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Acipenser stellatus represents a species of great economi-
cal interest due to its roe used for caviar production.
Therefore, it has been intensively captured for decades
and nowadays, this species is on the verge of extinc-
tion. As a consequence, Acipenser stellatus is intensively
raised in fish farms. Aquaculture is focused on optimiz-
ing the feeding regime of juveniles. The aim of this
study was to investigate if Acipenser stellatus can adapt
to a starvation/refeeding regime by assessing the effects
of this regime on growth performance, oxidative stress
biomarkers and heat shock protein (hsp) gene expression
in juveniles raised under aquaculture conditions. The
juveniles were subjected to two starvation/refeeding re-
gimes: a 7-day starvation period followed by 21 days of
refeeding, and a14-day starvation period followed by 21
days of refeeding. The results had shown that the juve-
niles subjected to 7/21-day starvation/refeeding regime
presented a complete compensatory growth, they were
able to counteract the oxidative stress by enhancing ac-
tivities of the antioxidant enzymes and they presented
no significant changes in hsp gene expression. In con-
trast, 14/21-day starvation/refeeding regime negatively
influenced growth performance, it induced a high level
of oxidative stress that was impossible to counteract and
it determined major changes in the hsp gene expression
level in the liver of Acipenser stellatus. Thus, Acipenser
stellatus seems to be able to adapt only to the 7/21-day
starvation/refeeding regime that does not threaten the
growth performance and the welfare of juveniles. There-
fore, it could be useful to optimize the feeding practice
in aquaculture production.
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INTRODUCTION

Sturgeons, including stellate sturgeon _Acipenser stel-
latus (Pallas, 1771), represent an ancient group of fish,
dating back to Jurassic, that was able to survive two
mass extinctions and several Ice Ages. A. stellatus lives
in the Black Sea and migrates in the Danube River for
reproduction purposes (Bemis & Kynard, 1997). This
species is valuable for the scientific community, repre-
senting a model for the evolution of vertebrates and
it is highly precious for food industry due to its meat
and roe used for caviar production. Because of its great
economical value, stellate sturgeon has been massively
captured, leading to a decline of this sturgeon popula-
tion in the Black Sea. Furthermore, the construction of
the Iron Gates Dams over the Danube River impaired
the upstream migration and spawning of A. stellatus and
therefore, its reproduction sites were diminished. Also,
the pollution of natural habitats and the river bottom
modifications have negatively influenced its reproduction
(Bacalbasa-Dobrovici, 1997). As a consequence, A. stella-
tus became extinct in the Upper and Middle Danube and
it is considered threatened in the Lower Danube River
(Hensel & Holcik, 1997). Conservation measures have
been taken in order to protect this species. One of these
measures consists of an artificial reproduction of wild
genitors, followed by raising the juveniles in fish farms.
These individuals are used for restocking purposes and
also for the production of caviar, aiming to discourage
poaching and overfishing of wild individuals.

The aquaculture field is focused on optimizing bio-
technological parameters of culture systems, such as
the feeding regime. Fish farmers aim to introduce food
deprivation periods in the feeding practice for several
reasons. First of all, the highest cost in an intensive ag-
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uaculture system corresponds to the purchase of food
(Shepherd & Bromage, 1988). In particular, the feed-
ing practice represents at least 50% of the production
cost (Gunther ¢f al, 1992). Secondly, ad-libitum type of
feeding is under debate, even though it represents the
main practice in aquaculture. For example, overfeeding
of fish in aquaculture may cause health problems, such
as cardiac deformities and coronary arteriosclerosis due
to fat deposits (Gamperl & Farrell, 2004). Moreover, ca-
loric restriction is believed to enhance stress resistance
and to increase life span in invertebrates, fish and ro-
dents (Masoro, 1992; Heydari ez al, 1995; Weindruch ef
al, 2001; Abele et al, 2007). Finally, food deprivation is
sometimes a common practice in fish farming in order
to regulate fish stock before marketing and slaughtering,
aiming to improve preservation (Bugeon ez al, 2004); ad-
ditionally, fasting can be induced in order to decrease
water pollution and to reduce the mortality caused by
disease outbreaks (Caruso ez al., 2012).

Fish alternate fasting with feeding periods in their
natural existence because of seasonal variations in food
availability from natural habitats and due to reproduction
and migration habits; therefore, fish are well adapted to
starvation (Weatherly & Gill, 1987; Madrid ez af, 2001).
They adopt different strategies in order to survive starva-
tion periods: they reduce the energetic demands either
by decreasing the mass of the tissues with high turnover
rates or by lowering the metabolic rates (McCue, 2010).
Based on the idea that fish are adapted to food depri-
vation in the natural environments, several studies have
been conducted to assess if a regime based on a star-
vation period followed by refeeding affects the growth
performance and the welfare of the fish bred under aq-
uaculture conditions. Morphometric, hematological, bio-
chemical and metabolic parameters or oxidative stress
biomarkers were determined mainly in fish juveniles, but
also in adults subjected to different starvation/refeed-
ing regimes. Siberian sturgeon Acjpenser baerii (Morshedi
et al., 2013), Persian sturgeon Acipenser persicus (Yarmo-
hammadi ez a/, 2013) and Chinese sturgeon Acipenser sin-
ensts (Liu et al., 2011) present a complete compensatory
growth as a response to short-term starvation (one week
or less), meaning that after refeeding the final weight
and the gain weight of the starved juveniles are similar
to those of the constantly fed juveniles. The mechanism
of compensatory growth has been described by Hornick
and others (Hornick e# al, 2000) as involving the growth
hormone, insulin and insulin-like growth factor.

However, beluga Huso buso did not present a complete
catch-up growth when subjected to different starvation/
refeeding regimes, although the growth rate of the indi-
viduals was high (Falahatkar, 2012). On the other hand,
A. sinensis (Liu et al., 2011) and A. persicus (Yarmoham-
madi ez al, 2013) showed a partial compensation when
subjected to long-term starvation periods. In contrast to
the above mentioned species, other fish species, such as
channel catfish Ictalurus punctatus (Gaylord et al., 2001)
and red porgy Pagrus pagrus (Caruso et al., 2012), failed to
present a complete compensatory growth response when
subjected to different starvation/refeeding regimes.

Adaptive responses to short or long-term starvation
regarding hematological, biochemical or metabolic pa-
rameters were found in A. baerii (Ashouti ef al, 2013),
Adriatic sturgeon Acipenser naccarii and rainbow trout On-
corhynchus mykiss (Furné et al, 2012), European eel An-
guilla anguilla (Caruso et al., 2010), tench Tinca tinca (De
Pedro ez al, 2003), common dentex Dentex dentex (Pérez-
Jiménez e al., 2012) and European bass Dicentrarchus lab-
rax (Pérez-Jiménez et al., 2007).

Moteover, statvation/refeeding regimes were proved
to enhance cell protective mechanisms, such as antioxi-
dant defense mechanisms and Heat Shock Protein (Hsp)
expression in D. /abrax (Antonopoulou ez al, 2013). The
reported results differ mainly due to species and age var-
iations of the analyzed juveniles. Generally, fish present
a metabolic adjustment to minimize the energy expendi-
ture during starvation and an adaptive response to cope
to the oxidative stress induced by a statvation/refeeding
regime.

