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Abstract To assess the interaction between testosterone
(T) treatment and acclimation to diVerent salinities, sea-
water-acclimated gilthead sea bream (Sparus auratus) were
implanted with slow-release coconut oil implants alone
(control) or containing T (5 �g/g body mass). After 5 days,
eight Wsh of control and T-treated groups were sampled.
The same day, eight Wsh of each group were transferred to
low salinity water (LSW, 6 ppt, hypoosmotic test), seawa-
ter (SW, 38 ppt, control test) and high salinity water (HSW,
55 ppt, hyperosmotic test) and sampled 9 days later. Gill
Na+, K+-ATPase activity increased in HSW-acclimated Wsh
with respect to SW- and LSW-acclimated Wsh in both
control and T-treated groups. Kidney Na+, K+-ATPase
activity was also enhanced in HSW-acclimated Wsh, but
only in T-treated group. From a metabolic point of view,
most of the changes observed can be attributed to the action
of salinity and T treatment alone, since few interactions
between T treatment and osmotic acclimation to diVerent
salinities were observed. Those interactions included in

treated Wsh: in the liver, decreased capacity in using glucose
in Wsh acclimated to extreme salinities; in the gills,
decreased capacity in using amino acids in HSW; in the
kidneys increased capacity in using amino acids in extreme
salinities; and in the brain, decreased glycogen and aceto-
acetate levels of Wsh in LSW.

Abbreviations
Ala-AT Alanine aminotransferase (EC. 2.6.1.2.)
Asp-AT Aspartate aminotransferase (EC. 2.6.1.1.)
HK Low Km hexokinase (EC. 2.7.1.11.)
G6Pase Glucose 6-phosphatase (EC. 3.1.3.9.)
G3PDH �-Glycerophosphate dehydrogenase 

(EC. 1.1.1.8.)
G6PDH Glucose 6-phosphate dehydrogenase 

(EC. 1.1.1.49)
GDH Glutamate dehydrogenase (EC. 1.4.1.2.)
GK Glucokinase (EC. 2.7.1.2.)
HOAD 3-Hydroxiacil-CoA-dehydrogenase 

(EC. 1.1.1.35.)
LDH-O Lactate dehydrogenase-oxidase (EC. 1.1.1.27.)
PFK 6-Phosphofructo 1-kinase (EC. 2.7.1.11.)
PK Pyruvate kinase (EC. 2.7.1.40.)

Introduction

In addition to their role in reproduction, in Wsh, sex steroids
are involved in other physiological processes, such as
growth (Sparks et al. 2003), digestion and food utilization
(Ince et al. 1982), gut transport (Reshkin et al. 1989), shifts
in body composition (Haux and Norberg 1985) and osmo-
regulation and energy metabolism (see below).

In salmonids, an inverse relationship between sexual
maturation (and/or treatment with exogenous sex steroids)
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and seawater (SW) adaptability has been demonstrated
(McCormick and Naiman 1985; McCormick 1995;
LeFrançois and Blier 2000). In non-salmonid species, treat-
ment with 17�-estradiol (E2) decreased gill Na+, K+-ATP-
ase activity and hypoosmotic capacity in tilapia (Vijayan
et al. 2001) and Fundulus (Mancera et al. 2004), whereas
an increase occurred in gilthead sea bream (Guzmán et al.
2004). There are few studies regarding the inXuence of tes-
tosterone (T) on osmoregulatory capacity of non-salmonid
species (Sunny and Oommen 2000, 2002). In a previous
study, we have observed that T treatment enhanced gill and
kidney Na+, K+-ATPase activities in SW-acclimated gilt-
head sea bream suggesting an hypoosmoregulatory role for
T (Sangiao-Alvarellos et al. 2006).

As for energy metabolism, T treatment is known to
increase oxygen consumption (Sparks et al. 2003; Ros et al.
2004), and to induce anabolic changes at the hepatic level
(Peter and Oommen 1989; Woo et al. 1993; Singh and
Gupta 2002; Sunny et al. 2002). In gilthead sea bream kept
in SW, T treatment increased levels of plasma metabolites
(glucose, lactate, protein and triclyceride), and induced sev-
eral metabolic changes in the liver, gills, kidneys and brain
(Sangiao-Alvarellos et al. 2006).

Gilthead sea bream is a partially euryhaline species for
which gonadal development occurs in estuarine areas
(brackish water), whereas spawning always occurs in SW
(Arias 1976). In this species, gill Na+, K+-ATPase activity is
lower in isosmotic environments (estuarine areas) and
higher in hyperosmotic environments (seawater of open sea;
Laiz-Carrión et al. 2005). Furthermore, several metabolic
changes occur in osmoregulatory (gills and kidneys) and
non-osmoregulatory (liver and brain) tissues during accli-
mation to hyperosmotic and hypoosmotic environments
(Sangiao-Alvarellos et al. 2003, 2005a). Similar changes in
the activity of enzymes involved in energy metabolism have
been observed in other marine Wsh species during acclima-
tion to LSW or HSW (Nakano et al. 1998; Kelly and Woo
1999; Kelly et al. 1999; Le François et al. 2004). Since we
have demonstrated signiWcant eVects of T treatment on both
energy metabolism and osmoregulation in SW-acclimated
gilthead sea bream, the aim of the present study was to
assess the possible interaction of T treatment with osmotic
acclimation in gilthead sea bream transferred from SW to
hyperosmotic or hypoosmotic environments.

