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A B S T R A C T

In this study, we show that β-glucan can modulate cortisol release in fish. We simulated a common situation in
aquaculture: the transport of fish followed by contact with an opportunistic pathogen and observed what effect
glucan had on the immune and stress response in these conditions. Pacu (Piaractus mesopotamicus) were fed with
a diet containing β-glucan (0.1%) for 15 days prior to transport followed by an injection with heat-killed
Aeromonas hydrophila. We sampled fish before transport, at arrival and at 3 and 24 h after bacterial injection. β-
Glucans are used in aquaculture and have a known immunostimulatory effect, which was observed in this study.
The results showed that β-glucan modulated the plasma cortisol levels differently by increasing these levels up to
24 h after transport and preventing the increase caused by bacterial inoculum injection. In addition, β-glucan
enhanced the activity of the complement system at 24 h and reduced the monocytes and lymphocytes number in
peripheral blood at 3 and 24 h after bacterial inoculation. Our results suggest that β-glucan modulated a bi-
directional interaction between the stress and the immune responses. The modulation of cortisol levels and the
immunostimulation by β-glucan at different moments in our study suggest the compound has a protective effect
by avoiding higher levels of the hormone and improving resistance against bacterial infection in pacu. These
results add evidence to support the use of β-glucan as an immunomodulator in the aquaculture industry.

1. Introduction

Intensive fish production exposes fish to several unavoidable pro-
cedures, such as transport, that may cause stress and immunosuppres-
sion [1,2]. Exposing fish to these stressful procedures triggers a cascade
of adaptive reactions that allow the fish to cope with stressors in order
to maintain their homeostatic state [1,3]. The responses affect me-
chanisms involving the mobilization of energy to meet the surplus of
activity elicited by stressors [4,5] and, depending on the extension of
the response, may consume energy destined to other mechanisms. This
can adversely affect some responses as to mount an immune response
and consequently resistance to pathogens [1]. Thus, stressed fish may
experience immune suppression and low resistance to pathogens [1,6].

In fish, the modulation of immune mechanisms is regulated by
hormones, mainly cortisol, secreted during the stress response [5]. The

binding of cortisol to its receptor on immune cells can stimulate or
inhibit the transcription of several cytokines [7,8]. Otherwise, cyto-
kines and chemokines can modulate and act on hormonal secretion.
During an immune response, cytokines such as tumor necrosis factor-α
(TNF-α), interleukin-1 (IL-1), IL-6, and IL-12 result in the activation of
the stress system [9]. In fish, the head kidney consists of cytokine-
producing lymphoid cells from the immune system and also endocrine
cells, which produce cortisol and catecholamines [10]. This unique
organization of the fish immune and endocrine systems in one single
organ makes bidirectional signaling between these systems closer and
thus intriguing.

The use of immunostimulants in aquaculture is a strategy that is
being increasingly employed to minimize the negative effects of stress
on the immune system [11–13]. β-Glucans naturally occur in carbo-
hydrates usually found in plants, fungi and bacterial cellular walls [14]
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and are well-known for their stimulating effects on the immune system.
Macrophages and dendritic cells have typical cell surface receptors
called pattern recognition receptors (PRRs) that innately detect non-self
molecules including pathogen-associated molecular patterns (PAMPs)
[15] and are considered the main target of β-glucans, although neu-
trophils, B cells, T cells, and natural killer cells are also activated by this
immunostimulant [16]. It is established that β-glucans improve the
activity of the serum lysozyme [17–19] and the hemolytic activity of
the complement system [17,20], and the respiratory activity of leuko-
cytes [17,19,21,22]. The immunostimulatory effect of β-glucans on
immune effector cells results in the production of cytokines [23]. The
treatment of tilapia with ß-glucan increased the plasma TNF-reactive
protein, the levels of IL-1β, IL-10 and IL-12 antibody-reactive proteins,
as well as the phagocytic indices of macrophages, suggesting that the
effect was related to the production of cytokine-like proteins [24]. Both
cortisol and β-glucan can regulate cytokines expression and the acti-
vation or inhibition of immune cells, so the interaction between them
may provide interesting data on the bidirectional interaction between
the immune and neuroendocrine systems.

