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Abstract

We examined the e¡ects of cyclic fasting in red porgy
(Pagrus pagrus) fed di¡erent dietary carnitine levels. Ju-
venile ¢sh (23.58 � 3.49 g) were divided into eight
groups ^ four groups were fed everyday to apparent sa-
tiation,while the other fourwere fasted for7 days every
2weeks. In each feeding regime, two replicateswere fed
an L-carnitine non-supplemented diet (46mg kg�1)
and the other two groups were fed an L-carnitine sup-
plemented diet (630mg kg�1). Fish fed 630mg L-carni-
tine accumulated two timesmore L-carnitine inmuscle
than ¢sh fed 46mg L-carnitine. Cyclic fasting reduced
the growth performance and lipid content in the liver.
Carnitine supplementation did not a¡ect performance
and body composition, but decreased the n-6 PUFA
content. Moreover, the combined e¡ects of fasting and
carnitine supplementation were observed on reducing
the n-3 fattyacid content. Areas of steatosis were found
in the livers of red porgy, but the results revealed that
supplementation of L-carnitine in cyclic fasted ¢sh con-
tributed towards a lower degree of vacuolization than
in ¢sh fed to apparent satiation. Regardless of the feed-
ing regime applied, the spleen of ¢sh fed the L-carni-
tine-supplemented diet was haemorrhagic and hyper
activation of melanomacrophage cells was observed.

Keywords: fasting, compensatory growth, carni-
tine, red porgy

Introduction

O¡shore grow-out systems are inherently dependent
on natural conditions to provide a suitable growing

environment. The Atlantic coast is prone to violent
storms or adverse sea conditions, which limit the ac-
cessibility to the site and consequently the ability to
deliver feed, subjecting cultured ¢sh to variable peri-
ods of fasting. Fish may display a growth spurt when
food supplies increase following a period of starva-
tion or restricted feeding, often referred to as catch-
up or compensatory growth (CG) (Weatherley & Gill
1981; Ali, Nicieza &Wootton 2003). Cyclic feeding re-
gimes in ¢sh productionattempts to simulate the nat-
ural £uctuation in prey availability, triggering CG.
Compensatory growth has become a subject of inter-
est in aquaculture, speci¢cally to enhance growth
and feed e⁄ciency (Wang, Cui,Yang & Cal 2000; Foss
& Imsland 2002), potentially reduce production costs
and assist in water quality management (Gaylord &
Gatlin 2001). However, feeding practices that utilize
CG response to reduce production costs have to
consider that the determination of the appropriate
feeding frequency is necessary to yield optimal
growth and a better survival rate. It is therefore im-
portant to consider various regimes and evaluate
howmuch they may in£uence production. Although
a number of studies have observed the cause^e¡ect of
cyclic starvation/re-feeding regimes on a variety of
physiological responses (Gaylord & Gatlin 2001; Pe¤ r-
ez-Jime¤ nez, Guedes, Morales & Oliva-Teles 2007), it
seems that there is a sequential mobilization of en-
ergy reserves. During periods of starvation, ¢sh burn
body lipids before protein, with protein being used
only when lipid stores are depleted (Weatherley &
Gill 1987). These metabolic adjustments are not just
species dependent (Pe¤ rez-Jime¤ nez et al. 2007) as they
also varyaccording to age, ontogenetic stage, gender,
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photoperiod season and temperature (Ali, Iqbal,
Rana, Athar & Iqbal 2006). Red porgy is one of the
most popular sparid ¢sh species in the Mediterra-
nean region and the Atlantic coast that has been
considered to be a good candidate to diversify the
aquaculture industry (Divanach, Kentouri, Chara-
lambakis, Pouget & Sterioti 1993; Kentouri, O’Neil,
Divanach & Charalambakis 1994; Cejas, Fores,
Samper,Villamandos & Jerez 1999). Current research
on red porgy nutrition has focused on the basic
nutritional requirements of the species (Schuchardt,
Vergara, FernaŁ ndez-Palacios, Kalinowski, HernaŁ n-
dez-Cruz, Izquierdo & Robaina 2007) and in the
formulation of speci¢c diets to overcome the discolo-
ration problem of market-sized ¢sh (Kalinowski,
Robaina, Fernandez-Palacios, Schuchardt & Izquier-
do 2005; Tejera, Cejas, Rodriguez, Bjerkeng, Jerez,
Bolanos & Lorenzo 2007). So far, little attention
has been paid to feeding frequencies. To the best of
our knowledge, only Rueda, Martinez, Zamora,
Kentouri & Divanach (1998) have reported on the
occurrence of CG in red porgy after 7, 14 or 28 days
of food deprivation, followed by satiation feeding for
a total duration of 91days.
Because L-carnitine is a normal constituent of

animal tissues and plasma, which is associated with
lipid metabolism and has been considered in some
cases to be a conditionally essential nutrient, many
researchers have looked to investigate the role of diet-
ary carnitine supplementation in growth perfor-
mance and body composition (Harpaz 2005). The
growth-promoting e¡ect of dietary carnitine has
generally been explained by an increase in the utili-
zation of dietary energy resulting from increased
oxidation of fatty acids (Becker, Schreiber, Angoni &
Blum 1999). Nevertheless, the ability of L-carnitine
to increase the growth rate and reduce tissue lipid
concentrations has been evaluated in several ¢sh
species, with con£icting results. Several studies have
investigated the role of L-carnitine supplementation
in the Japanese red sea bream, Pagrus major, (Chatzi-
fotis, Takeuchi & Seikai 1995, 1996; Chatzifotis &
Takeuchi 1997), which closely resembles red porgy.
Still, very few data are available on sparids and
no data have been published on the possible e¡ects
of carnitine supplementation on red porgy growth
or body composition.
The aim of the current study is to access the meta-

bolic strategies of red porgy (Pagrus pagrus) to cope
with cyclic fasting and subsequent re-feeding and to
evaluate the possible in£uence of dietary carnitine
supplementation on this response.

