·mg-1 protein), and glutathione peroxidase (GPx, nmol·min-1·mg-1 protein) in gills and hepatic tissue of rainbow trout
fed the diet supplemented with yeast â-glucans

Parameters/Stages

Days

15 30 45

Gills
SOD, U·mg-1 protein
Unhandled controls 541.31 ± 105.31 369.80 ± 69.70 441.17 ± 126.34
�-glucans 762.07 ± 164.55 343.63 ± 91.37 420.91 ± 164.15
CAT, µmol·min-1·mg-1 protein
Unhandled controls 7.90 ± 2.43 4.26 ± 2.11 2.52 ± 0.96
�-glucans 0.85 ± 0.31** 17.47 ± 5.37* 0.92 ± 0.13**
GR, nmol·min-1·mg-1 protein
Unhandled controls 14.18 ± 3.45 12.08 ± 3.36 7.82 ± 1.89
�-glucans 5.24 ± 1.72** 29.05 ± 7.18** 8.07 ± 2.19
GPx, nmol·min-1·mg-1 protein
Unhandled controls 419.03 ± 155.20 506.29 ± 105.56 215.02 ± 74.49
�-glucans 148.45 ± 52.81** 767.64 ± 168.49* 95.08 ± 18.28**

Hepatic tissue
SOD, U·mg-1 protein
Unhandled controls 309.16 ± 68.99 154.88 ± 46.53 571.04 ± 22.63
�-glucans 247.83 ± 33.93 271.32 ± 87.50* 558.48 ± 32.55
CAT, µmol·min-1·mg-1 protein
Unhandled controls 22.82 ± 5.03 12.75 ± 2.83 13.94 ± 1.81
�-glucans 48.08 ± 8.01** 12.70 ± 2.59 18.61 ± 2.18*
GR, nmol·min-1·mg-1 protein
Unhandled controls 52.31 ± 11.70 25.45 ± 3.49 7.85 ± 1.12
�-glucans 27.20 ± 7.10** 14.04 ± 3.50** 13.20 ± 2.50**
GPx, nmol·min-1·mg-1 protein
Unhandled controls 179.66 ± 60.53 158.65 ± 31.28 214.39 ± 53.07
�-glucans 738.44 ± 189.14** 152.96 ± 51.89 193.69 ± 45.92

Results are expressed as mean ± S.D. Differences between the groups were analyzed with three-way ANOVA and Bonferroni’s
post-hock test. Differences were considered significant at P < 0.05. Statistically significant differences between the groups of
unhandled controls and the â-glucan-supplemented group are indicated. Other significant differences are presented in the text.
* – P < 0.05; ** – P < 0.01.



lysosomal enzymes. This study showed the role of

lysosomal structures in both the internal injury sys-

tem and in the maintenance of the stability of cell

membranes and intracellular structures. Thus, we

assessed these processes in gills and hepatic tissue of

trout fed the diet supplemented with â-glucans. The

influence of various factors resulted in lysosomal ac-

tivities or an increase in the lysosomal enzyme con-

tent in the cytoplasm (in particular, because of

progressive acidosis, which increased the yield of

lysosomal enzymes and the subsequent activation

thereof). Our results showed that the activities of

aminopeptidase (AAP) (F5.43 = 42.01, P < 0.001),

leucyl aminopeptidase (LAP) (F5.43 = 16.09,

P < 0.001), acid phosphatase (AcP) (F5.43 = 21.09,
p = 0.000), and â-N-acetylglucosaminidase (NAG)
(F5.43 = 18.86, p = 0.000) changed statistically signif-
icantly in the gills of rainbow trout treated with
â-glucans in the three periods studied. Differences in
lysosomal enzyme activity in the hepatic tissue were
also noted in the activities of AAP (F5.43 = 12.45, P <
0.001), LAP (F5.43 = 12.45, P < 0.001), AcP (F5.43 =
63.45, P < 0.001), and NAG (F5.43 = 52.45, P <
0.001). It is noteworthy that increased activity of
lysosomal enzymes was observed in gills and hepatic
tissue of rainbow trout fed the diet supplemented
with â-glucans (Table 2).