In this context, the study presented here was con-
ducted based on the idea that A. stellatus adults are
adapted to starvation in natural environment due to
migration and reproduction habits. Taking into account
this idea, the present study started from the hypothesis
that A. stellatus juveniles raised in aquaculture conditions
could also adapt to a starvation period introduced in
their feeding regime. Therefore, this study aimed to de-
termine if A. stellatus juveniles raised in aquaculture have
the ability to adapt to a starvation/refeeding regime by
assessing the effects of this alternative type of feeding
on morphometric parameters, oxidative stress biomark-
ers and expression of Agp genes. This type of study has
been never conducted on stellate sturgeon before, as far
as we know. In addition, this species is intensively raised
in fish farms in Romania, being of great socio-econom-
ical interest for local communities. Our study was fo-
cused on the evaluation of A. stellatus liver, since it rep-
resents the most metabolically active organ and also an
important storage organ. The results of this study might
represent a starting point to optimize the feeding regime
in aquaculture for A. stellatus juveniles. A regime based
on starvation and refeeding periods could decrease the
cost of raising juveniles and eventually increase the prof-
itability of fish farms, stimulating aquaculture practice. In
the long run, this could enhance the efforts to conserve
A. stellatus.

MATERIALS AND METHODS

Animal experimental procedures were performed in
accordance with the Guide for The Use and Care of
Laboratory Animals (National Research Council (US)
Committee for the Update of the Guide for the Care
and Use of Laboratory Animals 2011) and all efforts
were made to minimize animal suffering and reduce
the number of specimens used. All animal experiments
were approved by the Ethics Committee from the
“Lower Danube” University of Galati (Approval ID:
200/22.12.2014).

Experimental design. A total number of 48 A. stella-
tus individuals of the age of 1 year and the mean weight
of 331.3+71.8 g were purchased from a sturgeon farm
(Tulcea County, Romania). They were randomly distrib-
uted in six fiberglass reinforced polyester tanks of 1 m?
capacity in a recirculating system (8 individuals per tank).
The tanks were maintained at the natural day length in
May-June at our latitude. The water flow was 6 m? h!
and the evacuated water was treated with special filters
and sterilized with UV light before admission into the
system; the water temperature, pH level and oxygen con-
centration were maintained at a mean value of 25°C*1,
7.7020.29, and 6.60£0.44 mg I.-!, respectively; the con-
centrations of ammonium, nitrites and nitrates were
monitored during the whole experiment and maintained
at a mean value of 0.43£0.12 mg L', 0.32£0.15 mg L-!
and 32.20£17 mg L, respectively.
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The juveniles were acclimatized for two months be-
fore the initiation of the experiment. After this period,
the juveniles were subjected to the following treatments:

1. the fed control group (Fed C) was subjected to the classi-
cal feeding regime applied in aquaculture: juveniles were fed
three times per day (at 9:00, 13:00 and 17:00 h) with Troco
PreGrower commercial pellets (Table 1), the quantity of food
given during a meal being equal to 1% of the total biomass;
this regime was applied for the entire period of experiment;

2. a group was subjected to a 7-day starvation period and sam-
pled (7 S group);

3. a group was subjected to a 14-day starvation period and
sampled (14 S group);

4. a group was starved for 7 days and refed for 21 days (7 S-R
group) — this regime being the 7/21-day starvation/refeeding
regime;

5. a group was starved for 14 days and refed for 21 days (14
S-R group) — this regime being the 14/21-day starvation/re-
feeding regime;

6. a group was starved for the entire period of the experiment
(S C group — starved control group). The refeeding process of
the 7 S-R group and 14 S-R group was performed in the same
manner as in the Fed C group. The entire experiment lasted
35 days.

The fish were weighed and measured before the begin-
ning of the experiment and before sampling. They were
anesthetized in a bath with 0.3 mL 1! 2-phenoxyethanol
before sampling. Afterwards, they were sacrificed by cut-
ting the gill arch and the livers were collected, weighed
and put into sterile tubes on ice and kept at —80°C for
biochemical analyses. The samples for molecular biol-
ogy studies were preserved in the RNAlater solution and
kept at —80°C for further analyses. All analyses were per-
formed in triplicates.

Morphometric parameters. The parameters indicat-
ing the growth performance were measured using the
following equations:

— Weight gain (%0)=(W-W,) W;* x 100

— HSI (%)=W, W' X 100

~ SGR (% day )=(In W, -In W,) 1 x 100

— K=W L3 X 100

— Survival rate (%)=(number of fish at the end of the experi-
ment/initial number of fish) X 100

where W, is the final body weight at time t, W, is the
initial body weight, W, is the weight of the liver, W, is
the weight of the body before sampling, t is the period
of the feeding regime and L is the length of the body.

Biochemical analyses. Fragments of 0.1 g from
the liver tissue were mixed with 1 mL of ice-cold Tris-
EDTA buffer (0.1 M Tris-HCI buffer containing 5 mM
EDTA, pH 7.4) and homogenized (three times, 30 sec-
onds each) on ice using an UP50H sonicator (Hielscher).
After 30 minute centrifugation of the tissue homogen-
ates at 10000 rpm, 4°C, the resulting supernatants were
collected and preserved at —80°C for further analyses.
The total protein concentration was measured according
to the method described by Lowry and others (Lowry ez
al., 1951) using bovine serum albumin (BSA) as standard.

Antioxidant enzyme assays. The activities of an-
tioxidant enzymes were assessed at 25°C using a Jasco
V-530 spectrophotometer or a Tecan Genios multireader
and the reagents were purchased from Sigma Aldrich or
Merck.

Catalase (CAT; EC 1.11.1.6) activity was determined
by monitoring the decrease in hydrogen peroxide (H,0,)
concentration at 240 nm according to the method de-
scribed by Beers & Sizer (Beers & Sizer, 1952). One unit

Table 1. The biochemical composition of TrocoPre Grower com-
mercial pellets

Substance Quantity
Proteins 45%
mlr_ipids 18%
WIVRaw fiber 1.2%
mAsh 8.2%
mf’hosphorus 1.2%
WCaIcium 1.8%
méodium 0.4%
W\V/itamin A 10.000 L.E
W\V/itamin D3 746 |.E
W\V/itamin @ 150 mg/kg
W\V/itamin E 200 mg/kg

of enzyme (U) decomposes one umole of H,O, in one
minute at 25°C and pH 7.

Superoxide dismutase (SOD; EC 1.15.1.1) activity was
measured by monitoring the inhibition of NADH oxi-
dation for 21 minutes at 340 nm (Paoletti e al, 1980).
NADH oxidation was mediated by superoxide anion
that was generated from molecular oxygen in a chemical
reaction involving B-mercaptoethanol, triethanolamine,
diethanolamine, EDTA and manganese chloride. One
unit of SOD was described as the amount of enzyme
required to inhibit the NADH oxidation rate by 50%
when compared to control.

Glutathione peroxidase (GPx; EC 1.11.1.9) activ-
ity was determined by monitoring the reduction of tert-
butyl-hydroperoxide and the oxidation of reduced glu-
tathione (GSH) to oxidized glutathione (GSSG) (Beutler,
1984). Further on, the resulting GSSG was reduced to
GSH by glutathione reductase and conversion of NA-
DPH to NADP* was measured at 340 nm. One unit of
GPx was defined as the amount of enzyme required to
consume one umole of NADPH in one minute at 25°C.

Glutathione reductase (GR; EC 1.6.4.2) activity was
determined by monitoring the decrease in NADPH con-
centration at 340 nm following the conversion of GSSG
to GSH (Goldberg & Spooner, 1983). One unit of GR
was defined as the amount of enzyme required to con-
sume one umole of NADPH in one minute at 25°C.