Materials and methods

Fish and husbandry

This experiment was conducted at the experimental
facilities of Centro de Maricultura da Calheta (CMC),
Madeira, Portugal. Fish used in this study were
siblings of ¢rst-generation broodstock held at the
CMC. Before the experiment, red porgies were grown
at low densities in 10.000 L tanks and fed twice
daily on a commercial diet for gilthead seabream.
Four hundred and eighty juvenile red porgy weigh-
ing 23.58 � 3.49 g were randomly distributed in
eight cylindro-conical tanks (volume 500 L; water
£ow 8 Lmin�1) supplied with gravel-¢ltered sea-
water, under a natural photoperiod (10 L:14 D).Water
temperature (21.2 � 0.73 1C), salinity (37 � 1.0 ppt),
pH (8.12 � 0.09) and dissolved oxygen (6.47 �
0.64mg L�1) were monitored on a daily basis.

Diets, feeding and design

The experiment was carried out according to a 2 � 2
factorial design, with two replications each. Before
the beginning of the experiment, ¢sh were allowed
to acclimate to the conditions of the new re-circula-
tion system for10 days. During this period, ¢sh were
fed close to apparent satiation with the non-supple-
mented carnitine experimental diet (46mg kg�1).
During the feeding trial (64 experimental days), of
the eight groups formed (60 individuals each), four
groups were fed every day (referred as C/46 and C/630),
while the other fourgroupswere fasted for 7 days every
2weeks (referred toas S7/Rf14/46andS7/Rf14/630). In
each feeding frequency, ¢sh were fed either one of two
isoproteic (52% CP) and isolipidic (18% CL) diets con-
taining 46 or 630mgcarnitinekg�1 (Table 1). For the
preparationof the diets, dry ingredientswere pulverized
to about 0.5mmparticle size ina conventionalmill.The
ingredients were mixed thoroughly and water was
added to obtain10% moisture. Thereafter, the mixture
was pelleted to1.0mmsize anddriedovernight at 45 1C,
using a convection oven. All diets were stored at
�20 1C until used. During the feeding trials, all
¢shwere hand fed to apparent satiety twice a day (9:00
and 16:00 hours) and feed intake was recorded on a
daily basis.

Sampling and analytical procedures

During the feeding trial, every 3 weeks (2 weeks of
feeding11 week of fasting, for the fasting regime
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groups), ¢shwere anaesthetized with MS-222, indivi-
dually measured and weighted. At the end of each
sampling period, in a total of three sampling periods,
growth performances were determined as weight
gain (g), daily growth index (DGI), voluntary feed in-
take (VFI) and feed conversion ratio (FCR). During the
¢nal sampling, the hepatosomatic index (HSI) was
also calculated using liver samples from 20 ¢sh per
treatment. Seven ¢sh per tank were randomly
sampled and pooled for whole body, liver and dorsal
muscle composition. Samples were stored at �80 1C
pending analyses. Before all sampling, ¢sh from each
tank were deprived of food for a 24-h period.

Chemical analyses

Analyses were performed in duplicate following the
standard laboratory procedures: tissue samples were
freeze-dried (Labconco Freezone 4.5), homogenized
before analysis and residual moisture was determined

(Gibertini^Eurotherm dry weight balance) to correct
to dry material (dm). Crude lipids of whole body, liver
and muscle were extracted using a chloroform^
methanol mixture (1:2 v/v), according to Bligh and
Dyer (1959).
The fatty acid content was determined as FA

methyl esters (FAMEs), according to the Lepage and
Roy (1986), modi¢ed by Cohen, Von Shak and Rich-
mond (1988). In brief, analyses were performed in a
gas chromatograph (Agilent HP 6890, Foster city,
CA, USA) equipped with a £ame ionization detector
and a mass selective detector (Agilent 5973). The se-
parationwas performed in a polyethylene glycol capil-
lary column (Supercolwax, Sigma-Aldrich/Supelco,
Bellefonte, PA, USA) with 30m length, 0.25mm i.d.
and 0.25 mm ¢lm thickness from Supelco. Fatty acid
methyl esters are expressed as mg per g of dm.
For L-carnitine analyses, ¢ve grams of homoge-

nized muscle samples were used for free L-carnitine
extraction, following the procedure described by Shi-
mada, Sakuma, Wakamatsu, Fukushima, Sekikawa,
Kushida and Mikami (2004).

