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Albalat, A., P. Gómez-Requeni, P. Rojas, F. Médale, S.
Kaushik, G. J. Vianen, G. Van den Thillart, J. Gutiérrez, J.
Pérez-Sánchez, and I. Navarro. Nutritional and hormonal control of
lipolysis in isolated gilthead seabream (Sparus aurata) adipocytes. Am J
Physiol Regul Integr Comp Physiol 289: R259–R265, 2005. First pub-
lished March 3, 2005; doi:10.1152/ajpregu.00574.2004.—We examined
the effects of diet composition and fasting on lipolysis of freshly
isolated adipocytes from gilthead seabream (Sparus aurata). We also
analyzed the effects of insulin, glucagon, and growth hormone (GH)
in adipocytes isolated from fish fed with different diets. Basal lipol-
ysis, measured as glycerol release, increased proportionally with cell
concentration and time of incubation, which validates the suitability of
these cell preparations for the study of hormonal regulation of this
metabolic process. Gilthead seabream were fed two different diets,
FM (100% of fish meal) and PP (100% of plant protein supplied by
plant sources) for 6 wk. After this period, each diet group was divided
into two groups: fed and fasted (for 11 days). Lipolysis was signifi-
cantly higher in adipocytes from PP-fed fish than in adipocytes from
FM-fed fish. Fasting provoked a significant increase in the lipolytic
rate, about threefold in isolated adipocytes regardless of nutritional
history. Hormone effects were similar in the different groups: gluca-
gon increased the lipolytic rate, whereas insulin had almost no effect.
GH was clearly lipolytic, although the relative increase in glycerol
over control was lower in isolated adipocytes from fasted fish com-
pared with fed fish. Together, we demonstrate for the first time that
lipolysis, measured in isolated seabream adipocytes, is affected by the
nutritional state of the fish. Furthermore, our data suggest that gluca-
gon and especially GH play a major role in the control of adipocyte
lipolysis.

fish; nutritional and hormonal regulation; insulin; glucagon; growth
hormone; fasting

ADIPOSE TISSUE PLAYS A CENTRAL role in energy homeostasis in
storing lipids in the form of triacylglycerols and in mobilizing
them via breakdown into free fatty acids (FFAs) and glycerol
(34). Adipose tissue is one of the most important lipid stores in
several teleosts, although in some species liver or muscle also
constitutes lipid storage organs (33). In salmonids, adipose
tissue is distributed primarily in the abdominal cavity, associ-
ated with the mesenteric and pyloric ceca (31). In gilthead
seabream, adipose tissue is also located periviscerally. It is
known that fish adiposity changes seasonally and is affected by
trophic status. High-fat feeds can lead to increases in visceral
fat (4), resulting in reduced product yield and quality of
cultured fish (7). In gilthead seabream, replacing fish meal with

plant protein seems to alter lipid metabolism and results in
smaller fat depots (10).

Endocrine control of adipose tissue mobilization and
storage remains almost unexplored in fish, although insulin
and glucagon are clearly involved (12, 24, 28). Key hepatic
enzymes in lipid metabolism such as hepatic lipase and
acetyl-CoA carboxylase are also regulated by pancreatic
hormones in vitro in isolated hepatocytes or in vivo in
injected fish (13, 21). Several in vivo studies suggest that
growth hormone (GH) and somatolactin act together, in a
complementary way, to regulate fat stores in gilthead sea-
bream (4, 20). However, knowledge regarding the direct
actions of hormones on fish adipose tissue is limited, and the
results are contradictory. Harmon and Sheridan (12) re-
ported that insulin and glucagon are able to regulate the
level of lipolysis through triacylglycerol lipase in adipose
tissue pieces of rainbow trout. Migliorini et al. (19) found
that neither catecholamines nor glucagon affected the levels
of lipolysis in slices of adipose tissue in the wolf fish
Hoplias malabaricus. More recently, it was reported that
norepinephrine and isoproterenol decreased lipolysis in adi-
pocytes from tilapia (41) and rainbow trout (1). However,
the role of possible lipolytic/antilipolytic hormones in the
endocrine control of adiposity in teleosts remains to be
examined in detail.