In our study, we fed pacu (Piaractus mesopotamicus) for 15 days with
diets containing β-glucan and then assessed the stress and immune re-
sponses to transport and inoculation with inactivated Aeromonas hy-
drophila (i.e., immunosuppressed). This is a gram-negative opportu-
nistic bacterium that is commonly isolated from freshwater and takes
advantage of opportunities not normally available, such as a host with a
weakened immune system. Our fish model is a teleost species widely
distributed in rivers of South America [25]. It has increasing commer-
cial importance for aquaculture systems [26] and is vulnerable to dis-
eases when stressed.

2. Material and methods

The experimental procedures were approved by the Comitê de Ética
no Uso de Animais (CEUA) of the Faculdade de Ciências Agrárias e
Veterinárias, Jaboticabal campus (Protocol 23543/15).

2.1. Animals and experimental design

A total of 216 juvenile fish (104.4 ± 26.5 g and 16.0 ± 1.19 cm)
supplied by the Centro de Aquicultura da Unesp (CAUNESP) were kept
in 18 100-L tanks (12 fish per tank) with constant water renewal and
aeration. Fish were fed with a commercial diet twice a day (3% of their
body mass) and acclimated to the system during 7 days. They were
distributed into two treatments: one fed with a control diet (β-glucan
free) and the other with a diet supplemented with β-glucan at 0.1% for
15 days (9 tanks/108 fish per treatment). The β-glucan concentration
was chosen according to a previous study [27]. On the 16th day, one
fish from each tank (n=9) in each treatment was sampled to assess the
basal condition, and the remainders were packed in plastic bags (18
bags/11 fish per bag; density of 166 g L−1), inflated with oxygen, and
transported for 4 h. At the return to the lab, one fish from each bag
(n=9) was sampled. The remaining fish were anesthetized (benzo-
caine, 0.05 g L−1), inoculated in the mesenteric cavity with 0.5 μL g−1

of heat-killed Aeromonas hydrophila and then returned to the tanks. The
fish were then sampled 3 and 24 h after inoculation (n= 9). We eval-
uated the plasma concentrations of cortisol and glucose, the respiratory
activity of leukocytes, the serum hemolytic activity of the complement
system and serum lysozyme activity.

Immediately before transport, the temperature was 27.9 ± 3.2 °C,
the oxygen levels were 4.83 ± 0.1mg L−1, and total ammonia was
0.12 ± 0.01mg L−1. After transport, the values were 25.9 ± 3.2 °C,
12.36 ± 2.4mg L−1 and 1.99 ± 0.08mg L−1, respectively, without
differences between treatments (one-away ANOVA, with means com-
pared by Tukey's test). The photoperiod was 12 h light: 12 h dark.

2.2. Experimental diet

The experimental diet was prepared using an extruded commercial
feed (Fri-Aqua® Onivoros Engorda: 8–10mm, 12% moisture, 28% crude
protein and 3,600 kcal EB kg−1), ground and mixed with 0.1% of β-
glucan (Macrogard®, batch Q513187, 73% purity, Biorigin, Brazil). The
diet was then moistened with 40% water, pelletized in a food processor
and dried at 40 °C for 24 h. The control diet was processed following the
same procedure without the inclusion of β-glucan.

2.3. Preparation of bacteria

The A. hydrophila strain, supplied by the Laboratório de
Microbiologia e Parasitologia de Organismos Aquáticos (LAPOA/
CAUNESP), was isolated from pacu and previously identified by gene
sequencing (16S rDNA) (Genbank identification as KJ561014) [28].
The strain was stored in TSB culture medium (Tryptic Soy Broth,
HMedia) at −80 °C, and, before inoculation, an aliquot of 20 μl was re-
suspended into 5ml of TSB solution, autoclaved and incubated at 28 °C
for 24 h. The pre-inoculum was added to 700ml of TSB medium, au-
toclaved, and incubated again at 28 °C for an additional 24 h. The
bacterial suspension was centrifuged at 8.000×g for 30min, and the
supernatant was discarded. The pellets were then washed twice in PBS
(0.01M), and the suspension was centrifuged again. This operation was
repeated twice. The bacteria were diluted at 108CFUml−1 for spec-
trophotometer reading (DO 625=0.08, corresponds to 1.5x108) and
inactivated at 50 °C for 40min.2