The MANOVA test revealed statistically signifi-
cant relationships in the analysis of the main factors.
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Table 2
Activities of alanyl aminopeptidase (AAP, nmol·h-1·mg-1 protein), leucyl aminopeptidase (LAP, nmol·h-1·mg-1 protein), acid
phosphatase (AcP, nmol·h-1·mg-1 protein), and â-N-acetylglucosaminidase (NAG, nmol·h-1·mg-1 protein) in gills and hepatic
tissue of rainbow trout fed the diet supplemented with yeast â-glucans

Parameters/Stages

Days

15 30 days 45 days

Gills
AAP, nmol·h-1·mg-1 protein
Unhandled controls 121.31 ± 23.31 152.14 ± 44.25 136.11 ± 36.47
�-glucans 178.07 ± 33.12 185.14 ± 22.18 164.85 ± 52.11
LAP, nmol·h-1·mg-1 protein
Unhandled controls 76.22 ± 14.22 111.24 ± 42.16 105.84 ± 16.84
�-glucans 121.49 ± 9.55** 159.47 ± 33.04 198.35 ± 34.08**
AcP, nmol·h-1·mg-1 protein
Unhandled controls 114.17 ± 23.45 129.08 ± 27.36 89.82 ± 11.29
�-glucans 185.24 ± 30.72* 185.27 ± 33.18* 80.07 ± 23.19
NAG, nmol·h-1·mg-1 protein
Unhandled controls 119.03 ± 25.20 106.29 ± 35.36 115.02 ± 24.49
�-glucans 78.45 ± 12.81* 97.64 ± 38.49 125.08 ± 16.28

Hepatic tissue
AAP, nmol·h-1·mg-1 protein
Unhandled controls 321.11 ± 48.09 271.32 ± 87.50 371.54 ± 72.63
�-glucans 207.03 ± 55.93 454.38 ± 56.54 538.41 ± 52.05
LAP, nmol·h-1·mg-1 protein
Unhandled controls 178.13 ± 47.03 257.74 ± 36.08 168.27 ± 52.81
�-glucans 205.47 ± 13.01* 97.48 ± 22.59** 309.45 ± 42.18**
AcP, nmol·h-1·mg-1 protein
Unhandled controls 152.41 ± 19.70 189.45 ± 37.49 117.85 ± 19.12
�-glucans 270.20 ± 47.10** 214.04 ± 33.50 132.20 ± 29.50
NAG, nmol·h-1·mg-1 protein
Unhandled controls 158.63 ± 20.13 122.15 ± 31.48 114.29 ± 13.07
�-glucans 238.44 ± 49.14** 172.66 ± 31.49 135.69 ± 15.92

Results are expressed as mean ± S.D. Differences between the groups were analyzed with three-way ANOVA and Bonferroni’s
post-hock test. Differences were considered significant at P < 0.05. Statistically significant differences between the groups of
unhandled controls and the â-glucan-supplemented group are indicated. Other significant differences are presented in the text.
* – P < 0.05; ** – P < 0.01.



The data are presented in Table 3. Multivariate sig-
nificance tests and effective hypothesis decomposi-
tion for the two types of tissue (gills, liver) of rainbow
trout fed the diet supplemented with â-glucans, three
experimental periods for oxidative stress
biomarkers, and lysosomal enzymes showed the sig-
nificance of all the effects investigated and their inter-
actions. These interactions permit concluding that
the periods studied, type of tissue, and their interac-
tions revealed the most important relationships.

