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Abstract 31 

 32 

The innate immune response is able to ward off pathogens and remember 33 

previous infections using different mechanisms; this kind of immune reaction has 34 

been called “trained immunity”. Changes in cellular metabolism (aerobic glycolysis) 35 

have been observed during training with some immunostimulants like β-glucans or 36 

during viral and bacterial infections. We hypothesize that β-glucans can induce 37 

metabolic changes used by the host to fight pathogens. Accordingly, we evaluated 38 

changes in metabolic parameters in turbot that could affect their survival after a 39 

previous intraperitoneal treatment with β-glucans and subsequent administration of 40 

Viral Hemorrhagic Septicemia Virus (VHSV) or bacteria (Aeromonas 41 

salmonicida subsp. salmonicida). The results obtained support that β-glucans, VHSV 42 

and A. salmonicida induce changes in lactate, glucose and ATP levels in plasma, head 43 

kidney and liver and in the mRNA expression of enzymes related to glucose and fatty 44 

acid metabolism in head kidney. Additionally, the metabolic changes induced by β-45 

glucans are beneficial for VHSV replication, but they are harmful to A. salmonicida, 46 

resulting in reduced mortality. β-glucans appear to have great therapeutic potential and 47 

can induce trained immunity against bacterial disease but not against viral disease, 48 

which seems to take advantage of β-glucan metabolic alterations. 49 

 50 

Keywords: turbot, innate immune, metabolism, immunostimulants, β-glucans. 51 

 52 

 53 

 54 

1. Introduction 55 

Aquaculture has increased in an exponential way in the last years becoming one 56 

of the main food sectors with a high growth potential. However, this increase has been 57 

associated with pathogen-induced diseases, which has diminished the production 58 

resulting in one of the major problems on fish culture [1,2,3,4,5,6,7,8,9,10]. Treatments 59 

with approved methods such as chemotherapeutics or antibiotics are often neither totally 60 
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effective nor consumer/environmentally friendly, and a high level of antibiotic 61 

resistance is emerging [11], therefore preventive measures are needed to guarantee the 62 

sustainable development of aquaculture.  63 

In recent years, a growing interest has emerged in the use of immunostimulants 64 

that are beneficial for improving the immune status in fish and may help to reduce 65 

susceptibility to diseases [12]. Immunostimulants can be grouped under chemical 66 

agents, animal or plant extracts, bacterial components, polysaccharides, nutritional 67 

factors, hormones and cytokines [13]. Moreover, some immunostimulants, called 68 

pathogen associated molecular patterns (PAMPs), are recognized by receptors present 69 

on cells of the innate immune system such as Toll-like receptors (TLRs) and 70 

other pattern recognition receptors (PRRs) to trigger an effector response [14,15]. In 71 

fish, the PAMPs that are most commonly used as immunostimulants are β-glucans or 72 

lipopolysaccharide (LPS) and peptidoglycan (PGN) from bacteria [16,17]. β-glucans are 73 

glucose polymers produced by a variety of plants. These polysaccharides are the 74 

constituents of the cell walls of cereals, mushrooms and other fungi as well as several 75 

bacterial species [12]. Diverse studies have demonstrated that β-glucans are a 76 

potential and promising immunostimulant for fish, and their administration via the diet, 77 

immersion or injection enhances resistance against bacterial and viral pathogens 78 

[18,19,20,21,22,23,24].  79 

 The mechanisms by which β-glucans or other molecules are able to activate the 80 

innate immune system has not been widely studied in fish to date; however, similar to 81 

tumor or proliferative cells, epigenetic reprogramming of the human cells of the innate 82 

immune system and changes in cellular metabolism have been observed during priming 83 

with these immunostimulants [25]. Some of these metabolic changes involve an 84 

increment in the rate of glucose uptake, where even in the presence of oxygen and fully 85 

functioning mitochondria, glucose is used for lactate production.  86 

 The importance of metabolic pathways in the regulation of immune responses 87 

has been studied. In mammals, pathogens, in addition to PAMPs or external stimuli, are 88 

also able to modulate metabolic processes. These modulation of the metabolic pathways 89 

have an important role in the generation of key products to promote cell survival or 90 

growth. Glycolysis has been shown to be involved in several immune processes such as 91 

T cell activation. Also, monocytes rely on glycolysis as a main energy source and 92 

enhanced glycolysis occurs in LPS-activated macrophages, dendritic cells, and natural 93 
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killer cells [26]. Some viruses are able to drastically alter glucose metabolism in 94 

infected cells by diverting it from the tricarboxylic acid cycle (TCA) and enhancing its 95 

use for the production of fatty acids and lipids, which are needed for the synthesis of the 96 

membranes required for virion envelopes, ensuring in this way greater success of the 97 

virus infection [27,28,29]. In some processes of inflammation and sepsis produced by 98 

LPS, glucose metabolism is altered [30], and a metabolic switch from oxidative 99 

phosphorylation to aerobic glycolysis has been also observed in some cases [31]. 100 

This phenomenon of “aerobic glycolysis”, also known as the “Warburg effect” 101 

[32], is a less efficient mechanism of energy metabolism since only two molecules of 102 