Materials and methods

Fish

Sexually inmature male gilthead seabream (Sparus auratus
L.; 150 § 10 g body mass) were provided by Planta de Cul-
tivos Marinos (CASEM, Universidad de Cádiz, Puerto

Real, Cádiz, Spain) and transferred to the laboratories of
the Faculty of Marine and Environmental Sciences (Puerto
Real, Cádiz). Inmature specimens of approximately 1-year
old were used in order to eliminate the possible interference
of endogenous androgens (the Wrst sexual maturation in
males occurs at a Wsh size of approximately 400 g; Zohar
et al. 1984). Fish were acclimated to seawater (SW, 38 ppt
salinity, 1,103 mOsm/kg H2O) in 500 l aquaria in an open
system. During the experimental period (June–July 2004),
Wsh were maintained under natural photoperiod and con-
stant temperature (21°C), and fed with commercial dry pel-
lets (Dibaq-Diprotg SA, Segovia, Spain) at a daily rate of
1% body weight. Fish were fasted for 24 h before sampling.
The experiments described comply with the European
Union Council (86/609/EU) and the Spanish Government
(RD 1201/2005) guidelines for the use of animals in
research (Consejería de Agricultura y Pesca de la Junta de
Andalucía animal facilities, refs. CA/3/U and CA/4/CS).

Experimental design

SW-acclimated Wsh were injected intraperitoneally (5 �l/g
body mass) with slow-release coconut oil alone (control) or
containing T (5 �g/g body mass). This dose has been previ-
ously reported in this species to induce a chronic increase in
T levels for a week (Sangiao-Alvarellos et al. 2006). After
5 days, eight Wsh of oil-implanted group and eight Wsh of T-
implanted group were sampled. The same day, eight Wsh of
each group were transferred to low salinity water (LSW,
hypoosmotic test), SW (transfer test) and high salinity
water (HSW, hyperosmotic test). After 9 days, all groups
were sampled (see below). One group of untreated Wsh
(n = 8) served as non-injected control. LSW (6 ppt salinity,
178 mOsm/kg H2O) was obtained by mixing SW with
dechlorinated tap water in a recirculating system. HSW
(55 ppt salinity, 1368 mOsm/kg H2O) was obtained by
mixing full SW with natural marine salts (Unionsal, Cádiz,
Spain) in a recirculating system. The system in the tanks
containing SW was also recirculated to be comparable with
that of LSW and HSW. Once the systems became recircu-
lated, the common water quality criteria and salinity were
checked every day.

Sampling

Fish were anaesthetized with 2-phenoxyethanol (0.1% v/v)
and weighed. A blood sample was collected from the
caudal vein using ammonium-heparinized syringes. The
plasma, obtained by centrifugation (1 min at 10,000g), was
divided into two aliquots. One aliquot was immediately fro-
zen in liquid nitrogen and stored at ¡80°C until further
assay of T and protein levels and osmolality. The other ali-
quot, for the assessment of metabolites was deproteinized
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immediately (using 6% perchloric acid), neutralized (using
1 mol l¡1 potassium bicarbonate), frozen in liquid nitrogen
and stored at ¡80°C until further assay. To assess Na+, K+-
ATPase activity, 3–5 Wlaments from the second branchial
arch (cut just above the septum with Wne point scissors) and
a portion of the caudal kidney were taken, placed in 100 �l
of ice-cold SEI buVer (150 mmol l¡1 sucrose, 10 mmol l¡1

EDTA, 50 mmol l¡1 imidazole, pH 7.3), and frozen at
¡80° C. Brain, liver, the remaining kidney and the remain-
ing branchial arches were also removed, weighed, freeze-
clamped in liquid nitrogen and stored at ¡80°C until assay.

Analytical techniques

Plasma glucose, lactate and triglyceride levels were mea-
sured using commercial kits (Spinreact, Spain) adapted to
microplates. Plasma protein concentration was quantiWed
using the bicinchoninic acid method with bovine serum
albumin as standard. Plasma osmolality was assessed with
a vapor pressure osmometer (Fiske One-Ten Osmometer,
Fiske, VT, USA). Plasma levels of T were quantiWed by
ELISA following the method described by Rodríguez et al.
(2000). Gill and kidney Na+, K+-ATPase activity were
assessed using the microassay method of McCormick
(1993) adapted for use in gilthead sea bream (Mancera
et al. 2002).

Frozen liver, brain, kidneys, and gills were Wnely minced
on a chilled Petri dish to very small pieces, which, still fro-
zen, were divided into two diVerent (but relatively homoge-
neous) portions to assess enzyme activities and metabolite
levels. For the assessment of metabolite levels, frozen tis-
sue was weighed and homogenized immediately by ultra-
sonic disruption with 7.5 volumes of ice-cooled 6%
perchloric acid, neutralized with 1 mol l¡1 potassium bicar-
bonate, centrifuged, and the supernatant assayed. Tissue
lactate and triglyceride levels were determined spectropho-
tometrically using commercial kits (Spinreact, Spain). Tis-
sue glycogen levels were assessed using the method of
Keppler and Decker (1974). Glucose obtained after glyco-
gen breakdown (after subtracting free glucose levels) was
determined with a commercial kit (Biomérieux, Spain).
Tissue total �-amino acids level was assessed colorimetri-
cally using the nynhidrin method of Moore (1968) with
modiWcations to adapt the assay to a microplate format. For
the assessment of enzyme activities (HK, GK, PK, PFK,
G6Pase, G6PDH, G3PDH, GDH, Ala-AT, Asp-AT, LDH,
and HOAD), frozen tissue was homogenized by ultrasonic
disruption with 10 volumes of ice-cold stopping buVer con-
taining (in mmol l¡1) 50 imidazole-HCl (pH 7.5), 1 mer-
captoethanol, 50 NaF, 4 EDTA, 250 sucrose and a protease
inhibitor cocktail (Sigma, P-2714). The speciWc conditions
for enzyme assays were described previously (Sangiao-
Alvarellos et al. 2003, 2006).