The coefficient of multiple correlation analysis,
the coefficient of determination, and its corrected
form reduced by random errors for the data analysis
are presented in Table 4. The SS test used to describe
all data in the analyzed profiles of the oxidative stress

biomarkers and lysosomal enzymes in gills and
hepatic tissue with the significance F test allowed us
to draw conclusions on the separate and combined
effects of these factors. In the case of the oxidative
stress biomarkers, these dependencies are as fol-
lows: aldehydic derivatives of OMP > CAT > GPx >
ketonic derivatives of OMP > GR > TAC > SOD >
TBARS. It is known that lysosomal enzymes play an
important role in initiating redox metabolism. Thus,
the statistical analysis revealed their role together
with oxygen-dependent factors in cellular processes.
The following dependencies were determined for
metabolic enzymes and parameters: AcP > NAG >
LAP > AAP.
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Table 3
Multivariate significance tests and effective hypothesis decomposition for two types of tissue (gills, liver), three periods studied
(15, 30, and 45 days) of â-glucan treatment, and effects on oxidative stress biomarkers and activities of lysosomal enzymes

Main Effects Test value F P

Tissues 0.220 34.486 0.000

Studied periods 0.021 56.447 0.000

Experimental groups 0.490 10.130 0.000

Tissue and Studied periods 0.035 42.218 0.000

Tissues and Experimental groups 0.417 13.596 0.000

Studied periods and Experimental groups 0.345 6.840 0.000

Tissues, Studied periods and Experimental groups 0.180 13.178 0.000

Table 4
SS test of oxidative stress parameters for a full model data and SS for residues for two types of tissue (gills, liver), three periods
studied (15, 30, and 45 days) of â-glucan treatment, and effects on oxidative stress biomarkers and activities of lysosomal
enzymes

Parameters Multiple R Multiple R2 Multiple adjusted R2 F P

TBARS 0.559 0.313 0.224 3.514 0.000

AD OMP 0.952 0.907 0.895 75.01 0.000

KD OMP 0.905 0.819 0.796 34.95 0.000

TAC 0.843 0.712 0.674 19.06 0.000

SOD 0.811 0.659 0.615 14.95 0.000

CAT 0.943 0.889 0.875 62.07 0.000

GR 0.870 0.758 0.727 24.19 0.000

GPx 0.918 0.843 0.823 41.56 0.000

AAP 0.404 0.163 0.079 1.93 0.043

LAP 0.892 0.795 0.775 38.55 0.000

AcP 0.942 0.888 0.877 78.79 0.000

NAG 0.917 0.839 0.823 51.80 0.000



In the current study, we observed statistically sig-

nificant dependencies between the biomarkers of lipid

peroxidation, oxidatively modified proteins, activities

of antioxidant enzymes, and lysosome-induced pro-

cesses associated with â-glucan supplementation of

the rainbow trout diet. Correlation and regression

analyses are presented for two types of tissue and

three periods of the study (Table 5).

Discussion

The current study aimed to perform time-dependent

analysis of data indicating the relationship of

immunomodulation effects induced by a diet supple-

mented with â-glucans and biomarkers of oxidative

stress in gills and hepatic tissues of rainbow trout.

These tissues differ in the intensity of metabolic

functionality and immunological and oxidative stress
parameters. We also selected different time points
(15, 30, and 45 days) to assess alterations in the
biomarkers of oxidative stress and the functioning of
lysosomal enzymes in gills and hepatic tissues of
rainbow trout fed â-glucans. These methodological
approaches enabled us to evaluate both immediate
(short-term) and long-term effects of the impact of
â-glucans on the functioning of intracellular toxicity
biomarkers, such as biomarkers of oxidative stress
and lysosomal destruction. The activation of
lysosomes destroys the cell membrane and
intracellular structures, initiating processes of un-
controlled damage in pathological processes.