ATP are produced from one molecule of glucose, whereas the completion of oxidative 103 

phosphorylation results in the production of a total of 36 ATP molecules per molecule 104 

of glucose [33,34]. However, the ATP generation is much quicker than that involving 105 

glucose catabolism through TCA and posterior oxidative phosphorylation. Several 106 

authors have proposed different functions of the Warburg effect during cell growth and 107 

survival. It is not clear if this effect is needed for faster production of ATP because the 108 

amount of ATP or if the production of lactate and higher levels of glycolytic 109 

intermediates are advantageous as a source of biomass [33,35,36].  110 

  However, if the consequences of the Warburg effect and the observed 111 

metabolic changes are beneficial for the pathogen, or if they are mechanisms used for 112 

the host to fight against the infection, have not been widely studied in fish. Therefore, in 113 

the present study, we aimed to evaluate whether the effect of previous treatment with β-114 

glucans could induce changes in metabolism that could affect the survival of turbot in 115 

experimental infections conducted with a virus Viral Hemorrhagic Septicemia Virus 116 

(VHSV) or bacteria (Aeromonas salmonicida subsp. salmonicida).  117 

 118 

2. Materials and methods 119 

2.1 Fish, Viruses, and bacteria 120 

Juvenile turbot (2.5 g ± 0.3 g) were obtained from a commercial fish farm 121 

(Insuiña S.L., Galicia, Spain) and maintained in 500-literfiberglass tanks with a re-122 

circulating saline water system (total salinity of approximately 35 g/L) and a 12L:12D 123 

photoperiod at 15 °C. Prior to the experiments, the fish were acclimatized to the 124 
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laboratory conditions for 2 weeks. The animals were fed daily to satiety with a 125 

commercial dry diet (LARVIVA-BioMar). Fish care and challenge experiments were 126 

reviewed and approved by the CSIC National Committee on Bioethics under approval 127 

number 151-2014.  128 

Viral Hemorrhagic Septicemia Virus (VHSV) strain UK-860/94 was propagated 129 

in the Epithelioma Papulosum Cyprini (EPC) cell line using Eagle's Minimum Essential 130 

Medium (MEM) supplemented with 2% fetal bovine serum (FBS; Gibco) and primocin 131 

(InvivoGen) at 15 °C. The second passage was stored at −80 °C until use. The viral 132 

stock was titrated into 96-well plates according to an established protocol [37], and 133 

VHSV aliquots were stored at −80°C until use. 134 

Aeromonas salmonicida subsp. salmonicida (strain VT 45.1 WT, kindly donated 135 

by Dr. M.L. Lemos; University of Santiago de Compostela, Spain) was cultured in 136 

tryptic soy agar (TSA) plates at 22 °C for 24 h before being use. A bacterial suspension 137 

was prepared in PBS and its optical density was adjusted to 0.5 (OD620) just before its 138 

inoculation [38]. Serial dilutions were performed to calculate the number of cfu/ml and 139 

colony counts on inoculum suspension using TSA (Tryptic Soy Agar) plates and 140 

counting the bacterial colonies produced. 141 

2.2 Chemicals 142 

β-glucans extracted from Saccharomyces cerevisiae were obtained from Biotec-143 

Mackzymal. Several washes with 1x phosphate buffered saline (PBS; Thermo Fisher 144 

Scientific) were conducted, and a solution at 25 mg/ml were kept at -20ºC until use. The 145 

working solution was 1mg/ml.  146 

Zymosan A from Saccharomyces cerevisiae (glucans with repeating glucose 147 

units connected by a β-1,3-glycosidic linkage) was obtained from Sigma-Aldrich (Z-148 

4250). Prior to its use, this immunostimulant was boiled at 100ºC for 30 min, washed 149 

twice in PBS and finally resuspended in fresh 1x PBS for obtain a final concentration of 150 

20 mg/ml. The Zymosan working solution was diluted in PBS at 1 mg/ml. 151 

The 2-deoxy-d-glucose (2-DG) is an analogue derivative of glucose that inhibits 152 

glycolysis. It was obtained from Sigma-Aldrich (D-8375) and diluted in PBS to a final 153 

concentration of 500 mg/ml. 154 
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2.3 Experimental design 155 

2.3.1 Sampling procedures 156 

Following the two-week acclimation period, fish were randomly assigned to two 157 

60-liter experimental tanks. Fish (n=26 fish per treatment) were anaesthetized with MS-158 

222 (50 mg/l) and intraperitoneally injected (i.p.) with a volume of 50 µl of β-glucans or 159 

the same volume of PBS for the control group. One week later, each group of 26 fish 160 

was divided into two groups of 13 individuals each, in which a solution of 50 µl of 161 

VHSV (5 × 104 TCID50/ml) or an equivalent volume of MEM for the controls was i.p. 162 

injected into each turbot. Four 30-liter experimental tanks were used (Control, β-163 

glucans, VHSV and β-glucans+VHSV). The same experimental design was also applied 164 

in bacterial infection: one week after the β-glucans treatment, 13 fish from each group 165 

were i.p. injected (50 µl) with PBS (controls) or with A. salmonicida (2 × 107 CFU/ml) 166 