Statistics

Data were statistically analyzed by two-way ANOVA in
which treatment (control and T) and salinity (LSW, SW, and
HSW) were the main factors. When signiWcant eVects were
observed for any factor, a one-way ANOVA followed by a
Student–Newman-Keuls test was carried out. DiVerences
were considered to be statistically signiWcant at P < 0.05.

Results

The parameters assessed did not show any diVerences
between untreated Wsh (day 0) and Wsh implanted with coco-
nut oil alone (control; data not shown). Plasma T levels
increased in controls in parallel with salinity, showing signiW-
cant diVerences when comparing HSW- with LSW-accli-
mated Wsh. In Wsh treated with T for 5 days, plasma T levels
increased signiWcantly. At 9 days post-transfer (14 days post-
implant), T-treated group maintained in all experimental con-
ditions (LSW, SW and HSW) showed higher T levels than
those of controls. In this group, T levels remained higher in
LSW- or HSW-acclimated Wsh compared with SW-acclimated
Wsh (Fig. 1). No diVerences were observed in gonadal diVer-
entiation after two weeks of exposure to T (data not shown).

Plasma osmolality displayed in both control and T-
treated Wsh signiWcant diVerences depending on salinity,
with higher levels in HSW- than in LSW- and SW-accli-
mated Wsh (Fig. 2a). Gill Na+, K+-ATPase activity showed

Fig. 1 EVects of implantation of coconut oil alone (control) or con-
taining T (5 �g g¡1 body mass) on plasma T levels before and after
salinity transfer from SW (38 ptt) to LSW (6 ptt), SW or HSW (55 ptt).
Fish were intraperitoneally implanted and kept in SW for 5 days. One
group was sampled before transfer and the other groups were trans-
ferred to new environmental salinities and sampled after 9 days. Val-
ues are the means § SEM (n = 8).Asterisks indicate signiWcantly
diVerent (P < 0.05) from Wsh injected with coconut oil alone (control)
under the same experimental conditions. DiVerent letters indicate sig-
niWcant diVerences (P < 0.05) among groups (LSW, SW or HSW)
within each treatment (control and T)
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in both groups a signiWcant increase in HSW- with respect
to SW- and LSW-acclimated Wsh (Fig. 2b). Kidney Na+,
K+-ATPase activity was also higher in HSW-acclimated
Wsh, but only in T-treated group (Fig. 2c).

Plasma glucose levels increased in HSW- and LSW-
with respect to SW-acclimated Wsh (Fig. 3a), whereas in
T-treated group, diVerences were signiWcant between
HSW- and SW-acclimated Wsh. (Fig. 3a). Plasma lactate
levels increased in controls submitted to hyperosmotic con-
ditions (Fig. 3b). Plasma levels of triglycerides decreased in
controls acclimated to extreme salinities, although the
diVerences were not signiWcant (data not shown). Plasma
protein levels did not change (data not shown).

The changes in metabolite levels and enzyme activities
in liver are displayed in Table 1. T treatment before transfer
increased lactate and triglyceride levels, and G6Pase activ-
ity while decreased HK, G6PDH, GDH, Ala-AT and Asp-
AT activities. After transfer, glucose and amino acid levels,
and G6Pase, G6PDH and Asp-AT activities in control Wsh
showed signiWcant eVects of salinity. In T-treated Wsh trans-
ferred to LSW, decreased levels of glycogen, glucose,
amino acid and triglyceride, and HK and G6Pase activities
as well as enhanced levels of lactate and PFK (optimal)
activity were noticed. In this group transferred to SW,
lower HK and G6PDH, and higher PFK (activation ratio),
G6Pase, G3PDH and Asp-AT activities were noticed.
Finally, T-treated Wsh transferred to HSW showed with
respect to controls a decrease in glucose levels, and HK,
G6Pase, GDH and Asp-AT activities and an increase in
acetoacetate levels. No signiWcant changes were noticed for
PFK (activity ratio), FBPase and HOAD activities (data not
shown).

In the gills (Table 2), T treatment before transfer elicited
decreased levels of glycogen and amino acid, and GDH and
LDH-O activities. After transfer, signiWcant diVerences
were noticed among controls for glycogen and lactate

Fig. 2 Plasma osmolality (a), gill (b) and kidney (c) Na+, K+-ATPase
activities in S. auratus. Further details as in legend of Fig. 1 
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Fig. 3 Plasma glucose (a) and lactate (b) levels in S. auratus. Further
details as in legend of Fig. 1 
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levels, and HK, G6PDH, LDH-O and HOAD activities. In
T-treated Wsh, transfer to LSW decreased HK activity.
However, transfer to SW increased glycogen and lactate
levels, and PK (optimal) activity, while decreased activities
of GDH and Asp-AT. Finally, transfer of T-treated Wsh
to HSW decreased G6PDH and Asp-AT activities and
increased glycogen and lactate levels, and PK (optimal)

activity. No signiWcant changes were noticed for glucose
levels, and PK (activity and activation ratios) and G3PDH
activities (data not shown).

