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Abstract
Eleginops maclovinus is a sub-Antarctic fish endemic to the South American coast and is a monotypic species of the 
Eleginopidae family. A scarce amount of scientific information exists regarding the effects of temperature on E. maclovinus 
physiology. In this study, E. maclovinus specimens were acclimated for 2 weeks at 10 °C (control), 14, and 18 °C. Posterior 
assessments were performed for the intermediary metabolism of carbohydrates, lipids, and amino acids (in the plasma, liver, 
gills, and kidney) and on the osmoregulatory capacity [plasma osmolality and gill, kidney, and foregut  Na+,  K+-ATPase 
(NKA) activities]. In the plasma, only lactate and total amino acid levels were affected by the temperature. NKA activity 
presented a linear relationship with the increased temperatures. The liver exhibited no change in the carbohydrates metabo-
lism, but the glycogen/glucose metabolite levels did differ. Amino acid metabolism showed a direct relationship between 
temperature and GDH and Asp-AT activities, and an inverse relationship between temperature and Ala-AT activity. Lipid 
metabolism was similar to Ala-AT. In the gills, carbohydrate metabolism (G6PDH and HK activities) presented a direct 
relationship with the increased temperatures. In the kidney, carbohydrate metabolism (only G6PDH activity) was greater 
at higher temperatures, and amino acid metabolism (GDH activity) showed a direct relationship with temperature. Lipid 
metabolism (G3PDH activity) was greatest at 14 °C, presenting significant differences compared to 10 °C. The obtained 
results suggest that E. maclovinus can acclimate to the projected thermal increase of climate change, with a reorganization 
of the intermediary metabolism components being tissue-dependent and osmoregulatory effects being affected by NKA 
activity and greater rates of nitrogenous waste extrusion.

Introduction

The physiological processes of teleosts, i.e., poikilothermic 
fish, are profoundly affected when the environmental tem-
peratures fluctuate outside of the species-specific optimum 
(Pörtner et al. 2006; Farrell et al. 2011; Sandblom et al. 
2014; Somero 2010; Schulte 2015). Particularly, two of 
them affected physiological processes, they are intermedi-
ary metabolism and osmoregulation. Metabolic pathways 
can be monitored through metabolite concentrations and 
enzymatic activities in metabolically important tissues, 
such as the liver. Regarding carbohydrate metabolism, cer-
tain metabolic pathways are indicated by activities of uni-
directional enzymes. For example, the glycolytic pathway, 
gluconeogenic route, and pentose phosphate pathway can 
be, respectively, monitored by the hexokinase (HK), fruc-
tose 1,6-bisphosphatase (FBPase), and glucose-6-phosphate 
dehydrogenase (G6PDH) enzymes (Mommsen 1986; Hemre 
et al. 2002). Carbohydrate metabolism can also be deduced 
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by quantifying metabolites such as glucose and glycogen. 
Regarding lipid metabolism, monitoring is possible through 
G3PDH activity and triglycerides levels. Finally, amino acid 
metabolism can be monitored by measuring the enzymatic 
activities of transaminases, such as aspartate aminotrans-
ferase (Asp-AT), alanine aminotransferase (Ala-AT), and 
deaminase glutamate dehydrogenase (GDH), as well as by 
quantifying protein and amino acid concentrations (Johnston 
and Dunn 1987; Vargas-Chacoff et al. 2009).

In turn, temperature affects osmoregulation, since ion bal-
ance and, consequently, osmotic homeostasis is controlled 
by a series of membrane proteins, homeoviscous adapta-
tions, and enzymes with specific, temperature-influenced 
kinetic traits (Metz et al. 2003; Arjona et al. 2010; Costas 
et al. 2012). Osmotic balance in teleost fish can be monitored 
by determining the percentage of water in the muscle (Freire 
et al. 2008), cortisol levels (Mommsen et al. 1999), plasma 
osmolality (Imsland et al. 2003), and the enzymatic activity 
of  Na+,  K+, ATPase (NKA) in the gills, kidney, and intes-
tine, all of which are tissues with osmoregulatory functions 
(Gonzalez 2012). The primary function of NKA, which is 
ubiquitous across tissues, is to generate and maintain tissue-
specific secondary electrochemical gradients. This regula-
tory role is achieved by actively transporting three  Na+ ions 
to the extracellular medium and two  K+ to the intracellular 
medium, as fueled by ATP hydrolysis (Hwang et al. 2011; 
Kreiss et al. 2015).

Teleosts adapt to the new environmental temperatures 
through a number of physiological mechanisms, such as 
modifying certain metabolic enzymes. This well-studied 
mechanism is achieved through (1) changes in the primary 
structure that cause long-term adaptive variations in kinetic 
properties and protein stability, (2) changes in protein con-
centrations, as mediated by modified gene expressions and 
protein turnover, and (3) changes in the enzymatic environ-
ment that aid in lowering the molecular mass of constituents, 
or osmolytes. Worth noting, primary structure and protein 
concentration modifications can adjust seasonally (Somero 
2004).

One teleost subject to fluctuations in environmental tem-
peratures is Eleginops maclovinus, the monotypic Eleginop-
sidae species of the notothenioidei suborder. This sub-Ant-
arctic fish is endemic to the Atlantic and Pacific Coasts and 
is one of the few notothenioids inhabiting the constantly cold 
waters near Antarctica that exhibits euryhaline and euryth-
mic tolerances (Pequeño et al. 2010; Vargas-Chacoff et al. 
2014a). In contrast to E. maclovinus, a number of reports 
exist on the projected physiological responses of the other 
Antarctic members of the notothenioid group to the expected 
temperature increase of climate change (Beers and Sidell 
2011; Sandersfeld et al. 2015; Klein et al. 2017; Sanders-
feld et al. 2017). Enzor et al. (2017) indicated that some 
notothenioids may require physiological trade-offs to fully 

offset the energetic costs of long-term acclimation for cli-
mate change-related stressors. One available study for E. 
maclovinus describes the effects of two cold environmen-
tal temperatures (4 and 10 °C) on the growth, food intake, 
and swimming energy of juveniles (Vanella et al. 2012). 
A slightly more recent investigation measured the effect of 
four environmental temperatures (1, 6, 11, and 21 °C) on E. 
maclovinus carbohydrate metabolism via enzyme activities 
and metabolite levels (Magnoni et al. 2013). Nonetheless, 
data remains scarce regarding the effects of increased tem-
perature on the intermediary metabolism and osmoregula-
tory capacity of E. maclovinus.

Depending on the modeled scenario (e.g., high versus 
low emissions), air temperature is projected to increase 
between 1 and 7 °C within the next 100 years (Ficke et al. 
2007; Stitt et al. 2014; IPCC 2014). Consequent increases in 
the ocean temperatures could affect the physiological pro-
cesses of E. maclovinus, a fish that naturally inhabits shallow 
coastal areas (Pequeño 1989). Shallow coasts are the marine 
habitat most affected by air and water temperature fluctua-
tions. Negative physiological impacts arising from increased 
environmental temperatures have already been reported for 
other teleosts inhabiting coastal waters (Hevroy et al. 2013; 
Madeira et al. 2012; Paaijmans et al. 2013; Bozinovic and 
Pörtner 2015).