(Control, β-glucans, A. salmonicida and A. salmonicida+VHSV). 167 

One day after the viral and bacterial infections, the fish were lightly anesthetized 168 

with MS-222 immediately prior to the sampling collection. Blood was collected via a 169 

caudal puncture with heparinized syringes. Plasma samples were obtained after blood 170 

centrifugation at 400 xg for 10 minutes, immediately deproteinized (using 0.6 M 171 

perchloric acid) and neutralized (using 1 M potassium bicarbonate) before freezing and 172 

storage at -80ºC until further use. Fish were humanely sacrificed with MS-222 173 

overdose, and liver and head kidney were collected and snap-frozen in dry ice. Samples 174 

from a total of 8 fish were stored at -80 °C and used to assess metabolite and ATP 175 

levels, whereas the remaining 5 fish were stored in a homogenization solution with 176 

thioglycerol from Maxwell 16 LEV simplyRNA Tissue Kit (Promega) at -80 °C and 177 

they were used for the assessment of mRNA levels by qRT-PCR. 178 

2.3.2 Survival experiments 179 

In parallel, survival experiments were carried out. Following a two-week 180 

acclimation period, 80 fish were randomly divided into 8 tanks with 10 turbot each. 181 

Turbot were then i.p. injected with MEM or PBS (controls), with β-glucans +/- VHSV 182 

or A. salmonicida in the same way as described in the previous section. Mortality was 183 

registered during the next days post-infection (dpi).  184 
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For the bacterial challenges, four more additional survival assays were carried 185 

out to corroborate the protective effect of β-glucans after A. salmonicida infection: 186 

Priming by immersion: Forty fish were randomly divided into 2 tanks with 20 187 

turbot each. One batch of fish was immersed in saline water, and the other batch was 188 

immersed in saline water with β-glucans (100 µg/ml). One week later, 10 fish from the 189 

saline water group and 10 fish from the β-glucan-stimulated group were i.p. injected (50 190 

µl) with PBS (control group), and the remained 10 fish per treatment were i.p. injected 191 

with 50 µl of an A. salmonicida solution using a dose of 2.7 × 107 CFU/ml per fish.  192 

Dose response: Sixty fish were randomly divided into 6 experimental tanks with 193 

10 turbot each. Each group was inoculated with a volume of 50 µl of different 194 

concentrations of β-glucans (1 mg/ml, 5 mg/ml and 10 mg/ml) or Zymosan (1 mg/ml 195 

and 5 mg/ml). The remaining batch was inoculated with 50 µl of PBS as a control. One 196 

week later, all fish were i.p. injected with an A. salmonicida solution using a dose of 197 

2.3 × 107 CFU/ml per fish.  198 

Longer priming: Forty fish were randomly divided into 4 tanks with 10 turbot 199 

each. Two batches of fish received an i.p. injection (50 µl) of β-glucans (1 mg/mL) or 200 

the same volume of PBS (control group). Twenty-five days later, 10 fish from the 201 

control group and 10 from the β-glucan-stimulated group were i.p. injected (50 µl) with 202 

PBS, and 10 fish from the control group and 10 from the β-glucan-stimulated group 203 

were IP injected (50 µl) with A. salmonicida using a dose of 2.7 × 107 CFU/ml per fish.  204 

Glucans or 2-deoxy-d-glucose (2-DG) priming: Eighty fish were subdivided into 205 

8 tanks with 10 turbot each and subjected to several stimulations. A total of 20 fish 206 

(from 2 tanks) were i.p. inoculated with a volume of 50 µl of β-glucans (1 mg/ml); two 207 

tanks were inoculated with 2-DG (500 mg/ml), two tanks with a combination of both (β-208 

glucans+2-DG) and the remaining fish from the last 2 tanks acted as a control 209 

inoculated with the same volume of PBS. One week later, one batch of PBS, one of β-210 

glucans, one of 2-DG and one of β-glucans+2-DG were i.p. injected with PBS, and the 211 

four remaining groups were i.p. injected with A. salmonicida using a dose of 212 

1.7 × 107 CFU/ml per fish. 213 

Survival assays were repeated three times in parallel to minimize the influence 214 

of tank position, and the results are shown as the mean + SEM of the data obtained in 215 
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three different tanks per treatment. Mortality was recorded during the subsequent dpi in 216 

all survival assays. 217 

2.4 Assessment of metabolite and ATP levels 218 

Lactate and glucose levels were determined enzymatically using commercial kits 219 

(Spinreact, Barcelona, Spain) adapted to a microplate format. Tissue samples used to 220 

assess metabolite levels were homogenized immediately by mechanical disruption using 221 

a potter linked to a motor pestle in 7.5 vol of ice-cold 6% PCA and neutralized (using 1 222 

mol/l potassium bicarbonate). The homogenate was centrifuged at 16000 xg for 4 223 

minutes, and the supernatant was used to assay the tissue metabolites.   224 

Blood cell and tissue ATP levels were determined by luminescence using a 225 

commercial kit (Promega). 226 

2.5 RNA extraction, cDNA synthesis and quantitative PCR analysis 227 

Total RNA was extracted from head kidney using the Maxwell 16 LEV 228 

simplyRNA Tissue Kit (Promega) with the automated Maxwell 16 Instrument in 229 

accordance with the instructions provided by the manufacturer. cDNA synthesis was 230 

performed with the NZY First-Strand cDNA Synthesis Kit (NZYtech) using 500 ng of 231 