Metabolic changes observed in the kidneys are shown in
Table 3. T treatment before transfer increased glucose and
triglyceride levels and G3PDH and Ala-AT activities, while
decreased HK, PK (optimal) and GDH activities. In control

Table 1 Liver levels of metabolites and enzyme activities in SW-acclimated gilthead sea bream after 5 days of intraperitoneal implantation of
coconut oil alone (control) or containing T (5 �g g¡1 body mass), followed by 9 days of acclimation to LSW (6 ppt), SW (38 ppt) or HSW (55 ppt)

Values are the means § SEM (n = 8 Wsh per group)

* SigniWcantly diVerent (P < 0.05) from Wsh implanted with vegetable oil alone (control) under the same experimental conditions

DiVerent letters indicate signiWcant diVerences (P < 0.05) among groups (SW, LSW, and HSW) within each treatment (control and T)

Parameter Treatment Before transfer After transfer

LSW SW HSW

Metabolite levels

Glycogen (�mol glycosyl units g¡1 wet wt.) Control 598.0 § 48.6 637.3 § 58.9a 660.5 § 58.0a 541.6 § 58.3a

T 576.1 § 47.2 455.9 § 25.7*a 589.4 § 57.9a 562.4 § 52.9a

Glucose (�mol g¡1 wet wt.) Control 52.5 § 2.40 69.0 § 5.16a 57.0 § 2.68b 70.8 § 4.53a

T 54.0 § 4.84 53.7 § 4.16*a 52.8 § 1.76a 57.9 § 2.73*a

Lactate (�mol g¡1 wet wt.) Control 0.25 § 0.05 0.20 § 0.02a 0.36 § 0.06a 0.30 § 0.03a

T 0.45 § 0.09* 0.94 § 0.10*a 0.53 § 0.10b 0.30 § 0.05b

�-amino acid (�mol g¡1 wet wt.) Control 76.8 § 3.50 116.8 § 9.94a 70.5 § 4.90b 82.9 § 5.24b

T 74.6 § 2.11 74.9 § 4.29*a 74.5 § 4.72a 85.5 § 4.52a

Triglyceride (�mol g¡1 wet wt.) Control 3.86 § 0.49 4.65 § 0.62a 4.59 § 0.48a 4.79 § 0.59a

T 5.94 § 0.59* 3.13 § 0.24*a 7.17 § 1.53b 4.47 § 0.55ab

Acetoacetate (�mol g¡1 wet wt.) Control 3.76 § 0.25 3.86 § 0.29a 3.56 § 0.17a 3.60 § 0.20a

T 3.65 § 0.23 3.95 § 0.13a 3.54 § 0.28a 4.30 § 0.15*a

Enzyme activities

Carbohydrate metabolism

HK activity (U mg¡1 protein) Control 0.17 § 0.013 0.18 § 0.016a 0.14 § 0.01a 0.20 § 0.026a

T 0.11 § 0.015* 0.12 § 0.013*a 0.23 § 0.03*b 0.08 § 0.01*a

PFK activity

Optimal activity (U mg¡1 protein) Control 1.24 § 0.07 1.25 § 0.15a 1.40 § 0.11a 1.56 § 0.12a

T 1.32 § 0.15 1.80 § 0.15*a 1.64 § 0.16a 1.59 § 0.04a

Fructose 2,6-P2 activation ratio (%) Control 49.5 § 10.4 40.9 § 8.8a 46.3 § 9.21a 63.0 § 9.01a

T 92.7 § 21.9 59.4 § 6.96a 101.0 § 14.7*b 57.7 § 2.80a

G6Pase activity (U mg¡1 protein) Control 11.4 § 1.60 39.0 § 4.52a 18.1 § 2.29b 36.9 § 5.15a

T 18.9 § 1.85* 18.8 § 2.80*,a 27.9 § 2.18*a 18. 1 § 1.87*a

G6PDH activity (U mg¡1 protein) Control 1.52 § 0.15 1.22 § 0.07a 1.88 § 0.19b 1.87 § 0.28ab

T 0.96 § 0.10* 1.42 § 0.13a 1.28 § 0.12*a 1.57 § 0.13a

G3PDH activity (U mg¡1 protein) Control 1.27 § 0.13 1.63 § 0.12a 1.44 § 0.15a 1.94 § 0.16a

T 1.32 § 0.06 1.72 § 0.07a 1.95 § 0.09*a 1.72 § 0.08a

Amino acid metabolism

GDH activity (U mg¡1 protein) Control 3.20 § 0.20 2.68 § 0.12a 2.72 § 0.12a 3.03 § 0.24a 

T 2.40 § 0.12* 2.77 § 0.11ab 3.26 § 0.26a 2.56 § 0.06*b

Ala-AT activity (U mg¡1 protein) Control 5.98 § 0.36 4.42 § 0.47a 5.14 § 0.32a 5.09 § 0.53a

T 4.50 § 0.40* 4.40 § 0.29a 4.93 § 0.35a 4.71 § 0.46a

Asp-AT activity (U mg¡1 protein) Control 6.18 § 0.49 6.84 § 0.33ab 6.27 § 0.31a 8.15 § 0.48b

T 3.56 § 0.77* 6.90 § 0.41a 8.53 § 0.73*b 7.02 § 0.11*ab
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Wsh, signiWcant eVects of salinity transfer were observed in
glycogen, glucose, amino acid and triglyceride levels and
G3PDH and Ala-AT activities. In T-treated Wsh transferred
to LSW, lower glycogen and higher amino acid levels and
Ala-AT activity were noticed. In treated Wsh transferred to
SW, higher glucose levels and HK and LDH-O activities,
as well as lower amino acid levels, were noticed. Finally,
transfer to HSW decreased glucose levels and PK (activa-
tion ratio) activity, while increased PK (optimal) and GDH
activities with respect to controls. No signiWcant changes
were observed for lactate levels and G6Pase, G6PDH and
Asp-AT activities (data not shown).