Since, E. maclovinus is a eurythermal species, we 
hypothesized that this species would exert metabolic and 
osmoregulatory responses to maintain internal homeosta-
sis over a wide range of environmental temperatures. This 
hypothesis was assessed by determining enzymatic activities 
and metabolite levels specific to intermediary metabolism 
and osmoregulation in E. maclovinus specimens subjected 
to single-point experiments at environmental temperatures 
of 10 °C (control), 14, and 18 °C.

Materials and methods

Ethics statement

All the handling and experimental procedures complied with 
ethical guidelines regulating the use of laboratory animals 
established by the National Commission for Scientific and 
Technological Research (CONICYT, Spanish acronym) and 
the Universidad Austral de Chile.

Fish

Immature E. maclovinus specimens (136.7 ± 21.1 g mean 
body mass ± standard deviation) were captured in the Val-
divia River Estuary during winter and transferred to the Cal-
fuco Coastal Laboratory (Faculty of Science, Universidad 
Austral de Chile, Valdivia, Chile). Fish were acclimated 
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for 30 days in flow-through system tanks (500 L) main-
tained under the following conditions: seawater (32 psu, 
1085 mOsm/kg); natural photoperiod; and temperature of 
10 ± 1 °C. Fish were fed daily in proportion to 1% aver-
age body weight with commercial dry pellet (Skretting 100, 
containing 48% protein, 22% fat, 13% carbohydrates, 8% 
moisture, and 8.5% ash).

After acclimation, fish were randomly distributed among 
six tanks (500 L) maintained at three differing temperatures 
(control group, 10 °C; experimental groups, 14, and 18 °C). 
Each group was comprised of 14 individuals (n = 7 per tank, 
in duplicate). For the experimental groups, water tempera-
ture was gradually increased by 1 °C per day to allow the 
animals to acclimate. Following an additional acclimation 
period (7 days), the fish were kept at the established experi-
mental temperatures for 14 days. This experimental period 
was chosen based on prior results showing 14 days to be suf-
ficient for reaching complete acclimation and a new steady-
state in eurythermal teleosts (Goldspink 1995; Arjona et al. 
2010; Vargas-Chacoff et al. 2009, 2014a, b).

Sampling procedure

Fish were fasted 24 h before sampling. Fish were netted, 
exposed to lethal doses of 2-phenoxyethanol (1 mL/L), and 
euthanized by spinal sectioning before tissue removal. Blood 
was immediately collected from the caudal peduncle using 
1 mL heparinized syringes (25,000 units of ammonium 
heparin in 0.9% NaCl, Sigma H6279). Plasma, obtained by 
centrifuging whole blood (5 min, 2000×g), was snap-frozen 
in liquid nitrogen and stored at − 80 °C until analysis.

The second gill arch was removed from each fish and 
blotted dry with absorbent paper. Fine-point scissors were 
then used to obtain 3–5 branchial filaments (McCormick 
1993). Small sections were also collected from the posterior 
kidney and foregut. The intestinal epithelium was obtained 
by scraping with a scalpel blade. All the collected tissue 
samples were placed in ice-cold SEI buffer (100 µL; con-
taining 150 mM sucrose, 10 mM EDTA, and 50 mM imi-
dazole, pH 7.3) and frozen at − 80 °C (McCormick 1993). 
Additional gill arch, kidney, muscle and liver portions were 
collected, frozen in liquid nitrogen, and stored at − 80 °C 
until posterior use in metabolism assays.

Plasma measurements

Plasma osmolality (mOsm/Kg  H2O) was measured with a 
freezing point depression micro-osmometer (Model 3320; 
Advanced Instruments, Inc.). Plasma glucose, triglycer-
ides, and lactate levels were measured on 96-well micro-
plates using commercial kits from Spinreact (Glucose Ref. 
1001200; Triglycerides Ref. 1001310; and Lactate Ref. 
1001330) following the manufacturer’s recommendations. 

Total plasma protein levels were determined with the bicin-
choninic acid method using the BCA Protein Assay Kit 
(Kit #23225; Pierce) and albumin as the standard. All the 
assays were performed on a MultiscanGo Microplate Reader 
(Thermo Scientific) using the ScanIT v3.2 software. Plasma 
cortisol levels were measured through an enzyme-linked 
immunosorbent assay using a commercial kit (Cortisol Ref. 
KAPDB270; DIA Source Immuno Assays S.A.), following 
the manufacturer’s recommendations.

NKA enzymatic activity

NKA activity in the gills, posterior kidney, and foregut 
was determined using the micro-assay method, described 
by McCormick (1993), with author-recommended modifi-
cations for non-salmonid fish. Modifications made for E. 
maclovinus were for ionic  K+ concentration (84 mM) and 
temperature measurements. Ouabain-sensitive ATPase 
activity (µmol ADP/mg protein/h) was detected through the 
enzymatic coupling of ATP dephosphorization to NADH 
oxidation, with measurements taken at the respective water 
temperature of each group (10, 14, and 18 °C). Total protein 
contents were measured in undiluted samples and in tripli-
cate (BCA Protein Kit #23225; Pierce). Both the assays were 
run on a MultiscanGo Microplate Reader (Thermo Scien-
tific) using the ScanIT v3.2 software.

Intermediate metabolism

The methodology for assessing intermediate metabolism was 
similar to that described by Vargas-Chacoff et al. (2014a, 
b, 2015, 2016). Briefly, frozen liver, gill, and kidney sam-
ples were finely minced in an ice-cold Petri dish, vigorously 
mixed, and divided into two portions for the measurement 
of metabolites and enzymes from intermediary metabolism.

For the quantification of metabolites, tissue samples were 
homogenized by ultrasonic disruption in cold 0.6 N per-
chloric acid in a volume equivalent to 7.5 times the tissue 
weight. The same volume of 1 M potassium bicarbonate 
was then used to neutralize the sample. Homogenates were 
centrifuged at 4500×g for 30 min at 4 °C, and supernatants 
were frozen in liquid nitrogen and stored at − 80 °C until 
metabolite measurements. Triglycerides and lactate were 
determined on 96-well plates using adapted commercial 
kits from Spinreact (see above). Glycogen concentrations 
were determined using the amyloglucosidase method (Kep-
pler and Decker 1974). This enzyme generates glycogen 
breakdown to release glucose units. These units were then 
measured as detailed above through the use of commercial 
kits from Spinreact. Total α-amino acids were determined 
using the ninhydrin method (Moore 1968), with adaptation 
to 96-well microplates.
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For the quantification of intermediary metabolism 
enzymes, tissue samples were finely minced in an ice-cold 
Petri dish and homogenized by ultrasonic disruption with 
10 volumes of ice-cold stopping buffer (50 mM Imida-
zole–HCl, pH 7.5; 1 mM 2-mercaptoethanol; 50 mM NaF; 
4 mM EDTA; 250 mM sucrose; and 0.5 mM p-methyl-
sulphonyl fluoride). The homogenate was centrifuged at 
4500×g for 30 min at 4 °C. The resulting supernatants 
were used to measure the enzymes detailed in Table 1. 
Enzymatic activities were determined using a Multi-
scanGo Microplate Reader (Thermo Scientific) and the 
ScanIT v3.2 software. Enzyme reaction rates were deter-
mined by changes in the absorbance of NADH or NADPH 
at 340 nm. The reactions were started by adding homoge-
nates (15 µL) at pre-established protein concentrations, 
thereby allowing reactions to occur at the distinct acclima-
tion temperatures (i.e., 10, 14, and 18 °C). Protein levels 
were assayed in triplicate using the BCA Kit (Pierce), as 
with plasma samples (see above).