The objective of this study was first to assess how nutritional
status and diet composition affect the level of lipolysis in
isolated adipocytes of gilthead seabream (Sparus aurata). Sec-
ond, the effects of insulin, glucagon, and GH on lipolysis were
analyzed in these cells. This work is part of a more extensive
study in which the effects of dietary plant protein supply in
growth performance, nitrogen metabolism, and GH liver axis
activity have been monitored.

MATERIALS AND METHODS

Animals and experimental conditions. Isoproteic and isolipidic diets
were formulated with fish meal (FM diet) and different plant protein
sources (corn gluten, wheat gluten, extruded peas, rapeseed meal, and
sweet white lupin) to replace 100% of fish meal protein (PP diet).
Indispensable amino acids were added to plant protein-based diets,
meeting the theoretical indispensable amino acid requirement (Table 1).

Experiments were performed to standardize conditions for adi-
pocyte incubations in adult seabream. Fish were acclimated to
laboratory conditions at the Instituto de Acuicultura de Torre de la
Sal, Castellón, Spain. Fish were fed daily with a commercial diet.
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Experiments were performed in June under natural conditions of
light (16:8-h light-dark cycle) and temperature (22°C), with lati-
tude 40° 5� N, 0° 10� E. Water flow was 20 l/min, and oxygen
content of outlet water remained above 85% air saturation.

To study the effects of dietary protein sources, fish of 96–98 g
initial body mass were distributed in four 500-liter tanks with groups
of 40 fish/tank. Water temperature ranged from 23 to 25°C during the
6-wk trial (August–September 2002). Fish from two tanks were fed
the FM diet, and fish from the other two tanks were fed the PP diet.
Each diet was offered to apparent visual satiety in one meal per day
(10:00 AM), and feed consumption was recorded daily. After this
period, each dietary group was divided into two subgroups: one group
was fed to apparent visual satiety (FM- and PP-fed groups) and the
other group was fasted for 11 days (FM- and PP-fasted groups).

Adipocyte isolation experiments were performed in triplicate (on 3
consecutive days), and each day five or six fish from each experimen-
tal group were used. Fish were killed with a sharp blow to the head,
and blood samples were taken by caudal puncture using heparinized
syringes. Control fish were sampled 24 h after the last meal. The fish
were weighed immediately, and the adipose tissue was dissected. The
adipose tissue was weighed, and 10 g of adipose tissue from five or six
animals were pooled and used for each experiment and condition.
Blood samples were centrifuged, and different aliquots of plasma
were kept at �20°C until the day of analysis.

Experiments were conducted according to the Catalan govern-
ment’s Departament de Medi Ambient i Habitatge; Generalitat de
Catalunya regulations concerning treatment of experimental animals
(no. 2215).

Adipocyte isolation. Adipocytes were isolated as described by
Vianen et al. (41), with some minor modifications. Fat tissue was cut
into thin pieces and incubated for 60 min in polypropylene tubes with
Krebs-HEPES buffer preaerated with 5% CO2 in O2 (pH 7.4) con-
taining collagenase type II (130 U/ml) and 1% BSA, in a shaking
water bath at 18°C. The cell suspension was filtered through a double
layer of nylon cloth and then washed three times. Finally, cells were
carefully resuspended at the desired concentration in Krebs-HEPES
buffer containing 2% BSA using a Fuchs-Rosenthal counting cham-
ber. Aliquots of 400 �l of this final adipocyte suspension were
incubated for 6 h in polypropylene tubes (4 tubes for each basal

Fig. 1. A: photomicrograph of seabream adipocytes,
suspension of unfixed and unstained adipocytes (�100).
Also shown are details of a single fat cell stained with
Hoechst (B) and 2 adipocytes stained with May-Grün-
wald/giemsa (C).