2.4. Samplings

At each sampling, fish were anaesthetized (benzocaine, 0.05 g L−1),
and the blood samples drawn from caudal vessels were dispensed in 2-
ml microtubes with and without anticoagulant. Blood with Glistab®
(EDTA 6 g dL−1 and KF 12 g dL−1, Labtest, São Paulo, Brazil, code 29)
was used to separate plasma for glucose and cortisol determination.
Blood with heparin was utilized to measure the respiratory activity of
leukocytes, and blood without anticoagulant was used to separate
serum and stored at −20 °C for determination of lysozyme activity and
at −80 °C for determination of the hemolytic activity of the comple-
ment system.

2.5. Stress indicators

2.5.1. Plasma cortisol and glucose concentrations
Cortisol concentrations were measured by enzyme-linked im-

munosorbent assay (ELISA, ThermoPlate Reader MN) with a commer-
cial kit (DRG® Cortisol ELISA, EIA-1887). The intra-assay and inter-
assay variations for cortisol were<7% and<10%, respectively. The
glucose concentrations were measured by an enzymatic method with a
commercial kit (Labtest, São Paulo, Brazil, code 133).

2.6. Immunological indicators

2.6.1. Respiratory activity of leukocyte (RAL)
The production of reactive oxygen species (ROS) was measured by

the reduction of NBT (Nitroblue tetrazolium chloride - Sigma Aldrich,
N6876), following the protocol described by Anderson and Siwicki [29]
and modified for pacu by Biller-Takahashi et al. [30]. Heparinized
blood was incubated with an equal volume (50 μL) of NBT solution
(0.2%) at room temperature for 30min. Thereafter, 1 mL of DMF (di-
methylformamide, Sigma Aldrich, 227056) was added to the samples,

2 Inactivation of bacteria was chosen to stimulate the pacu's immune system
but avoid any significant mortality, since that transport could increase the
susceptibility to the disease.
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which were read in a spectrophotometer (Thermo Scientific®, Genesys
10S) at 540 nm.

2.6.2. Hemolytic activity of the alternative pathway of the complement
system (HA-AP)

The hemolytic activity of the alternative pathway of serum com-
plement was determined according to Zanuzzo et al. [2]. A kinetic assay
determined the time (in seconds) necessary for 75 μl of a serum sample
to lyse 50% of 400 μl of a rabbit erythrocyte suspension in Alséver so-
lution (anticoagulant, pH 6.1), measured in a spectrophotometer
(Thermo Scientific®, Genesys 10S), with readings every 30 s for
20min at 700 nm. The HA-AP in each sample was measured as the time
(seconds) required for the initial optical density to be reduced by one-
half and obtained through the equation of a straight line representing
the decay of the absorbance by time.

2.6.3. Lysozyme activity
The lysozyme concentrations were determined according to Demers

and Bayne [31] with modifications by Zanuzzo et al. [32], based on
lysis of the gram-positive bacterium Micrococcus lysodeikticus suspen-
sion (Sigma Aldrich, M3770) using hen egg white lysozyme as a stan-
dard (Sigma Aldrich, L6876). The absorbance of the solution was
measured at 450 nm over 10min in a microplate reader (ThermoPlate
Reader MN) at room temperature. The rate of decrease in absorbance
for each sample (ΔOD) was then compared to the standard curve. The
concentration was used to calculate the enzymatic activity using the
formula: UA = ([lysozyme]/0.001)/10.

2.7. Cellular counts

Blood smears were stained with eosin [33] and observed under
optical microscopy for total and differential counts of leukocytes. The
total count of red cells was performed in a Neubauer chamber, using
whole blood diluted in formaldehyde citrate buffer 1:200. The leuko-
cytes calculated by indirect method was the number of leukocytes
found at each 2000 erythrocytes counted. For the leukocyte differ-
entiation, 200 white cells were counted and the amount of each cell
type was expressed as cell μ−1.