Muscle water content

The muscle water content was determined gravimetrically 
after drying at 100 °C for 48 h (Tang et al. 2009).

Statistical analyses

Differences in enzymatic activity among groups (i.e., 10, 
14, and 18 °C) were tested by nested one-way analysis of 
variance (ANOVA) using temperature as the main factor and 
the tank as the nested variable. Differences among groups 
were then assessed by Tukey’s test. Data were checked for 
normality and homoscedasticity before performing nested 
ANOVA. When necessary, data were logarithmically trans-
formed to fulfill the required conditions for parametric 
ANOVA. However, data are presented as decimal values for 
clarity. Where ANOVA conditions were not met by logarith-
mic transformation, a nonparametric Newman–Keuls rank 
test was performed. Analyses of linear regression were per-
formed to quantify the coefficient of determination (R2) and 
to determine trends in enzymatic activity for intermediary 
metabolism and NKA in fish acclimated to 10, 14, and 18. 
A significance level of P < 0.05 was used in all the analyses 
(Quinn and Keough 2002).

Results

No mortalities or alterations in health status were detected 
in any of the fish during the experimental period.

Plasma parameters

No significant changes in plasma glucose or triglycerides 
levels were observed, although lactate levels increased at 
14 °C. Protein levels were not significantly different, but 
amino acid levels were lower at both the experimental tem-
peratures. No significant differences in cortisol levels, osmo-
lality, or muscle water content were detected (Table 2).

NKA activity in the gills, kidney, and foregut

Enzymatic NKA activity increased in both the experimen-
tal groups. Furthermore, a direct relationship was estab-
lished between enzymatic NKA activity and temperature 
(R2 = 0.9477 in the gills; R2 = 0.9476 in the kidney; and 
R2 = 0.8795 in the foregut; Fig. 1a–c, respectively).

Metabolites and enzymes of intermediary 
metabolism

Liver

Hepatic changes in metabolite concentrations and enzyme 
activities are presented in Table 3 and Fig. 2, respectively. 
Glycogen and glucose levels differentially responded to 
higher temperatures, with glycogen decreasing and glucose 
increasing. Protein and triglyceride levels did not show sig-
nificant differences among groups. In turn, α-amino acid 
levels were significantly lower in the 14 °C group, as com-
pared to the control group. Regarding carbohydrate metabo-
lism, G6PDH and FBP did not significantly vary between 
the tested temperatures, but both the enzymes did present 
relative increase in the activity at higher temperatures 
(R2 = 0.8145 for G6PDH and R2 = 0.9914 for FBP; Fig. 2a, 
b, respectively). Hepatic enzymatic HK activity was not 
measured since levels are undetectable in teleost fish (Hemre 
et al. 2002). Amino acid metabolism presented two kinds of 
responses. While GDH and Asp-AT activities showed a lin-
ear relationship with temperature (R2 = 0.9873 for GDH and 
R2 = 0.9803 for Asp-AT; Fig. 2c, d, respectively), Ala-AT 
activity presented an inverse relationship with temperature, 
with enzymatic activity levels being lowest at 14 and 18 °C 
(R2 = 0.835; Fig. 2e). Regarding triglyceride metabolism, 
G3PDH activity decreased as temperature increased, with 
the lowest activity levels recorded at 18 °C (R2 = 0.9956; 
Fig. 2f).

Gills

Changes in metabolite concentrations and enzyme activities 
for the gills are presented in Table 4 and Fig. 3, respectively. 
Glycogen values decreased as temperature increased, and 
glucose levels were higher at 14 and 18 °C, as compared to 
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Table 2  Plasma parameter 
levels and water muscle content 
(%) in Eleginops maclovinus 
juveniles acclimated to 10 °C 
(control), 14, and 18 °C for 
14 days

Data are shown as the mean ± SEM (n = 14 per group). Different letters indicate significant difference 
between groups (P < 0.05, one-way ANOVA followed by Tukey’s test)

Plasma Temperature

10 °C 14 °C 18 °C

Glucose (mmol) 2.96 ± 0.18 3.44 ± 0.27 3.17 ± 0.17
Lactate (mmol) 0.29 ± 0.05B 0.51 ± 0.05A 0.42 ± 0.06A,B
Triglycerides (mmol) 3.26 ± 0.51 2.63 ± 0.43 2.41 ± 0.41
Proteins (mg mL−1) 43.51 ± 1.91 45.56 ± 2.28 45.47 ± 1.91
Total α-amino acids (mmol) 34.03 ± 2.58A 22.98 ± 2.25B 23.85 ± 2.51B
Cortisol (ng mL−1) 55.99 ± 20.77 59.11 ± 18.46 52.65 ± 14.21
Osmolality (mOsm kg−1) 322.07 ± 1.05 324.61 ± 1.32 322 ± 2.04
Muscle water (%) 80.73 ± 0.35 80.86 ± 0.42 80.29 ± 0.46
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Fig. 1  Na+,  K+-ATPase (NKA) activity in the a gills, b kidney, and 
c foregut of Eleginops maclovinus acclimated for 2 weeks to 10  °C 
(control), 14 and 18 °C. Data are shown as the mean ± SEM (n = 14 

per group). Different letters indicate significant difference between 
the temperature groups (P  <  0.05, one-way ANOVA followed by 
Tukey’s test)
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the 10 °C control. Just as in the liver, protein and α-amino 
acid levels were lowest at 14 °C, whereas no significant 
changes were found at 18 °C, as compared with the control. 
Triglycerides levels were significantly higher at 18 °C, and 
no significant differences in lactate levels were detected.

Regarding carbohydrate metabolism, only G6PDH activ-
ity showed significant differences. A direct relationship 
to temperature (R2 = 0.9999) was found, and the highest 
enzymatic G6PDH activity levels were recorded at 18 °C 
(Fig.  3a). HK enzymatic activity showed only a slight 
increase with temperature (R2 = 0.94), but this change was 
not significant (Fig. 3b). No significant changes in FBP 
activity were detected (Fig. 3c). Both GDH and G3PDH 
showed the same activity pattern, increasing at 14 °C, but 
without significant differences at 18 °C, as compared to the 
control group (Fig. 3d, e, respectively). Finally, enzymatic 
LDH-O activity did not show significant differences between 
the tested temperatures (R2 = 0.6436; Fig. 3f).

Kidney

Changes in metabolites concentrations and enzyme activi-
ties in the kidney are presented in Table 5 and Fig.  4, 
respectively. Significant differences were found in glyco-
gen and α-amino acid levels. The lowest glycogen levels 
were recorded at 18 °C, while α-amino acid levels were 
lowest at 14 and 18 °C. In contrast, no statistical differ-
ences were found for glucose, protein, lactate, or triglyc-
erides levels. Regarding carbohydrates metabolism, only 
enzymatic G6PDH activity was higher at 14 and 18 °C 
(R2 = 0.7566; Fig. 4a). Enzymatic HK and FBP activities 
did not show significant differences among the tested tem-
peratures (R2 = 0.5236 for HK and R2 = 0.8924 for FBP; 
Figs. 4b, c, respectively). Regarding amino acid metabolism, 
enzymatic GDH activity was directly related to tempera-
ture (R2 = 0.9991), with the highest activity of this enzyme 
recorded at 18 °C (Fig. 4d). For triglyceride metabolism, 
enzymatic G3PDH activity evidenced no significant dif-
ferences between groups, but the activity did show a rela-
tive increase with temperature (R2 = 0.9965) (Fig. 4e). 