In the brain (Table 4), T treatment before transfer
decreased glucose and triglyceride levels and PFK (activity
ratio) activity. After transfer to diVerent salinities in con-
trols, signiWcant eVects were noticed in the levels of glyco-
gen and HOAD activity. In T-treated Wsh transferred to
LSW, signiWcant decreases in glycogen and glucose, aceto-

acetate and triglyceride levels, as well as increased PFK
(optimal) activity, were observed. In treated Wsh, transfer to
SW decreased PFK activity (activation ratio) compared
with controls. Finally, transfer to HSW decreased lactate
and amino acid levels and PFK (activity ratio), while
increased triglyceride levels and HOAD activity. No sig-
niWcant changes were observed for amino acid levels, HK,
PFK (activation ratio), G6PDH, Ala-AT, Asp-AT and GDH
activities (data not shown).

Discussion

Testosterone levels

Testosterone-treated Wsh displayed higher T levels than
controls with values of 0.3–1 ng ml¡1 close to those
observed in gilthead sea bream during maturation and

Table 2 Gill levels of metabolites and enzyme activities in SW-accli-
mated gilthead sea bream after 5 days of intraperitoneal implantation
coconut oil alone (control) or containing T (5 �g g¡1 body mass),

followed by 9 days of acclimation to LSW (6 ppt), SW (38 ppt) or
HSW (55 ppt). Further details as in legend of Table 1

Parameter Treatment Before transfer After transfer

LSW SW HSW

Metabolite levels

Glycogen (�mol glycosyl units g¡1 wet wt.) Control 0.66 § 0.06 1.15 § 0.07a 1.04 § 0.06b 1.14 § 0.12a

T 0.50 § 0.005* 1.23 § 0.15a 1.41 § 0.2*ab 2.36 § 0.46*b

Lactate (�mol g¡1 wet wt.) Control 0.29 § 0.03 0.39 § 0.06a 0.26 § 0.03b 0.29 § 0.02ab

T 0.23 § 0.03 0.37 § 0.16a 0.37 § 0.03*a 0.42 § 0.07*a

�-amino acid (�mol g¡1 wet wt.) Control 17.4 § 0.85 36.2 § 1.64a 42.7 § 3.93a 35.6 § 2.23a

T 38.7 § 3.36* 40.3 § 2.11a 39.9 § 2.68a 34.2 § 2.39b

Enzyme activities

Carbohydrate metabolism

HK activity (U mg¡1 protein) Control 0.68 § 0.07 0.97 § 0.09a 0.65 § 0.067b 0.88 § 0.06ab

T 0.91 § 0.05* 0.49 § 0.05*a 0.62 § 0.07ab 0.77 § 0.07b

PK activity

Optimal activity (U mg¡1 protein) Control 4.37 § 0.38 5.07 § 0.45a 4.63 § 0.39a 4.84 § 0.28a

T 4.31 § 0.27 5.77 § 0.68a 6.45 § 0.73*a 5.82 § 0.27*a

G6PDH activity (U mg¡1 protein) Control 1.93 § 0.14 2.77 § 0.28a 1.86 § 0.14b 1.80 § 0.14b

T 1.70 § 0.23 2.51 § 0.30a 1.63 § 0.15b 1.47 § 0.04*b

Amino acid metabolism

GDH activity (U mg¡1 protein) Control 5.00 § 0.27 5.20 § 0.31a 4.54 § 0.17a 5.08 § 0.29a

T 4.15 § 0.23* 5.64 § 0.56a 3.93 § 0.34*b 5.01 § 0.26b

Asp-AT activity (U mg¡1 protein) Control 0.81 § 0.06 0.87 § 0.10a 0.79 § 0.07a 1.10 § 0.10a

T 0.79 § 0.07 0.77 § 0.08ab 0.55 § 0.07*b 0.79 § 0.08*a

Lactate metabolism

LDH-O activity (U mg¡1 protein) Control 0.47 § 0.06 0.53 § 0.054a 0.33 § 0.05b 0.33 § 0.03b

T 0.16 § 0.02* 0.61 § 0.048a 0.30 § 0.03b 0.33 § 0.04b

Lipid metabolism

HOAD activity (U mg¡1 protein) Control 0.28 § 0.015 0.39 § 0.017a 0.27 § 0.027b 0.45 § 0.044a

T 0.37 § 0.026* 0.48 § 0.03*a 0.31 § 0.025b 0.32 § 0.031*b
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spawning (Gothilf et al. 1997; Chaves Pozo et al. 2007).
Those values also agree with those reported previously in
gilthead sea bream submitted to a similar T treatment (same
dose, vehicle and time of exposition; Sangiao-Alvarellos
et al. 2006). ModiWcations in clearance rate and/or dynamic
of T release from coconut oil implant could explain diVer-
ences observed in T plasma levels among Wsh acclimated to
diVerent environmental salinities (LSW, SW and HSW).