2.8. Statistical analysis

All data were submitted to normality (Shapiro-Wilk) and homo-
scedasticity (Brown-Forsythe). To adjust cortisol and glucose con-
centrations, the number of circulating monocytes, serum hemolytic
activity of the complement system and lysozyme activity data for nor-
mality, data were transformed using log10. Oxidative burst and the
number of circulating leukocytes, lymphocytes and neutrophils were
not transformed. Before the inoculation with heat-killed A. hydrophila,
we used a completely randomized design with a factorial arrangement
of two treatments (control and β-glucan 0.1%) vs. time point (basal and
after transport). After the inoculation, we analyzed the data in an ar-
rangement of two treatments (control and β-glucan 0.1%) vs. two in-
oculation groups (non-inoculated and inoculated with A. hydrophila)
and two sampling times (3 and 24 h) after inoculation. Means were
compared by Duncan's post-hoc tests. Finally, a t-test was used to
compare the means of the inoculation groups, treatments and sampling

Fig. 1. Plasma cortisol (A) and glucose (B) levels in
pacu fed with control diet and diet containing 0.1%
β-glucan, before transport (basal), immediately after
transport, 3 and 24 h after transport with none in-
oculation or intraperitoneal inoculation with heat-
killed Aeromonas hydrophila. Different capital letters
(A and B) indicate difference between treatments at
particular injection in same sampling time. Letters a,
b and c indicate differences between sampling times
within the non-inoculated group. Letters x and y in-
dicate difference between sampling times within the
A. hydrophila group. Asterisk indicates difference
between fish inoculated and non-inoculated in the
same treatment and sampling time. Arrows indicate
difference between basal sampling and each in-
oculated group. Symbols were omitted when there
was no statistical difference. Values are means ±
standard error (n= 9).

M.M. Marinho de Mello, et al. Fish and Shellfish Immunology 93 (2019) 1076–1083

1078



time after inoculation with basal and after transport bars. P value <
0.05 was used to estimate the level of significance for statistical dif-
ferences. N=9.

3. Results

To evaluate the effect of dietary β-glucan on the stress and innate
immune responses of pacu, we assessed the profile of cortisol and
glucose in plasma, the respiratory activity of leukocytes, the hemolytic
activity of the complement system and lysozyme activity in serum and
total and differential counts of leukocytes after the transport and after
bacterin inoculum. There was no mortality during the experiment..

3.1. Plasma cortisol and glucose concentrations (Fig. 1 A and B)

The plasma cortisol concentrations increased (p=0.004, a; letter in
figure) immediately after transport in the control group, returning to
the basal levels 3 h after (p= 0.006, b) and did not change in the β-
glucan group (p= 0.2797). At 3 h, among non-inoculated fish, the
cortisol levels were higher in fish fed β-glucan than in the control
(p= 0.0451, A), and among inoculated fish, the levels were higher in
the control fish compared to those fed β-glucan (p=0.0280, A). At this
sampling time, the control fish that were inoculated with A. hydrophila
showed a higher increase (p < 0.0001, *) in cortisol concentrations
compared to the non-inoculated fish, and we observed the same profile
among fish fed with β-glucan, i.e. the cortisol levels were higher in fish
inoculated (p = 0.0200, *) compared to those non-inoculated. At 24 h,
we observed a significant reduction in cortisol levels in both inoculated
fish (control – p = 0.0252, β-glucan – p = 0.0128; y), but the cortisol
levels were still significantly higher in control fish (p = 0.0197, A). At
this sampling time, cortisol levels remained higher in fish fed with β-
glucan among those non-inoculated (p = 0.0174, A) and lower in fish
fed with β-glucan among those inoculated.

In all fish, the plasma glucose concentrations increased
(p < 0.0001, a) after transport, and reduced (control – p < 0.0001, β-
glucan – p=0.0052, b) at 3–24 h, but the values were still significantly
higher at 24 h compared to the basal levels. There was no difference
between control fish or fish fed with β-glucan or between non-in-
oculated vs. inoculated fish in plasma glucose concentration..

