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Abstract The present research aimed to evaluate the
effects of long-term fasting and refeeding on the
growth and antioxidant defenses in the liver and
serum in Yangtze sturgeon (Acipenser dabryanus).
Th e r e s u l t s s howed t h a t body mas s and
hepatosomatic index significantly decreased with
long-term fasting, but they could be recovered after
4 weeks refeeding. Compared with controls, the an-
tioxidant defense parameters of starvation indicated
that the malondialdehyde (MDA) levels increased
significantly in both tissues; the activities of super-
oxide dismutase (SOD) and glutathione peroxidase
(GPx) increased obviously in serum and liver, respec-
tively (p < 0.05). However, the activities of catalase
(CAT) always decreased in two tissues including
liver and serum during the whole starvation, as was
the SOD in the liver (p < 0.05). Interestingly, the T-
AOC levels of Yangtze sturgeon presented higher at
early stage of starvation and dropped down at the end
of starvation (p < 0.05). However, all of the antioxi-
dant index above returned to origin level after
4 weeks refeeding. In conclusion, the present study
indicated that long-time fasting induced oxidative
stress in Yangtze sturgeon and it may easily adjust
their physiological status under situations character-
ized by a long-term starvation and refeeding.
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Introduction

In general, many fish species are routinely affected in the
wild by periods of starvation of a variable length. Starva-
tion is one of the most important factors that affect the
normal growth, development, breeding, and survival of
fishes (Furné et al. 2009; Bayir et al. 2011). Compared to
vertebrates other than fish that can withstand starvation
only for brief periods, fishes can withstand prolonged
periods of food deprivation in their natural environments
during migrations, reproduction (Miller et al. 2009), and
also in fishes farming (Furné et al. 2012). When fishes are
deprived of food, they can utilize the stored lipids as a
major source of metabolic energy through oxidative path-
ways (Morales et al. 2004; Bar 2014). However, it has
been reported that most of the detrimental effects of food
deprivation could be mainly attributed to the participation
of ROS generated under food deprivation (Morales et al.
2004). And oxidative stress reaction caused by adverse
factors involves the overproduction of reactive oxygen
species (ROS) (Sies 1987).
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It is well known that oxidative stress occurs when the
rate of generation of ROS exceeds that of their removal
(Livingstone 2001). During this oxidation process, pro-
duction of reactive oxygen species (ROS) takes place as
a result of univalent reduction of O2−. And these radicals
are considered to be a harmful byproduct of oxidative
metabolism, which can cause molecular damage in liv-
ing cells (Bowden 2008), such as DNA, protein, and
lipids (Martínez-Álvarez et al. 2005), finally leading to
cell death (Regoli and Giuliani 2014); because free
radicals are particularly unstable and lively, they have
the unique oxidation characteristic of attacking adjacent
molecules, which form chain reactions, and ultimately
damage tissues (Martin et al. 2010)

Fish is the low-variable temperature vertebrate, and
their abilities of specificity immune response are relatively
low, but fish are equipped with a variety of enzymatic and
non-enzymatic antioxidant scavenging systems to main-
tain endogenous ROS at relatively low levels and to atten-
uate the damage related to the high reactivity of ROS
(Filho et al. 2001; Halliwell and Gutteridge 2004). The
key antioxidant enzymes in this antioxidant defense sys-
tem include superoxide dismutase (SOD),which detoxifies
superoxide anions; catalase (CAT), which reduces H2O2;
and glutathione peroxidase (GPx) which reduces both
H2O2 and organic peroxides by a glutathione-dependent
reaction, and so on (Martínez-Álvarez et al. 2005). It has
also been widely reported that the intracellular levels of
some non-enzymatic antioxidants, such as glutathione,
influence the activity of the enzymatic antioxidants
(Halliwell and Gutteridge 2004). These antioxidant de-
fenses can be influenced by adverse factors such as star-
vation, hypoxia, heavy metals, and high or low tempera-
ture (Bayir et al. 2011; Davis andGaylord 2011). Recently,
attention has been paid to the pertinent literature to know
the response to fasting of multiple hematological
(Morshedi et al. 2011), biochemical (Luo et al. 2013),
immunological parameters (Akbary and Jahanbakhshi
2016) and antioxidant defenses (Caruso et al. 2011;
Zheng et al. 2016).