After transfer, plasma T levels increased in parallel with
salinity in control group and were signiWcantly diVerent
among HSW- and LSW-acclimated Wsh. Haddy and Pank-
hurst (2000) studied the eVects of salinity on plasma T lev-
els in black bream Acanthopagrus butcheri, demonstrating
that in males, those levels were higher in Wsh held at 35 ppt

than in Wsh held at 20 ppt or 5 ppt, although the diVerences
were not signiWcant. Our results in the control group could
suggest an osmoregulatory role of this hormone during
hyperosmotic acclimation in gilthead sea bream (see
below).

Osmoregulatory parameters

We have previously reported in gilthead sea bream that
treatment with 2 �g T/g body mass for 7 days enhanced gill
Na+, K+-ATPase activity, whereas the dose of 5 �g T/g
body mass (same used in the present study) was ineVective
(Sangiao-Alvarellos et al. 2006). These results agree with
those reported by Sunny and Oommen (2000), who

Table 3 Kidney levels of metabolites and enzyme activities in SW-
acclimated gilthead sea bream after 5 days of intraperitoneal implanta-
tion of coconut oil alone (control) or containing T (5 �g g¡1 body

mass), followed by 9 days of acclimation to LSW (6 ppt), SW (38 ppt)
or HSW (55 ppt). Further details as in the legend of Table 1

Parameter Treatment Before transfer After transfer

LSW SW HSW

Metabolite levels

Glycogen (�mol glycosyl units g¡1 wet wt.) Control 2.02 § 0.43 2.41 § 0.30a 2.08 § 0.18a 1.19 § 0.17b

T 1.85 § 0.28 3.18 § 0.33*a 2.61 § 0.12ab 1.60 § 0.15b

Glucose (�mol g¡1 wet wt.) Control 2.37 § 0.19 2.73 § 0.10a 2.10 § 0.13b 2.84 § 0.21a

T 3.53 § 0.29* 2.83 § 0.10ab 3.15 § 0.32*a 2.15 § 0.23*b

�-amino acid (�mol g¡1 wet wt.) Control 8.80 § 0.69 5.49 § 0.37a 14.5 § 2.04b 10.0 § 1.52ab

T 8.62 § 1.53 8.00 § 0.97*a 9.31 § 0.86*a 10.7 § 1.67a

Triglyceride (�mol g¡1 wet wt.) Control 0.51 § 0.04 0.54 § 0.09a 0.75 § 0.09ab 1.64 § 0.51b

T 1.11 § 0.23* 1.11 § 0.33a 0.95 § 0.20a 0.68 § 0.08a

Enzyme activities

Carbohydrate metabolism

HK activity (U mg¡1 protein) Control 1.06 § 0.12 0.83 § 0.22a 1.01 § 0.26a 0.94 § 0.15a

T 0.61 § 0.14* 1.00 § 0.27a 1.61 § 0.18*a 1.01 § 0.12a

PK activity

Optimal activity (U mg¡1 protein) Control 4.29 § 0.42 4.15 § 0.33a 3.96 § 0.37a 3.20 § 0.28a

T 3.08 § 0.22* 3.91 § 0.16a 4.03 § 0.42a 4.63 § 0.55*a

Activity ratio (%) Control 19.7 § 1.79 14.0 § 1.79a 11.5 § 1.48a 11.5 § 1.16a

T 18.3 § 2.05 12.9 § 1.72ab 17.4 § 2.26a 9.82 § 1.51b

Fructose 1,6-P2 activation ratio (%) Control 62.3 § 5.11 37.6 § 4.89a 41.4 § 7.52a 48.4 § 6.92a

T 61.4 § 7.16 33.6 § 3.80a 60.7 § 9.49b 30.8 § 4.42*a

G3PDH activity (U mg¡1 protein) Control 0.80 § 0.05 0.93 § 0.04a 1.17 § 0.05b 0.98 § 0.10ab

T 0.96 § 0.05* 1.03 § 0.07a 0.98 § 0.12a 1.10 § 0.08a

Amino acid metabolism

GDH activity (U mg¡1 protein) Control 5.32 § 0.19 5.43 § 0.14a 5.48 § 0.58a 5.45 § 0.19a

T 4.61 § 0.22* 5.48 § 0.33a 7.14 § 1.63a 6.80 § 0.29*a

Ala-AT activity (U mg¡1 protein) Control 3.04 § 0.42 2.01 § 0.25a 4.04 § 0.51b 2.31 § 0.25a

T 4.78 § 0.52* 3.17 § 0.42*a 3.87 § 1.04a 3.03 § 0.49a

Lactate metabolism

LDH-O activity (U mg¡1 protein) Control 0.67 § 0.06 0.54 § 0.05a 0.48 § 0.05a 0.54 § 0.05a

T 0.60 § 0.03 0.47 § 0.04a 0.81 § 0.10*b 0.74 § 0.07*b
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observed a higher increase of gill Na+, K+-ATPase activity
after treatment with intermediate T doses. As suggested in
gilthead sea bream submitted to diVerent hormonal treat-
ments (cortisol: Laiz-Carrión et al. 2003; 17�-estradiol:
Guzman et al. 2004) including T (Sangiao-Alvarellos et al.
2006), a down regulation of T receptors in chloride cells
could occur thus explaining the diVerential stimulation of
gill Na+, K+-ATPase activity by T treatment observed in the
present study. The existence of T receptors has not been
demonstrated in gilthead sea bream, though T receptors
have been described in the gills of Atlantic salmon (Jakobs-
son et al. 1997). Therefore, further studies will be necessary
to test this hypothesis. Moreover, kidney Na+, K+-ATPase
activity did not change in specimens treated with T for
5 days, suggesting the lack of inXuence of T on this enzy-
matic activity.