RNA. Quantitative analysis of gene expression was determined using the 7300 Real 232 

Time PCR System (Applied Biosystems). cDNA amplification was performed using 233 

specific primers designed with Primer 3 software [39], the efficiency of which had been 234 

previously tested according to the protocol described by Schmittgen and Livak [40]. 235 

Analyses were performed in 1 µl of diluted cDNA using SYBR GREEN PCR Master 236 

Mix (Applied Biosystems) in a total PCR reaction volume of 25 µl containing 10 µM of 237 

each primer. Specific qPCR primers for turbot genes were designed based on sequences 238 

obtained from the turbot genome [41] using the Primer 3 program [39]. The 239 

amplification efficiency was calculated using seven serial five-fold dilutions of head 240 

kidney cDNA from unstimulated turbot with the threshold Cycle (CT) slope 241 

method [42], and the identity of the amplicons was confirmed by 242 

sequencing. Sequences of the forward and reverse primers used for each gene are shown 243 

in Table 1. 244 

Thermal cycling was initiated with a denaturation step (95 °C, 10 min), followed 245 

by 40 cycles of a denaturation step (95 °C, 15 s) and one hybridization-elongation step 246 
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(60 °C, 1 min); mRNA levels of the target genes were normalized to the reference gene 247 

eukaryotic translation elongation factor 1 alpha (EF-1α), which was stably expressed in 248 

this experiment. Expression levels were calculated following the Pfaffl method [42]. 249 

2.6 Statistics 250 

Comparisons among groups were carried out using the Student’s t test (paired 251 

comparisons) or one-way ANOVA (multiple comparisons) followed by a Student-252 

Newman-Keuls test, and differences were considered statistically significant at P<0.05.  253 

            In survival experiments, Kaplan-Meier cumulative survival curves [43] were 254 

analyzed for statistical significance with the log-rank (Mantel-Cox) test [44], and 255 

significant differences are displayed if the p-value is less than *(p ≤ 0.05), **(p ≤ 0.01) 256 

or *** (p ≤ 0.001). 257 

 258 

3. Results 259 

3.1 β-glucan treatment enhances survival in turbot against A. salmonicida but not 260 

against VHSV 261 

We evaluated the capacity of β-glucans to protect against VHSV or A. 262 

salmonicida infections (Fig. 1). The treatment with β-glucans did not protect against the 263 

viral infection, as fish treated with β-glucans during one week and infected with VHSV 264 

reached 100% cumulative mortality at 11 dpi (Fig. 1A). Fish infected with VHSV 265 

reached the same mortality rate at 13 dpi and the survival at the end of the experiment in 266 

the control and β-glucan group was 100%. There were significant differences between 267 

the controls and infected groups (p ≤ 0.001), but not between the VHSV and β-268 

glucans+VHSV groups. However, in fish infected with A. salmonicida (Fig. 1B), the 269 

treatment with β-glucans during one week prolonged survival after A. salmonicida 270 

infection (40%) while mortalities of infected fish reached 100% cumulative mortality at 271 

the end of the experiment (p ≤ 0.01). 272 

3.2 β-glucans, VHSV and A. salmonicida induce changes in metabolite and ATP levels 273 

of turbot 274 
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To investigate the effects in the metabolism of β-glucans, VHSV and A. 275 

salmonicida, we evaluated the changes in the levels of some metabolites of glycolysis 276 

pathway and fatty acid metabolism which are related to the Warburg effect (Fig. 2 and 277 

Fig. 3). Levels of plasma, liver and head kidney metabolites and ATP in the set of fish 278 

infected with VHSV are shown in Fig. 2. Glucose levels in plasma (Fig. 2A) increased 279 

with the viral infection compared with immunostimulated fish or 280 

immunostimulated/infected fish, however, the liver levels decreased after treatment with 281 

β-glucans when compared with those in the other groups (Fig. 2C). There were no 282 

significant differences in glucose levels in head kidney (Fig. 2B). Lactate levels 283 

increased in plasma in all groups (Fig. 2D). In head kidney, lactate levels were higher 284 

after β-glucan treatment and VHSV infection than those observed in the other groups 285 

(Fig. 2E) and higher in liver after VHSV infection compared with those in the controls 286 

and after treatment with β-glucans (Fig. 2F). ATP levels decreased in blood cells after 287 

VHSV infection and after β-glucan treatment and VHSV infection (Fig. 2G). In liver, 288 

ATP levels decreased in the VHSV group compared with those in the control group 289 

(Fig. 2I). Finally, no significant changes were noted in ATP levels in head kidney (Fig. 290 

2H).  291 

In the set of fish infected with A. salmonicida (Fig. 3), glucose levels decreased 292 

in plasma in the A. salmonicida group (Fig. 3A) and in liver in all groups compared 293 

with those in the controls (Fig. 3C). There were no significant differences in glucose 294 

levels in head kidney (Fig. 3B). Lactate levels (Fig. 3D) increased in plasma compared 295 

with those in the controls after treatment with β-glucans and β-glucans+ A. salmonicida. 296 