Histology

At the end of the experimental study, liver and spleen
samples from three ¢sh per tank were collected and
¢xed in 10% phosphate-bu¡ered formalin for histolo-
gical examination. The liver was quickly removed and
sliced into pieces and subsequently immersed in 10%
phosphate-bu¡ered formalin. Histological sections of
5 mmwere stained with Mayer’s Haemalum-Putt’s eo-
sin, according to Culling (1974). For each ¢sh, sections
were examined for general histopathologyand the de-
gree of cytoplasm vacuolation of the hepatocytes. The
observations were consistently made using a combi-
nation of low and high magni¢cation power. For the
evaluation of histological changes (nuclear displace-
ment and hepatocellular cytoplasm vacuolization de-
gree), microphotographs were taken using a constant
magni¢cation. Circles of 4mm diameters were super-
posed on each picture and cells with steatosis were
counted (at least 20 randomly sampled ¢elds were
counted per section). Evaluations of liver and spleen
microscopic lesions are expressed according to the fol-
lowing semi-quantitative criteria: minimum (1), med-
ium (11) and maximum (111).

Statistical analysis

The data were analysed as 2 � 2 factorial using a
general linear model (PROC GLM, SAS 8.02, SAS Insti-

Table 1 Formulation and chemical composition of the ex-
perimental diets (%, unless otherwise stated)

Ingredients (%)

Dietary carnitine (mgkg� 1)

46 630

Fishmeal (CP 60%) 35 35

Soyameal concentrate 20.9 20.9

Fish oil 10.3 10.3

Wheat gluten 12 12

Squid hydrolisate 5 5

Dried yeast 5 5

Dried polichaeta 1 1

Wheat 4.2 4

Lecithin 3 3

Bicalcium phosphate 2.3 2.3

Choline 0.35 0.35

Premix� 1 1

Carnikingw – 0.11

Composition

Dry matter 91.8 91.8

Crude protein 52 52

Crude fat 18 18

Crude ash 8.8 8.8

Phosphorus 1.5 1.5

Carnitine (mg kg� 1) 46 630

�Vitamin and mineral supplement (per kg of mixture): vitamins:
A, 4000000 IU; D3, 1000000 IU; E, 2.500mg; K, 5000mg; B12,
10mg; B3, 50000mg; B5, 25000mg; folic acid, 5000mg; biotin,
500mg; C, 2.500mg; betaine, 250000mg; inositol, 150000mg.
Minerals: Co, 80mg (CoSO4); Cu, 1000mg (CuSO4); I, 120mg
(KI); Mn, 4000mg (MnSO4); Zn, 6000mg (ZnSO4).
w50% L-carnitine, 35% silica and 15% water (Lonza, Basel,
Switzerland).
CP, crude protein.
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tute, Cary, NC, USA), which included the e¡ect of feed-
ing frequency (apparent satiation and cyclic fasting)
and dietary L-carnitine (46 and 630mg kg�1diet) as
the main factors and its interactions. Measurements
of individual ¢sh in each of two tanks per treatment
were used for the statistical analysis of growth perfor-
mance and chemical bodycompositionanalysis Di¡er-
ences between means were reported as signi¢cant if
Po0.05, using Bonferroni’s multiple t-tests. Normality
was tested using the Shapiro^Wilk test. Homogeneity
was checked using the absolute residuals according to
Levene’s test. Non-homogeneous data were arcsine
transformed before further statistical analysis.

Results

Growth

Throughout the experiment, survival ranged from
95% to 100%. No disease or clinical infection was

observed and ¢sh adapted well to the experimental
feed. Table 2 presents the growth performances of
red porgy juveniles subjected to the di¡erent feeding
regimes and experimental diets. Fish grew from an
initial 23 g to a mean ¢nal body weight ranging from
44 to 56 g, depending on the dietary treatment. Ex-
cept for VFI in the last sampling period, there were
no di¡erences in the ¢nal body weight, DGI or FCR
between the ¢sh fed the carnitine-supplemented diet
and those fed the basal diet (P40.05). Conversely,
cyclic fasting had a marked e¡ect on growth and feed
utilization. At day 21of the experiment, the weight of
red porgy deprived of feed for1week was lower than
that of ¢sh continuously fed to apparent satiation
(Po0.05) (Period1,Table 2). This tendency continued
until the end of the feeding trial (Period 3, Table 2),
with weight di¡erences being more pronounced at
the end of the trial.While DGI was signi¢cantly high-
er in the unrestricted fed group, VFI showed higher
values for the fasted groups (Po0.05) over the entire

Table 2 Growth performance of red porgy juveniles subjected to di¡erent feeding regimes (continuously fed; fasting for 7
days/re-feeding for14 days) and two carnitine levels (46 or 630 g kg�1diet) during the three experimental periods

Experimental diets P value*

C/46 C/630 S7/Rf14/46 S7/Rf14/630 C F C � F

Period 1 (1–21st day)

Initial weight (g) 23.30 � 0.37 22.75 � 0.72 24.50 � 0.65 23.85 � 0.84 NS NS NS

Final weight (g) 34.29 � 0.48 34.27 � 1.22 30.48 � 3.19 29.17 � 1.22 NS 0.006 NS

VFI (%BW day�1) 2.00 � 0.06 1.91 � 0.06 2.45 � 0.39 2.53 � 0.28 NS 0.009 NS

DGI 1.87 � 0.00 1.97 � 0.14 1.03 � 0.63 0.95 � 0.04 NS 0.007 NS

FCR 1.10 � 0.03 1.00 � 0.03 1.48 � 0.36 1.64 � 0.24 NS o0.001 NS

Period 2 (22–42nd day)