In gilthead sea bream, a partially euryhaline species, the
relationship between gill Na+, K+-ATPase activity and
environmental salinity is expressed as a clear “U-shaped
curve” (Laiz-Carrión et al. 2005; Sangiao-Alvarellos et al.
2005a). A similar pattern has been reported for other eury-
haline species (Jensen et al. 1998; Kelly et al., 1999). In
this study, we have also observed an increase in gill Na+,
K+-ATPase in LSW- with respect to SW-acclimated Wsh,

but diVerences were not signiWcant. In the kidneys of con-
trol Wsh transferred to diVerent salinities, no changes were
observed in Na+, K+-ATPase activity in contrast with the
direct relationship between environmental salinity and kid-
ney Na+, K+-ATPase activity reported in black sea bream
(Kelly et al. 1999) and gilthead sea bream (Sangiao-Alva-
rellos et al. 2003). However, this species showed two clear
stages in the time course of kidney Na+, K+-ATPase activ-
ity after hypersalinity transfer: a Wrst stage (day 1) in which
enzyme activity increased followed by a second stage with
a decline of this activity to levels comparable to those
of SW-acclimated Wsh (Sangiao-Alvarellos et al. 2005a).
Thus, we may suggest that transferred Wsh (after 9 days) in
the present study were in the second stage.

Nine days after transfer to HSW, gill Na+, K+-ATPase
activity increased signiWcantly in control Wsh in agreement
with previous data reported in gilthead sea bream submitted
to similar hyperosmotic transfer (Laiz-Carrión et al. 2005;
Sangiao-Alvarellos et al. 2005a). In T-treated group, this
parameter also showed a signiWcant increase in HSW- with
respect to SW- and LSW-acclimated Wsh. In the kidneys,
we have observed interactive eVects of T treatment with
osmotic acclimation in Na+, K+-ATPase activity, which
increased in T-treated group acclimated to HSW, but not in

Table 4 Brain levels of metabolites and enzyme activities in SW-
acclimated gilthead sea bream after 5 days of intraperitoneal implanta-
tion of coconut oil alone (control) or containing T (5 �g g¡1 body

mass), followed by 9 days of acclimation to LSW (6 ppt), SW (38 ppt)
or HSW (55 ppt). Further details as in legend of Table 1

Parameter Treatment Before transfer After transfer

LSW SW HSW

Metabolite levels

Glycogen (�mol glycosyl units g¡1 wet wt.) Control 1.37 § 0.11 0.99 § 0.13a 1.78 § 0.21b 1.12 § 0.15a

T 1.10 § 0.11 0.64 § 0.07*a 1.84 § 0.20b 0.83 § 0.20a

Glucose (�mol g¡1 wet wt.) Control 1.90 § 0.22 2.01 § 0.18a 2.67 § 0.33a 2.04 § 0.39a

T 1.26 § 0.11* 0.38 § 0.06*a 2.37 § 0.24b 1.78 § 0.31b

Lactate (�mol g¡1 wet wt.) Control 3.16 § 0.13 3.68 § 0.26a 3.41 § 0.34a 4.28 § 0.33a

T 3.03 § 0.21 4.85 § 0.47*a 3.57 § 0.30b 3.38 § 0.21*b

Acetoacetate (�mol g¡1 wet wt.) Control 8.30 § 0.49 8.58 § 0.07a 8.88 § 0.16a 8.94 § 0.19a

T 8.63 § 0.12 3.46 § 0.37*a 9.28 § 0.25b 9.09 § 0.27b

Triglyceride (�mol g¡1 wet wt.) Control 3.87 § 1.01 2.25 § 0.30a 2.16 § 0.20a 1.28 § 0.41a

T 0.86 § 0.07* 0.40 § 0.08*a 2.31 § 0.44b 3.06 § 0.55*b

Enzyme activities

Carbohydrate metabolism

PFK activity

Optimal activity (U mg¡1 protein) Control 2.70 § 0.21 2.41 § 0.14a 2.92 § 0.26a 2.71 § 0.29a

T 2.89 § 0.24 3.27 § 0.33*a 3.02 § 0.30a 2.94 § 0.33a

Activity ratio (%) Control 24.1 § 2.67 13.3 § 1.52a 17.4 § 2.33a 16.7 § 1.22a

T 14.4 § 1.44* 18.2 § 2.92a 15.2 § 1.23ab 10.1 § 1.68*b

Lipid metabolism

HOAD activity (U mg¡1 protein) Control 0.17 § 0.01 0.24 § 0.2a 0.18 § 0.02ab 0.16 § 0.02b

T 0.19 § 0.02 0.19 § 0.03a 0.21 § 0.02a 0.22 § 0.01*a
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Wsh maintained in SW. These results suggest that, in addi-
tion to T, another factor stimulated by increased salinity (or
even salinity itself) may be involved in inducing the
hypoosmoregulatory action of T (see McCormick 1996).
This increased Na+, K+-ATPase activity in T-treated Wsh
submitted to HSW could induce a reduction in urine pro-
duction and/or an increase in ion excretion in the kidney of
HSW-Wsh.

