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Abstract Microcystin-LR (MCLR), one of the most
popular microcystins (MCs) found in many field water
bodies around the world, poses great health risks to
animals and humans. In the present study, healthy com-
mon carp (initial weight 24.8 + 2.3 g) were randomly
assigned to five groups. Group I was fed on normal diet
as control. Group II was maintained on normal diet and
received MCLR intraperitoneal injection (150 pg kg '
BW). Common carp in groups III, IV, and V were daily
pretreated with L-carnitine (LC) at doses of 0.5, 1.0, and
2.0 g kg ' of the diet for 4 weeks prior to MCLR intra-
peritoneal injection. The results showed that MCLR alone
led to a significant downregulation in immune response,
including serum complement C3, lysozyme, and bacteri-
cidal activity. However, oxidative stress response: catalase
(CAT), superoxide dismutase (SOD), glutathione (GSH),
glutathione peroxidase (GPx), and lipid peroxidation
(LPO) levels were significantly increased. Similarly, gene
expressions of inflammatory IL-13, TNF-«, IFN I, and
heat shock proteins (HSP70 and HSP90) were also upreg-
ulated after challenged with MCLR. However, LC
pretreated group caused a significant elevation in immune
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response (C3, lysozyme, and bactericidal activity) and
gene expressions of inflammatory IL-13, TNF-«, IFN 1,
and heat shock proteins (HSP70 and HSP90) after MCLR
stress. Antioxidant activities (CAT, SOD, GSH, GPx, and
LPO) were returned to background levels at 96 h after
MCLR challenge. Strikingly, LC supplementation at
2.0 g kg™ has been considered the optimum for common
carp since it exhibited enhancement of immune response
and antioxidant activity over the level 0.5 and 1.0 g kg ",
and even better than that of control level. It was concluded
that LC as a functional feed additive significantly inhibited
the progression of MCLR-induced immunotoxicity and
oxidative stress in common carp.

Keywords L-Carnitine - MCLR-induced oxidative
stress - Antioxidant enzymes - Common carp

Introduction

Cyanobacterial blooms and the associated cyanotoxins
are being increasingly reported worldwide (Palus et al.
2007; Graham et al. 2010; Davis et al. 2012). These toxins
can be accumulated in aquatic organisms and transferred to
higher trophic levels, representing a health hazard to ani-
mals and humans (Chen et al. 2009; Campos and
Vasconcelos 2010). Among all the cyanotoxins,
microcystins (MCs) are the most frequently studied due
to their wide distribution and high toxicity. Microcystin-
LR (MCLR) is generally recognized as one of the most
toxic microcystin variants, and the concentration in surface
waters often exceeds the World Health Organization
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advisory level of 1 pg I"' (Organization 2004). MCs are
released from the cyanobacterial cells into the water bodies
where aquatic organisms especially fish spend their whole
life stage, including growth, reproduction, and embryonic
development (Zhang et al. 2009).

Although MCs have been demonstrated to cause
damages to fish intestine, kidney, gills, heart, and brain
(Qiu et al. 2009; Li et al. 2012; Chen et al. 2012;
Trinchet et al. 2011; Li et al. 2013), the liver is the most
affected organ in fish, with symptoms of hepatocyte
dissociation, degeneration, and necrosis (Malbrouck
etal. 2003; Li and Xie 2009). A classic toxic mechanism
of MCs is their inhibition of protein phosphatase 1 and
2A, leading to increased protein phosphorylation, which
is directly related to their cytotoxicity and tumor-
promoting activity (Honkanen et al. 1990). Several ev-
idences showed that oxidative stress played an impor-
tant role in the pathogenesis of MC toxicity in aquatic
organisms such as crab (Pinho et al. 2003) and tilapia
Oreochromis niloticus (Prieto et al. 2006, 2007).