As a typical endemic important species in China, the
Yangtze sturgeon (Acipenser dabryanus) has been a
critically endangered species, and its wild resources
have a large decline and have been on the verge of
extinction due to overfishing and water pollution caused
by hydroelectric projects (Zhang et al. 2011; Yang et al.
2018). It is for granted that the sturgeon is protected by a
great deal of proliferation activities. However, the stur-
geon entering the wild environment for the first time

will inevitably face the threat of starvation, as well as
sturgeon during the migration process (Zhuang et al.
1997). And because of its preciousness and rarity, there
are few reports about starvation in Yangtze sturgeon.
Therefore, studying about starvation in Yangtze stur-
geon is of great significance to know and protect it
better. Thus, the objectives of the study were (1) to
investigate the effect of starvation on the antioxidant
defenses and (2) to evaluate physiological status of
Yangtze sturgeon after refeeding.

Materials and methods

Ethics approval and consent to participate

All experiments were performed according to the Guide-
lines for the Care andUse of LaboratoryAnimals in China.
All experimental procedures and sample collection were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of the College of Animal Science and
Technology of Sichuan Agricultural University, Sichuan,
China, under permit no. DKY-S20176933.

Animals and maintaining

Healthy Yangtze sturgeon weighing 193.67 ± 30.75 g
were obtained from Fish Hatchery Center, Fisheries
Institute of Sichuan Academy of Agricultural Science,
Sichuan province. They were kept in two big tanks for
2 weeks. The tank diameter was 3 m, and water depth
was 0.80 m. The fish were fed at the rate 2% total body
weight at 9:00 and 16:00 per day. The commercial diet
(42% pro t e in , 8% l ip ids , 5% f ibe r, 2 .2%
lysine,1.4%total phosphorus, 16% ash, and 12.5%water
content) was produced by TONGWEI company, Si-
chuan, China. In the whole experiment, water was sup-
plied to each tank at a rate of 2 L/min in recycling
aquaculture systemwith continuous aeration and natural
light. Water temperature, pH, ammonia nitrogen, nitrite,
and dissolved oxygenwas held at 20 ± 1 °C, 7.3 ± 0.3, <
0.1 mg/L, < 0.01 mg/L, and 6.6 ± 0.4 mg/L.

Experimental design

Before performing the experiment, 135 sturgeons were
randomly distributed into 9 fiberglass tanks (1.5 m di-
ameter and 0.80 m water depth) to accommodate the
culture environment for 2 days. This experiment was
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divided into three treatment groups (3 treatment groups
with 3 parallels per treatment; Table 1). Three treatment
groups were group A, control 8 weeks (0 week starved,
8 weeks fed, S/F = 0:8); group B, 4 weeks starved and 4
re-fed (S/F = 4:4); and group C, 8 weeks starved (S/F =
8:0), respectively. During the experiment, the fish were
fed by the means mentioned above in relevant treatment.

Sampling

Nine fish of each treatment (three fish of each tank;
Table 1) were captured at weeks 0, 2, 4, and 8. In the
per sample, fish were measured body mass after being
euthanized with overdoes buffered MS-222 as quickly
as possible. Prior to blood sampling, fish were immersed
in the anesthetic solution until they reached a stage of
complete immobility, and blood was subsequently sam-
pled from the blood vessel just below the anal fin with a
2-mL sterile syringe. The blood was injected into sepa-
rate centrifuge tubes and stored at 4 °C. After prelimi-
nary delamination, the blood was separated by centrifu-
gation at 8000×g for 10 min until it was completely
stratified. The clear serum on the upper layer of the
solution was then transferred into a new centrifuge tube
by pipette for measurement. Then, livers were excised
and frozen immediately in liquid nitrogen, also the
serum. All the samples were transferred and stored at
− 80 °C. Hepatosomatic indexes (HSI) of fish were
determined as liver mass/fish mass × 100.

Determination of enzyme activities and lipid
peroxidation levels

The activities of SOD, GPx, CAT activities, and the
levels of T-AOC and MDA in the serum and liver of
fish were measured using reagent kits (Product A001-1,

Code A005, A007-1, A015-2 and A003-1, respectively;
Jiancheng Bioengineering Institute, Nanjing, China) via
spectrophotometric analysis with a microplate reader.