Metabolic parameters

The changes in the tissues of T-treated Wsh before transfer
agree in general with those previously reported in SW-
acclimated specimens of gilthead sea bream treated with
5 �g T/ body mass for 3–7 days (Sangiao-Alvarellos et al.
2006). The diVerent response of several parameters (i.e.,
lack of changes in glucose and lactate levels) could be
attributed to the diVerent time course used: in the former
experiment those changes were apparent after 7 days, a
time period longer than the 5 days used in the present study.

Moreover, changes observed in the metabolic parame-
ters in tissues (liver, gills, kidneys and brain) of control Wsh
acclimated to diVerent salinities (LSW, SW and HSW)
were also similar to those previously described in the same
species under similar salinity conditions (Sangiao-Alvarel-
los et al. 2003, 2005a).

Since no signiWcant interactions of T treatment with
osmotic acclimation were noticed in plasma metabolite lev-
els, the next paragraphs will therefore be devoted to the
interactions observed in tissues. It is important to remark
that there are no studies available in literature in which
T treatment and osmotic acclimation had been assessed
together before. For this reason, this part of the discussion
lacks supporting references.

Metabolite levels and enzyme activities assessed were
representative of major pathways involved in energy
metabolism in Wsh, such as those related to (1) carbohy-
drates, like glucose and glycogen levels, and activity of
enzymes involved in glucose use (HK and GK), glucose
release (G6Pase), glycolysis (PK, PFK, G3PDH), gluco-
neogenesis (FBPase) and synthesis of pentoses (G6PDH),
(2) amino acid levels and activity of amino acid catabolis-
ing enzymes (GDH, Ala-AT, Asp-AT), (3) triglyceride lev-
els and activity of an enzyme of �-oxidation (HOAD), and
(4) monocarboxylates, like lactate and acetoacetate levels,
and the activity of the enzyme involved in lactate use
(LDH-O).

In the liver, HK activity of T-treated Wsh displayed lower
values in LSW- and HSW- compared with SW-acclimated
Wsh suggesting that T treatment decreased the liver capacity
for using exogenous glucose in Wsh acclimated to extreme
salinities. This is also reXected in a concomitant decrease in
glucose levels and G6Pase activity. In other parameters

(i.e., glycogen, amino acid and triglyceride levels), this
decrease was evident in LSW- but not in HSW-acclimated
specimens.

In the gills, T treatment increased glycogen and lactate
levels in SW- and HSW-acclimated Wsh in parallel with
increased glycolytic potential in the same salinities. In con-
trast, those specimens displayed a decreased capacity for
oxidation of amino acids (based on changes observed in
GDH and Asp-AT activities). These results suggest that T
treatment in gills decreased the capacity of using amino
acids as fuel compared with control Wsh, whereas increased
their capacity of synthesizing glycogen. However, consid-
ering that no signiWcant changes were noticed in glucose
levels or in the capacity of using exogenous glucose, the
changes observed in glycogen levels appear to be marginal.

In the kidneys, amino acid levels in controls decreased in
LSW- compared with SW-acclimated Wsh, while levels
were similar in T-treated Wsh acclimated to both salinities.
Interestingly, the response of Ala-AT activity to diVerent
salinities in controls (decreased in extreme salinities) disap-
peared in T-treated Wsh that showed the same activity in the
three salinities assessed. This allows us to suggest that the
metabolism of amino acids in the kidneys was enhanced
under T treatment only in Wsh acclimated to extreme salini-
ties, probably due to the competition for energy resources
between the eVects of T treatment and osmotic acclimation.
Only marginal interactive eVects were noticed between
osmotic acclimation and energy metabolism in other
parameters assessed, since most changes can be attributed
to the action of T alone. In this way, the increase observed
in glycogen levels of treated Wsh in SW agrees with that
previously observed (Sangiao-Alvarellos et al. 2006).

In the brain, the main interactions observed were the
decreased levels of glycogen, glucose, triglyceride and ace-
toacetate in LSW-acclimated Wsh treated with T. It seems
that the brains of gilthead sea bream acclimated to LSW
demand more metabolites, suggesting that the energy
demand raised by osmotic acclimation (Sangiao-Alvarellos
et al. 2003, 2005a) is higher than the eVects of T treatment
alone, since this hormone induced in the same tissue
increased levels of those metabolites in SW-acclimated
specimens (Sangiao-Alvarellos et al. 2006, this study).

In summary, the parallel increase of plasma T levels
with salinity in the control group allow us to suggest an
osmoregulatory role for T during hyperosmotic acclimation
in gilthead sea bream, which needs further research. T treat-
ment alone induced in SW-acclimated gilthead sea bream
osmoregulatory and metabolic changes similar to those pre-
viously described (Sangiao-Alvarellos et al. 2006). When
those Wsh were transferred to extreme osmotic conditions
(LSW and HSW), several interactions occurred in several
parameters. At the osmoregulatory level, those interactions
included enhanced kidney Na+, K+-ATPase activity in
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HSW-acclimated Wsh with no diVerences observed in
plasma osmolality with respect to SW-acclimated Wsh.
From a metabolic point of view, interactions observed
addressed that changes produced by transfer to extreme
salinities (LSW and HSW) were of higher magnitude thus
masking those produced by T treatment alone resulting in
less changes due to T treatment, when Wsh were transferred
to extreme salinities. This is almost the converse to that
observed in the same species treated with E2 (Sangiao-
Alvarellos et al. 2005b) in which E2-treated Wsh transferred
to extreme salinities displayed more metabolic changes
than non-treated Wsh transferred to the same salinities.
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