Final weight (g) 46.41 � 0.52 46.70 � 1.97 38.05 � 5.90 36.13 � 2.31 NS 0.001 NS

VFI (%BW day�1) 1.38 � 0.10 1.41 � 0.05 1.83 � 0.40 1.94 � 0.01 NS o0.001 NS

DGI 1.82 � 0.15 1.86 � 0.05 1.26 � 0.31 1.20 � 0.14 NS 0.004 NS

FCR 0.87 � 0.01 0.87 � 0.00 1.08 � 0.15 1.19 � 0.13 NS 0.001 NS

Period 3 (43–64th day)

Final weight (g) 56.00 � 0.40 56.50 � 1.49 43.87 � 1.13 42.86 � 2.98 NS 0.001 NS

VFI (%BW day�1) 1.08 � 0.02 1.20 � 0.01 1.26 � 0.37 1.42 � 0.03 0.001 o0.001 NS

DGI 1.16 � 0.02 1.18 � 0.08 0.82 � 0.18 0.97 � 0.05 NS 0.033 NS

FCR 1.16 � 0.00 1.27 � 0.10 1.29 � 0.15 1.17 � 0.06 NS NS NS

1–64th day

Period 1–3 (1–64th day)

VFI (%BW day�1) 1.33 � 0.03 1.37 � 0.02 1.10 � 0.01 1.16 � 0.06 NS 0.001 NS

DGI 1.52 � 0.04 1.57 � 0.06 0.97 � 0.05 0.97 � 0.07 NS o0.001 NS

FCR 1.03 � 0.01 1.03 � 0.02 1.25 � 0.02 1.31 � 0.14 NS 0.009 NS

HSI 1.45 � 0.10 1.32 � 0.05 1.60 � 0.90 1.47 � 0.08 NS NS NS

�Data are shown as mean � SEM (n 52). Comparisons between groups were made using two-way ANOVA (Po0.05).
VFI (%BWday�1) 5Voluntary feed intake (100 � crude feed intake/(¢nal weight1initial weight/2)/day).
DGI5Daily growth index (100 � [(¢nal body weight)1/3� (initial body weight)1/3] � day�1).
FCR5 Feed conversion ratio (feed consumed/gain).
HSI (%) 5 Liver weight/Final body weight) � 100 (n 520).
C, e¡ect of carnitine; F, e¡ect of fasting; C � F, interaction e¡ect; NS, not signi¢cant;VFI, voluntary feed intake; HIS, hepatosomatic index.
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experiment. In the last sampling period, VFI de-
creased in all the treatments, followed bya reduction
in DGI and an increase in FCR. At the end of the ex-
periment, no di¡erences were found in the HSI (%)
among all the groups (P40.05).

Chemical analysis

The total carnitine content in the dorsal muscle of all
dietary treatments is shown in Fig.1. During the ¢rst
3 weeks (Period1), the carnitine content was not sig-
ni¢cantly di¡erent regardless of the dietary treat-
ment, but in the second experimental period, ¢sh fed
630mg kg�1 showed higher L-carnitine contents
(Po0.05). Cyclic fasting had no e¡ect on the total car-
nitine content in the dorsal muscle. Over the same
period (Period 2), carnitine supplementation reduced
the lipid content in muscle signi¢cantly (Fig. 2), and
an interaction was observed between carnitine and
the feeding regime. Fasted ¢sh fed the carnitine-sup-
plemented diet showed the lowest crude lipid content
(3.86%, dm).Therewas no evidence that cyclic fasting
alone a¡ected the total lipid content in anyof the two
periods considered. The e¡ects of feeding regime and
L-carnitine level on whole body and liver total lipid
content (mg g�1, dm) and fatty acid composition
(mgg�1, dm) are presented in Table 3 and Table 4.
Body lipid content and total FA were similar in all
the dietary treatments. The body fatty acid pro¢le
was also not signi¢cantly di¡erent among the treat-
ments, except for 22:5n-3, which reduced in the
fasted ¢sh fed the carnitine-supplemented diet
(2.28 � 1.79mgg�1). On the other hand, the liver li-
pid content was signi¢cantly lower (Po0.05) in
fasted ¢sh than in ¢sh fed continuously to apparent
satiation (Table 4). Although no signi¢cant di¡er-
ences were observed in the sum of the total fatty
acids, several individual fattyacids were signi¢cantly
a¡ected by the feeding regimes, L-carnitine and
their interaction. Carnitine supplementation had a
marked e¡ect on theSn-6 content in the liver, mainly
with a reduction in 18:2n-6 and 22:5n-6 fatty acids,
as shown inTable 4. Moreover, the content of selected
n-3 fatty acids (18:3n-3,18:4n-3, 20:4n-3) di¡ered sig-
ni¢cantly between ¢sh fed the carnitine-supplemen-
ted diet and the control diet (Po0.05). Both the
carnitine content and the fasting regime a¡ected sig-
ni¢cantly not only the above-mentioned fatty acids
but also docosahexaenoic acid (DHA), eicosopentae-
noic acid (EPA), Sn-6 and n-3 highly unsaturated
fatty acid (HUFA) contents.

Histology

Liver histology of the continuously fed ¢sh (C/46 and
C/630) (Fig.3a and b), as well as of ¢sh exposed to cyc-
lic fasting and fed 46mg kg�1carnitine (S7/Rf14/46)
(Fig.3c) showed a moderate lipidic vacuolation of he-
patocytes, with areas of steatosis (Table 5). Hepato-
cytes had lost its shape and little cytoplasmic
staining was evident, along with the migration of
the hepatocyte nucleus in ¢sh. In contrast, fasted ¢sh
fed the L-carnitine-supplemented diet (S7/Rf14/630)
(Fig.3d) displayed amuch lower vacuolization degree
with a smaller size and hexahedric-like hepatocytes
with a large centrally located nucleus and an acido-
philic cytoplasm. Haemorrhage and hyper activation
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of melanomacrophage cells were detected in the
spleen of ¢sh fed the L-carnitine-supplemented diet.