The serum samples used for the determination of
SOD, GPx, CAT activities, and the levels of T-AOC
and MDA were divided into five parts. Each part was
used to measure an enzyme activity or parameter, ac-
cording to the kit instructions.

The hepatic samples used for the determination of
SOD, GPx, CATactivities, and the levels of T-AOC and
MDA were homogenized in a cold 0.9% sodium chlo-
ride buffer solution (sample/buffer solution (mg/ml),
1/9) on ice using an electrically driven tissue homoge-
nizer. The homogenate was centrifuged at 3500×g for
10 min at 4 °C. The 1-mL supernatant was collected and
immediately transferred into an Eppendorf tube for en-
zyme activity analysis. The protein concentration of the
tissues was determined using BCA protein assay re-
agent, according to the method of Bradford (Bradford
1976). All assays were completed within 1 week when
the supernatant was collected.

Statistical analysis

All data analysis was performed at SPSS 22.0. Data
were presented as mean ± SEM (standard error of the
mean) of the mean. Data were analyzed by one-way
analysis of variance (ANOVA), and significant differ-
ences between feeding, starvation, and starvation-
refeeding groups in different sample weeks were deter-
mined by Duncan’s multiple-range post-hoc test. Statis-
tical significance was accepted at P< 0.05 (n = 9).

Results

Body mass and hepatosomatic index

Changes in the body mass and HSI induced by long-
term starvation and refeeding in Yangtze sturgeon
are shown in Table 2. The result showed that starved
fish lost their body mass during the entire experi-
ment time. Similarly, starvation led a significant
decreased trend in HSI values with increasing star-
vation time. However, starved fish had restored their
HSI values to those of the control group after
4 weeks of refeeding (P < 0.05; Table 2).

Table 1 Experimental design, sampling point, and the number of
sampling fish

Sampling point Control(8F) 4S4F 8S

0 weeks 3*34 3*3 3*3

2 weeks 3*3 3*3 3*3

4 weeks 3*3 3*3 3*3

8 weeks 3*3 3*3 3*3

Total 36 36 36

8F,8 weeks feed = control, 4S4F 4 weeks starve and 4 weeks feed,
8S 8 weeks starve, 3*3 3 fish*3 parallel group
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Oxidative stress in Yangtze sturgeon

MDA contents, SOD, GPx, CAT activities, and T-AOC
in liver

The effects of starvation and refeeding on the hepat-
ic in Yangtze sturgeon are presented in Fig. 1. The
MDA contents measured in liver increased signifi-
cantly in the starved group and returned to normal
level after refeeding (Fig. 1a). Nevertheless, the
activities of SOD in liver just decreased significantly
for starved group at the fourth week, and similar
results were found on the activities of CAT in liver
(Fig. 1b, d). On the contrary, the activities of GPx
increased significantly in starvation at the fourth
week (Fig. 1c). Interestingly, the level of T-AOC in
liver underwent a process that first decreased, then
increased, and finally decreased, and returned to
normal level after refeeding (Fig. 1f).

MDA contents, SOD, GPx, CAT activities, and T-AOC
in serum

The effects of starvation and refeeding in serum in
Yangtze sturgeon are presented in Fig. 2. It was showed
that the MDA contents in serum just increased signifi-
cantly in starvation at the second week (Fig. 2a). No
change was found in the serum GPx (Fig. 2c). Interest-
ingly, the activities of SOD in serum increased signifi-
cantly in the starved group, but the significant decrease
of the activities of CAT in serum occurred at the fourth
and eighth week starvation, and both of them returned to
normal level after refeeding (Fig. 2b, d). The level of T-
AOC in serum presented a trend in starvation group that
it increased firstly and then decreased and returned to
normal level after refeeding (Fig. 2f).

Discussion

Body mass and hepatosomatic index

Starvation can decrease tissue metabolic capacities but,
on the other hand, the food deprivation causes degrada-
tion of endogenous sources of energy (lipids, glycogen,
and proteins) in order to maintain the fish physiological
homeostasis, leading to weight loss (Zheng et al. 2016).
Similarly, low HSI values in fish were usually correlated
to nutritional problems, because the relative size of the
liver is correlated with the nutritional status of the fish
(EchevarríA et al. 1997). Body mass and HSI values
evaluated in this study decreased in starved fish, which
was in agreement to that reported by other authors
(Pedro et al. 2003; Mohapatra et al. 2015). Thereby,
one of the most important reasons for the reduction of
HSI might be the consumption of a large amount of
energy substances in the liver, such as liver glycogen,
when lacking food (Pérez-Jiménez et al. 2007).