Because of the rapid, irreversible, and severe damage to
the liver caused by MCs, therapy is likely to have little or
no value; effective prophylaxis is critical. In spite of the
potential human hazards associated with MCs, very little
work has been done on the development of effective
chemoprotectants or antidotes against these toxins. L-
Carnitine (LC) is synthesized from the essential amino
acids (lysine and methionine) with the assistance of vita-
min C and other secondary compounds produced in the
body (Harpaz et al. 2005). The supplementation of LC
in fish diets has been advocated in aquaculture for
multiple reasons: LC can be used to improved growth
performance indices including specific growth rate
(SGR), feed conversion ratio (FCR), and survival rate
(Saliny et al. 1994), to protect against toxic levels of
xenobiotics (Schreiber et al. 1997), to ameliorate
stress that is related to water temperature extremes,
to facilitate better acclimation to water temperature
changes (Harpaz et al. 1999), and to improve immune
responses (Safari et al. 2015). Of late, the role of LC
as an antioxidant agent has been confirmed on ische-
mia-reperfusion injury, adriamycin-induced mem-
brane damage, and diphtheria toxins (Ma et al.
2008). However, there is little information about the
protective effects of LC on MCLR-induced
immunotoxicity and oxidative stress in aquaculture.
The aim of the present study is to evaluate the pro-
tective effect of LC on the prevention of MCLR
stress by evaluating the activities of antioxidant-
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related enzyme and gene expressions of inflammato-
ry and immune response in common carp.

Materials and methods
Feed and experimental design

The experimental design was completely randomized
with four treatment diets, each of which was replicated
three times. For each treatment replicate, 30 common
carp (24.8 +2.3 g) were randomly chosen and placed in
300-1 cycling-filtered plastic tanks containing continu-
ously circulating aerated water. The four treatment diets
were as follows: group I (control group I) and group II
(control group II) were always fed with control (basic)
diet throughout the feeding trial; groups III, IV, and V
were fed 0.5, 1.0, and 2.0 g kg_l LC (Sigma, >98%),
respectively. Fish were fed twice a day (9:00 and 15:00)
at a rate of 3% of the bodyweight and kept in glass
aquaria at 23 + 1 °C with laboratory conditions as
mentioned above for 4 weeks. Tank bottom debris was
removed by siphon daily, and about one third of the
water was replaced daily.

MCLR challenge experiments

After 4 weeks of feeding the fish, one set of fish
(n = 25) from groups II, III, IV, and V was
injected i.p. with MCLR at dose of 150 pg kg’
BW. Doses of MCLR used in the experiment were
based on the result from 48-h LD 50 study of
MCLR in our previous experiment, which calcu-
lated the LD 50 value (310.5 pg kg' BW) with a
95% confidence interval (256.8-364.2 pg kg '
BW). The control (group I) fish were injected
i.p. with equal volume of physiological saline so-
lution (0.85% NaCl). In the experiment, sampling
points were set at 0, 12, 24, 48, and 96 h (two
and one fish died at 12 and 24 h, and no more
dead fish was found at 48 and 96 h. However, no
mortality was found in the control.). At each sam-
pling point, five fish from each dose group were
anesthetized with 0.02% tricaine methane sulfonate
(MS-222) solution. Live of five individuals were
excised and immediately frozen in liquid nitrogen
and then stored at —80 °C for analysis of gene
expression and enzyme activities. Blood of all fish
from each group was also analyzed for serum
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complement C3, lysozyme, and bactericidal
activity.

Antioxidant enzyme activity assays

Total superoxide dismutase (SOD) activity was deter-
mined following the methods of Beauchamp and
Fridovich (Lawrence et al. 1976). Catalase (CAT) activ-
ity was determined by measuring the decrease in H,O,
concentration. Glutathione peroxidase (GPx) activity
was assayed by following the rate of NADPH oxidation
at 340 nm by the coupled reaction with glutathione
reductase according to the method by Lawrence and
Burk (1976). The contents of GSH were determined
using commercial kits (Nanjing, Jiangsu, China) follow-
ing the manufacturer’s instructions.

Lipid peroxidation level assays

The thiobarbaturic acid (TBA) method of Esterbauer
and Cheeseman (1990) was used to determine the lipid
peroxidation by determining the amount of TBA reac-
tive substances present in the liver homogenates obtain-
ed from common carp.

Serum immune parameter assays

Blood was sampled from the caudal vasculature using a
2.5-ml syringe after the fish were euthanized by over-
dose of MS-222. Individual fish was sampled only once
to avoid the influence on the assays due to multiple
bleeding and handling stress on the fish. Lysozyme
activity measurement was based on the turbidimetric
method described by Ellis (1990). A unit of lysozyme
activity was defined as the amount of serum lysozyme
that caused a decrease in absorbancy of 0.001 per min-
ute at 530 nm.