Although the effects of â-glucans on fishes have
been investigated in previous studies by other re-
searchers (Skov et al. 2012, Vetvicka et al. 2013,
Stier et al. 2014, Song et al. 2020), our study contrib-
utes to existing literature by providing a comprehen-
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Table 5
Correlations analysis of oxidative stress biomarkers and activities of lysosomal enzymes in gills and hepatic tissue of rainbow trout
fed the diet supplemented with yeast â-glucans

Groups

15 days 30 days 45 days

relationships r p relationships r p relationships r p

Gills

Unhandled controls
TBARS – AD

OMP
0.712 0.047 KD OMP – CAT -0.919 0.001

KD OMP – TAC 0.815 0.048

�-glucans
TBARS – AD

OMP
-0.757 0.001 AD OMP – CAT 0.722 0.043 TBARS – GPx 0.941 0.005

TBARS – KD

OMP
-0.764 0.001 AD OMP – TAC -0.791 0.020 TBARS – LAP -0.820 0.019

KD OMP – LAP -0.890 0.017 KD OMP – TAC -0.796 0.018

TBARS – AcP -0.786 0.018 TBARS – AcP -0.776 0.015

TAC – AcP -0.826 0.012

Hepatic tissue

Unhandled controls
AD OMP – KD

OMP
0.754 0.012

AD OMP – KD

OMP
0.979 0.000 CAT – GR 0.935 0.006

�-glucans
AD OMP – KD

OMP
0.695 0.026

TBARS – AD

OMP
0.720 0.029 TBARS – TAC -0.890 0.017

TBARS – AcP -0.886 0.010
TBARS – KD

OMP
0.695 0.038 KD OMP – CAT 0.813 0.049

AD OMP – NAG 0.815 0.048 TAC – SOD -0.768 0.016 TBARS – TAC -0.890 0.017

TAC – AcP -0.826 0.012 TAC – LAP -0.820 0.005



sive analysis of specific biochemical parameters that
have been studied less frequently in relation to
â-glucan supplementation. Our study looks not only
at well-established markers of oxidative stress and
antioxidant defenses, but also at lysosomal function,
which has received less attention in similar studies.
By extending the scope of the analysis to include
these parameters, we aimed to provide a more de-
tailed understanding of the potential effects of
â-glucans on fish health. In addition, our study in-
cluded different feeding periods to assess both short-
and long-term responses, further enhancing the sci-
entific value of our results for aquaculture practice.

Our results revealed that the â-glucans enhanced
macrophage function evaluated by the phagocytic in-
dex and phagocytic activity in the three periods stud-
ied compared with the unhandled controls (Fig. 1).
Recent studies have shown that â-glucans are com-
ponents of pathogen-associated molecular patterns
(PAMPs), as they are found on the surface of some
pathogenic (micro)organisms, in particular fungi
(Dalmo and Bøgwald 2008). Higher organisms have
developed a mechanism for recognizing these types
of structures to detect and kill pathogens belonging
to this class of organisms. Recognition of PAMPs by
pathogen recognition receptors rapidly triggers an ar-
ray of anti-microbial immune responses through the
induction of various inflammatory cytokines,
chemokines, and type I interferons (Kumar et al.
2011). In mammals, the cells of so-called innate im-
munity express specific receptors that recognize
â-glucans, and Dectin-1 is one of the best-known re-
ceptors. Other receptors also participate in the recog-
nition or signal cascade induced by â-glucans,
including CD11b/CD18 (CR3), and Toll-like recep-
tors 2 and 4 (TLR2 and TLR4) (Akramiene et al.
2007). This prototypical C-type lectin receptor (CLR)
for â-glucan, Dectin-1, is limited to mammalian
genomes (Sattler et al. 2012). Cells involved in the
recognition of â-glucans are the typical phagocytes of
innate immunity, i.e., monocytes, macrophages, den-
dritic cells, granulocytes, and natural killer cells
(Goodridge et al. 2009). Several endothelial cells and
cells specific to other tissues are capable of express-
ing â-glucan receptors (Vetvicka et al. 2013).