Discussion

Compensatory growth is a mechanism by which ¢sh
deprived of food make up for the loss in body mass by
increasing food consumption and accelerating
growth when access to food is restored (Reigh,Wil-
liams & Jacob 2006). The results of this study demon-
strated that both groups subjected to the two feeding
regimes increased in weight, but the weight gain of
fasted ¢shwas lower than the groups fed to apparent

satiation. Although ¢sh from the fasted group evi-
denced a hyperphagic response during the re-feeding
protocol (as observed by higherVFI), FCRwas gener-
ally higher and DGI was lower than continuously fed
¢sh. For comparison, Eroldogfl an, Kumlu, Kiris and
Sezer (2006), using a similar regime of cyclic fasting,
observed partial CG and an improvement in the spe-
ci¢c growth rate in 14 g gilthead seabream. These
contradictory results may demonstrate that the CG
mechanism is species speci¢c and that the fasting
protocol applied was insu⁄ciently long to induce a
growth spurt mechanism in 23 g red porgy juveniles.
There is evidence that the frequencyof food provision

Table 3 Total crude lipid content (mgg�1, dm) and fattyacid composition (mgg�1, dm) inwhole-bodyof red porgy juveniles
subjected to di¡erent feeding regimes (continuously fed; fasting for 7 days/re-feeding for14 days) and two L-carnitine levels (46
or 630 g kg�1diet) at the end of the study

Experimental diets P value1

C/46 C/630 S7/Rf14/46 S7/Rf14/630 C F C � F

Total lipids (mg g�1) 211.6 � 20.6 202.9 � 6.5 201.9 � 24.0 198.4 � 13.0 NS NS NS

Fatty acids (mg g�1)