The serum bactericidal activity was determined ac-
cording to the method which previously described
(Barnes et al. 2003) with some modification.
Staphylococcus aureus isolates were adjusted to 1.0
(ODs40; 3.0 x 10" CFU ml"). Bacterial suspension
and serum samples were mixed with 1:1 ratio and incu-
bated for 90 min at 25 °C. Thereafter, 10 ml of serum
and bacteria mixtures were transferred to the Shieh broth
medium and cultured for 24 h at 25 °C. Phosphate-
buffered saline (PBS, Sigma) was used instead of serum
as negative control. Viable colonies were counted, and

results expressed as percentage of survival in the PBS
controls.

The serum complement C3 level was assayed using
Complement C3 assay kit (Jiancheng, Nanjing, Jiangsu,
China) (Wang et al. 2011). Results are presented as
complement C3 milligram per milliliter.

Immune relates gene expression

The gene expressions of inflammatory IL-1f3,
TNF-«, IFN I, and heat shock proteins (HSP70
and HSP90) were tested according to our previous
study (Chen et al. 2015). Total RNA was extracted
from blood samples by TRIzol Reagent (SImGEN).
Complementary DNA (cDNA) was then synthesized
using the Reverse Transcriptase M-MLV Kit
(TaKaRa) following the instructions. The real-time
quantitative PCR was performed using
THUNDERBIRD SYBR qPCR Mix Kit
(TOYOBO) and carried out in astratagene
MxProSystem (stratagene mx3005p, USA) in 96-
well reaction plates. The (3-actin gene was used as
a housekeeping gene. The reaction mixture included
10 ul of THUNDERBIRD SYBR qPCR Mix, 1 pl
of forward and reverse primer (10 mM), and 1 pl of
cDNA and was then filled up with ultra-pure water
to a final total volume of 20 ml. The cycling condi-
tions were as follows: 95 °C for 30 s, followed by
40 cycles of 95 °C for 5 s and 60 °C for 34 s. All
PCRs were performed at least three times.
Additional dissociation curve analysis was per-
formed and showed a single melting curve in all
cases. The PCR efficiency of each primer was be-
tween 98.5 and 99.6%. Data were analyzed by the
stratagene MxPro software (stratagene mx3005p,
USA).

Data analysis

The data in this study were analyzed by Statistical
Product and Service Solutions (SPSS 16.0) and
expressed as the arithmetic mean + standard deviation.
Data were analyzed by repeated measures analysis of
variance (ANOVA) and the LSD post hoc test. The
homogeneity of the replicates of the samples was
checked by the Mann—Whitney U test. Differences be-
tween the three groups were measured and considered
statistically different at P < 0.05 or P < 0.01.
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Table 1 CAT (nmol substrate min ' ml™' blood) activity of common carp fed with LC-containing diet after MCLR stress

Groups 0h 12 h 24 h 48 h 96 h

Group I 973 £5.5a 98.4 + 6.3a 96.8 £ 2.3a 98.7 £ 5.4a 97. £ 4.3a
Group 11 98.4 +3.9a 147.6 = 7.5b 1553 £ 6.7b 167.8 + 4.9b 179.2 + 5.7b
Group 111 97.9 +7.1a 138.3 £ 43¢ 128.8 £ 5.1¢c 112.6 + 5.8¢ 103.4 +3.8¢c
Group IV 99.5 + 8.6a 139.0 + 6.5¢ 1222 + 6.9¢c 107.3 + 6.2¢ 104.8 + 6.3¢
Group V 97.8 £ 6.8a 1235 + 1.8d 109.8 + 5.5d 103.8 £4.9d 104.6 £ 5.2¢

Data are expressed as mean = SD at the same sampling time with different letters as significant difference (P < 0.05). Group I: fish fed with
basic diets and challenged with no MCLR. Group 1I: fish fed with basic diets and challenged with 150 ug kg~ BW MCLR. Group I1I: fish
fed with 0.5 gkg ' LC and challenged with 150 pgkg ' BW MCLR. Group IV fish fed with 1.0 gkg ' and challenged with 150 pgkg '
BW MCLR. Group V: fish fed with 2.0 g kg”' LC and challenged with 150 pg kg”' BW MCLR