Table 1. Ingredient and chemical composition of
the two diets (FM and PP)

FM PP

Ingredient, g/kg

Fish meal (low temperature) 704
Corn gluten meal 250
Wheat gluten 250
Extruded peas (Aquatex) 120
Rapeseed meal (Primor 00) 27
Lupin, sweet white 7
Extruded whole wheat 142 16
Fish oil 124 158
Binder (sodium alginate) 10 10
Mineral premix* 10 10
Vitamin premix* 10 10
CaHPO4�2H2O (18%P) 51
Amino acid mix 91

Chemical composition

Dry matter, g/kg 940 901
Crude protein, g/kg dry matter 461 428
Crude fat, g/kg dry matter 165 168
Gross energy, MJ/kg dry matter 204 217
Sum of essential amino acids 246 248
Sum of dispensable amino acids 232 232
Essential-to-dispensable amino acid ratio 1.1 1.1

FM, fish meal diet; PP, plant protein diet. See text for further details
regarding the diets. Amino acid mix contained the following: 15.9 L-Arg HCl,
4.8 L-His, 32.5 L-Lys, 5.4 DL-Met, 2.9 L-Trp, 10.4 L-Thr, 8.4 L-Ile, and 11
L-Val. *According to National Research Council. Nutrient Requirements of
Fish. Washington, DC: National Academy Press, 1993.
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condition and 3 tubes for each concentration of hormone tested) in a
shaking bath (22°C) in the absence or presence of different hormones.
At the end of the incubation, tubes were rapidly placed on ice; after a
short centrifugation (1,800 g for 2 min, 4°C), cell-free aliquots of the
medium were immediately placed into perchloric acid to give a final
concentration of 2%. Neutralized supernatants were taken for the
measurement of glycerol concentration (as an index of lipolysis) using
an enzymatic method with glycerokinase and glycerol phosphate
dehydrogenase as described by Tebar et al. (36). Results are the
average of tetraplicates for basal conditions and triplicates for each
concentration of hormone tested in three independent experiments.

Suspensions were stained with Trypan blue and examined under
light microscope at different times to check the integrity and viability
of the cells (Fig. 1A). To visualize the nuclei, adipocytes were stained
with Hoechst (4 �g/ml) and with May-Grünwald/giemsa.

Biochemical analyses of plasma parameters. Plasma glucose con-
centration was determined by the glucose oxidase colorimetric
method (GLUCOFIX; Menarini Diagnostics, Firenze, Italy) (15, 29),
and plasma FFAs were analyzed with the use of a commercial
enzymatic method (NEFA-C, Wako Test). We measured plasma
insulin levels by radioimmunoassay using bonito insulin as standard
and a rabbit anti-bonito insulin as antiserum (11).

Materials. Hormones used were as follows: porcine insulin (10 and
100 nM) from Sigma (Madrid, Spain); porcine glucagon (10 and 100
nM) from Sigma; and recombinant gilthead seabream GH (0.1–10
nM), produced as described elsewhere (18).

Statistical analysis. All data are presented as means � SE. Results
were analyzed by one-way ANOVA, followed by Tukey’s test when
variances were homogeneous, and otherwise by the Games-Howell
test (following Levene’s test for the study of the homogeneity of
variance). The effects of the hormones were analyzed by paired t-test.

RESULTS

Standardizing protocol for the study of adipocyte lipolysis.
Figure 1A shows a photomicrograph of isolated gilthead sea-
bream adipocytes with a magnification of 100�. Figure 1, B
and C, shows single adipocytes with the double nuclei charac-
teristic of fish adipocytes (31) stained with Hoechst and May-
Grünwald/giemsa. Glycerol released to the medium increased
proportionally with cell concentration, between 3 � 105 and
12 � 105 cells/ml (Fig. 2A). A concentration of 6 � 105

cells/ml was selected to ensure that the subsequent studies
would have suitable measurements.

Time course experiments from 1 to 7 h of incubation showed
a linear increase in the level of lipolysis (Fig. 2B). A period of
incubation of 6 h was selected because previous results showed
that this time is optimal for assessing either the inhibitory or
stimulatory action of hormones (data not shown).

Effects of diet and fasting on morphological parameters,
plasma metabolites and insulin levels, and isolated adipocyte
lipolysis. PP-fed fish had significantly lower liver mass than
FM-fed fish. No significant differences were found in body
mass, adipose tissue content, and hepatosomatic index between
PP-fed and FM-fed fish (Table 2). Fasting for 11 days induced
a decrease in body mass and a clear decrease in liver weight of
�50%, provoking a marked fall in the hepatosomatic index in
both groups (Table 2).