Oxidative stress in Yangtze sturgeon

Based on MDA levels, a metabolite derived from lipid
peroxidation (Stephensen et al. 2002; Domenicali et al.
2001), the results clearly showed that prolonged starva-
tion resulted in oxidative stress and that starved fish
expressed a significant increase in liver and serum
MDA compared with control fish, which was consistent
with other studies (Robinson et al. 1997; Gomi and
Matsuo 1998; Pandey et al. 2003). Although there was
no significant increase in MDA in late post-starvation
serum, these enzymatic activities showed a downward
trend as the starvation time prolonged, except the in-
crease in liver GPx and serum SOD. These results
indicated that long-time fasting could induce oxidative
stress in Yangtze sturgeon.

Table 2 Influence of starvation and refeeding on body mass and HSI in Yangtze sturgeon

Experimental
group

BMC at
2nd week

BMC at
4th week

BMC at 8th week HSI at 2nd week HSI at 4th week HSI at 8th week

8F + 52.22 + 87.17 + 124.43 2.59 ± 0.108a 2.41 ± 0.084a 2.28 ± 0.032a

4S4F − 8.89 − 19.92 + 115.31 1.72 ± 0.035b 1.62 ± 0.242b 2.38 ± 0.049a

8S − 6.67 − 22.06 − 8.59 1.82 ± 0.272b 1.41 ± 0.059b 1.10 ± 0.029c

Data are presented as means for the first three columns and mean ± standard error for HSI columns (n = 9); means with different lowercase
letters in a HSI column are significantly different (P< 0.05 and n = 9)

BMC body mass change = body mass at the sampling point − body mass at previous sampling point, HSI Hepatosomatic Index (%) =
100 × (liver mass/fish mass), 8F 8 weeks feed = control, 4S4F 4 weeks starve and 4 weeks feed, 8S 8 weeks starve
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According to this study, Yangtze sturgeon may resist
oxidative stress caused by starvation mainly through
increasing liver GPx and serum SOD. Because only the
liver GPX and serum SOD were significantly elevated in
the enzyme system, when oxidative stress occurred due to
starvation. On the contrary, other enzyme activities did
not increase or even decreased (Figs. 1 and 2). These
results were different from that all the antioxidant enzyme

activities increased significantly in other fish that
underwent starvation, such as Mugil cephalus (Akbary
and Jahanbakhshi 2016). However, that the CAT activity
decreased in fasting fish was consistent with Sparus
aurata (Pascual et al. 2003). The diversity of this result
may be due to different varieties. On the other hand, the
antioxidant system of animals contains not only the en-
zyme system but also the non-enzymatic system, and it is

Fig. 1 MDA contents, SOD, GPx, CAT activities, and T-AOC in
liver of Yangtze sturgeon during starvation and refeeding periods.
Note: (a) for Malondialdehyde, (b) for Superoxide Dismutase, (c)
for Glutathione Peroxidase, (d) for Catalase, (e) for Total Antiox-
idant Capacity. The fish in the experiment groups were treated

differently (8F = control: 8 weeks feed; 4S4F: 4 weeks starve and
4 weeks refeed; 8S: 8 weeks starve). Data are means ± S.E. with
n = 9. Asterisks indicate significant differences between values of
control fish and the other experimental groups and at the different
weeks of sampling; *P < 0.05 (n = 9)
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established that the components of these non-enzymatic
systems typically involve antioxidant compounds (e.g.,
NADH/NADPH, glutathione) and dietary micronutrients
(e.g., vitamins E and C, carotenoids) (Lee et al. 2016).

Yangtze sturgeon may be against oxidative stress due to
starvation through a variety of defense systems synergy
according to the results of T-AOC in this study, in which
T-AOC increased early in starvation time.