14:0 6.20 � 0.39 7.16 � 0.50 6.74 � 0.42 6.22 � 1.01 NS NS 0.050

16:0 29.37 � 1.82 33.12 � 1.86 29.94 � 1.74 29.71 � 4.01 NS NS NS

18:0 7.92 � 0.32 8.68 � 0.35 8.21 � 0.59 8.42 � 1.19 NS NS NS

16:1 10.71 � 0.59 12.01 � 0.70 11.22 � 0.72 10.67 � 1.87 NS NS NS

18:1n-9 35.56 � 2.17 38.43 � 1.57 35.26 � 3.59 36.78 � 5.52 NS NS NS

20:1 8.41 � 0.35 9.21 � 0.58 8.73 � 0.90 9.03 � 1.37 NS NS NS

18:2n-6 18.03 � 1.37 18.70 � 0.73 15.52 � 4.46 17.94 � 2.37 NS NS NS

20:4n-6 0.23 � 0.02 0.24 � 0.03 0.22 � 0.03 0.23 � 0.04 NS NS NS

22:5n-6 0.68 � 0.12 0.81 � 0.18 0.84 � 0.11 0.72 � 0.17 NS NS NS

18:3n-3 2.18 � 0.65 2.74 � 0.17 2.27 � 0.496 2.48 � 0.46 NS NS NS

18:4n-3 1.79 � 0.11 2.00 � 0.16 1.88 � 0.34 1.67 � 0.40 NS NS NS

20:4n-3 1.17 � 0.06 1.27 � 0.09 1.20 � 0.14 1.16 � 0.24 NS NS NS

20:5n-3 9.24 � 0.47 10.14 � 0.97 9.69 � 1.32 8.82 � 1.91 NS NS NS

22:5n-3 3.18 � 0.14 3.72 � 0.30 3.37 � 1.51 2.28 � 1.79 0.003 NS NS

22:6n-3 24.15 � 0.97 26.37 � 2.66 26.08 � 2.50 24.74 � 3.71 NS NS NS

SSFA� 46.61 � 2.57 52.51 � 2.82 48.68 � 2.35 47.68 � 6.58 NS NS NS

SMUFAw 62.63 � 3.34 68.16 � 3.17 63.83 � 5.53 65.03 � 9.97 NS NS NS

Sn-6z 20.43 � 1.37 21.45 � 0.95 18.08 � 4.95 20.86 � 3.30 NS NS NS

Sn-3‰ 43.67 � 2.22 48.40 � 4.11 46.61 � 1.42 43.17 � 8.73 NS NS NS

n-3 HUFAz 38.92 � 1.64 42.77 � 3.72 41.60 � 1.16 38.27 � 7.76 NS NS NS

C14-18 116.66 � 7.10 128.30 � 6.07 116.13 � 10.96 118.80 � 17.49 NS NS NS

C20-24 57.86 � 2.00 63.49 � 5.12 62.20 � 6.38 59.06 � 11.24 NS NS NS

DHA:EPA 2.61 � 0.06 2.60 � 0.03 2.69 � 0.19 2.84 � 0.22 NS 0.023 NS

Sn-3/Sn-6 2.14 � 0.09 2.25 � 0.12 2.72 � 0.70 2.06 � 0.13 NS NS NS

Total 174.53 � 8.84 191.79 � 10.09 178.38 � 15.24 177.89 � 28.42 NS NS NS

Data are shown as mean � SD (n52). Comparisons between groups were made using two-way ANOVA (Po0.05).
�Includes 12:0, 15:0, 17:0, 19:0, 20:0, 22:0 and 24:0.
wIncludes 17:1n-8, 18:1n-7, 20:1n-9, 20:1n-7, 22:1n-11 and 22:1n-9.
zIncludes 18:3n-6, 20:2n-6, 20:3n-6, 22:2n-6 and 22:4n-6.
‰Includes 16:3n-3, 16:4n-3 and 20:3n-3.
zIncludes 20:5n-3, 22:5n-3 and 22:6n-3.
SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; HUFA, highly unsaturated fatty acids; AA, arachidonic acid, 20:4n-6;
EPA, eicopentanoic acid, 20:5n-3; DHA, docosahexaenoic acid, 22:6n-3; C, e¡ect of carnitine; F, e¡ect of fasting; C � F, interaction e¡ect;
NS, not signi¢cant.
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(or conversely, the frequency and duration of food
shortage) can be decisive on ¢sh growth (Ali et al.
2003; Eroldogfl an, Kumlu & Sezer 2006). Although
Rueda et al. (1998) demonstrated that 190 g red por-
gies showed full CG on re-feeding following fasting,
the authors also concluded that ¢sh showed 4%
weight loss after fasting for 7 days when compared
with a continuously fed group. Still, by the end of
the experiment, the authors found HSI values that
were similar to those of the continuously fed con-
trols. Similarly, in our study, no signi¢cant di¡erences
were observed for the HSI, indicating the importance
of the liver during short periods of food deprivation
(Collins & Anderson1995; Rueda et al.1998).

In both feeding regimes, the diet with 630mg kg�1

carnitine did not improve either the growth perfor-
mance or feed utilization in red porgy. Nevertheless,
¢sh fed the carnitine-supplemented diet tended to eat
more than those fed the non-supplemented diet,
although the values were not signi¢cantly di¡erent.
Nonetheless, 2 months after feeding, despite no visible
e¡ect in promoting growth, muscle carnitine was
signi¢cantly higher in ¢sh fed 630mg kg�1 diet.
In agreement with our results, several studies also re-
ported nobene¢cial growth e¡ects of carnitine supple-
mentation in hybrid sea bass (Gaylord & Gatlin 2000),
European sea bass (Dias, Arzel, Corraze & Kaushik
2001) or African cat¢sh (Ozo¤ rio, Verreth, Araga� o,

Table 4 Total crude lipid content (mgg�1, dm) and fatty acid composition (mgg�1, dm) in liver of red porgy juveniles sub-
jected to di¡erent feeding regimes (continuously fed; fasting for 7 days/re-feeding for14 days) and two L-carnitine levels (46 or
630 g kg�1diet) at the end of the study

Experimental diets P value1

C/46 C/630 S7/Rf14/46 S7/Rf14/630 C F C � F

Total lipids (mg g� 1) 292.0 � 16.9 234.3 � 44.2 212.3 � 8.2 219.7 � 42.2 NS 0.036 NS

Fatty acids (mg g� 1)