Plasma insulin levels in fed seabream were similar between
dietary groups and decreased with fasting only in the PP-fasted
group (Fig. 3A). Glycemia levels were similar in all conditions,
ranging from 5.03 to 6.53 mmol/l. Plasma FFA levels in-
creased significantly with fasting in both groups (Fig. 3B).

The lipolytic rate, measured as glycerol released to the
medium, was significantly higher in adipocytes from PP-fed
fish (Fig. 4). Fasting provoked an almost threefold increase in
the lipolytic rate in isolated adipocytes: from 5.71 to 16.25
nmol glycerol �h�1 �10�6 cells in the FM group and from 8.58
to 21.47 nmol glycerol �h�1 �10�6 cells in the PP group (Fig. 4).

Effects of incubations with hormones in isolated adipocytes.
The effects of hormones on lipolysis of adipocytes from the
FM-fed group are shown in Fig. 5A and after the fasting period
in Fig. 5B. In the FM-fed group, insulin did not induce any
significant change in lipolysis. Glucagon led to a significant
increase in lipolysis in fed fish at the higher dose (100 nM). GH
was clearly lipolytic (increases of between 192 and 249% over
control) in FM-fed animals, although no clear dose response
was observed. The relative response to GH was lower in cells
from fasted fish, in which increases varied from 135 to 176%
over control.

The effects of hormones on the lipolysis of adipocytes from
PP-fed and PP-fasted fish are shown in Fig. 6, A and B,
respectively. Insulin (10 nM) decreased lipolysis in PP-fed fish,

Fig. 2. Effect of increasing concentrations of adipocytes on basal lipolysis (A)
and time course of basal lipolysis of gilthead seabream adipocytes having up
to 7 h of incubation time (B). Values are means � SE of a representative
experiment; n � 3. Results were fitted to linear regression: r2 � 0.99 (A) and
r2 � 0.83 (B).
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whereas this hormone had no effect in PP-fasted fish. The
lipolytic effect of glucagon was significant after incubations
with 10 nM glucagon in both fed and fasted fish. GH stimu-
lated lipolysis in the PP-fed group at two of the three concen-
trations tested, whereas in the PP-fasted group only a signifi-
cantly higher lipolysis was observed after incubation with the
1 nM hormone concentration.

DISCUSSION

Ectotherms, which have relatively low basal metabolic rates,
store substantial amounts of lipid in their livers but also do so

in the mesenteric adipose tissue, which has gained metabolic
importance through vertebrate evolution. Adipose tissue is
distributed in the abdominal cavity located periviscerally in
many fish species, including gilthead seabream. Few studies
have analyzed the morphology and distribution of adipose cells
in visceral fat and muscle of salmonids (9, 42). Although there
is abundant literature on the endocrine control of adipocyte
function in either isolated or cultured mammalian adipose cells
(16, 40), this in vitro model has not been fully studied in fish
(23, 38, 41).

Our findings that the rate of lipolysis was proportional to cell
density and linear with incubation time, as observed in mam-
mals (37), together with microscopic characteristics and the
specific stain, confirm that gilthead seabream-isolated adipo-
cytes are suitable for the study of the regulation of lipolysis by
different effectors. Considering the time of incubation, the
lipolytic rate calculated in gilthead seabream-isolated adipo-
cytes (5.71 nmol �h�1 �10�6 cells) was lower than those previ-
ously reported in rainbow trout adipocytes in similar experi-
mental conditions (8.9–12.8 nmol �h�1 �10�6 cells) working at
different temperatures of incubation (rainbow trout adipocytes
at 15°C and seabream adipocytes at 22°C) (1). The lipolytic
activity in the fish species studied until now is lower than in
mammals [reviewed by Van den Thillart et al. (38)]. However,
the differences in temperature of incubation in mammalian and
piscine systems (37°C vs. 15–22°C) have to be taken into
account.