Glutathione S-transferase (GST; EC 2.5.1.18) activity
was determined by monitoring the conjugation of GSH
with 1-chloro-2, 4-dinitrobenzene (CDNB) substrate at
340 nm (Habig ez al, 1974). One unit of GST was de-
fined as the amount of enzyme necessary to form one
pmole of GS-CDNB product in one minute at 25°C.

Glucose 6-phosphate dehydrogenase (G6PDH; EC
1.1.1.49) activity was measured by monitoring the in-
crease of NADPH concentration at 340 nm. This en-
zyme catalyses the oxidation of glucose 6-phosphate
by reducing NADP* (Lohr & Waller, 1974). One unit
of G6PDH was defined as the amount of enzyme re-
quired to produce one pmole of NADPH in one minute
at 25°C.

The specific activities of all enzymes were calculated
as U mg! protein using the specific molar extinction
cocfficients  (gp;,,=43.6X10°  M-lem™,  ecpy=9.6X10°
M-lem! ey, ppy=06.22 10° M-'em-1).

Oxidative changes of biomolecules. Reduced glu-
tathione assay. The GSH content was evaluated using
Glutathione Assay Kit from Sigma-Aldrich, according
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to the manufacturer’s instructions. Briefly, deproteinized
tissue lysates were mixed with 1.5 mg ml-! 5,5-dithio-
bis-2-nitrobenzoic acid (DTNB) in potassium phosphate
buffer solution and the amount of the resulted TNB
products was measured at 405 nm. A calibration curve
with standard GSH solution of various concentrations in
the range of 3.1-50 uM was used in order to determine
the GSH concentration in the samples.

Lipid peroxidation markers. Malondialdehyde
(MDA) is a lipid peroxidation end product that was de-
termined using 2-thiobarbituric acid (ITBA) according
to a classical method (del Rio e 4/, 2003). A 200 uL
sample was mixed with 700 pL of 0.1 N HCI and incu-
bated for 20 minutes at room temperature. After adding
900 ul. of 0.025 M TBA, the mixture was incubated for
another 65 minutes at 37°C. The fluorescence of MDA-
TBA adducts was recorded at 520 nm excitation and 549
nm emission using Jasco FP-750 spectrofluorometer. A
calibration curve with standard MDA (1,1,3,3-tetracth-
oxypropane) in the range of 0.5 to 5 pM was used to
calculate the concentration of MDA in the samples.

Protein oxidation markers. Protein carbonyl group
(PCG) concentration was determined by measuring the
hydrazones resulted in the reaction of 2,4-dinitrophe-
nylhydrazine (DNPH) with protein carbonyls (Fields &
Dixon, 1971). Protein extracts, 500 pL, were mixed with
an equal volume of 10 mM DNPH and incubated for
one hour at room temperature in the dark. After protein
precipitation with 500 uL of ice-cold 20% trichloroacetic
acid (TCA), the samples were centrifuged for 5 minutes
at 13000 rpm, 4°C. The pellet was washed two times
with one mL of ethanol: ethyl acetate (1:1) mixture and
centrifuged for 5 minutes at 13000 rpm, 4°C. The pellet
was solubilized in 500 pul. of 1 M NaOH and the ab-
sorbance of the carbonyl-DNPH products was measured
at 370 nm. The concentration of PCG was calculated us-
ing e pp=22000 M-'em™! as molar extinction coefficient.
The concentration of PCG was divided by the total pro-
tein concentration of the sample and it was expressed in
nmoles mg-! protein.

Advanced oxidation protein products (AOPP) were
measured spectrophotometrically (Witko ez al, 1992). A
200 pL sample was incubated with 10 uL of 1.16 M po-
tassium iodide (KI) for 5 minutes at room temperature
under constant mixing. 20 pl. of glacial acetic acid were
added to the mixture and incubated for 30 seconds. The
optical density was recorded at 340 nm. A calibration
curve with chloramine T of various concentrations (5-
100 uM) was used to quantify the AOPP content. The
concentration of AOPP was divided by the total protein
concentration of the sample and it was expressed as pM
mg'protein.

The assessment of hsp gene exptression by Real
Time PCR analysis. Liver fragments were thawed on
ice and were mixed with the lysis buffer and homoge-
nized with magnetic balls using Retsch MM 400 mixer
mill (30 Hz s for 1 minute). RNA isolation and pu-
rification was performed with Pure Link RNA Minikit
(Ambion, Life Technologies) according to the producet’s
instructions. The purification was performed using col-
umn membranes and absolute ethanol, and elution was
performed with RNase free water. Aliquots were made
in order to prevent degradation induced by freeze-thaw
cycles. In the end, the concentration and purity of the
total RNA was determined using NanoDrop 8000 spec-
trophotometer (Thermo Scientific).

RNA integrity number (RIN) assay. RIN values of
the purified RNA samples were determined by micro-
chip gel electrophoresis using Agilent RNA 6000 Nano
kit and Agilent 2100 Bioanalyzer (Agilent). Samples with
RIN values smaller than 8 were not included in further
analysis and the homogenization and purification steps
were repeated.

Reverse-transcription. Reverse transcription reaction
was performed using iScript cDNA synthesis kit (Bio-
Rad). A 4 uL reaction mix and 1 pl. reverse transcriptase
were mixed with 1 pl. RNA samples and completed
with RNase — free water to a total volume of 20 plL.
The final concentration of RNA was 1000 ng per reac-
tion. The reaction was performed using a Veriti 96 Well
thermal cycler (Applied Biosystems) with the following
program: one cycle of 25°C for 5 minutes, one cycle of
42°C for 30 minutes and one cycle of 85°C for 5 min-
utes.

The concentration and purity of the obtained cDNA
samples was determined using NanoDrop 8000 spectro-
photometer (Thermo Scientific).

Real Time PCR. Primers were designed using the
BLAST program (Altschul ez a/, 1990) in order to am-
plify Asp70, hsp90a and hsp90b genes and two reference
genes encoding for glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and B-actin in sturgeon species.

The sequences of the primers are presented in Ta-
ble 2. The optimum annealing temperatures of the prim-
ers were determined by temperature gradient PCR.

Real Time PCR reaction was performed using iQ
SYBR Green Super Mix (Bio-Rad). In a 96 well plate,
1 pLL of 100 ng ul' ¢cDNA, 125 pl. iQ SYBR Green
Super Mix (Bio-Rad), 0.5 ul. of 20 pmol ul! forward
primer, 0.5 pl. of 20 pmol pl-' reverse primer and
10.5 pL of MiliQ water were added. The total volume
was 25 ul. Samples were amplified using iCycler Sys-
tem (BioRad) and the following program: one cycle of
95°C for 5 minutes, 45 cycles of 95°C for 30 seconds,

Table 2. The sequences and the optimum annealing temperature of the primers used for Real-Time PCR analysis

Amplified gene Primer sequence

Product length [bp] Temperature [°C]

F: CCACTTYRTTGCRGAGTTCA

hsp70 R: GTCCAGAGTACCACGGAACA 229 %6
hsp90a R GQCCTTCATOATCRTCTCCA 160 55
hsp90b R COTGATORGATAGCCOATAR 229 55
repcnccceanane
Beactin F: TGACCCTGAAGTAYCCMATC 160 5556