Interestingly, â-glucans activate both local immunity
protecting the organism against antigens and sys-
temic immunity destroying the foreign genetic mate-
rial that has already entered the body. They are also
involved in the recovery of immune homeostasis. At
the same time, it is necessary to emphasize the dis-
tinctive feature of the immunomodulatory compo-
nent of the immune system. The enhanced
immunomodulatory effect of â-glucans does not in-
duce excessive stimulation leading to autoimmune
diseases (Goodridge et al. 2009, Vetvicka et al.
2013).

An important step in the stimulation of biological
responses in target cells is the initial binding to the
receptor and the ability of â-glucans to mediate the
cross-binding of sufficient receptors to trigger appro-
priate signaling pathways in cells. Soluble â-glucan
products can induce a mass response by
cross-binding to a large number of receptors and
then phagocytizing them. Given the insoluble (or
“crystal-like”) structure of glucan, this can lead to
lysosomal breaks within the cell that activate the
NLRP inflammasome. Soluble â-glucans can also in-
duce the formation of active oxygen forms, which
also activates NLRP, leading to adverse inflammatory
reactions (Kankkunen et al. 2010). Therefore,
B-glucan products are being sought that can cause
an inflammatory response activating some immune
mechanisms without activating the inflammasome
characteristics of some (aggregated and insoluble)
â-glucan products.

The effects of â-glucans on the immune system of
teleosts consists of inducing local intestinal inflam-
mation resulting in subsequently increased resis-
tance against pathogens (Dalmo and Bøgwald 2008).
Moreover, the oral administration of â-glucans might
alter the composition of gut microbiota (Kühlwein et
al. 2013). â-Glucans are demonstrated to be assimi-
lated via phagocytosis. The opsonizing Fc-ã receptor
(FcãR) and complement receptor 3 (CR3) are the
best-characterized phagocytic receptors (Petit and
Wiegertjes 2016). Toll-like receptors such as TLR2
can sense â-glucans and are expressed in several fish
species (Pietretti and Wiegertjes 2014). â-Glucans
can also induce and increase the robustness of
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neutrophil extracellular traps (NETs) (Brogden et al.
2012, 2014).

Secondly, our study demonstrated the
short-term and long-term effects of a diet supple-
mented with â-glucans on gills and hepatic tissues in
rainbow trout. We tested the hypothesis of the posi-
tive, non-toxic effects of â-glucan treatment on
biomarkers in two different tissues. Our results
showed that the level of lipid peroxidation and alde-
hydic and ketonic derivatives of oxidatively modified
proteins were not markedly influenced by the diet
supplemented with â-glucans (Figs 2À, 2B and 2C).
However, the unchanged level of lipid peroxidation
and protein damage resulted in 28.4% and 39.9% (P
< 0.05) decreases in the total antioxidant capacity of
the gills, compared to the unhandled controls, on
days 30 and 45, respectively (Fig. 2D). Moreover, the
decreased TAC level might have caused increased al-
dehydic (r = -0.791, P = 0.020) and ketonic deriva-
tives of oxidatively modified proteins (r = -0.796, P =
0.018) (Table 5).

The finding of the study is that â-glucans provide
multilevel protection against oxidative stress and
lysosomal destruction through several mechanisms,
including unaltered lipid peroxidation estimated by
TBARS levels and oxidatively modified proteins,
coupled with improved activities of antioxidant en-
zymes and total antioxidant capacity in hepatic tis-
sue. The results of the present investigation indicated
that â-glucans significantly increased CAT and GPx
activity (1.1- and 3.1-fold, respectively, P < 0.05) in
the hepatic tissue on day 15, SOD activity (by 75.2%,
P < 0.05) on day 30, and CAT and GR activity (by
33.5% and 68.2%, respectively, p < 0.05) on day 45
(Table 1). The alterations of the antioxidant activities
might have been the result of the adaptation in com-
pensatory mechanisms against oxidative stress. This
was confirmed by our study that demonstrated the
effects of the diet supplemented with â-glucans on
gills and hepatic tissues, which were reflected by the
low level of the biomarkers of lipid peroxidation and
protein damage (Fig. 2). The CAT and GPx activities
in the gills of trout treated with â-glucans were signif-
icantly decreased on day 15 (by 89.2% and 64.6%,
respectively, P < 0.05) and on day 45 (by 63.5% and