In head kidney (Fig. 3E), lactate levels decreased after β-glucan treatment and A. 297 

salmonicida infection compared with the A. salmonicida group and in liver were lower 298 

after treatment with β-glucans (Fig. 3F). Compared with the controls and β-glucan 299 

treatment, ATP levels in blood cells (Fig. 3G) decreased after A. salmonicida infection. 300 

No significant changes were noted for ATP levels in head kidney (Fig. 3H). In liver, 301 

ATP levels (Fig. 3I) increased after A. salmonicida infection and after β-glucan 302 

treatment and A. salmonicida infection. 303 

3.3 Differentially regulated metabolic genes in VHSV or A. salmonicida-infected turbot 304 

after β-glucan administration 305 
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The modulation of the gene expression after the previous treatment with β-306 

glucans during one week and the subsequent infection with VHSV or A. salmonicida 307 

was also studied (Fig 4. and Fig. 5). Concerning viral infections in head kidney, β-308 

glucan treatment produced an up-regulation of mRNA levels of LDH-A (Fig. 4A) and 309 

FAT/CD36 (Fig. 4C) and the infection with VHSV (with or without previous treatment 310 

with β-glucans) induced an increase in the expression levels of LDH-A (Fig. 4A), PK 311 

(Fig. 4B), FAT/CD36 (Fig. 4C) and FAS (Fig. 4D) compared with controls.  312 

Changes in mRNA levels assessed in head kidney in the group of fish infected 313 

with A. salmonicida are shown in Fig. 5. A. salmonicida infection compared with 314 

controls up-regulated mRNA levels of LDH-A (Fig. 5A) and PK (Fig. 5B). FAT/CD36 315 

mRNA levels (Fig. 5C) were elevated in the β-glucans and A. salmonicida groups 316 

compared with those in the control and β-glucans+A. salmonicida groups. No 317 

significant differences were noted in the mRNA levels of FAS (Fig. 5D). 318 

3.4 Protective effect of β-glucans in turbot in differents experimental 319 

A. salmonicida infections 320 

In order to further investigate the protective effect of β-glucans after an 321 

A. salmonicida infection, four more survival assays were carried out (Fig. 6). First, the 322 

protective effect of β-glucans by immersion against A. salmonicida was confirmed (Fig. 323 

6A).  Fish infected with A. salmonicida did not survive but fish previously treated with 324 

β-glucans presented a 30% survival at the end of the experiment. Significant differences 325 

(p <0.001) were noted between both groups and compared with the controls.  326 

Also, we evaluated if different concentrations of β-glucans or Zymosan produce 327 

also a protective effect against the bacterial infection (Fig. 6B). Both, β-glucans and 328 

Zymosan increased significatively the survival rates at the end of the experiment. 329 

Higher protection was observed with higher concentrations of Zymosan. 330 

 We also wanted to determine if longer priming (25 days) with β-glucans, could 331 

affect the survival after A. salmonicida infection (Fig. 6C). Fish infected with A. 332 

salmonicida reached 100% cumulative mortality at 11 dpi, while survival in the β-333 

glucans+A. salmonicida group was 40% at the end of the experiment. 334 

 Finally, in order to confirm if the effect of the β-glucans against the A. 335 

salmonicida infection was indeed associated to the Warburg effect, we repeated the 336 
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stimulation with 2-DG, a derivative of glucose that inhibits the glycolysis pathway (Fig. 337 

6D). The protective effect of β-glucans was observed at the end of the experiment in β-338 

glucans+A. salmonicida group with a survival rate of 30%.  Significant differences (p 339 

<0.001) were noted in all control groups (control, β-glucans, 2-DG and β-glucans+2-340 

DG) compared with the infected groups and between the β-glucans+A. salmonicida, A. 341 

salmonicida, 2-DG+A. salmonicida and β-glucans+2-DG+A. salmonicida groups (p 342 

<0.05). 343 

 344 

4. Discussion 345 

 It is known that β-glucans can induce metabolic changes in mammals that have 346 

been associated to an increased innate immune response [25,45]. In cultured fish, 347 

immunostimulant have been used enhancing the resistance and survival against bacterial 348 

and viral infections [46,47,48,49] and regulating the innate response during pathogen 349 

infection [22,23,50,51,52,53,54,55]. In the present study, we assessed whether a 350 

previous treatment with β-glucans was able to alter metabolism as well as provide 351 

protection during bacterial or viral infection in turbot. Changes observed in most 352 

parameters were in general compatible with the metabolic alterations provoked by the 353 