Table 2. Morphological parameters of gilthead seabream used in the experiments

FM Fed FM Fasted PP Fed PP Fasted

Final body mass, g 227.12�5.02a 203.65�8.24a 208.93�7.15a 175.18�6.52b

Length, cm 19.22�0.13 18.62�0.17 18.86�0.17 18.19�0.23
Liver, g 3.75�0.22a 1.62�0.09c 3.07�0.18b 1.34�0.07c

Mesenteric fat, g 2.65�0.23a 2.14�0.21ab 2.29�0.23ab 1.69�0.18b

HSI, % 1.64�0.08a 0.82�0.03b 1.47�0.07a 0.76�0.03b

MFI, % 1.18�0.12 1.08�0.09 1.11�0.11 0.94�0.09

Values are average � SE; n � 17 FM-fed and 17-FM-Fasted fish and n � 15 PP-fed and 15 PP-fasted fish. Results were analyzed by one-way ANOVA,
followed by Tukey’s test. HSI, hepatosomatic index [(liver wt/fish wt) � 100]; MFI, mesenteric fat index [(mesenteric fat wt/fish wt) � 100]. Data for HSI and
MFI were arc-sine transformed before statistical analysis was done. Values not sharing a common letter are significantly different (P � 0.05).

Fig. 3. Plasma levels of insulin (A) and free fatty acids (FFA; B) in gilthead
seabream fed (after overnight fasting) and fasted (for 11 days) from fishmeal
(FM) and plant protein (PP) groups. See text for further details of groups.
Values are means � SE; n � 17 FM-fed and n � 17 FM-fasted fish and n �
15 PP-fed and n � 15 PP-fasted fish. Statistical analysis was done as in Table
2. Values not sharing a common letter are significantly different (P � 0.05).

Fig. 4. Basal lipolysis after 6 h of incubation of adipocytes from fed and fasted
gilthead seabream FM and PP groups. Values are the average of tetraplicates
from 3 independent experiments � SE. Results were analyzed by one-way
ANOVA, followed by the Games-Howell test. Values not sharing a common
letter are significantly different (P � 0.05).
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A growth trial of 12 wk previously performed during April–
July in gilthead seabream adapted to the same diet under
similar experimental conditions resulted in a reduction in
growth rate from 1.86% (FM group) to 1.56% (PP group) (10).
Although the factors responsible for altered feeding behavior in
fish fed substituted diets are not clear (antinutritional factors,
low palatability, and amino acid composition), it appears that
the effect is more pronounced over time. Thus the shorter
period of adaptation to diet (6 wk) in the present study may
explain the lower impact of diet on growth rate. The levels of
lipolysis in adipocytes from the PP-fed fish were higher than in

the FM-fed fish. These results are in agreement with earlier
observations regarding lipid metabolism in seabream (10) and
other teleostean species fed with diets with high plant protein
content (6, 17): a decrease in lipid deposition and mesenteric
fat together with a clear hypocholesterolemia and a decrease in
postprandial plasma triglyceride levels. Because changes in the
rate of adipocyte lipolysis were weak, these changes were not
reflected in the levels of plasma FFA, which remained similar
in both groups in the fed condition.

The decrease in weight and relative liver size after fasting
corroborates the finding that food deprivation significantly
affects the metabolic status of seabream (24). Our data also
show that previous nutritional history has a significant effect on

Fig. 5. Hormone effect on adipocyte lipolysis of FM-fed (A) and FM-fasted
(B) fish. Values are means � SE of triplicates from 3 independent experiments.
INS, insulin; GLUC, glucagon; GH, growth hormone; T, time. Results were
statistically analyzed by paired t-test. *Significant differences between control
and each of the hormones tested (P � 0.05).