R: CTTCTCTCTGTTRGCYTTGG

Note: F=forward primer, R=reverse primer, bp=Dbase pairs
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Table 3. Morphometric parameters indicating growth performance of the Acipenser stellatus juveniles subjected to different starva-

tion/refeeding regimes

Fed C 7S 14 S 7SR 14 S-R SC

Inltlalwelght (9) 355.12+29.93 325.62+25.23 327.12+20.18 311.12+22.10 321.62+27.33 349.42133.3? 77777777

Final weight (g) 402.86+33.20 310.74+23.61 299.13+£19.72 342.91+£21.50 328.03+25.31 316.50+32.54

Weight gain (%) 13.57+1.10 —4.45+0.95%** -8.71+1.04*** 10.75+1.81 2.58+1.29%** —-9.64+1.53%**
HSI(%) 777777 1.30+0.07 0.79+0.06*** 0.80+0.03** 1.34+0.07 1.45+0.13 0.7610.05**; 777777777
SGR(%day -1 0.43+0.03 -0.65+0.14%** -0.61+0.07%** 0.34+0.05 0.07+0.03* —0.2910.05*; 7777777
InltlaIK 77777 0.176+0.003 0.179+0.005 0.180+0.004 0.175+0.005 0.175+0.004 017050005
FlnalK 777777 0.200+0.003 0.171+0.005** 0.164+0.004*** 0.193+0.005 0.180+0.003* 0.1 5410.006;; 77777
SurVIvalrate (%) 100 100 100 100 100 875

Note: The data are illustrated as average values of the groups (n=8)+standard error of the mean (S.E.M.). All data were statistically analyzed using
one-way ANOVA. *P<0.05; **P<0.01; ***P<0.001; the statistical significance of the changes is related to the fed control level. Fed C - fed control
group, 7 S - group starved for 7 days, 14 S — group starved for 14 days, 7 S-R — group starved for 7 days and refed for 21 days, 14 S-R - group
starved for 14 days and refed for 21 days, S C - starved control, HSI - hepatosomatic index, SGR - specific growth rate, K - condition factor.

55/56°C for 30 seconds, 72°C for 45 seconds and 85
cycles of 55°C with an increase of set point temperature
by 0.5°C per cycle for 10 seconds. The samples were
run and the threshold cycles (C) values were recorded.
Melting curves were also performed. The C, values were
processed with Microsoft Office Excel 2007 according
to the

244 method described by Livak and Schmittgen
(2001).

Statistical analysis. Technical replicates were aver-
aged before statistical analysis. The data are illustrated
as average values of the groups (n=8) *standard er-
ror of the mean (SEM). All data were statistically ana-
lyzed using one-way ANOVA method performed with
Graph Pad Prism 3.03 software (GraphPad Software,
La Jolla California USA). Post-hoc comparisons between
all groups were run using Bonferroni test. If P value
was lower than 0.05 then the difference between the
groups was considered statistically significant (*P<0.05;
*#P<0.01; **¥P<0.001). The statistical significance was
presented for all groups in contrast to the Fed C group
and it was also presented between 7 S and 14 S groups
and between 7 S-R and 14 S-R groups.

RESULTS

Morphometric data

Parameters indicating growth performance are pre-
sented in Table 3. The final weights of the experimental
groups were not statistically different regarding the final
weight of the Fed C group. The weight gain severely de-
creased during starvation period, juveniles losing weight
in a time-dependent manner. However, they restarted
to gain weight during the refeeding period, but only the
group subjected to the 7/21-day starvation/refeeding re-
gime showed no significant difference in the weight gain
when compared to the Fed C group. Whilst starvation
diminished SGR and HSI values, refeeding determined
an increase in these parameters. Only the group sub-
jected to 7/21-day starvation/refeeding regime presented

a growth rate similar to the Fed C group. K values of
the experimental groups were significantly lower than the
one of the Fed C group, except for the 7 S-R group,
whose condition factor was similar to the Fed C group.

The antioxidant enzymes’ specific activities

CAT and SOD represent important antioxidant en-
zymes that are able to neutralize ROS. SOD catalyzes
the reaction of dismutation of O* into H,O,, which is
further decomposed in the reaction catalyzed by CAT
into water and oxygen, preventing formation of the hy-
droxyl ion. The activities of these enzymes are consid-
ered as biomarkers for oxidative stress (Mueller ef al,
1997; Cadenas & Kelvin, 2000; Miyamoto e/ al., 2010)
(S1).

In our study, it was observed that the specific activi-
ties of CAT and SOD were unmodified in the liver of
the juveniles from the 7 S group when compared to the
Fed C group (P>0.05); only the activity of CAT was sig-
nificantly increased in the liver of the juveniles from the
14 S group, the SOD activity remaining at the same level
with the one observed in the Fed C group. No signifi-
cant changes were observed between the 7 S and 14 S
groups (Fig. 1).

Refeeding after starvation determined a major and sta-
tistically significant increase in the activities of both en-
zymes when compared to the constant feeding regime,
the increase being proportional to the length of previ-
ous starvation period for the CAT enzyme (the activity
of CAT in the 7S-R group was significantly lower than
the one observed for the 14 S-R group). No significant
changes were observed between the S C and Fed C
groups (Fig. 1).

Enhanced activities of both antioxidant enzymes dut-
ing starvation/refeeding regimes obsetrved in our study
could reflect an increase in the level of enzymatic sub-
strates (0% and H,0,), equivalent to an overproduction
of ROS. Howevet, even though both, the 7/21-day and
14/21-day starvation/refeeding regimes induced an in-
crease in SOD and CAT activities, CAT activity was sig-
nificantly higher in the 14 S-R group than in the 7 S-R
group, suggesting that the 14/21-day starvation/refeed-
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Figure 1. Specific activities of antioxidant enzymes in the liver of Acipenser stellatus juveniles subjected to different starvation/re-
feeding regimes:

(@) Superoxide dismutase (SOD) specific activity; (b) Catalase (CAT) specific activity. The data are illustrated as average values of the
groups (n=8) * standard error of the mean (S.E.M). All data were statistically analyzed using one-way ANOVA. Statistical significance:
*P<0.05; **P<0.01; ***P<0.001; the statistical significance of the changes is related to the fed control level and is also presented between
the 7 S and 14 S groups, and between the 7 S-R and 14 S-R groups. Fed C - fed control group, 7 S - group starved for 7 days, 14 S -
group starved for 14 days, 7 S-R - group starved for 7 days and refed for 21 days, 14 S-R — group starved for 14 days and refed for 21

days, S C - starved control.

ing regime induced oxidative stress to a greater extent
than the 7/21-day starvation/refeeding regime did.

GPx catalyzes a reaction between peroxides and
GSH, while GR recycles the resulting GSSG by re-
ducing the disulfide bond, thus producing 2 molecules
of GSH. GPx substrates are both, lipid peroxides and
H,0,, the latter being also removed by CAT (Meister,
1989; Cadenas & Kelvin, 2000; Miyamoto ef al., 2010)
(S1). The 7-day starvation period induced a decrease in

both, the GPx and GR specific activities when com-
pared to the constant feeding regime. The subsequent
refeeding increased both, the GPx and GR activities,
so the enzymatic activities eventually reached the Fed
C level (P>0.05). In contrast, after a 14-day starvation
period, GR activity had increased when compared to
the Fed C group and increased even greater during re-
feeding. The S C group presented insignificant chang-
es in both enzyme activities in comparison to the Fed

Umg-!