Results
Activity of antioxidant enzyme after MCLR stress

The results of antioxidant enzyme activity assays were
presented in Tables 1, 2, 3, 4 and 5. As shown in tables,
antioxidant activity (CAT, SOD, GSH, GPx, LPO) in
group II (MCLR treated but with no LC pretreatment)
was significantly increased as compared with the control
group, indicating severe oxidative stress in common
carp.

Common carp fed the diets containing 0.5, 1.0,
and 2.0 g kg'' LC had significantly higher CAT,
SOD, and GPx activities compared to fish fed the
control diets (P < 0.05) at 0 h (before MCLR
stress) (Tables 1, 2 and 3); however, only SOD
activities showed the statistical difference
(P < 0.05) (Table 3). After MCLR stress, activities
of CAT, SOD, and GPx were increased firstly and
then decreased, the highest values were observed
at 12 h, and group V had returned to the original

values at 48-96 h post-stress. As for GSH, slight
increases in GSH content were detected after
MCLR stress at 0 h (Table 4), but there was no
significant difference among them. High dose of
LC pretreated group (group V) showed a signifi-
cant increase in the GSH levels when compared
with MCLR (P < 0.01). Better preventive effects
were observed at dose of 2.0 g kg' than other LC
pretreated groups.

LPO activity

The results of LPO activity assays are presented in
Table 5. LPO levels in group II (MCLR treated
with no LC pretreatment) were significantly elevat-
ed in response to MCLR treatment as compared
with fish fed the control (basal) diets (group I,
P < 0.05) at 0 h (before MCLR stress); it indicat-
ed that MCLR caused obvious oxidative damages
on common carp. We found that the increase was

Table 2 GPx (U mg ) activity of common carp fed with LC-containing diet after MCLR stress

Groups 0Oh 12h 24 h 48 h 96 h

Group I 7.8 £0.8a 79+ 1.1a 7.8 £ 1.4a 8.0 +0.9a 7.9 £0.7a
Group IT 7.7 £ 0.6a 14.6 £ 1.3b 18.8 £ 0.5b 20.3 +0.3b 18.2 £ 0.4b
Group III 7.9 +0.7a 11.1 £ 0.9¢ 8.4 +0.8¢c 7.6 + 0.4a 7.4 + 0.6a
Group IV 8.1+ 1.5a 10.5 £ 1.3¢c 8.5+ 0.9¢ 7.7 +0.8a 7.8 £0.8a
Group V 7.7 £ 04a 9.2+ 1.1c 8.8 +0.5¢ 8.0 + 0.6a 7.6 + 0.9a

Data are expressed as mean = SD at the same sampling time with different letters as significant difference (P < 0.05). Group I: fish fed with
basic diets and challenged with no MCLR. Group IT: fish fed with basic diets and challenged with 150 g kg™ BW MCLR. Group III: fish
fed with 0.5 gkg ' LC and challenged with 150 pgkg ' BW MCLR. Group IV: fish fed with 1.0 g kg ™' and challenged with 150 pg kg™’
BW MCLR. Group V: fish fed with 2.0 g kg™' LC and challenged with 150 ug kg”' BW MCLR
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Table 3 SOD (U ml™") activity of common carp fed with LC-containing diet after MCLR stress

Groups 0h 12 h 24 h 48 h 96 h

Group I 923 £ 1.56a 92.9 + 1.56a 93.2 + 0.66a 93.8 + 1.27a 93.4 + 1.06a
Group IT 93.2 + 1.43a 112.7 + 1.88b 118.1 + 1.71b 114.2 + 1.43b 111.2 £ 1.13b
Group ITT 98.4 + 0.98b 106.5 + 1.54a 86.2 + 0.33¢ 88.4 + 1.74¢ 90.4 + 1.66a
Group IV 100.2 + 1.87b 101.2 + 1.29¢ 90.1 + 1.25¢ 92.1 = 1.89%¢ 94.5 + 1.05a
Group V 112.5 + 0.67¢ 105.2 + 0.35b 89.9 £ 0.77¢ 92.5 + 1.05¢ 94.0 + 1.24a