Enzymatic LDH-O activity could not be detected in the 
kidney with the methodologies used in the present study.

Discussion

Fish performance is optimum (i.e., greater growth, best 
metabolic enzyme functioning) within a certain tempera-
ture range. Outside of this range, a number of metabolic, 
molecular, and physiological changes aid in maintaining 
internal homeostasis. Nevertheless, these changes generate 
a new allostatic state, or stress response, that may impair 
normal physiological functions (McEwen and Wingfield 
2003). Additionally, previous studies suggest that some 
notothenioid fish are particularly sensitive to temperature 
increases (Beers and Sidell 2011). Interestingly, some Ant-
arctic fish appear to have retained the ability to compensate 
for chronic temperature change (Seebacher et al. 2005). The 
results obtained in the present study indicate that Eleginops 
maclovinus can acclimate to environmental temperatures 
of 14 and 18 °C without any signs of apparent stress, evi-
denced by no significant differences in plasma glucose and 
cortisol levels, or changes in behavior or mortality (Barton 
2002; Martínez-Porchas et al. 2009). However, E. maclovi-
nus evidenced a new allostatic state through a marked reor-
ganization of intermediary metabolism components, the 
processes of which are tissue-dependent, likely due to the 
specific physiological functions of each tissue (Feidantsis 
et al. 2015). In the present study, all of the analyzed tissues 
presented metabolic modifications, especially in the gills, 
where marked metabolic and osmoregulatory adjustments 
were recorded.

Osmoregulatory performance

Eleginops maclovinus did not show differences in plasma 
osmolality or muscle water content, suggesting that this spe-
cies can maintain osmotic homeostasis at 14 and 18 °C. In 
turn, enzymatic NKA activity increased with temperature. 
Similar results in NKA activity following maintenance at 

Table 3  Hepatic metabolites in 
Eleginops maclovinus juveniles 
acclimated to 10 °C (control), 
14, and 18 °C for 14 days

Different letters indicate significant difference between groups (P < 0.05, one-way ANOVA followed by 
Tukey’s test)

Liver (µmoles g wet  weight−1) Temperature

10 °C 14 °C 18 °C

Glycogen 106.85 ± 17.07A 69.74 ± 17.44A,B 41.33 ± 9.53B
Glucose 13.99 ± 1.49B 17.92 ± 2.88A,B 25.18 ± 2.91A
Proteins 88.11 ± 2.95 92.04 ± 2.95 96.17 ± 3.47
Total α-amino acids 55.88 ± 2.03A 41.56 ± 3.07B 53.31 ± 2.81A
Lactate Not detected Not detected Not detected
Triglycerides 2.91 ± 0.33 3.19 ± 0.31 2.94 ± 0.31
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Fig. 2  Hepatic activities of the intermediate metabolism enzymes a 
G6PDH, b FBP, c GDH, d GOT, e GPT, and f G3PDH in Eleginops 
maclovinus acclimated for 2 weeks to 10 °C (control), 14 and 18 °C. 

Data are shown as the mean  ±  SEM (n  =  14 per group). Different 
letters indicate significant difference between the temperature groups 
(P < 0.05, one-way ANOVA followed by Tukey’s test)
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higher environmental temperatures were reported in the gills 
and other tissues of the common carp (Cyprinus carpio) 
(Metz et al. 2003), the Antarctic Trematomus bernacchii and 
Trematomus newnesi (Gonzalez-Cabrera et al. 1995), juve-
nile turbot (Scophtalmus maximus) (Imsland et al. 2003), 
juvenile yellowtail kingfish (Seriola lalandi) (Abbink et al. 
2012), and tilapia hybrids (Oreochromis mossambicus × O. 
urolepis hornorum) (Sardella et al. 2004). This direct rela-
tionship between temperature and enzymatic NKA activity, 
as found in the present study and across phylogenetically 
distinct species, suggests the existence of a conserved mech-
anism among teleost fish for acclimating to increased envi-
ronmental temperatures. Since NKA is an enzyme depend-
ent on ATP, successful acclimation to higher environmental 
temperatures requires a trade-off between greater enzymatic 
NKA activity and a greater consumption of energy sub-
strates from intermediary metabolism, such as hepatic gly-
cogen or triglycerides, to maintain the ATP supply (Pörtner 
et al. 2006; Sandersfeld et al. 2015; Enzor et al. 2017).

Additionally, increased enzymatic activity of NKA in the 
gills at higher temperatures may be due to a higher catabo-
lism of amino acids resulting in more nitrogenous wastes, 
such as  NH3 or  NH4

+ (Randall and Wright 1987). This waste 
is ultimately excreted by the gills, mainly through NKA 
(Wilkie 1997; Ip et al. 2012). In teleost fish, only the poste-
rior region of the kidney has osmoregulatory functions. At 
higher temperatures (14 and 18 °C), this region presented 
the greatest levels of NKA activity. This observation could 
be due to greater water absorption and the excretion of diva-
lent cations  (Mg2+,  Ca2+, and  SO4

2−), along with a greater 
absorption of some organic molecules, such as amino acids 
and glucose. These absorption processes recycle energy sub-
strates through co-transportation in the proximal tubules of 
the nephron (Beyenbach 2000; McCormick et al. 2013). In 
the anterior intestine, adjacent to the pyloric caeca region, 
the recorded increase in enzymatic NKA activity is likely 
associated with the generation of electrochemical gradients 
necessary for a greater osmotic absorption of water and ions 
 (Na+ and  Cl−), with consequent energy expenditures (Gro-
sell 2006; Whittamore 2012).

Carbohydrates metabolism

The liver is the main metabolic organ in charge of storing 
and processing glycogen. To maintain the higher metabolism 
rate caused by increased environmental temperatures, the 
liver of the teleost fish breaks down glycogen to glucose and 
sends this metabolite to different tissues that demand specific 
energy substrates (Polakof et al. 2012). In the present study, 
liver glycogen levels significantly decreased as environ-
mental temperature increased, and glucose levels increased 
linearly with temperature. These results suggest greater gly-
cogenolysis rates in the liver, which would generate glucose-
1-phosphate and, through subsequent phosphoglucomutase, 
glucose-6-phosphate. This final metabolic intermediary can 
be used in hepatic glycolysis or be exported through the 
bloodstream to peripheral tissues requiring glucose as an 
energy substrate. Similar results have been reported in Ant-
arctic fish (Windisch et al. 2011), suggesting that the hepatic 
glycolysis process is an acclimation strategy among teleost 
species when faced with high environmental temperatures.

Plasma glucose levels did not present significant differ-
ences among the distinct temperature. This lack of change 
might be due to glycemic turnover or various homeostatic 
mechanisms that maintain constant blood glucose levels in 
E. maclovinus (Polakof et al. 2012). Gill and kidney gly-
cogen levels, by contrast, followed a pattern similar to that 
found in the liver, with lower glycogen levels recorded at 
higher temperatures. These observations reflect a greater 
use of endogenous energy reserves by each organ due to the 
higher metabolism rate imposed by increased environmental 
temperatures. However, differences in glucose levels were 
only significant in the gills and were highest in the 14 °C 
group. This result is likely due to increased glycogenolysis 
and the use of hepatic exogenous glucose. Indeed, teleost 
gill tissue is a very active organ in regards to glucose use 
(Hemre et al. 2002).