Umg-!
protein GPx protein GR
12 skk $eskok EE
. — 0.012 ———— )
0.01 *
I S——
8 1 0.008
k
6 1 0.006 - *
4 0.004 -
2 0.002 -
0 - @ -
(a) FedC 7S 14S 7SR 14S-R SC (b) FedC 7S 14S 7S-R14S-R SC
Umg-! Umg ™!
protein GST kk protein G6PDH i
$okok
1.8 f PP, 0.04 %
1.6 ! A%\ T
: 0.035
1.4 0.03 3
1.2
= 0.025
05 | 0.02 - { !
0.6 - 0.015 -
04 - 0.01 -
0.2 - 0.005
0 0 -
() FedC 7S 14S 7S-R14S-R SC FedC 7S 14S 7S-R14S-R SC
G (d)

Figure 2. Specific activities of antioxidant enzymes in the liver of Acipenser stellatus juveniles subjected to different starvation/re-
feeding regimes:

(a) Glutathione peroxidase (GPx) specific activity; (b) Glutathione reductase (GR) specific activity; (c) Glutathione S-transferase (GST) spe-
cific activity; (d) Glucose 6-phosphate dehydrogenase (G6PDH) specific activity. The data are illustrated as average values of the groups
(n=8) xstandard error of the mean (S.E.M). All data were statistically analyzed using one-way ANOVA. Statistical significance: *P<0.05;
*#*P<0.01; ***P<0.001; the statistical significance of the changes is related to the fed control level and is also presented between the 7
S and 14 S groups, and between the 7 S-R and 14 S-R groups. Fed C - fed control group, 7 S - group starved for 7 days, 14 S — group
starved for 14 days, 7 S-R - group starved for 7 days and refed for 21 days, 14 S-R - group starved for 14 days and refed for 21 days, S C
- starved control.
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Figure 3. Oxidative changes in biomolecules in the liver of Acipenser stellatus juveniles subjected to different starvation/refeeding

regimes:

(@) The level of reduced glutathione (GSH); (b) The level of malondialdehyde (MDA). The data are illustrated as average values of the
groups (n=8) xstandard error of the mean (SEM). All data were statistically analyzed using one-way ANOVA. Statistical significance:
*P<0.05; **P<0.01; ***P<0.001; the statistical significance of the changes is related to the fed control level and it is also presented be-
tween the 7 S and 14 S groups, and between the 7 S-R and 14 S-R groups. Fed C - fed control group, 7 S - group starved for 7 days, 14
S - group starved for 14 days, 7 S-R - group starved for 7 days and refed for 21 days, 14 S-R — group starved for 14 days and refed for 21

days, S C - starved control.

C group (Fig. 2a, b). Because GR specific activity was
unmodified in the 7 S-R group and enhanced in the
14 S-R group when compared to the Fed C group, it
could be said that the 7/21-day starvation/refeeding
regime is more suited for juveniles, while the 14/21-
day starvation/refeeding regime induces a higher level
of oxidative stress. In addition, GR activity was sig-
nificantly increased in the 14 S group when compared
to the 7 S group, and the activities of both, the GPx
and GR enzymes were highly increased in the 14 S-R
group when compared to the 7 S-R group, confirming
that 14/21-day starvation/refeeding regime induced
oxidative stress to a greater extent than the 7/21-day
starvation/refeeding one did.

The level of GST specific activity was unchanged in
the 7 S and 7 S-R groups when compared to the Fed
C group. In contrast, the activity of GST was highly in-
creased in the liver of the juveniles from the 14 S and
14 S-R groups when compared to the control level. In
addition, GST activity was greatly increased in the liver
of the juveniles from the 14 S group when compared
to the 7 S group, and also in the 14 S-R group when
compared to the 7 S-R group, suggesting that the 14/21-
day starvation/refeeding regime induced GST substrates
in contrast to the 7/21-day starvation/refeeding one that
induced GST substrates at the same level as the constant
feeding regime did (Fig. 2¢).

Profile of the GOPDH activity suggests that the ac-
tivity of this enzyme was unmodified during starvation,
whereas it was strongly intensified during refeeding, the
intensification being proportional to the starvation pe-
riod length (Fig. 2d).

Oxidative changes in the biomolecules

GSH represents an important cellular antioxidant. It
is a tripeptide involved not only in the GPx mediated
removal of lipid peroxides and H,O,, but also in the re-
duction of oxidized sulfhydryl groups of proteins (Bansal
& Kaushal, 2014). It is also used by GST to conjugate
electrophilic compounds in order to render less chemi-
cally active compounds and to ensure their clearance
from the organism (Guérod, 2010) (S1). In our experi-
ment, we noticed that GSH concentration decreased in
the 14 S group when compared to the 7 S group and
also in the 14 S-R group when compared to the 7 S-R
group (Fig. 3a); meanwhile, the activity of GST increased
in the 14 S group when compared to the 7 S group, and

respectively in the 14 S-R group when compared to the
7 S-R group. Also, the GPx activity was increased in the
14 S-R group when compared to the 7 S-R group, there-
fore the level of GSH was inversely proportional to GPx
and GST activities, suggesting an intense use of GSH by
these enzymes.

MDA is an iconic biomarker of lipid peroxidation.
It is an aldehyde produced after ROS mediated oxida-
tion of the polyunsaturated fatty acids (PUFA). The long
chains of PUFA are prone to sequential oxidations that
could lead to cleavage and render small end products,
such as MDA (Guérod, 2010; Bansal & Kaushal, 2014)
(S1). Starvation induced a decrease in the MDA level in
comparison to the constant feeding regime, while refeed-
ing increased the MDA level so it reached the control
level (Fig. 3b).

PCG and AOPP represent hallmarks of the oxida-
tive stress and are irreversible changes in the proteins
(Witko-Sarsat et al., 2003; Bansal & Kaushal, 2014). PCG
consists of aldehydes and ketones that are produced dur-
ing interaction between the hydroxyl ions and amino ac-
ids, such as lysine, arginine, proline and threonine (Re-
quena ef al, 2001). AOPP are considered to be cross-
linked products of proteins that contain dityrosine (Wit-
ko-Sarsat ef al., 2003). Also, they could be small products
resulting from cleavage of a long polypeptidic chain due
to protein oxidation mediated by the hypochlorous acid
(Thomas, 1979; Thornalley & Rabbani, 2010) (S1). In
our study, the concentration of PCG did not statisti-
cally differ in the juveniles from the experimental groups
when compared to the Fed C group; however, the PCG
concentration strongly increased in the 14 S group when
compared to the 7 S group, and respectively in the 14
S-R group when compared to 7 S-R group (Fig. 4a).
The AOPP level decreased after a 7-day starvation pe-
riod, while it reached the control level when the juve-
niles were refed. In contrast, the AOPP level was similar
to the control level after a 14-day starvation period, but
it was strongly increased when refeeding was resumed.
Also, like the PCG level, the AOPP level was also in-
creased in the 14 S group when compared to the 7 S
group, and respectively in the 14 S-R group when com-
pared to the 7 S-R group (Fig. 4b).