Warburg effect. The decreased glucose levels in liver, increased lactate levels in plasma 354 

and increased lactate dehydrogenase (LDH-A) mRNA levels in head kidney after β-355 

glucan treatment suggest that these components stimulate glucose metabolism to 356 

produce lactate. These changes are similar to the increased glucose consumption and 357 

lactate production reported in β-glucan-trained human monocytes [25]. Glucose 358 

consumption is increased in developing cells and is converted into lactate even in the 359 

presence of oxygen [32]. Moreover, glucose is converted via multiple biosynthetic 360 

pathways into pyruvate, most of which is converted to lactate in the cytoplasm by the 361 

action of LDH-A, resulting in increased lactate production [56]. The alteration in 362 

glucose metabolism induces changes in lipid and fatty acid (FA) biosynthetic pathways, 363 

such as an increase in the cholesterol synthesis pathway induced in β-glucan-trained 364 

macrophages [57]. In our results, fatty acid translocase (FAT/CD36), that is a key 365 

protein involved in regulating the uptake of FA [58], showed mRNA levels up-regulated 366 

after β-glucan treatment in head kidney, suggesting that β-glucans could also contribute 367 

to alterations in fatty acid metabolism.   368 
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Some viruses are known to cause the Warburg effect by, for example, shifting to 369 

glycolysis and decreasing cellular respiration. Studies have shown that glucose 370 

metabolism is highly altered in human cytomegalovirus-infected cells [28,29] and after 371 

white spot syndrome virus infection impairs glycolysis resulting in 372 

increased glucose utilization and lactate accumulation in shrimp hemocytes [59,60]. 373 

After VHSV infection in the present study, a metabolic switch from oxidative 374 

phosphorylation to aerobic glycolysis resulted in increased lactate production, as 375 

illustrated by the increased lactate levels in plasma and liver and the increased LDH-A 376 

mRNA levels in head kidney. With this mechanism of “aerobic glycolysis”, only two 377 

molecules of ATP are produced from one molecule of glucose, whereas oxidative 378 

phosphorylation would have resulted in the production of 36 ATP molecules per 379 

molecule of glucose [33,34]. Our results after VHSV infection are in agreement with 380 

this finding, as supported by decreased ATP levels in blood cells and liver. In addition 381 

to LDH-A, a critical enzyme that plays an important role in the Warburg effect is 382 

pyruvate kinase (PK) [61], which catalyzes the conversion of phosphoenolpyruvate 383 

(PEP) to pyruvate as the last step of glycolysis. Additionally, pyruvate is converted into 384 

lactic acid by LDH-A at low oxygen levels [62]. PK was highly expressed in the present 385 

study after viral infection, and no comparable references were found for fish; however, 386 

it is known to be required for an optimized inflammatory response in various 387 

pathological contexts in mammals [63,64] and is highly expressed in cancer cells 388 

[65,66]. Additionally, glucose is used for production of the fatty acids and lipids needed 389 

for the success of virus infection [28,29], which requires the activation of some 390 

lipogenic enzymes such as fatty acid synthetase (FAS) [67]. FAT/CD36 has been 391 

reported to facilitate Hepatitis C virus entry in human Cytomegalovirus [68], 392 

and several studies have suggested that it contributes to virion release in human 393 

immunodeficiency virus-infected macrophages [69]. Our results are again in agreement 394 

with these studies in humans, as VHSV infection in fish provoked an increase in the 395 

mRNA levels of both FAS and FAT/CD36. These metabolic changes suggest that the 396 

virus can induce alterations related to the Warburg effect. 397 

In mammals, the Warburg effect appears to participate in the metabolic 398 

regulation of proinflammatory cytokines [64] and has been described to play a role in 399 

inflammation and sepsis [31]. Bacterial sepsis affects the ability of target tissues to 400 

utilize glucose via glycolysis and alternative fuel sources, such as ketone bodies and 401 
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free fatty acids, via oxidative phosphorylation [70]. The parameters assessed after A. 402 

salmonicida infection in the present study showed similar results to those obtained after 403 

VHSV infection. The increase in LDH-A, PK, and FAT/CD36 mRNA levels in head 404 

kidney and the decrease in ATP levels in blood cells suggested that A. salmonicida also 405 

caused metabolic changes in fish related to the Warburg effect.  406 

A decrease in glucose levels in plasma and liver was observed after bacterial 407 

infection. These results are consistent with other studies in turbot in which i.p. injection 408 

of sublethal doses of A. salmonicida was shown to decrease glycogen levels in liver and 409 

glucose levels in plasma [71]. After viral infection, these changes were reversed. These 410 

differences can be attributed to the requirement for glucose for adaptation and survival 411 

during the stress of antiviral inflammation, despite its prevention of adaptation to the 412 

stress of bacterial inflammation [30].  413 

On the other hand, changes in metabolic parameters after previous β-glucan 414 

treatment and VHSV infection were similar to those observed after viral infection, with 415 

increases in lactate levels in plasma, decreases in ATP levels in blood cells and 416 

increases in PK, FAS and FAT/CD36 mRNA levels in head kidney. β-glucans even 417 

potentiate the effects of VHSV in some cases, such as the lactate and LDH-A mRNA 418 

levels in head kidney. Our results agree with the observed changes in survival rates 419 

because mortality in the group of fish infected with VHSV reached 100% 2 days later 420 

than the group previously treated with β-glucans and then infected. Accordingly, the 421 

apparently enhanced mortality observed with β-glucans after viral infection in the 422 

present study could be associated with the observed metabolic changes. β-glucans and 423 

virus induce similar metabolic responses, and data suggest that VHSV seems to take 424 

advantage of β-glucan-induced metabolic alterations. Strikingly, our mortality results 425 

after β-glucan treatment and viral infection do not agree with the findings of other 426 

studies, in which rainbow trout i.p. injected with or fed a diet supplemented with β-427 

glucans appeared to be less susceptible to Infectious Hematopoietic Necrosis Virus 428 