Fig. 6. Hormone effect on adipocyte lipolysis of PP-fed (A) and PP-fasted (B)
fish. Values are means � SE of triplicates from 3 independent experiments
(n � 9). Results were statistically analyzed as in Fig. 5. *Significant differ-
ences between control and each of the hormones tested.
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catabolism induced by fasting because fish from the PP group
responded differently from the FM-fed group. Seabream in the
PP group were the most affected by fasting, presenting the
lowest body weight, liver weight, and plasma insulin levels.
Plasma FFA increased in both fasted groups, whereas glucose
was maintained. An increase in plasma FFA together with
normoglycemia has been also reported in fasted salmon (On-
corhynchus kisutch). This increase was found to be related to
lipid depot mobilization and increases in gluconeogenesis (32).
Furthermore, and in agreement with the increase in plasma
FFA irrespective of the previous diet, there was a clear increase
in lipolytic activity in seabream adipocytes from fasted fish,
indicating a significant contribution of adipose tissue to lipid
mobilization. Nevertheless, other tissues such as liver and
muscle may play an important role in the observed increase of
plasma FFA. To our knowledge, this is the first demonstration
that lipolysis measured in isolated adipocytes is affected by the
nutritional status of fish. This effect has been reported in
mammalian species, such as rats, in which a short fasting
period induced an increase of plasma FFA concomitant with
increases in basal lipolysis levels in isolated adipocytes from
adipose tissue (22). This breakdown of triglycerides and the
decrease in abdominal fat tissue weight indicate a relatively
rapid mobilization (after 11–13 days of fasting) of lipid depots
to meet energy demands in seabream compared with other
species (24). The previous adaptation does not seem to affect
the lipid mobilization capacity during fasting, since the in-
crease in glycerol release in fasted fish in relation to fed fish
was similar in both groups. Nevertheless, the maximum levels
of lipolysis were observed in fasted PP with the minimum
values of plasma insulin, which suggested a possible role of
this hormone in the regulation of lipolysis in adipocytes.

Under our conditions, insulin did not affect notably the rate
of lipolysis in vitro. Insulin is involved in the stimulation of
glucose carbon conversion into lipid in hepatocytes (30) of
rainbow trout. Antilipolytic actions of insulin have been re-
ported in incubations of salmon liver and adipose tissue pieces
(12). Besides, specific insulin receptors have also been char-
acterized in trout adipose tissue (27). In fact, mammalian
insulin has been shown to stimulate glucose uptake in isolated
trout adipocytes (3). A possible explanation of the observed
low or absence of response of adipocyte lipolysis to insulin
could be related to the effects described in mammals by
Morimoto et al. (22), who reported that insulin preferentially
decreased the lipolytic rate of adipocytes previously increased
by other hormones such as catecholamines, rather than affect-
ing the basal lipolytic activity in isolated rat adipocytes. In the
same way, in hepatocytes from fed rainbow trout, insulin
depressed glucagon-stimulated lipolysis, whereas basal lipoly-
sis was not affected (13).

Both glucagon and GH are lipolytic in seabream cell incu-
bations, with GH being more potent in activating glycerol
release to the medium. Nevertheless, the fact that the GH used
was homologous to the species studied has to be taken into
account. The relative increase in lipolysis after GH incubations
in fasted fish was lower than in fed fish, which could be a
consequence of the already higher rate of lipolysis in fasted
fish. From our data, we cannot deduce a change in hormone
sensitivity, although in other fish models, such as hepato-
cytes, fasting affected the responsiveness to hormone stim-
ulation (13, 26).

Early studies performed in fish adipose tissue slices or
adipocytes showed an absence or a very low response of this
tissue to hormones such as catecholamines, glucagon, and
ACTH (8, 23). Only recently an inhibition of lipolytic rate after
catecholamine incubation has been observed in isolated adipo-
cytes from tilapia, which has been associated with resistance to
hypoxia (41). The observed effects of glucagon in our study
agree with the lipolytic action through stimulation of liver
triacylglycerol lipase in fish (33). Besides, glucagon stimulated
lipid breakdown in liver and adipose tissue pieces from rain-
bow trout (12). It appears then that glucagon is able to mobilize
triglyceride depots not only from liver but also from adipose
tissue, as in mammals, although glucagon has a stronger
lipolytic potency in mammalian systems (25, 36).

Lipolytic actions of GH are in agreement with the anti-
lipogenic effects previously found for this hormone, such as
inhibition of acetyl-CoA carboxylase in the liver of gilthead
seabream (39). Its lipolytic function correlates well with the
increases in GH plasma levels in experimentally fasted sea-
bream (5) or trout (2).

In summary, lipolysis of adipocytes isolated from adipose
tissue of seabream is clearly modulated by the nutritional
condition of the fish. These cells increase the lipolytic activity
in the presence of glucagon and GH. However, further studies
are needed to understand fully the endocrine regulation of
adipose tissue metabolism in fish.
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