The level of hsp70 and hsp90 gene expression

Molecular data showed that expression levels had
similar profiles for Asp70, hsp90a and hsp90b genes. No
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Figure 4. Oxidative changes in proteins in the liver of Acipenser stellatus juveniles subjected to different starvation/refeeding re-
gimes
(@) The concentration of protein carbonyl group (PCG); (b) The concentration of advanced oxidation protein products (AOPP). The data
are illustrated as average values of the groups (n=8) +standard error of the mean (S.E.M.). All data were statistically analyzed using one-
way ANOVA. Statistical significance: *P<0.05; **P<0.01; ***P<0.001; the statistical significance of the changes is related to the fed control
level and it is also presented between the 7 S and 14 S groups, and between the 7 S-R and 14 S-R groups. Fed C - fed control group,
7 S — group starved for 7 days, 14 S — group starved for 14 days, 7 S-R — group starved for 7 days and refed for 21 days, 14 S-R - group

starved for 14 days and refed for 21 days, S C - starved control.

significant changes were observed during a 7-day star-
vation period and also after subsequent refeeding when
compared to the constant feeding regime. In contrast,
gene expression increased during the 14-day starvation
period and decreased during subsequent refeeding in the
liver of A. stellatus juveniles when compared to the Fed
C group. The expression of hsp70 and hsp90a genes was
highly increased during 14-day starvation in comparison
to 7-day starvation (Fig. 5).

A summary of the biochemical and molecular analysis
results is presented in Table 4.

DISCUSSION

The results of this study demonstrate that A. stellatus
presents compensatory growth when subjected to re-
feeding after starvation. However, only the 7S-R group
presented a complete recovery of the weight loss during
refeeding, as illustrated by the final weight, weight gain
and SGR. A recovery of weight loss during refeeding af-
ter starvation, leading to compensatory growth, was also
reported in A. persicns (Yarmohammadi ez al., 2013) and
in A. baerii (Motshedi ef al., 2013) juveniles.

hsp70 gene expression level
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Figure 5. Level of hsp gene expression in the liver of Acipenser stellatus juveniles subjected to different starvation/refeeding regimes
(a) Expression level of the hsp70 gene; (b) Expression level of the hsp90a gene; (c) Expression level of the hsp90b gene. The data are illus-
trated as average values of the groups (n=8) tstandard error of the mean (SEM). All data were statistically analyzed using one-way ANO-
VA. Statistical significance: *P<0.05; **P<0.01; ***P<0.001; the statistical significance of the changes is related to the fed control level and
it is also presented between the 7 S and 14 S groups, and between the 7 S-R and 14 S-R groups. Fed C - fed control group, 7 S - group
starved for 7 days, 14 S — group starved for 14 days, 7 S-R - group starved for 7 days and refed for 21 days, 14 S-R - group starved for 14
days and refed for 21 days, S C - starved control.
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Table 4. Changes in the antioxidant enzymes’ activities, oxida-
tive changes in the biomolecules and the changes of the hsp
gene expression level produced in the liver of A. stellatus during
starvation and refeeding when compared to constant feeding.

75 7 SR 145 14 SR

SoD _ 0 _ 0
CAT _ 0 0 0
GPx | _ _ _
GR 2 _ 0 T
GST _ _ 0 0
GSH 0 0 _ _
G6PDH _ 0 _ 0
MDA S _ NS

PCG _ _ _
AOPP { _ _ )
hsp70 _ _ * \
hsp90a _ _ ) \
hsp90og B B T B

Note: up arrow indicates an increase in the activity or level, down ar-
row indicates a decrease in the activity or level, and a flat line indi-
cates unchanged activity or level. Semibold font marks the enzymes
and molecules with antioxidant roles, while Bold marks the oxidative
changes in the biomolecules and stress markers.

A particular observation was that the SGR decrease
was inversely correlated to the length of starvation pe-
riod. This could be explained by the fact that weight
loss is reduced over time due to a decline in the meta-
bolic rate in sturgeons (Hung e al, 1997). Starvation
also caused a negative effect on SGR of H. huso, while
refeeding had significantly improved the SGR in the
starved fish (Falahatkar ez a/, 2012).

Low HSI values observed during starvation periods
in our study might indicate a depletion of energy stores
in the liver of A. stellatus juveniles, whereas the increase
in HSI values during refeeding might suggest a recov-
ery of the energy deposits. A common response to food
deprivation consists of mobilization of nutrient and en-
ergy reserves stored in the liver and the skeletal mus-
cles. Consequently, this leads to body and liver weight
loss (Navarro & Gutierrez, 1995), which could explain
a decrease in the HSI value observed in our study. Our
results are consistent with those suggesting that in a 10-
week starvation period the liver and viscera of white
sturgeon A. transmontanus were more susceptible to nu-
trient mobilization (Hung ez al, 1997).

Taken together, all of the morphometric parameters
suggest that refed A. stellatus juveniles presented com-
pensatory growth, reaching the same weight of the fed
control. Due to the fact that SGR, weight gain and the
K value of juveniles from the 7 S-R group were simi-
lar to those observed for the Fed C group (P>0.05), it
can be stated that the 7/21-day starvation/refeeding re-
gime does not affect growth performance and welfare of
A. stellatus juveniles.

Our results are consistent with those reported in the
literature. Thus, it was demonstrated that starvation led
to a decrease in HSI that was proportional to the length
of starvation period in A. baerii (Ashouti e al., 2013),
and reduced different morphometric parameters in An-
guilla anguilla (Caruso et al., 2012), lake sturgeon Acipenser
Sulvescens (Gillis & Ballantyne, 19906), D. labrax juveniles

(Gutierrez et al, 1991) and Atlantic cod Gadus morhua
(Gudetley ez al., 2003).

A complete compensatory growth was also demon-
strated in A. baerii sub-yeatlings subjected to different
starvation/refeeding regimes (Morshedi e al, 2013).
Both, the A. sinensis (Liu et al., 2011) and A. persicus juve-
niles (Yarmohammadi ef al, 2013) presented a complete
compensatory growth when subjected to refeeding after
short-term starvation (maximum one week) and present-
ed only a partial compensation when they were refed af-
ter long-term starvation (more than two weeks). Also,
H. buso presented a partial compensation when starved
for 2 or 3 weeks and refed afterwards (Falahatkar ef al,
2012).

In contrast to our results, I. punctatus fingetlings refed
after different starvation periods did not present a catch-
up growth adequate to compensate for previous weight
loss observed during starvation periods (Gaylord ez al,
2001).

The 7-day starvation period induced no modification
in SOD, CAT and GST activities and even reduced the
GPx and GR activities when compared to constant feed-
ing, suggesting that the 7-day starvation period did not
induce oxidative stress in the liver of A. stellatns. Moreo-
ver, the 7-day starvation period decreased the level of
lipid peroxidation and protein oxidation as reflected by
lower MDA and AOPP levels when compared to the
constant feeding regime. The GSH level increased during
the 7-day starvation period, indicating an increase of the
cellular antioxidant defense capacity.

Refeeding after 7-day starvation period only increased
the SOD and CAT activities, the activities of GPx, GR
and GST remaining unchanged when compared to the
constant feeding regime. Nutrient uptake during refeed-
ing had probably activated the activities of Complex I
and Complex III of mitochondrial electron transport
chain in the inner mitochondrial membrane, leading to
ROS overproduction that determined an intensification
of SOD-CAT system activity. However, MDA, AOPP
and PCG levels were similar to the control levels, sug-
gesting that lipid peroxidation and protein oxidation
processes were not activated by the ROS production
during refeeding. Probably, the enhancement of SOD—
CAT system activity efficiently neutralized ROS and as
a consequence, the lipids and proteins were protected
against the ROS mediated oxidation. The GSH level was
still higher than the control level, and this fact, alongside
with the unchanged GPx—GR system activity, suggests
that lipid peroxides (GPx substrates) wetre not produced
during refeeding. Also, H,O, which represents another
GPx substrate might have been entirely decomposed by
CAT, since CAT activity had significantly increased dur-
ing refeeding and CAT has a higher Michaelis constant
(K,) for this substrate when compared to GPx (Kirk-
man ¢ al, 1987). The inversely correlated levels of CAT
and GPx activity were also reported for .A. naccarii and
O. mykiss (Trenzado et al., 2000).