3.2. Respiratory activity of leukocytes (RAL), serum hemolytic activity of
the alternative pathway of the complement system (HA-AP) and lysozyme
activity (Fig. 2 A, B and C)

The respiratory activity of leukocytes (RAL) in control fish increased
(p < 0.0001, a) immediately after transport and reduced (non-in-
oculated – p < 0.001, c; A. hydrophila – p < 0.0001, y) 3 h later, with
recovery (non-inoculated – p= 00.50, b; A. hydrophila – p < 0.0001,
x) of the basal activity at 24 h in both inoculated and non-inoculated
fish. Fish fed with β-glucan did not present increased RAL after trans-
port (p= 0.4793) but reduced (non-inoculated – p < 0.001, c; A. hy-
drophila – p < 0.001, y) 3 h later, and increased (non-inoculated –
p=0.0004 b; A. hydrophila – p < 0.001, x) at 24 h, without differing
(p=0.4674) from the basal activity.

The HA-AP decreased in fish of both treatments at the end of
transport (control – p= 0.0257, β-glucan – p=0.0053, a) and re-
mained lower until 24 h in fish fed with β-glucan and non-inoculated
(p < 0.0001, ↑) and in inoculated control fish (p=0.0276, ↑). At 24 h,
among inoculated fish, the fish fed with β-glucan showed higher HA-AP
than the control group (B, p=0.0402).

The lysozyme activity increased at 24 h in fish fed with β-glucan
(non-inoculated – p= 0.0011, a; A. hydrophila – p= 0.0126, ↑) in-
dependent of the inoculum. In control fish, the activity also increased at
24 h when compared with 3 h (p=0.0006, a) but without a difference
with basal activities (p= 0.2406)..

3.3. Count of circulating leukocytes, lymphocytes, neutrophils and
monocytes (Fig. 3 A, B, C and D)

The number of leukocytes reduced after transport in both fish
groups (control – p = 0.0019, β-glucan = 0.0003, b) and remained
lower until 3 h independent of the inoculum and treatment (control
non-inoculated – p < 0.0001, b; control inoculated – p = 0.0006, ↓; β-
glucan non-inoculated – p = 0.0359, b; β-glucan inoculated –
p < 0.0001, ↓). At 24 h, non-inoculated fish recovered the basal
number (control – p = 0.0462, β-glucan – p = 0.0003, a), but this did
not occur in the inoculated group (control – p = 0.1037, β-glucan –
p = 0.2170, ↓), although in inoculated fish, the control group had a
higher number of leukocytes compared to fish fed with β-glucan
(p = 0.0019, A). In fish fed with β-glucan and non-inoculated, the
number of leukocytes was higher at 3 h (p = 0.0005, *) and 24 h
(p = 0.0005, *) samplings.

Fig. 2. Respiratory activity of leukocytes (A), serum hemolytic activity of al-
ternative pathway of complement system (B) and lysozyme activity (C) in pacu
fed with control diet and diet containing 0.1% β-glucan, before transport
(basal), immediately after transport, 3 and 24 h after transport with none in-
oculation or intraperitoneal inoculation with heat-killed Aeromonas hydrophila.
Different capital letters (A and B) indicate difference between treatments at
particular injection in same sampling time. Letters a, b and c indicate differ-
ences between sampling times within the non-inoculated group. Letters x and y
indicate difference between sampling times within the A. hydrophila group.
Asterisk indicates difference between fish inoculated and non-inoculated in the
same treatment and sampling time. Arrows indicate difference between basal
sampling and each inoculated group. Symbols were omitted when there was no
statistical difference. Values are means ± standard error (n= 9).
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After transport, the number of lymphocytes decreased (control –
p=0.0002; β-glucan – p=0.0004, b) and remained lower until 24 h
among inoculated fish (control – p=0.0439; β-glucan – p=0.0439, ↓)
and at 3 h among non-inoculated fish (control – p= 0.0076, β-glucan –

p < 0.001, b). In inoculated fish, at 24 h, those fed with β-glucan
showed a lower number of lymphocytes compared to the control group
(p= 0.0002, B).