14:0 12.50 � 0.88 11.78 � 3.03 12.07 � 0.08 10.16 � 3.08 NS NS NS

16:0 47.98 � 2.29 44.88 � 11.62 46.85 � 0.52 40.82 � 10.08 NS NS NS

18:0 12.01 � 0.88 11.04 � 2.36 12.14 � 0.08 10.57 � 2.27 NS NS NS

16:1 21.57 � 1.08 20.77 � 5.09 21.95 � 0.01 18.27 � 5.35 NS NS NS

18:1n-9 50.49 � 4.09 44.71 � 10.76 48.52 � 0.18 40.14 � 12.00 NS NS NS

20:1 11.58 � 1.42 9.93 � 1.60 10.66 � 0.05 8.67 � 2.62 NS NS NS

18:2n-6 17.01 � 1.13 15.18 � 2.09 19.25 � 0.00 13.73 � 3.85 0.035 NS NS

20:4n-6 0.05 � 0.06 0.00 � 0.00 0.18 � 0.02 0.00 � 0.00 NS NS NS

22:5n-6 0.18 � 0.06 0.12 � 0.02 0.22 � 0.00 0.14 � 0.00 o0.001 NS NS

18:3n-3 1.03 � 0.17 0.94 � 0.08 1.46 � 0.01 0.89 � 0.21 0.009 NS 0.023

18:4n-3 0.30 � 0.08 0.30 � 0.02 0.48 � 0.01 0.28 � 0.05 0.024 NS 0.006

20:4n-3 0.29 � 0.07 0.30 � 0.03 0.55 � 0.01 0.31 � 0.06 0.007 0.003 0.001

20:5n-3 1.81 � 0.39 2.05 � 0.08 2.89 � 0.05 1.91 � 0.23 NS 0.054 0.001

22:5n-3 0.69 � 0.15 0.88 � 0.04 1.22 � 0.04 0.71 � 0.13 NS NS o0.001

22:6n-3 8.10 � 0.89 9.52 � 0.99 10.31 � 0.22 7.67 � 0.59 NS NS 0.001

S SFA� 77.20 � 3.56 71.97 � 17.79 75.77 � 0.74 65.46 � 16.36 NS NS NS

SMUFAw 95.14 � 7.27 85.21 � 17.92 91.40 � 0.01 75.31 � 22.50 NS NS NS

Sn-6z 17.81 � 2.02 15.75 � 1.13 20.65 � 0.01 14.49 � 3.88 0.029 NS NS

Sn-3‰ 13.02 � 0.87 14.72 � 1.78 18.19 � 0.34 12.72 � 1.27 NS NS 0.001

n-3 HUFAz 8.62 � 0.94 9.88 � 0.91 11.26 � 0.24 8.12 � 0.64 NS NS 0.001

C14-18 168.44 � 7.39 154.60 � 35.62 169.13 � 0.92 139.81 � 37.87 NS NS NS

C20-24 35.45 � 2.27 33.71 � 3.06 37.82 � 0.48 28.81 � 6.21 NS NS NS

DHA:EPA 4.58 � 0.73 4.59 � 0.41 3.57 � 0.01 4.03 � 0.22 NS 0.019 NS

Sn-3/Sn-6 0.73 � 0.09 0.94 � 0.07 0.88 � 0.02 0.91 � 0.16 NS NS NS

Total 203.90 � 8.71 188.31 � 38.20 206.95 � 0.44 168.62 � 44.06 NS NS NS

Data are shown as mean � SD (n52). Comparisons between groups were made using two-way ANOVA (Po0.05).
�Includes 12:0, 15:0, 17:0, 19:0, 20:0, 22:0 and 24:0.
wIncludes 17:1n-8, 18:1n-7, 20:1n-9, 20:1n-7, 22:1n-11 and 22:1n-9.
zIncludes 18:3n-6, 20:2n-6, 20:3n-6, 22:2n-6 and 22:4n-6.
‰Includes 16:3n-3, 16:4n-3 and 20:3n-3.
zIncludes 20:5n-3, 22:5n-3 and 22:6n-3.
SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; HUFA, highly unsaturated fatty acids; AA, arachidonic acid, 20:4n-6;
EPA, eicopentanoic acid, 20:5n-3; DHA, docosahexaenoic acid, 22:6n-3; C, e¡ect of carnitine; F, e¡ect of fasting; C � F, interaction e¡ect;
NS, not signi¢cant.
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Vermeulen, Schrama,Verstegen & Huisman 2003). By
contrast, improved growth e¡ects using 600mg kg�1

carnitine were observed in beluga sturgeon juveniles
(Mohseni, Ozo¤ rio, Pourkazemi & Bai 2008) and rohu
juveniles fed up to 500mg kg�1 carnitine (Keshava-
nath & Renuka1998). These wide variations in the re-
sult suggest that the e¡ectiveness of dietary carnitine
supplementation may be in£uenced by multiple inter-
acting factors, such as diet composition, species di¡er-
ences or biochemical, metabolic and physiological

activities, as in the case of distinct developmental
stages of ¢sh (Harpaz 2005; Ozo¤ rio 2009). The lipid
content in muscle was signi¢cantly reduced in ¢sh
fed a high-carnitine diet, and an interaction was ob-
served between the diet and the feeding regime. The
above observations concur with an earlier study of
Santulli and D’Amelio (1986), and recently, Ma, Xu,
Shao, Xu, Hung, Hu and Zhuo (2008), who reported
that carnitine reduced the muscle lipid content in sea-
bass and black sea bream respectively. Under regular

(a)

(d)

(b)

(c)

Figure 3 Livers of red porgy subjected to two feeding regimes and L-carnitine levels. � 273 (a) Continuously fed ¢sh
with 46mg kg�1 carnitine supplementation (C/46). Hepatocytes with migration of nuclei and moderately increased cy-
toplasm vacuolization. (b) Continuously fed ¢shwith 630mg kg�1carnitine supplementation (C/630). Hepatocytes with
migration of nuclei and moderately increased cytoplasm vacuolization. (c) Fasted ¢sh fed 46mg kg�1 carnitine supple-
mentation (S7/Rf14/46). Hepatocytes with migration of nuclei and severe lipid vacuole accumulation. (d) Fasted ¢sh fed
630mg kg�1carnitine supplementation (S7/Rf14/630). Hepatocytes with large centrally located nuclei and anacidophile
cytoplasm.

Table 5 Evaluationof liver and spleenmicroscopic lesions� of red porgy juveniles subjected to di¡erent feeding regimes (con-
tinuously fed; fasting for 7 days/re-feeding for14 days) and L-carnitine levels (46 or 630 g kg�1diet)

C/46 C/630 S7/Rf14/46 S7/Rf14/630

Liver

Hypertrophy/cellular steatosis of the hepatocyte 111 111 111 11

Congestion of blood vessels 111 11 1 1

Focal haemorrhage into the liver 11 111 1 111

Spleen

Lysed melanomacrophages and necrosis of acinar cells 1 111 11 111

Intense haemorrhage 11 111 11 11

�Expressed as minimum (1), medium (11) and maximum (111).
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feeding regimes, ¢sh grow and store energy reserves,
while metabolic processes in fasted ¢sh are performed
by mobilizing body nutrient stores, leading to altera-
tions in the muscle composition (Power, Melo & Santos
2000). It is predictable that duringa fasting period, car-
nitine may increase the catabolism of body lipid, spar-
ingbody protein foranabolic processes (Brass &Hoppel
1978; Miyasaki, Sato,Yoshinaka & Sakaguchi1995).
With very few exceptions, neither the whole body