In contrast to the 7-day starvation petiod, the 14-day
starvation period increased the activities of CAT, GR
and GST enzymes when compared to constant feed-
ing, suggesting that ROS were produced and the anti-
oxidant systems were activated. As a consequence, these
decreased the level of lipid peroxidation and maintained
a normal protein oxidation status similar to the control
level. The intensification of CAT activity could have also
led to an unchanged GPx activity.

In contrast to refeeding after a 7-day starvation pe-
riod, refeeding after a 14-day starvation period had in-
duced not only the activation of SOD-CAT system,
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but also the activation of the GR and GST enzymes,
suggesting that a higher amount of ROS and GST sub-
strates were produced during refeeding after 14-day star-
vation. However, even though the antioxidant enzymes
were activated, the neutralization of ROS was not very
effective since protein oxidation took place, as reflected
by the increased level of AOPP. Only the lipid peroxida-
tion could be prevented, the MDA level being similar to
the control one. Similarly to the cases mentioned above,
the raise in CAT activity could generate an unchanged
GPx activity.

Furthermore, when comparing the two refeeding re-
gimes, it becomes clear that the 14/21-day starvation/
refeeding regime induced oxidative stress to a greater ex-
tent than the 7/21-day starvation/refeeding regime be-
cause it induced intensification of the CAT, GPx, GR
and GST activities and increased the level of lipid per-
oxidation and protein oxidation as reflected by higher
MDA, PCG and AOPP levels. Thus, the 14/21-day star-
vation/refeeding regime induced a higher level of ROS
that generated lipid peroxidation which can be correlated
with the increase in PCG, as well as a raise in AOPP
levels, when compared to the 7/21-day starvation/re-
feeding regime that maintained a low degree of protein
oxidation despite ROS production.

Moreover, the 14/21-day starvation/refeeding reduced
the concentration of GSH and increased the GPx and
GST activities when compared to the 7/21-day starva-
tion/refeeding regime. The fact that the GSH level was
inversely proportional to the GPx and GST activities
indicates an intensive use of GSH by these enzymes.
Therefore, the 14/21-day starvation/refeeding regime
determined the mobilization of cellular GSH stocks
with the enhancement of antioxidant enzyme activities,
so that the oxidative damage to the molecules could be
avoided. In contrast, GSH mobilization was not needed
in the 7/21-day starvaton/refeeding regime, probably
due to the low level of oxidative stress induced. In ac-
cordance to our results, oxidation of GSH was amplified
in S. aurata subjected to partial or total food deprivation
for 46 days (Pascual et al., 2003).

Previous studies report various results regarding the
effects of starvaton/refeeding regimes on oxidative
stress biomarkers in fish because the species and age of
the individuals, the periods of starvation and refeeding,
as well as the methods used are highly different. The
activities of several antioxidant enzymes (SOD, CAT,
GPx or GR) significantly increased in the liver of sexu-
ally immature D. dentex individuals starved for 5 weeks
(Morales ez al., 2004), in blood of binni Mesopotamichthys
sharpeyi  fingerlings subjected to short-term starvation
(Najafi es al, 2014), and in partially food deprived gilt-
head bream Sparus anrata (Pascual et al, 2003). During
refeeding all values returned to control levels, suggesting
that oxidative damage was reversible. Also, the activi-
ties of SOD, CAT, GPx and GR in the liver of brown
trout Salmo trutta increased during the 49-day starvation,
whereas GST activity decreased, indicating that total
or partial food deprivation induced oxidative stress in
brown trout (Bayir e# al, 2012). Furthermore, an increase
in the activities of CAT, GPx and GST was observed in
the liver of G. morhua during a 12-week starvation period
(Guderley ez al., 2003).

On the other hand, no variations in the CAT, SOD
and GPx activities were observed in the liver of D. /ab-
rax between the starved, refed and control groups (An-
tonopoulou ¢ al, 2013). In contrast, an enhancement
of the total antioxidant blood capacity in A. sinensis was
reported in the first 19 days of starvation, followed by

its reduction (Feng et al, 2011). Also, starvation induced
oxidative stress in the liver of A. naccarii and O. mykiss
and the stress level was not removed during subsequent
refeeding, a decreasing trend in the enzymatic activities
of CAT, SOD, GPx and GR (Furné ez al, 2009) being
noticed.

An interesting result of our study is the fact that star-
vation determined a decline in the lipid peroxidation, and
refeeding determined a compensatory increase. In con-
trast to our results, MDA level increased in the liver of
S. trutta during long-term starvation and food restriction,
and this level did not return to the normal one after the
refeeding period (Bayir ez al, 2012). Also, lipid peroxida-
tion level had increased in the liver of starved S. awrata
(Pascual et al, 2003), A. naccarii, O. mykiss (Furné et al.,
2009), and D. dentexc (Morales et al., 2004), as well as in
the blood of M. sharpeyi (Najafi et al, 2014). Our result
could be explained by the fact that the metabolic rate
of the starved individuals might have been reduced due
to the lack of lipids and carbohydrate intake. Further-
more, endogenous fat deposits dropped in the liver of
sturgeons after 2 days of starvation (Furné ef al, 2012).
Also, acetyl-coenzyme A is usually used during starva-
tion to generate the ketone bodies which represent fuels
for non-liver tissues and therefore it was not involved
in the fatty acids biosynthesis. Thus, given the fact that
the fat deposits might have been already depleted af-
ter 7 and 14 days of starvation, B-oxidation could have
been diminished and as a consequence, the level of ROS
was reduced leading to a decrease in lipid peroxidation.
This observation is in accordance with a previous study
demonstrating that a caloric restriction diet led to a re-
duced tissue oxidation state in turbot Scophthalnus maxi-
mns (Abele et al., 2007). The intake of exogenous lipids
during refeeding activated the B-oxidation metabolic
pathway. As a consequence, the level of acetyl-coenzyme
A increased, the rate of Krebs cycle was enhanced and
important quantities of NADH and FADH, donated
electrons to the mitochondrial electron transport chain.
Due to this, the physiological ROS level was probably
raised, increasing the level of lipid peroxidation during
refeeding. However, the refed juveniles presented a lipid
peroxidation level similar to that of the constantly fed
juveniles, possibly due to the enhancement of the CAT—
SOD enzymatic system observed during both of the
starvation/refeeding regimes, and also due to the mobi-
lization of GSH stocks during the 14/21-day starvation
refeeding regime.

The profile of G6PDH activity indicates that the pen-
tose phosphate shunt was not affected by starvation and
was enhanced during refeeding. The activity of G6PDH
is usually decreased during starvation because glycolysis
is impaired due to the lack of glucose and because glu-
cose-6-phosphate, an intermediary of glycolysis, is used
to a lower extent in the oxidative branch of the pen-
tose phosphate shunt. However, GOPDH activity during
both, the 7-day and 14-day starvation periods, was simi-
lar to the one observed during constant feeding regime,
suggesting that gluconeogenesis was activated in order to
sustain the plasma glucose level for the other critical tis-
sues. As a consequence, production of glucose through
gluconeogenesis had maintained an active pentose phos-
phate shunt and thus, the G6PDH activity was unaffect-
ed by glucose deprivation. Further on, this enzymatic ac-
tivity increased during refeeding, probably when glucose
uptake from food had occurred, leading to an increased
concentration of glucose-6-phosphate; as a result, GOP-
DH activity had increased and the oxidative branch of
pentose phosphate shunt was intensified, leading to an



Vol. 66

Stress defense in starved and refed stellate sturgeon juveniles 57

enhanced generation of NADPH. GR had probably used
NADPH as a co-factor for regeneration of GSH from
GSSG. Thus, refeeding allowed an increase in the GR
specific activity when compared to starvation due to in-
put of metabolic fuels in the juveniles’ liver (observed
for the 7S-R group when compared to the 7S group).