Data are expressed as mean = SD at the same sampling time with different letters as significant difference (P < 0.05). Group I: fish fed with
basic diets and challenged with no MCLR. Group 1I: fish fed with basic diets and challenged with 150 ug kg~ BW MCLR. Group I1I: fish
fed with 0.5 gkg ' LC and challenged with 150 pgkg ' BW MCLR. Group IV fish fed with 1.0 gkg ' and challenged with 150 pgkg '
BW MCLR. Group V: fish fed with 2.0 g kg”' LC and challenged with 150 pg kg”' BW MCLR

dramatically diminished by LC pretreatment at
2.0 g kg dosage.

Immune parameter assays

Serum complement C3, bactericidal, and lysozyme
activities of common carp among any treatment
groups at day O had no significant changes.
However, all data in group II were significantly
decreased as compared to control group (P < 0.05)
after MCLR stress. After treated with MCRL, se-
rum complement C3, bactericidal, and lysozyme
activities in groups III, IV, and V were increased,
and group V had returned to the original values at
96 h post-stress (Figs. 1, 2 and 3).

Immune relates gene expression
The transcriptional changes of IL-13, TNF-«, and IFN 1

genes in the blood of common carp are shown in
(Figs. 4, 5 and 6). All the test gene transcriptions were

markedly increased by MCLR stress as compared with
group II (P < 0.05). The administration of LC alone (at
0 h) did not affect gene expression of messenger RNA
(mRNA) of all the tested genes.

Compared with group II, transcriptional level of IL-
13 and IFN I in groups III, IV, and V was significantly
decreased in most cases after MCLR treatment
(P < 0.05). The TNF-o« mRNA levels were downregu-
lated in the fish fed the diets containing 0.5, 1.0, and
2.0 g kg' LC as compared to the control after MCLR
stress; however, only group V showed the statistical
difference (P < 0.05); it had recovered to the normal
level at 96 h (Table 5).

The effects of LC in the expression of HSP70 and
HSP90 genes after MCLR stress were determined. The
relative expression of HSP70 gene (Fig. 7) transcript
level was increased before 24 h but fell back to the blank
levels at 96 h. The expression of HSP90 in groups III,
IV, and V was increased firstly and then decreased; the
highest values were observed at 12 h and had returned to
the original values at 96 h (Fig. 8).

Table 4 GSH (U mg ) activity of common carp fed with LC-containing diet after MCLR stress

Groups 0h 12 h 24 h 48 h 96 h

Group I 15.7+22a 164+ 1.7a 158 +1.2a 16.7 + 1.8a 16.2 + 1.3a
Group I 154+ 1.5a 24.6 + 0.6b 28.3 £ 0.3b 30.8 = 1.1b 33.2+ 0.9
Group III 15.9 +2.0b 23.1 +£0.8b 274 +1.3b 27.6 +0.8¢c 26.8 + 1.8¢
Group IV 16.1 + 1.6b 242 £ 1.5b 245+ 0.9c 22.7+12d 23.8 +0.5¢
Group V 15.8+1.8¢c 225+ 1.8b 19.8 £ 1.25d 16.8 = 1.5a 17.6 + 1.4a

Data are expressed as mean = SD at the same sampling time with different letters as significant difference (P < 0.05). Group I: fish fed with
basic diets and challenged with no MCLR. Group IT: fish fed with basic diets and challenged with 150 ug kg™' BW MCLR. Group III: fish
fed with 0.5 gkg ' LC and challenged with 150 pgkg ' BW MCLR. Group IV: fish fed with 1.0 g kg ™' and challenged with 150 pg kg™’
BW MCLR. Group V: fish fed with 2.0 g kg™' LC and challenged with 150 ug kg”' BW MCLR
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Table 5 LPO (nmol TBARs g ') activity of common carp fed with LC-containing diet after MCLR stress

Groups 0h 12 h 24 h 48 h 96 h
Group I 24 +£03a 22 +04a 2.5+ 04a 22+0.2a 23+0.2a
Group 11 24 +0.6a 32+0.1b 35+0.3b 4.1 +0.2b 4.6 £ 0.3b
Group III 25+04a 3.1+0.2b 29+0.2¢ 29 +0.3c 2.8 +0.2¢