(IHNV) [22,23]. However, our experiments are not exactly comparable to those 429 

observed by LaPatra et al. [22] and Sealey et al. [23] because different fish species, 430 

virus and administration route were used. 431 

The changes observed in the metabolic parameters after previous β-glucan 432 

treatment and A. salmonicida infection were similar to those observed after A. 433 

salmonicida infection alone in terms of glucose levels in liver and ATP levels in liver. 434 
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In contrast, the changes observed in lactate levels in head kidney, ATP levels in blood 435 

cells and LDH-A, PK and FAT/CD36 mRNA levels in head kidney after previous β-436 

glucan treatment and A. salmonicida infection differed from those observed after A. 437 

salmonicida infection. The presence of β-glucans was able to counteract the action of A. 438 

salmonicida in turbot, resulting in levels of some metabolites and in expression of 439 

metabolic enzymes similar to those of controls. Thus, these results agree with the 440 

changes obtained in survival rates. Accordingly, we observed that the survival rate of 441 

turbot infected by A. salmonicida was significantly higher in the β-glucan-treated 442 

groups, either by i.p. injection or by immersion and using different concentrations and 443 

times. Improved protection against A. salmonicida was observed after Zymosan (5 444 

mg/mL) i.p. treatment for one week. Zymosan is a glucan with repeating glucose units 445 

connected by β-1,3-glycosidic linkages and has been utilized in numerous experiments 446 

owing to its ability to activate macrophages [72,73,74]. Furthermore, the changes in 447 

survival observed in the different assays carried out in this study after β-glucan 448 

administration through various routes, including immersion or injection, and the 449 

subsequent bacterial infection are generally in agreement with other studies in fish 450 

[47,55,75,76,77,78,79,80]. In the present study, the lack of protection observed when 451 

glycolysis was inhibited by 2-DG after the β-glucan treatment and the A. salmonicida 452 

infection suggests that the metabolic changes produced by aerobic glycolysis appeared 453 

to be beneficial for the effects of β-glucans on bacteria. The shift of glucose metabolism 454 

from oxidative phosphorylation to aerobic glycolysis could be involved in the protection 455 

against the bacteria and it would mean a trained response induced by glucans as has 456 

been reported in other species [47,81,82,83,84]. 457 

The results obtained herein suggest different behaviors of both infections after 458 

prior β-glucan treatment. The metabolic changes observed after VHSV and A. 459 

salminicida were similar and could induce alterations related to the Warburg effect; 460 

however, after β-glucan administration, the opposite changes were observed. We may 461 

hypothesize that these phenomena could be due to differences in infection mechanisms, 462 

with each condition creating a distinct challenge and potentially requiring different 463 

management strategies. Viruses are intracelular pathogens that depend on the metabolic 464 

machinery of the host cell to supply the energy and macromolecules necessary for 465 

successful replication. During viral infection, there is a demand for nutrients and energy 466 

[67], and successful virus replication requires increased metabolism and oxygen 467 
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utilization; for example, fatty acids are needed for membranes and enlargement of the 468 

nucleus of infected cells [27]. Furthermore, whereas glucose utilization is required for 469 

survival in models of viral inflammation, it is lethal in models of bacterial inflammation 470 

[30]. Concordantly, we found that metabolic changes induced by β-glucans were 471 

beneficial for VHSV replication, but they were harmful to A. Salmonicida, resulting in 472 

reduced mortality. It seems possible that the differences in susceptibility of turbot to 473 

both infections after β-glucan treatment resides in differences in the ability of the 474 

viruses to attach, enter and replicate in different host cells. 475 

In summary, in the present study, we provide information supporting the abilities 476 

of β-glucans, VHSV and A. salmonicida to induce metabolic changes in turbot that 477 

could be related to the Warburg effect. However, the observed changes were different 478 

between viral and bacterial infections after previous β-glucan treatment. Therefore, β-479 

glucan administration could be used as a potential therapeutic in the bacterial disease 480 

but not in the viral disease that seems to take advantage of β-glucan metabolic 481 

alterations. We suggest that VHSV mechanisms are integrated to manipulate cellular 482 

responses to alter cellular metabolism in ways that promote efficient viral infection, 483 

while β-glucans appear to induce trained immunity after A. salmonicida infection in 484 

turbot. Further studies are necessary to characterize the underlying mechanisms as well 485 

as the impact of β-glucans on the metabolism and immune system in fish. 486 
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 776 

Figure legends 777 

Fig. 1. Survival rates of fish. Fish were intraperitoneally injected with β-glucans (1 778 

mg/ml) and, after one week, 50 µL of 5 × 104 TCID50/ml VHSV per fish (A) and 779 

with 50 µL of A. salmonicida using a dose of 2 × 107 CFU/ml per fish (B). Kaplan-780 