lipid content nor the total fatty acids were signi¢-
cantly a¡ected by L-carnitine supplementation or
the feeding regime. The reports on the e¡ects of diet-
ary L-carnitine on the proximate compositions are
inconsistent. In accordance with our ¢ndings, the
absence of a lipotropic action of carnitine supple-
mentation on the whole body lipid content has been
reported for rainbow trout (Rodehutscord 1995), hy-
brid tilapia (Becker et al.1999; Du, Liu,Tian, Liu, Feng
& Liang 2002;Yang,Wen, Liou & Liu 2009), European
sea bass (Dias et al.2001) and black seabream (Ma et al.
2008). The lack of changes in the total body lipid con-
tent could be explained by the fact that energy re-
serves in the liver were used to satisfy the demands
during starvation. In the current study, fasted ¢sh
had a lower liver lipid content than the continuously
fed group, which is consistent with whatWebster,Tid-
well, Goodgame andYancey (2007) found in Channel
cat¢sh. Commonly, ¢sh undergoing a period of starva-
tion satisfy the energy requirements by utilizing lipid
stores (Weatherley & Gill1987). Because the liver is the
¢rst storage site where lipid and glycogen are depleted
in ¢sh (Ozo¤ rio,VanGinneken, Bessa,Verstegen,Verreth
& Huisman 2010), we expected to observe a relation-
ship between fasting and liver lipid content.
It is known that the selective use of fatty acids for

energy in ¢sh tissueswill preserve PUFAandHUFA in
preference to other fatty acids (Egginton 1996). Sev-
eral studies have reported decreased levels of satu-
rated and monounsaturated fatty acids (SFA and
MUFA) contents in response to fasting, whereas
PUFA levels had a tendency to remain relatively con-
stant (Dave, Johansson-Sjobeck, Larsson, Lewander &
Lidman 1976; Ota, Takagi & Kosaka 1980). In the
present study, SFA and MUFAwere not signi¢cantly
a¡ected by the dietary treatments applied, although
a reduction is observed in ¢sh fed the carnitine-
supplemented diet. Moreover, analysis of the fatty
acid pro¢le in the liver revealed that fasting had a
marked e¡ect in reducing the n-3 fatty acids and the
n-3 HUFA, but only when interacting with dietary
carnitine supplementation. Dietary carnitine supple-
ments, in combination with stress factors, such as

exercise, are known to enhance the oxidation of long-
chain fatty acids, decreasing their deposition in body
tissues (Ozo¤ rio et al. 2010). In our study, carnitine sup-
plementation, regardless of the feeding regime, con-
tributed towards a reduction in the n-6 fatty acids
group as well as linolenic acid (18:3n-3), while the
DHA (22:6n-3) and EPA (20:5n-3) values were not af-
fected. This is consistent with earlier studies on red
sea bream, where EPA, DHA, n-3 and n-6 fatty acids
in the liver were reduced in red seabream fed carni-
tine- and lysine-supplemented diets (Chatzifotis et al.
1996). Similarly, Ozo¤ rio et al. (2010), working with
African cat¢sh, also found that the supplementation
of L-carnitine contributed towards the disappear-
ance of n-3 and n-6 fatty acids. In agreement with
the changes in the liver fatty acid content, histologi-
cal results also showed a carnitine supplementation
e¡ect in both feeding regimes, contributing towards a
decrease in the cytoplasmatic vacuolation of the he-
patocytes and a lower nuclear displacement. Steato-
sis is a sign that dietary lipid levels have exceeded the
capacity of the hepatic cell to oxidize fatty acids and
that large amounts of triacylglycerols are being
synthesized and deposited in vacuoles (Caballero, Iz-
quierdo, Kjrsvik, FernaŁ ndez & Rosenlund 2004;Was-
sef,Wahby & Sakr 2007). Caballero et al. (2004), when
testing the inclusion of vegetable oils in sea bream
diets, were able to establish an order between the
characteristic fatty acids of vegetable oils and the
appearance of steatosis: linoleic acid (18:2n-6)
4linolenic acid (18:3n-3) 4oleic acid (18:1n-9). In
the current study, fasted ¢sh fed a diet supplemented
with dietary L-carnitine showed the lowest values of
linoleic and linolenic acid, suggesting that the recov-
ery of liver morphology might be associated with the
utilization of these fatty acids. Melanomacrophage
serve as repositories for end-products of cell break-
down, and there have been reports on increased de-
position in the spleen and kidney promoted by
starvation (Agius & Roberts1980; Micale & Perdichizzi
1990). In our study, regardless of the feeding regime,
an increased lysis of the melanomacrophages and ne-
crosis of the acinar cells were observed in the spleen of
¢sh fed carnitine-supplemented diet. These results
may be correlated to an accelerated catabolic tissue
breakdown induced by carnitine supplementation.
In conclusion, the feeding regime adopted suggests

a poor ability of red porgy to achieve the sameweight
as their unrestricted fed counterparts. A longer fast
and re-feeding period should be further investigated
in order to induce the growth spurt mechanism. The
liver lipid content decreased with cyclic fasting,
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whereas the body lipid content remained unaltered,
regardless of the dietary treatments.The fattyacid pro-
¢le in the liver was a¡ected by the interaction between
carnitine supplementation and feeding regime, which
mayhave contributed towards the recoveryof the nor-
mal morphology of red porgies’ livers. Under our ex-
perimental conditions, L-carnitine supplementation
had no e¡ect on growth, but clearly a¡ected the L-car-
nitine and lipid content in the muscle.
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