G6PDH activity was significantly greater at higher tem-
peratures in the gills and kidney, but not the liver. This 
finding indicates that an increase in the oxidative phase of 
glucose to the pentose phosphate pathway occurred only 

Table 4  Gill metabolites in 
Eleginops maclovinus juveniles 
acclimated to 10 °C (control), 
14, and 18 °C for 14 days

Different letters indicate significant difference between groups (P < 0.05, one-way ANOVA followed by 
Tukey’s test)

Gills (µmoles g wet  weight−1) Temperature

10 °C 14 °C 18 °C

Glycogen 4.72 ± 0.35A 3.16 ± 0.31B 1.32 ± 0.16C
Glucose 2.61 ± 0.22B 3.55 ± 0.31A 3.17 ± 0.13A,B
Proteins 61.18 ± 0.96A 53.98 ± 1.44B 61.54 ± 2.19A
Total α-amino acids 35.17 ± 1.66A 26.48 ± 1.51B 34.17 ± 2.02A
Lactate 0.15 ± 0.02 0.13 ± 0.01 0.13 ± 0.01
Triglycerides 0.88 ± 0.08B 1.02 ± 0.06A,B 1.28 ± 0.09A
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Fig. 3  Gill activities of the intermediate metabolism enzymes a 
G6PDH, b HK, c FBP, d GDH, e G3PDH, and f LDH-O in Eleginops 
maclovinus acclimated for 2 weeks to 10 °C (control), 14 and 18 °C. 

Data are shown as the mean  ±  SEM (n  =  14 per group). Different 
letters indicate significant difference between the temperature groups 
(P < 0.05, one-way ANOVA followed by Tukey’s test)
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in organs with osmoregulatory functions. This increase is 
likely related to an incorporation of more reducing power 
(NADPH) and nucleotide precursors (ribose-5-phosphate), 
which are needed for biosynthetic processes and transcrip-
tion, respectively. Glycolysis in the gills and kidney, as deter-
mined by lactate levels and the activities of HK and LDH, 
showed no significant differences. Similar results for LDH 
enzymatic activity levels in the gills have been reported for 
other Antarctic notothenioids during acclimation to higher 
temperatures (Enzor et al. 2017). Therefore, this metabolic 
pathway might not be affected by the assessed temperature 
changes, probably since oxygen concentration in the water 
did not significantly decrease, thereby preventing greater 
lactate levels and, eventually, an increase in the glycolytic 
pathway. Notably, the presently applied methodology did 
not detect hepatic lactate levels or enzymatic LDH activity, 
a result strongly suggesting the lack of a Cori cycle for E. 
maclovinus. These results align with those reported for gilt-
head seabream (Sparus aurata) (Vargas-Chacoff et al. 2009)

Gluconeogenic activity, as determined by enzymatic FBP 
activity, exhibited no statistically significant difference in 
any of the tested organs. However, a relative increase in FBP 
activity was found in both the liver and kidney at 14 and 
18 °C, which may reflect the greater demand by some tissues 
for glucose as an oxidative substrate. Similar results were 
reported in E. maclovinus adults (Magnoni et al. 2013) and 
in male gilthead seabream (Gomez-Milan et al. 2007).

Lipid metabolism

Lipid metabolism, evaluated through enzymatic G3PDH 
activity and triglycerides levels, showed significant differ-
ences in the liver (only G3PDH activity) and gills (G3PDH 
activity and triglycerides levels). Hepatic enzyme activity 
of G3PDH showed significant difference between the con-
trol temperature (10 °C) and the two experimental tempera-
tures (14 and 18 °C), which may be due to a differential, 
temperature-dependent use of glycerol-3-phosphate. In 
cold environmental temperatures, some teleosts accumulate 
lipids in the liver (Ibarz et al. 2007; Magnoni et al. 2013). 

Glycerol-3-phosphate is used as a precursor for the synthesis 
of triglycerides in the liver, which could explain the low lev-
els of enzymatic activity of G3PDH recorded at higher tem-
peratures. An interesting avenue for future studies would be 
to evaluate if this pattern is maintained in E. maclovinus at 
temperatures lower than 10 °C. Another possibility is that, at 
10 °C or lower, E. maclovinus synthesizes glycerol-3-phos-
phate in the liver via the 3-carbon intermediate DHAP path-
way, thereby generating large amounts of glycerol, as has 
been reported in other species (Driedzic and Ewart 2004; 
Lewis et al. 2004). The physicochemical characteristics of 
glycerol allow this compound to accumulate in large quan-
tities without damaging cellular components, which would 
allow this metabolite to act as a cryoprotectant or chemical 
chaperone (Driedzic and Ewart 2004). Of note, triglycer-
ides levels in the liver did not present significant differences 
between the presently evaluated temperatures. These results 
are similar to those reported for darkbarbel catfish (Pelteoba-
grus vachellii) (Qiang et al. 2017) and Antarctic fish (Enzor 
et al. 2017), suggesting that the liver uses other metabolites, 
such as amino acids or glycolytic substrates, as a source of 
energy when acclimating to higher temperatures. Gill tri-
glyceride levels increased at 18 °C, while enzymatic G3PDH 
activity was highest at 14 °C. These results, along with the 
increased enzymatic activity of branchial G6PDH, reflect 
an increase in fatty acid biosynthesis. This increased bio-
synthesis likely increases triglycerides levels, which could 
modify the membrane environment by regulating the kinetic 
properties of certain enzymes in the gills, such as NKA, at 
higher environmental temperatures (Bystriansky and Bal-
lantyne 2007).

Amino acid metabolism

The energy requirements of teleosts are largely maintained 
by dietary proteins/amino acids, and environmental tem-
perature can differentially affect the metabolism of specific 
amino acids (Ballantyne 2001; Kaushik and Seiliez 2010). 
In the present study, the enzymes of amino acid metabolism 
showed significant differences in the three tested organs, 

Table 5  Kidney metabolites in 
Eleginops maclovinus juveniles 
acclimated to 10 °C (control), 
14, and 18 °C for 14 days

Different letters indicate significant difference between groups (P < 0.05, one-way ANOVA followed by 
Tukey’s test)

Kidney (µmoles g wet  weight−1) Temperature

10 °C 14 °C 18 °C

Glycogen 6.62 ± 0.99A 4.49 ± 0.71A,B 2.92 ± 0.36B
Glucose 5.35 ± 0.19 5.23 ± 0.31 5.96 ± 0.34
Proteins 87.34 ± 2.17 84.86 ± 1.61 84.75 ± 2.58
Total α-amino acids 108.15 ± 11.83A 65.31 ± 4.66B 68.63 ± 6.81B
Lactate 0.38 ± 0.08 0.43 ± 0.07 0.44 ± 0.07
Triglycerides 0.31 ± 0.14 0.31 ± 0.08 0.36 ± 0.06
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indicating a strong modification of amino acid metabolism 
in E. maclovinus as a result of temperature. In E. maclovi-
nus, the highest hepatic enzyme activity levels of GDH and 