The number of neutrophils did not vary over time in inoculated fish
in both treatments (control – p = 0.7149; β-glucan – p = 0.03441).
Non-inoculated fish had more neutrophils immediately after transport
(p = 0.0095, b) and 24 h later (p = 0.0087, a) in the control group and
only at 24 h after inoculation (p = 0.0068, a) in the β-glucan group. At
24 h, in fish fed β-glucan, the number of neutrophils was higher in the
non-inoculated group than in inoculated ones (p = 0.0039, *).

At 3 h, the number of monocytes increased among non-inoculated
fish (control – p = 0.0031; β-glucan – p = 0.0304, a). At this time, in
inoculated groups, the number decreased (p = 0.0269, B) in fish fed β-
glucan compared to the controls. Still, at 3 h, fish fed β-glucan and non-
inoculated had higher (p = 0.0452, *) circulating monocytes than those
that were inoculated. At 24 h, control fish that were inoculated showed
a higher number of monocytes than the control non-inoculated fish
(p = 0.0304, *) and compared to the basal sampling (p = 0.0468, ↑).

4. Discussion

The strengthening of the fish immune system through dietary ad-
ditives, such as β-glucans, has been an area of great interest [11–13].
Despite a large number of studies, few reports have explored the anti-
stress effect of β-glucan in fish. Here, we fed fish for 15 days with β-
glucan and assessed their stress and innate immune responses after
transport followed by the inoculation of heat-killed bacteria. We ob-
served that β-glucan modulated the stress responses, mainly the profile
of circulating cortisol, by preventing the recovery of basal levels 3 h
after transport as observed in control fish and contrarily preventing the
additional increase after bacterial injection. In addition, β-glucan en-
hanced the activation of the complement system and the mobilization
of monocytes and lymphocytes 3 and 24 h after bacterin inoculation,
respectively. However, β-glucan did not modulate lysozyme levels or
the respiratory activity of leukocytes. Our results provide evidence that
β-glucan can modulate the stress response in addition to its role as an
immunostimulant.

Interestingly, β-glucan sustained higher levels of cortisol after
transport, while in the control fish, those levels already had returned to
the basal levels. The increase in cortisol levels after transport is a known
response in fish, as previously described for Atlantic salmon (Salmo
salar) [34] red drum (Sciaenops ocellatus) [35], matrinxã (Brycon ce-
phalus) [36], rainbow trout (Oncorhynchus mykiss) [37], and pacu
(Piaractus mesopotamicus) [2]. However, to the authors’ knowledge, no
other study showed similar effects of β-glucan. Additionally, the higher
levels of cortisol in pacu fed with β-glucan 3 h after transport in non-
inoculated fish and lower cortisol levels after the bacterin inoculation
have not yet been described to the best of our knowledge. Bacterial
infection is also known to promote an increase in circulating cortisol
levels, as observed in channel catfish (Ictalurus punctatus) after infection
with Edwardsiella ictaluri [38], in rainbow trout (Oncorhynchus mykiss)
following Vibrio anguillarium infection [39] and in blunt snout (Mega-
lobrama amblycephala) after inoculation with Aeromonas hydrophila
[40]. Similar to our findings, although using another immunostimulant
product, Zanuzzo et al. [2] fed pacu with Aloe vera and observed that
the plant extract increased cortisol levels 24 h after transport and pre-
vented high cortisol levels after inoculation in treated fish, but the
authors did not explain the results. We believe that β-glucan, as well as
Aloe vera, potentiated the stress response to the transport and prevented
an overshooting of the hormone after the inoculum as a protection
response. Cortisol is important to ensuring fish survival, as it prepares
the immune system for possible challenge, but high levels or prolonged
periods of exposure can force fish beyond their normal biological limits,
weaken them and decrease their capacity to respond to an unfavorable
situation.