In contrast to our results, an inhibition of G6PDH
activity was reported in the liver of starved D. dentex
(Morales e/ al., 2004) and S. trutta (Bayir et al., 2012).

Regarding the stress response mechanisms, the 7/21-
day starvation/refeeding regime did not induce signifi-
cant changes in the Asp gene expression level, indicating
that a cellular stress response has not been driven in the
liver of A. stellatus juveniles. In contrast, the 14/21-day
statvation/refeeding regime strongly modified the level
of hsp gene expression, suggesting that a major cellular
stress response has been induced. The up-regulation of
hsp gene expression encountered dutring the 14-day star-
vation period might be an indicator of a high stress level
(Iwama ez al., 1998), but it is also considered to be a cel-
lular defense method against stress inducer factors (Se-
rensen ¢f al, 2003). In addition, it is considered as a way
to cope with the stress, leading to adaptation and raised
survival chances (Basu e a/, 2002).

The Hsp70 protein has an anti-apoptotic effect, since
it binds the Apaf-1 apoptotic factor, inhibiting the as-
sembly of the Apaf-1-caspase-9-cytochrome ¢ complex
(Ravagnan ez al, 2001). Therefore, strong down-regula-
tion of the Asp70 gene expression might lead to a pro-
nounced apoptosis and might generate deleterious effects
in the liver functions. Therefore, 14/21-day starvation/
refeeding regime that induced a down-regulation of
hsp70 gene expression might threaten the functions of
the liver.

Previously, it was found that food deprivation did
not influence the level of transcription of Asp30, hsp70
and hsp90 in gills of Salmo salar juveniles at all (Zarate &
Bradley, 2003).

Opverall, our data suggest that ROS were induced only
after 14 days of starvation, leading to enhanced activity
of antioxidant enzymes such as: CAT, GR and GST in
the liver of A. stellatus. The stress response was also trig-
gered at 14 days of starvation, increasing all tested Asp
genes’ expression. However, ROS were entirely neutral-
ized by the antioxidant enzymes and even more, since
the lipid peroxidation decreased and proteins were
spared from oxidation when compared to the control
level observed during constant feeding. Further on, re-
feeding after starvation induced ROS to a greater extent
than starvation and gradually activated almost all anti-
oxidant enzymes. The lipid peroxidation increased, but
did not surpass the control level, while protein oxidation
and the down-regulation of Asp gene expression occurred
when juveniles were refed after 14-day starvation. A
stellatns juveniles might have responded to starvation by
reducing the basal metabolic rate in order to adapt to
the lack of food, while the metabolic rate might have
been enhanced during refeeding in order to compensate
the reduction that had occurred during starvation. Fish
adopt the catabolic energy conservation strategy in re-
sponse to food deprivation in order to minimize the tis-
sue energy loss (Navarro & Gutierrez, 1995). Therefore,
the absence of exogenous glucose and fatty acids during
food deprivation could have led to a lower catabolism
and, as a consequence, to a diminished production of
ROS supplied by physiological oxidation reactions. As
a consequence, lipid peroxidation level was reduced and
the protein oxidation status was unaffected or reduced
during starvation periods. The intake of glucose and fat-

ty acids during refeeding might have determined a restart
in all of the metabolic pathways and an increase in ROS
production, thus leading to a greater enhancement of the
antioxidant enzymes’ activities.

According to Guderley (Gudetley, 2003), starvation
determines a mobilization of energy reserves that affects
the cellular components, rendering them prone to ROS.
Therefore, the cells that could suffer oxidative damage
enhance their antioxidant enzymatic system activities
during starvation as a measure of prevention. Moreover,
according to Trenzado (Trenzado, 2000), sturgeon liver
synthesizes lipids in high amounts under physiological
conditions, these being rich in PUFA that are prone to
peroxidation. Therefore, it is stated that sturgeons pos-
sess a natural and effective antioxidant defense, increas-
ing the level of antioxidants in order to prevent the per-
oxidation of fat deposits in the liver.

An interesting observation regarding our data is that
the level of oxidative stress biomarkers and of gene ex-
pression of all heat shock biomarkers was not statisti-
cally different between the fed and starved controls.
These findings could be interpreted as an adaptation of
the juveniles to long-term starvation. The ability to cope
with starvation is well documented in the wild A. stellatus
mature individuals. These are capable to endure months
without feeding during their migration and reproduc-
tive seasons due to the energy stores they previously
accumulate (Bemis & Kynard, 1997). Also, fish alter-
nate feeding with starvation periods because of seasonal
variations in temperature and food availability (Madrid ez
al., 2001). This observation has not been made before
for juveniles that need energy resources for growth and
development, and that are supposed to present a con-
tinuous feeding behavior. However, wild juveniles might
experience short periods of food deprivation because of
the food availability, so they might not eat on a daily
basis. Therefore, might short-term starvation periods be
included in the feeding regime of juveniles raised in fish
farms in order to provide them with conditions similar
to those found in natural habitats and to reduce the cost
in aquaculture production? As was shown in this study,
statvation/refeeding regimes may influence growth pet-
formance, and trigger a stress response as well as induce
oxidative stress in comparison to the constant feeding
regime in the liver of A. stellatus juveniles. However, the
juveniles raised in aquaculture conditions proved to be
able to adapt to a starvation/refeeding regime. Only the
7/21-day starvation/refeeding regime was propetly tolet-
ated by A. stellatns juveniles in compatison to 14/21-day
starvation/refeeding because: a) the juveniles presented
a complete compensatory growth, reaching almost the
same weight and HSI values as the constantly fed ones;
b) the regime enhanced the antioxidant defense mecha-
nisms and, as a consequence, the juveniles presented the
capacity to counteract oxidative stress by neutralizing
ROS; ¢) the regime did not trigger a cellular stress re-
sponse. As a consequence, if applied in aquaculture, this
regime could lower the cost of raising juveniles without
affecting their growth performance, welfare and health
status.

In contrast, the 14/21-day statrvation/refeeding in-
duced a partial compensatory growth and induced oxi-
dative stress that could not be totally counteracted even
though the antioxidant enzymatic activities were en-
hanced. This regime had strongly affected the Asp gene
expression, triggering a cellular stress response.

This study is the first one to assess the adaptability of
A. stellatus juveniles to different starvation/refeeding re-
gimes by evaluating growth performance indices, oxida-
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tive stress markers and the cellular stress response. The
present study is a preliminary one; it must be extended
further with similar analyses of other organs. Also, the
growth performance and stress defense mechanisms
must be evaluated in juveniles subjected to several cycles
of starvation/refeeding in order to determine if A. stel-
latus can adapt to this type of regime in the long-term.

In conclusion, A. stellatus juveniles possess the ability
to adapt to an alternative feeding regime consisting of
7 days of starvation, followed by 21 days of refeeding,.
This regime was well tolerated by the juveniles and did
not affect their growth performance and welfare, rep-
resenting a promising method to optimize the feeding
practice in aquaculture.
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