Asp-AT were found at higher temperatures, thus reflecting a 
greater use of amino acids as an energy source to sustain the 
increased hepatic metabolism generated by environmental 
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Fig. 4  Kidney activities of the intermediate metabolism enzymes a 
G6PDH, b HK, c FBP, d GDH, and e G3PDH in Eleginops maclo-
vinus acclimated for 2 weeks to 10 °C (control), 14, and 18 °C. Data 

are shown as the mean  ±  SEM (n  =  14 per group). Different let-
ters indicate significant difference between the temperature groups 
(P < 0.05, one-way ANOVA followed by a Tukey’s test)
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temperatures of 14 and 18 °C. Additionally, increased amino 
acid metabolism leads to an increase in ammonium ions that 
are transformed by the liver through a two-step process of 
transdeamination by Asp-AT and GDH, which is reflected by 
the higher activity levels of these enzymes at high tempera-
tures (Wilkie 1997). The enzymatic activity of Ala-AT, in 
contrast, evidenced lower enzyme activity at temperatures of 
14 and 18 °C, which could be due to a decreased use of ala-
nine in energy processes, with use of this amino acid in glu-
coneogenesis processes (Ballantyne 2001). Similar results 
have been reported in Senegalese sole (Solea senegalensis) 
(Costas et al. 2012) and gilthead seabream (Gomez-Milan 
et al. 2007). Interestingly, hepatic amino acid levels only 
decreased at 14 °C, suggesting higher amino acid oxidation 
at 14 °C and the possible use of other metabolites as an 
energy source at 18 °C

In the gills, GDH activity was highest at 14 °C. This 
was concomitant with a decrease in amino acid and protein 
levels. These results indicate an increased metabolization 
of amino acids derived from the proteolysis of this organ 
at 14 °C. In turn, amino acids in the gills were probably 
metabolized from sources other than plasma (e.g., liver or 
muscle) at 18 °C. In the kidney, enzymatic GDH activity 
linearly increased with temperature, while total amino acid 
levels in this organ were significantly lower at 14 and 18 °C. 
These results are consistent with an increased use of amino 
acid catabolism to obtain the energy required by the kidney 
under temperature-induced increases in metabolism.

Conclusion

The presented comparative data regarding the thermal sen-
sitivities of key intermediate metabolism and osmoregula-
tion enzymes support that the sub-Antarctic E. maclovinus 
is quite eurythermal within a range of 10–18 °C, evidencing 
a new allostatic state through a marked reorganization of 
intermediary metabolism components. This trait could be 
important for adapting to global warming (Bozinovic and 
Pörtner 2015). The obtained results indicate that E. maclo-
vinus would suffer less direct impact from climate change. 
Indeed, the predicted average temperature increase in this 
century due to climate change is 1.8–4 °C (IPCC 2014), 
which should only cause some changes to the intermediate 
metabolism of E. maclovinus. In this hypothetical scenario, 
amino acid, carbohydrates, and lipid metabolisms will be 
affected, producing different tissue-dependent responses. 
In turn, the main effects to osmoregulation should be an 
increase in the gluconeogenic pathway and extrusion of 
nitrogenous waste, as suggested by the recorded increases in 
enzymatic GDH and NKA activities. Our results are the first 
to characterize the effects of temperature on the intermediary 
metabolism and osmoregulatory capacity of E. maclovinus. 

The short-term approach used in the present study serves as 
an indicator of the physiological performance of E. maclo-
vinus in the face of a climate change scenario. However, the 
acclimation potential of this fish should be confirmed by 
using a long-term approach to assess the impact of higher 
environmental temperatures on fitness and physiological per-
formance. Fully comprehending the response of animals to 
thermal changes requires not only an understanding of the 
acute responses, but also of the potentially compensatory 
acclimation responses (Pörtner et al. 2006). Knowing the 
variation of adaptive response in different fish species is 
important for evaluating the biochemical strategies of dif-
ferent organisms and for predicting the metabolic costs that 
will determine how climate change will affect organisms 
(Tomanek 2010).

Acknowledgements The authors acknowledge the Dirección de 
Investigación y Desarrollo (DID) and the Programa de Doctorado en 
Ciencias de la Acuicultura (both entities belonging to the Universidad 
Austral de Chile) for their support. The authors also want to thank 
the anonymous reviewers and Ashley VanCott for their comments that 
helped greatly improve this manuscript. R. Oyarzún is funded by the 
Comisión Nacional de Investigación Científica y Tecnológica through 
a national doctoral scholarship.

Compliance with ethical standards 

Funding This study was funded by Fondap-Ideal Grant No. 15150003, 
Fondecyt Regular No. 1160877 and the Office of Research (Dirección 
de Investigación) of the Universidad Austral de Chile.

Conflict of interest The authors declare that there are no conflicts of 
interest.

Ethical approval All the applicable international, national, and/or 
institutional guidelines for the care and use of animals were followed 
as mentioned at the beginning of the Materials and Methods section.

References

Abbink W, Garcia AB, Roques JAC, Partridge GJ, Kloet K, Schnei-
der O (2012) The effect of temperature and pH on the growth 
and physiological response of juvenile yellowtail kingfish Seri-
ola lalandi in recirculating aquaculture systems. Aquaculture 
330:130–135

Arjona FJ, Ruiz-Jarabo I, Vargas-Chacoff L, del Rio MPM, Flik G, 
Mancera JM, Klaren PHM (2010) Acclimation of Solea senega-
lensis to different ambient temperatures: implications for thyroidal 
status and osmoregulation. Mar Biol 157:1325–1335

Ballantyne JS (2001) Amino acid metabolism. Fish Physiol Biochem 
20:77–107

Barton BA (2002) Stress in fishes: a diversity of responses with par-
ticular reference to changes in circulating corticosteroids. Integr 
Comp Biol 42:517–525

Beers JM, Sidell BD (2011) Thermal tolerance of antarctic notothen-
ioid fishes correlates with level of circulating hemoglobin. Physiol 
Biochem Zool 84:353–362



 Marine Biology (2018) 165:22

1 3

22 Page 14 of 15

Beyenbach KW (2000) Renal handling of magnesium in fish: from 
whole animal to brush border membrane vesicles. Front Biosci 
5:D712–719

Bozinovic F, Pörtner HO (2015) Physiological ecology meets climate 
change. Ecol Evol 5:1025–1030

Bystriansky JS, Ballantyne JS (2007) Gill  Na+-K+-ATPase activity 
correlates with basolateral membrane lipid composition in seawa-
ter- but not freshwater-acclimated Arctic char (Salvelinus alpinus). 
Am J Physiol Regul Integr 292:R1043–R1051

Costas B, Aragao C, Ruiz-Jarabo I, Vargas-Chacoff L, Arjona FJ, 
Mancera JM, Dinis MT, Conceicao LEC (2012) Different envi-
ronmental temperatures affect amino acid metabolism in the eury-
therm teleost Senegalese sole (Solea senegalensis Kaup, 1858) 
as indicated by changes in plasma metabolites. Amino Acids 
43:327–335

Driedzic WR, Ewart KV (2004) Control of glycerol production by 
rainbow smelt (Osmerus mordax) to provide freeze resistance 
and allow foraging at low winter temperatures. Comp Biochem 
Physiol B 139:347–357

Enzor LA, Hunter EM, Place SP (2017) The effects of elevated temper-
ature and ocean acidification on the metabolic pathways of noto-
thenioid fish. Conserv Physiol 5(1):19. https://doi.org/10.1093/
conphys/cox019

Farrell AP, Stevens ED, Cech JJ, Richards JG (2011) Encyclopedia of 
fish physiology: from genome to environment. Academic Press, 
Elsevier, London, Waltham