Reactive oxygen species plays an essential role in the control of host

Fig. 3. Number of circulating leucocytes (A), lymphocytes (B), neutrophils (C)
and monocytes (D) in pacu fed with control diet and diet containing 0.1% β-
glucan, before transport (basal), immediately after transport, 3 and 24 h after
transport with none inoculation or intraperitoneal inoculation with heat-killed
Aeromonas hydrophila. Different capital letters (A and B) indicate difference
between treatments at particular injection in same sampling time. Letters a, b
and c indicate differences between sampling times within the non-inoculated
group. Letters x and y indicate difference between sampling times within the A.
hydrophila group. Asterisk indicates difference between fish inoculated and non-
inoculated in the same treatment and sampling time. Arrows indicate difference
between basal sampling and each inoculated group. Symbols were omitted
when there was no statistical difference. Values are means ± standard error
(n=9).
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immune responses and resistance to pathogens [41]. In our study, the
bacterin inoculum decreased respiratory activity of leucocytes in fish
from both treatments. This reduction can reflect the migration of leu-
kocytes to infection tissue, since the numbers of circulating leucocytes
also decreased. Fish fed with glucan diet and inoculated recovered their
basal ROS production 3 h after injection, while control fish showed this
increase at 24 h. This effect can be attributed to the ability of β-glucan
to bind to several types of leukocytes receptors [11], activating directly
those cells and stimulating their cytotoxic, antimicrobial and phago-
cytic activities [21], including the production of reactive oxygen and
nitrogen intermediates [15].

The complement system is an essential component of innate im-
munity [42]. It has been used as an indicator of fish immune compe-
tence and plays an essential role in detecting the presence of pathogens
[43,44] in addition to mediating the opsonization of pathogens and
facilitating the recognition of microorganisms by phagocytes [43].
Additionally, these proteins break the bacteria membrane, making
possible the action of antimicrobial enzymes such as lysozyme [45],
induce inflammation and stimulate respiratory burst in leukocytes [46].
In our study, the transport impaired the complement activity (HA-AP),
as has been described in other studies that showed increased suscept-
ibility of fish to disease after stress [47,48]; however, the β-glucan
enhanced the HA-AP 24 h after the inoculum. The bacterin inoculation
after the transport was not able to modify the HA-AP in pacu, even
though, as in mammals, some complement components have been re-
cognized as acute-phase reactant also in teleost, suggesting their im-
portant role in first-line defense against pathogen infection [42]. In a
previous study, transport also caused a reduction of the HA-AP in pacu,
which was reversed by the use of dietary Aloe vera [2]. Short-term or
long-term crowding also depressed the HA-AP in gilthead seabream
(Sparus aurata) [49,50]. Several studies have confirmed the im-
munostimulatory properties of β-glucans in several fish [12,13,51].
Silver catfish (Rhamdia quelen) fed with a β-glucan-supplemented diet
showed higher hemolytic activity of complement system compared to
control fish [52]. Similarly, olive flounder (Paralichthys olivaceus) fed
with diets containing β-1,3-glucan presented elevated HA-AP [53].
Otherwise, in carp (Ciprinus carpio), classical and alternative comple-
ment pathways were not affected by β-glucan through different routes
[21]. Also, in Asian catfish (Clarias batrachus), the HA-AP was not af-
fected by the dietary supplementation of yeast glucan [54].

Lysozyme is an enzyme found in serum and leucocytes-rich tissues
[55], which mediates protection against microbial invasion by digesting
cell wall components causing bacteria lysis [45,55]. In addition, it ac-
tivates leucocytes, promotes phagocytosis and has an opsonic effect
[45]. Lysozyme activity is dependent on intensity, duration and type of
stressors [56]. Studies have shown reduction [2,57–60], or increase
[31,61,62] in lysozyme activity after stressful situations. In our study,
the transport or bacterin inoculation was not able to change lysozyme
activity. However, β-glucan increased the lysozyme activity in in-
oculated and non-inoculated fish 24 h after the injection when com-
pared to basal activity. Although β-glucan has modulated RAL, HA-PA
and lysozyme differently, the improvement in those immune indicators
after transport and bacterin inoculation in pacu fed with β-glucan in-
dicates the effect of β-glucan in the immune defense of stressed fish.