44.2%, respectively, P < 0.05). The inhibitive re-
sponse of the enzymes suggested the failure of the
antioxidant system to maintain the antioxidant de-
fense balance, which may have been related to the
excessive ROS production after â-glucan exposure,
resulting in the accumulation of oxidative substances
in cells (Table 1). Correlation analysis revealed posi-
tive correlations between oxidative stress
biomarkers, i.e., aldehydic derivatives of oxidatively
modified proteins and CAT activity (r = 0.7224, P =
0.043), TBARS as a marker of lipid peroxidation, and
GPx activity (r = 0.941, P = 0.005) in the gills of trout
treated with â-glucans (Table 5).

Recent studies have shown that the intensity of syn-
thesis and degradation of molecules, many metabolites,
enzymes, and all biologically active substances are
driven by homeostasis maintained by the regulatory
systems of metabolic transformations that depends on
oxygen consumption (Cheng and Ristow 2013). This
evolutionary ability to control metabolic pathways con-
sists of the efficient regulation of energy synthesis pro-
cesses in the mitochondria and the economic utilization
of energy. During these processes, “unwanted” free
radicals appear in cells, at the same time activating anti-
oxidant defense systems that counteract them (Naviaux
2014). When there is an imbalance between these
events, oxidative stress appears, revealing how internal
organism systems trigger their regulatory mechanisms.
The antioxidant defense system contains various types
of enzymes that are selectively represented in cells of
various tissues, depending on their activity (Oyewole
and Birch-Machin 2015).

Thirdly, the detailed comparative analysis demon-
strated that the activation of some antioxidative and
lysosome enzymes occurred in response to the
â-glucan treatment. The â-glucan-induced immune
responses resulted in the involvement of lysosome ac-
tivation, which had clearly defined tissue specificity in
our studies. For example, the activation of the
lysosomal enzymes LAP and AcP in gill tissue was ob-
served after the 15-day period of â-glucan
supplementation (by 59.4% and 62.3%, respectively,
P < 0.05) (Table 2). It should be noted that these
changes occurred without the activation of oxidative
stress biomarkers (Fig. 2). These data showed that no
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destructive effect on the cell membranes was exerted
by the activation of the CAT, GR, or GPx antioxidant
enzymes (Table 1). Determinations of free and total
activity of lysosomal enzymes and modifications of
multiple molecular forms of some of them is recom-
mended, as they are informative biomarkers in assess-
ments of the physiological condition and stability of
animal growth and diagnostics of toxicosis, parasitic,
and other pathologies. They can also be used for eco-
logical and biochemical monitoring of natural and
other aquaculture environments (Moore 2008). This
is also confirmed by our results of the correlation anal-
ysis showing the relationship between these processes
both in the gills, i.e., ketonic derivatives of OMP and
LAP activity (r = -0.890, P = 0.017), TBARS level and
AcP activity (r = -0.786, P = 0.018), and TAC level and
AcP activity (r = -0.826, P = 0.012), and in the hepatic
tissue, i.e., TBARS level and AcP activity (r = -0.886, P
= 0.010), ketonic derivatives of OMP, and NAG activ-
ity (r = 0.815, P = 0.048) after the 15-day period of
â-glucan supplementation (Table 5).