Fig. 2 MDA contents, SOD, GPx, CAT activities, and T-AOC in
serum of Yangtze sturgeon during starvation and refeeding pe-
riods. Note: (a) for Malondialdehyde, (b) for Superoxide Dismut-
ase, (c) for Glutathione Peroxidase, (d) for Catalase, (e) for Total
Antioxidant Capacity. The fish in the experiment groups were

treated differently (8F = control: 8 weeks feed; 4S4F: 4 weeks
starve and 4 weeks refeed; 8S: 8 weeks starve). Data are means
± S.E. with n = 9. Asterisks indicate significant differences be-
tween values of control fish and the other experimental groups and
at the different weeks of sampling: *P < 0.05 (n = 9)

992 Fish Physiol Biochem (2019) 45:987–995



Interestingly, the T-AOC in both tissues decreased sig-
nificantly during late starvation. The decrease agreed to the
findings by other researchers (Feng et al. 2011). One
possible explanation for these results was as follows: as
the starvation time was extended, the amount of free rad-
icals in Yangtze sturgeon increased, and some effective
substances were subsequently reduced, which might be
due to the fact that catabolism inhibited the oxidation of
exogenous electrophilic groups and avoided lipid peroxi-
dation, and ultimately led to the reduction of T-AOC
measurements (Feng et al. 2011). Another reason might
be the long duration of starvation, which declined the
body’s overall functioning of Yangtze sturgeon, as did its
antioxidant capacity (Llesuy et al. 2001). Simultaneously,
when the antioxidant system is not able to eliminate or
neutralize the excess of ROS, there is an increased risk of
oxidative damage because of lipid peroxidation accumula-
tion,whichmay, in turn, decrease enzyme activities or even
degrade the enzymes (Zhang et al. 2008). Additionally,
starvation has been reported to decrease the expression of
genes encoding a number of secreted immune-related pro-
teins, including serum amyloid A, complement factor B,
and serotransferrin in the Atlantic salmon (Martin et al.
2010). Therefore, we could not rule out a possibility that
antioxidant enzyme activity would be downregulated by
starvation with time, as demonstrated by Choi et al. 2012.

Refeeding

The present research also aims to evaluate the oxidative
stress whether or not disappeared after refeeding, which
was induced by starvation. The results obtained in
refeeding Yangtze sturgeon indicated that HSI, peroxi-
dation levels, and all the enzymatic activities of both
antioxidant defenses and intermediary metabolism
returned to origin values. Therefore, these results sug-
gested that Yangtze sturgeon probably eliminated oxi-
dative stress induced by starvation after 4 weeks
refeeding, and these might reflect a sort of compensato-
ry growth response. Compensatory growth is the phase
of rapid growth, greater than normal or control growth,
which occurs upon adequate refeeding following a pe-
riod of malnutrition (Laizcarrión et al. 2012). In this
study, although the body weight was not fully compen-
sated after 4 weeks of refeeding, the weight gain rate
reached normal levels (Table 2). These results were in
consistent with those obtained in Gadus morhua by
Jobling et al. (1994), on which the weight was not
compensated after 3 weeks of refeeding. However,

unlike other marine bony fishes such as Oreochromis
mossambicus (Fox et al. 2010), full compensation was
observed in fish subjected to starvation and 2 weeks of
refeeding. This might be due to the differences resulting
in different fish species.

In addition, the inhomogeneous fish size might affect
the results in the study due to its rarity and preciousness,
as well as the difficulty of reproduction to obtain ade-
quate uniform size (Zheng et al. 2016). Furthermore, the
effect of experimental conditions, fish age, and sex
probably masked the food deprivation effecting per se.
Therefore, according to the present findings, it is sug-
gested that to avoid misinterpretation of experimental
results, any assay involving sturgeon in aquarium con-
ditions must take into account the acclimation period to
this “artificial new environment.” Climatic and environ-
mental conditions during animal sampling should also
be considered due to the fact that they might affect the
physiological status of Yangtze sturgeon.

Conclusion

The rationale for the present research was to investigate
whether Yangtze sturgeon may face a long fasting
followed by refeeding without any significant damage
for health in order to optimize in proliferation protection
and its production in aquaculture. In the present study, it
was observed that Yangtze sturgeon could alter the level
of their antioxidant defense to cope with oxidative stress
under starvation and refeeding. Knowledge of the
duration of these alterations and their reversibility in
response to refeeding may provide useful insight for a
better understanding of the physiology of Yangtze stur-
geon in proliferation and release and intensive rearing.
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