Regarding the leukocytes profile, we observed lymphopenia acutely,
after stress, with or without the bacterin inoculum, and recovery of the
number of lymphocytes within 24 h in non-inoculated fish without the
effect of β-glucan. In the inoculated group, we observed lymphopenia to
be more intense in fish fed with β-glucan. The effects of β-glucans on
immune cells are well established, as discussed before [15,16]. Other-
wise, the presence of cytokine-producing lymphoid cells and endocrine
cells in the head kidney of fish [10] favors a bidirectional signaling
between endocrine and immune systems. Considering that lymphocytes
in fish have potent phagocytic and microbicidal abilities [63], their
reduction in blood can represent the migration of cells to the in-
flammation site, which is intensified by β-glucan at 24 h after bacterial

injection. In response to glucocorticoids, circulating lymphocytes ad-
here to the endothelial cells that line the walls of blood vessels, and
subsequently undergo migration from circulation into other tissues
[64]. These cells are key regulators in microbial infections, and after the
recognition of microbial structures, they can release several cytokines
[65] to maintain communication with the immune and endocrine
system during the response. Neutrophilia was observed in both fish
groups regardless of the β-glucan, 24 h after bacterin injection, sug-
gesting a later effect of cortisol secreted during transport and ad-
ditionally to the stimulatory effect of β-glucan. Monocytes increased in
both fish groups after transport, decreasing in fish fed β-glucan 3 h after
bacterin inoculum, suggesting activation caused by transport and mi-
gration to the inflammatory site after inoculum. These cells are highly
phagocytic cells and are critical components of teleost innate immune
defenses [66]. According to Davis et al. [67], glucocorticoids act to
increase the number and percentage of neutrophils while decreasing the
number and percentage of lymphocytes. This phenomenon is seen in all
five vertebrate taxa in response to either natural stressors or the exo-
genous administration of stress hormones. The profile of leukocytes in
pacu was modified by β-glucan, which increased the cell mobilization
caused by stress.

As discussed above, the immune system is regulated by a complex
bidirectional pathway mediated by cytokines [7]. All our results to-
gether suggest that β-glucan modulated a bidirectional interaction be-
tween the neuroendocrine and immune systems. According to Hida
et al. [23], the immunomodulating activity of β-glucans is mainly re-
lated to their effects on immune effector cells, such as macrophages,
mononuclear cells, and neutrophils involved in innate immunity, re-
sulting in the production of cytokines. In tilapia orally treated with ß-
glucan, the plasma TNF, a reactive protein, was stimulated, and the
levels of IL-1ß, IL-10 and IL-12 antibody-reactive proteins as well as the
phagocytic indices of macrophages also increased, suggesting that the
immunostimulation was related to the production of cytokine-like
proteins [24]. In turn, cytokines and chemokines can modulate brain
function and hormonal secretion by the stress system. During an im-
mune reaction, the cytokines secretion results in the activation of the
stress system [9], and the β-glucan binding with PRRs receptors also
activate this axis. A basic relationship exists between the immune and
endocrine system to modulate an adequate response to stressors, and
due to recognition of the immune cells, β-glucan acts as an immune and
stress modulator.

5. Conclusion

The results of the present study provide additional evidence that β-
glucan modulated not only the immune system, but also the release of
cortisol. The β-glucan modulated cortisol levels differently after trans-
port and after inoculation of pacu with Aeromonas hydrophila. Up to
24 h after transport, β-glucan increased the levels of cortisol, while in
fish that were additionally inoculated with the bacterium, the elevation
of the hormone levels was prevented. In inoculated fish, with reduced
levels of cortisol due to the effect of β-glucan, we observed a reduction
of monocytes (3 h after inoculation) and a reduction of lymphocytes as
well as enhanced complement system activity (24 h). In conclusion, our
results reinforce the benefits of the adoption of feeding β-glucan as a
dietary supplement prior to handling to modulate stress response in a
protective way.
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