Recent studies have shown that the evolution of
lysosomes was associated with greater complexity of
their structure and the emergence of a variety of their
functions in multicellular organisms. Thus, the func-
tions of the lysosomal apparatus have expanded.
Alongside intracellular digestion (the main, and old-
est, target of lysosomes), the role of these organelles
in specialized physiological processes has increased
(Moore 2008). This is confirmed by our results of the
distribution of lysosomal enzyme activity in various
fish tissues. The role of the acidic hydrolase complex
not only in providing the necessary nutrients but also
in protecting against foreign and pathogenic factors
became apparent quite early (Moore et al. 2006a,b).
It has been established that the highest activity of
lysosomal enzymes in fish is characteristic of organs
where the processes of hydrolytic cleavage, neutral-
ization, and the removal of foreign and toxic sub-
stances from the body are active. Enzymatic
heterogeneity has been detected in lysosomes from
various organs (DeMartino and Goldberg 1978).

Fourthly, a detailed comparative analysis dem-
onstrated that, in response to immune activation
caused by â-glucans, some antioxidant and

lysosomal enzymes in the tissues were highly specific
to rainbow trout. The results of the comparative anal-
ysis of changes in gills and hepatic tissues in the 15-,
30-, and 45-day periods of â-glucan
supplementation confirmed the hypothesis that the
levels of lipid peroxidation and oxidatively modified
proteins can be inhibited by the â-glucan treatment,
although different changes were observed. The phys-
iological changes initiated by the dietary â-glucan
treatment were reflected by the elevation of antioxi-
dant enzyme activity (CAT, GR, and GPx) after the
30-day feeding period in our study (Table 1).

In conclusion, the present study demonstrated
that yeast â-1,3/1,6-D-glucans was a beneficial di-
etary supplement that improved the innate immune
response and some biochemical parameters in rain-
bow trout tissues. The best results were obtained af-
ter the 30 day feeding period. While acknowledging
the existing body of literature on the effects of
â-glucans in fishes, particularly rainbow trout, we
believe that our manuscript makes a significant con-
tribution to the scientific discourse by building on
previous research and addressing knowledge gaps.
By synthesizing existing knowledge with our novel
findings, our aim was to advance the field by provid-
ing new insights into the mechanisms underlying the
beneficial effects of â-glucans on rainbow trout. In
addition, our study design, which included different
feeding periods, permitted making a nuanced assess-
ment of both short-term and long-term responses,
adding further depth to the scientific value of our re-
search.

Conclusions

In conclusion, the results of this study demonstrated
that dietary supplementation with yeast
â-1,3/1,6-D-glucans administered to rainbow trout
for 15, 30, and 45 days improved immune response
and antioxidant capacity. The present findings re-
vealed that (1) the dietary yeast â-glucans improved
immunity by increasing the phagocytic activity and
phagocytic index in the blood of the fish in the three
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periods studied; (2) the dietary â-glucans did not ex-
ert cytotoxic effects on gills or hepatic tissue of the
rainbow trout evaluated, which was reflected in the
oxidative stress biomarkers (lipid peroxidation, alde-
hydic and ketonic derivatives of oxidatively modified
proteins) at the dose tested; (3) â-glucan
supplementation resulted in a significant increase in
the total antioxidant capacity in the hepatic tissue on
day 30, while a decrease in the gill TAC was observed
on days 30 and 45; (4) the â-glucan treatment re-
sulted in increased antioxidant defense in the gills on
day 30, while similar tendencies were observed in the
hepatic tissue on days 15 and 45; (5) the formation of
â-glucan-induced immune responses resulted in
lysosome activation that had clearly defined tissue
specificity, i.e., an increase in LAP and AcP activity in
both gills and hepatic tissue; (6) multiple correlation
analysis revealed the following dependencies of oxi-
dative stress biomarkers: aldehydic derivatives of
OMP > CAT > GPx > ketonic derivatives of OMP >
GR > TAC > SOD > TBARS. In turn, these dependen-
cies for metabolic enzymes and parameters were as
follows: AcP > NAG > LAP > AAP. These results in-
dicated that â-glucan is a beneficial dietary
supplementation for rainbow trout in aquaculture.
Further investigations on the use of different concen-
trations of â-glucans and evaluations of various bio-
chemical parameters in different fish species are
encouraged since fish responses seem to change at
different doses and in different fish species.
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