Feidantsis K, Pörtner HO, Antonopoulou E, Michaelidis B (2015) Syn-
ergistic effects of acute warming and low pH on cellular stress 
responses of the gilthead seabream Sparus aurata. J Comp Physiol 
B 185:185–205

Ficke AD, Myrick CA, Hansen LJ (2007) Potential impacts of global 
climate change on freshwater fisheries. Rev Fish Biol Fish 
17:581–613

Freire CA, Amado EM, Souza LR, Veiga MP, Vitule JR, Souza MM, 
Prodocimo V (2008) Muscle water control in crustaceans and 
fishes as a function of habitat, osmoregulatory capacity, and 
degree of euryhalinity. Comp Biochem Physiol A 149:435–446

Goldspink G (1995) Adaptation of fish to different environmental-
temperature by qualitative and quantitative changes in gene-
expression. J Therm Biol 20:167–174

Gomez-Milan E, Cardenete G, Sanchez-Muros MJ (2007) Annual 
variations in the specific activity of fructose 1.6-bisphosphatase, 
alanine aminotransferase and pyruvate kinase in the Sparus aurata 
liver. Comp Biochem Physiol B 147:49–55

Gonzalez RJ (2012) The physiology of hyper-salinity tolerance in tel-
eost fish: a review. J Comp Physiol B 182:321–329

Gonzalez-Cabrera PJ, Dowd F, Pedibhotla VK, Rosario R, Stanley-
samuelson D, Petzel D (1995) Enhanced hypo-osmoregulation 
induced by warm-acclimation in Antarctic fish is mediated by 
increased gill and kidney  Na+/K+-atpase activities. J Exp Biol 
198:2279–2291

Grosell M (2006) Intestinal anion exchange in marine fish osmoregula-
tion. J Exp Biol 209(15):2813–2827

Hemre GI, Mommsen TP, Krogdahl A (2002) Carbohydrates in fish 
nutrition: effects on growth, glucose metabolism and hepatic 
enzymes. Aquacult Nutr 8:175–194

Hevroy EM, Hunskar C, de Gelder S, Shimizu M, Waagbo R, Breck 
O, Takle H, Sussort S, Hansen T (2013) GH-IGF system regula-
tion of attenuated muscle growth and lipolysis in Atlantic salmon 
reared at elevated sea temperatures. J Comp Physiol B 183:243–
259. https://doi.org/10.1007/s00360-012-0704-5

Hwang PP, Lee TH, Lin LY (2011) Ion regulation in fish gills: recent 
progress in the cellular and molecular mechanisms. Am J Physiol-
Reg I 301:R28–R47

Ibarz A, Beltran M, Fernandez-Borras J, Gallardo MA, Sanchez J, 
Blasco J (2007) Alterations in lipid metabolism and use of energy 

depots of gilthead sea bream (Sparus aurata) at low temperatures. 
Aquaculture 262:470–480

Imsland AK, Gunnarsson S, Foss A, Stefansson SO (2003) Gill  Na+, 
 K+-ATPase activity, plasma chloride and osmolality in juvenile 
turbot (Scophthalmus maximus) reared at different temperatures 
and salinities. Aquaculture 218:671–683

Ip YK, Loong AM, Kuah JS, Sim EWL, Chen XL, Wong WP, Lam 
SH, Delgado ILS, Wilson JM, Chew SF (2012) Roles of three 
branchial  Na+-K+-ATPase alpha-subunit isoforms in freshwater 
adaptation, seawater acclimation, and active ammonia excretion in 
Anabas testudineus. Am J Physiol-Reg I 303:R112–R125

IPCC (2014) Climate Change 2014: impacts, Adaptation and Vulnera-
bility-Contributions of the Working Group II to the Fifth Assess-
ment Report. Summ. Policy Mak

Johnston IA, Dunn J (1987) Temperature acclimation and metabolism 
in ectotherms with particular reference to teleost fish. Symp Soc 
Exp Biol 41:67–93

Kaushik S, Seiliez I (2010) Protein and amino acid nutrition and 
metabolism in fish: current knowledge and future needs. Aquac 
Res 41:322–332

Keppler D, Decker K (1974) Glycogen. Determination with amyloglu-
cosidase. In: Bergmeyer HU (ed) Methods of enzymatic analysis. 
Academic, New York, pp 1127–1131

Klein RD, Borges VD, Rosa CE, Colares EP, Robaldo RB, Martinez 
PE, Bianchini A (2017) Effects of increasing temperature on 
antioxidant defense system and oxidative stress parameters in the 
Antarctic fish Notothenia coriiceps and Notothenia rossii. J Therm 
Biol 68:110–118

Kreiss CM, Michael K, Lucassen M, Jutfelt F, Motyka R, Dupont S, 
Pörtner HO (2015) Ocean warming and acidification modulate 
energy budget and gill ion regulatory mechanisms in Atlantic cod 
(Gadus morhua). J Comp Physiol B 185:767–781

Lewis JM, Ewart KV, Driedzic WR (2004) Freeze resistance in rain-
bow smelt (Osmerus mordax): seasonal pattern of glycerol and 
antifreeze protein levels and liver enzyme activity associated with 
glycerol production. Physiol Biochem Zool 77:415–422

Madeira D, Narciso L, Cabral HN, Vinagre C (2012) Thermal tolerance 
and potential impacts of climate change on coastal and estuarine 
organisms. J Sea Res 70:32–41

Magnoni LJ, Scarlato NA, Ojeda FP, Wohler OC (2013) Gluconeogenic 
pathway does not display metabolic cold adaptation in liver of 
Antarctic notothenioid fish. Polar Biol 36:661–671

Martínez-Porchas M, Martínez-Córdova LR, Ramos-Enriquez R (2009) 
Cortisol and Glucose: reliable indicators of fish stress? Pan-Am 
J Aquat Sci 4:158–178

McCormick SD (1993) Methods for nonlethal gill biopsy and meas-
urement of  Na+,  K+ -ATPase activity. Can J Fish Aquat Sci 
50:656–658

McCormick SD, Farrell AP, Brauner CJ (2013) Euryhaline fishes. Aca-
demic Press, Oxford, Waltham

McEwen BS, Wingfield JC (2003) The concept of allostasis in biology 
and biomedicine. Horm Behav 43:2–15

Metz JR, van den Burg EH, Bonga SEW, Flik G (2003) Regulation of 
branchial  Na+/K+-ATPase in common carp Cyprinus carpio L. 
acclimated to different temperatures. J Exp Biol 206:2273–2280

Mommsen TP (1986) Comparative gluconeogenesis in hepatocytes 
from salmonid fishes. Can J Zool 64:1110–1115

Mommsen TP, Vijayan MM, Moon TW (1999) Cortisol in teleosts: 
dynamics, mechanisms of action, and metabolic regulation. Rev 
Fish Biol Fisher 9:211–268

Moore S (1968) Amino acid analysis: aqueous dimethyl sulfoxide as 
solvent for the ninhydrin reaction. J Chem Biol 1242:6281–6283

Paaijmans KP, Heinig RL, Seliga RA, Blanford JI, Blanford S, Mur-
dock CC, Thomas MB (2013) Temperature variation makes ecto-
therms more sensitive to climate change. Global Change Biol 
19:2373–2380

https://doi.org/10.1093/conphys/cox019
https://doi.org/10.1093/conphys/cox019
https://doi.org/10.1007/s00360-012-0704-5


Marine Biology (2018) 165:22 

1 3

Page 15 of 15 22

Pequeño G (1989) Peces de Chile. Lista sistemática revisada y comen-
tada. Rev Biol Mar 24(2):1–132