Meier cumulative survival curves were analyzed for statistical significance with the log-781 

rank (Mantel-Cox) test. Data are presented as the means ± SEM of three independent 782 

experiments, and significant differences are displayed as *(p ≤ 0.05), **(p ≤ 0.01) or 783 

*** (p ≤ 0.001). 784 

Fig. 2. Levels of glucose, lactate and ATP in plasma, blood cells, head kidney and liver 785 

of turbot intraperitoneally injected with PBS (control) or PBS containing 1 mg/ml of β-786 

glucans and, after one week, 50 µL of 5 × 104 TCID50/ml VHSV per fish. Fish were 787 

sampled one day after VHSV injection. Each value represents the mean + SEM of n=8 788 

fish per treatment. Different letters indicate significant differences (P<0.05) among 789 

treatments. 790 

Fig. 3. Levels of glucose, lactate and ATP in plasma, blood cells, head kidney and liver 791 

of turbot intraperitoneally injected with PBS (control) or PBS containing 1 mg/ml of β-792 

glucans and, after one week, 50 µL of A. salmonicida using a dose of 2 × 107 CFU/ml 793 

per fish. Fish were sampled one day after A. salmonicida injection. Each value 794 
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represents the mean + SEM of n=8 fish per treatment. Different letters indicate 795 

significant differences (P<0.05) among treatments. 796 

Fig. 4. Relative mRNA abundance of LDH-A (A), PK (B), FAT/CD36 (C), and FAS 797 

(D) in head kidney of turbot 8 days after β-glucan treatment (1 mg/ml) and one day after 798 

VHSV (50 µL of 5 × 104 TCID50/ml) infection. Data represent the mean + SEM of 5 799 

measurements. The results refer to the control group and are normalized to elongation 800 

factor 1α expression. Different letters indicate significant differences (P<0.05) among 801 

treatments. 802 

Fig. 5. Relative mRNA abundance of LDH-A (A), PK (B), FAT/CD36 (C), and FAS 803 

(D) in head kidney of turbot 8 days after β-glucan (1 mg/ml) treatment and one day after 804 

A. salmonicida infection (50 µL 2 × 107 CFU/ml per fish). Data represent the mean + 805 

SEM of 5 measurements. The results refer to the control group and are normalized to 806 

elongation factor 1α expression. Different letters indicate significant differences 807 

(P<0.05) among treatments. 808 

Fig. 6 Survival rates of fish. Turbot were treated with β-glucans (100 µg/ml) by 809 

immersion and, one week later, intraperitoneally injected with 50 µL of A. salmonicida 810 

using a dose of 2.7 × 107 CFU/ml per fish (A). Turbot were treated intraperitoneally 811 

with different concentrations of β-glucans (1 mg/ml, 5 mg/ml and 10 mg/ml) and 812 

Zymosan (1 mg/ml and 5 mg/ml) and, one week later, intraperitoneally injected with 50 813 

µL of A. salmonicida using a dose of 2.3 × 107 CFU/ml per fish (B). Fish were 814 

intraperitoneally injected with β-glucans (1 mg/ml) and, 25 days later, 50 µL of A. 815 

salmonicida using a dose of 2.7 × 107 (C). Turbot were intraperitoneally injected with 816 

β-glucans (1 mg/ml), 2-DG (500 mg/ml) or β-glucans+2-DG and, one week later, 50 µL 817 

of A. salmonicida using a dose of 1.7 × 107 CFU/ml per fish (D). Kaplan-Meier 818 

cumulative survival curves were analyzed for statistical significance with the log-rank 819 

(Mantel-Cox) test. Data represent the means ± SEM of three independent experiments, 820 

and significant differences are displayed as *(p ≤ 0.05), **(p ≤ 0.01) or *** (p ≤ 0.001). 821 

 822 

 823 
 824 
Table 1. Nucleotide sequences of the PCR primers used to evaluate mRNA abundance 825 
by real time-PCR (RT-qPCR). 826 
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EF1α, elongation factor 1α (house-keeping gene); FAS, fatty acid synthetase; 827 
FAT/CD36, fatty acid translocase; LDH- A, lactate dehydrogenase A; PK, pyruvate 828 
kinase. 829 

 830 

 831 

Gene Forward primer Reverse primer 

EF-1α GGAGGCCAGCTCAAAGATGG ACAGTTCCAATACCGCCGATTT 

FAS ATTCTGGGTGTGCGCGATGT TGTTGATGGTGAGCTGGCGG 

FAT/CD36 AGGAGGTTTTGCAGTCCGGC AGCCAGGTTGAGGGAGGTGA 

LDH-A AAGATCATGGCCGACAAAGACT CTTGAAAATGTTGACGTTGCGC 

PK GACACGTGGCAGCTTTGAGG TGATCACACATGCGAGCCCT 
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Highlights 

 

• β-glucans, VHSV and A. salmonicida induce metabolic changes in turbot. 

• β-glucans induce different changes in viral and bacterial infections. 

• Fish treated with β-glucans are not protected against the infection with VHSV 

• β-glucans have great therapeutic potential against bacterial disease. 

 