Pequeño G, Pavés H, Bertrán C, Vargas-Chacoff L (2010) Regimen 
estacional de alimentación limnética en el robalo Eleginops 
maclovinus (Valenciennes 1830), en el río Valdivia, Chile. Gayana 
74:47–56

Polakof S, Panserat S, Soengas JL, Moon TW (2012) Glucose metabo-
lism in fish: a review. J Comp Physiol B 182:1015–1045

Pörtner HO, Bennett AF, Bozinovic F, Clarke A, Lardies MA, Lucassen 
M, Pelster B, Schiemer F, Stillman JH (2006) Trade-offs in ther-
mal adaptation: the need for a molecular to ecological integration. 
Physiol Biochem Zool 79:295–313

Qiang J, Tao Y-F, He J, Bao J-W, Li H-X, Shi W-b XuP, Sun Y-L 
(2017) Influences of dietary lipid and temperature on growth, fat 
deposition and lipoprotein lipase expression in darkbarbel catfish 
(Pelteobagrus vachellii). J Therm Biol 69:191–198

Quinn GP, Keough MJ (2002) Experimental design and data analysis 
for biologists. Cambridge University Press, Cambridge, New York

Randall DJ, Wright PA (1987) Ammonia distribution and excretion in 
fish. Fish Physiol Biochem 3(3):107–120

Sandblom E, Grans A, Axelsson M, Seth H (2014) Temperature accli-
mation rate of aerobic scope and feeding metabolism in fishes: 
implications in a thermally extreme future. P Roy Soc B-Biol Sci 
281:20141490

Sandersfeld T, Davison W, Lamare MD, Knust R, Richter C (2015) 
Elevated temperature causes metabolic trade-offs at the whole-
organism level in the Antarctic fish Trematomus bernacchii. J Exp 
Biol 218:2373–2381

Sandersfeld T, Mark FC, Knust R (2017) Temperature-dependent 
metabolism in Antarctic fish: Do habitat temperature conditions 
affect thermal tolerance ranges? Polar Biol 40(1):141–149

Sardella BA, Cooper J, Gonzalez RJ, Brauner CJ (2004) The effect 
of temperature on juvenile Mozambique tilapia hybrids (Oreo-
chromis mossambicus × O-urolepis homorum) exposed to 
full-strength and hypersaline seawater. Comp Biochem Phys A 
137:621–629

Schulte PM (2015) The effects of temperature on aerobic metabolism: 
towards a mechanistic understanding of the responses of ecto-
therms to a changing environment. J Exp Biol 218:1856–1866. 
https://doi.org/10.1242/jeb.118851

Seebacher F, Davison W, Lowe CJ, Franklin CE (2005) A falsification 
of the thermal specialization paradigm: compensation for elevated 
temperatures in Antarctic fishes. Biol Lett 1:151–154

Somero GN (2004) Adaptation of enzymes to temperature: searching 
for basic “strategies”. Comp Biochem Phys B 139:321–333

Somero GN (2010) The physiology of climate change: how potentials 
for acclimatization and genetic adaptation will determine ‘win-
ners’ and ‘losers’. J Exp Biol 213:912–920

Stitt BC, Burness G, Burgomaster KA, Currie S, McDermid JL, Wil-
son CC (2014) Intraspecific variation in thermal tolerance and 

acclimation capacity in brook trout (Salvelinus fontinalis): physi-
ological implications for climate change. Physiol Biochem Zool 
87:15–29

Tang CH, Tzeng CS, Hwang LY, Lee TH (2009) Constant muscle water 
content and renal HSP90 expression reflect osmotic homeostasis 
in euryhaline teleosts acclimated to different environmental salini-
ties. Zool Stud 48:435–441

Tomanek L (2010) Variation in the heat shock response and its implica-
tion for predicting the effect of global climate change on species’ 
biogeographical distribution ranges and metabolic costs. J Exp 
Biol 213:971–979

Vanella FA, Boy CC, Fernandez DA (2012) Temperature effects on 
growing, feeding, and swimming energetics in the Patagonian 
blennie Eleginops maclovinus (Pisces: perciformes). Polar Biol 
35:1861–1868

Vargas-Chacoff L, Arjona FJ, Polakof S, del Rio MPM, Soengas JL, 
Mancera JM (2009) Interactive effects of environmental salinity 
and temperature on metabolic responses of gilthead sea bream 
Sparus aurata. Comp Biochem Physiol A 154:417–424

Vargas-Chacoff L, Moneva F, Oyarzún R, Martínez D, Muñoz JLP, 
Bertrán C, Mancera JM (2014a) Environmental salinity-modified 
osmoregulatory response in the sub-Antarctic notothenioid fish 
Eleginops maclovinus. Polar Biol 37:1235–1245

Vargas-Chacoff L, Martínez D, Oyarzún R, Nualart D, Olavarría V, 
Yáñez A, Bertrán C, Ruiz-Jarabo I, Mancera JM (2014b) Com-
bined effects of high stocking density and Piscirickettsia salmonis 
treatment on the immune system, metabolism and osmoregula-
tory responses of the Sub-Antarctic Notothenioid fish Eleginops 
maclovinus. Fish Shellfish Immunol 40:424–434

Vargas-Chacoff L, Saavedra E, Oyarzún R, Martínez-Montaño E, Pon-
tigo JP, Yáñez A, Ruiz-Jarabo I, Mancera JM, Ortiz E, Bertrán 
C (2015) Effects on the metabolism, growth, digestive capacity 
and osmoregulation of juvenile of Sub-Antarctic Notothenioid 
fish Eleginops maclovinus acclimated at different salinities. Fish 
Physiol Biochem 41:1369–1381

Vargas-Chacoff L, Moneva F, Oyarzún R, Martínez D, Saavedra E, 
Ruiz-Jarabo I, Muñoz JLP, Bertrán C, Mancera JM (2016) Meta-
bolic responses to salinity changes in the subantarctic notothen-
ioid teleost Eleginops maclovinus. Polar Biol 39:1297–1308

Whittamore JM (2012) Osmoregulation and epithelial water transport: 
lessons from the intestine of marine teleost fish. J Comp Physiol 
B 182(1):1–39

Wilkie MP (1997) Mechanisms of ammonia excretion across fish gills. 
Comp Biochem Physiol Part A: Physiol 118(1):39–50

Windisch HS, Kathover R, Portner HO, Frickenhaus S, Lucassen 
M (2011) Thermal acclimation in Antarctic fish: transcrip-
tomic profiling of metabolic pathways. Am J Physiol-Reg I 
301:R1453–R1466

https://doi.org/10.1242/jeb.118851

	Effects of acclimation to high environmental temperatures on intermediary metabolism and osmoregulation in the sub-Antarctic notothenioid Eleginops maclovinus
	Abstract
	Introduction
	Materials and methods
	Ethics statement
	Fish
	Sampling procedure
	Plasma measurements
	NKA enzymatic activity
	Intermediate metabolism
	Muscle water content
	Statistical analyses

	Results
	Plasma parameters
	NKA activity in the gills, kidney, and foregut
	Metabolites and enzymes of intermediary metabolism
	Liver
	Gills
	Kidney


	Discussion
	Osmoregulatory performance
	Carbohydrates metabolism
	Lipid metabolism
	Amino acid metabolism

	Conclusion
	Acknowledgements 
	References