Group IV 24+ 1.0a 2.9 +0.3b 2.7+ 03¢ 2.7 +0.5¢ 2.8 £0.3¢c
Group V 24 +0.6a 29+0.2b 2.6 +0.2d 25+04d 2.6 £0.3c

Data are expressed as mean = SD at the same sampling time with different letters as significant difference (P < 0.05). Group I: fish fed with
basic diets and challenged with no MCLR. Group 1I: fish fed with basic diets and challenged with 150 ug kg~ BW MCLR. Group I1I: fish
fed with 0.5 gkg ' LC and challenged with 150 pgkg ' BW MCLR. Group IV fish fed with 1.0 gkg ' and challenged with 150 pgkg '
BW MCLR. Group V: fish fed with 2.0 g kg”' LC and challenged with 150 pg kg”' BW MCLR

Discussion

The monocyclic heptapeptide MCs are the most com-
mon and abundant cyanotoxins and pose a world health
threat to humans and animals (de Figuereido et al.
2004). Oxidative stress is considered the major cytotox-
ic mechanism of MCLR. Various antioxidants and de-
toxicants have been studied to identify new compounds
that can regulate the oxidative stress and toxic effects
caused by MCLR (Prieto et al. 2008). Recently, there is
an increasing interest in natural feed additives as potent
antioxidants (Ma et al. 2008). In the present study, we
explored the usefulness of dietary pretreatment with LC
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(0.5,1.0,and 2.0 gkg ' of fish over a 4-week period) as
prophylaxis for MCLR-induced oxidative stress in com-
mon carp for the first time.

Increasing evidences suggest that oxidative stress as
a result of excessive reactive oxygen species (ROS)
production may play an important role in the toxic
mechanism of MCs (Li et al. 2003; Amado and
Monserrat 2010; Chen et al. 2012). Under normal phys-
iological situations, there is a balance between ROS
production and the antioxidant defense system.
Cellular oxidative stress occurs when the physiological
antioxidant protection does not counteract the elevated
ROS levels (Prieto et al. 2008; Jiang et al. 2012), and the

Fig. 1 Bactericidal activity (U ml™") of common carp fed with
LC-containing diet after MCLR stress. Values followed by the
different letters are significantly different (P < 0.05). Fish fed with
basic diets and challenged with no MCLR (Group ). Fish fed with
basic diets and challenged with 150 pug kg ' BW MCLR (Group
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II). Fish fed with 0.5 g kg ' LC and challenged with 150 pug kg '
BW MCLR (Group III). Fish fed with 1.0 g kg ' and challenged
with 150 pg kg~ BW MCLR (Group IV). Fish fed with 2.0 g kg
LC and challenged with 150 g kg ' BW MCLR (Group V)
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Fig. 2 Lysozyme activity (U ml™") of common carp fed with LC-
containing diet after MCLR stress. Values followed by the differ-
ent letters are significantly different (P < 0.05). Fish fed with basic
diets and challenged with no MCLR (Group I). Fish fed with basic
diets and challenged with 150 pug kg ' BW MCLR (Group II).

antioxidant system can counteract the ROS and reduce
the oxidative stress with the antioxidant enzymes (SOD,
CAT, and GPx). SOD catalyzes the conversion of su-
peroxide to hydrogen peroxide, while CAT or GPx
reduces hydrogen peroxide to H,O (Cadenas 1989).

Fish fed with 0.5 g kg ' LC and challenged with 150 pg kg ' BW
MCLR (Group III). Fish fed with 1.0 g kg "' and challenged with
150 ug kg ' BW MCLR (Group IV). Fish fed with 2.0 gkg ' LC
and challenged with 150 ug kg™' BW MCLR (Group V)

The results of our study indicate that MCLR induces
oxidative stress in live common carp and altered activity
of antioxidant enzymes. Concretely, the activity of
SOD, GPx, and GST was increased after MCLR expo-
sure, possibly indicating their scavenging activity
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Fig. 3 Complement C3 of common carp fed with LC-containing
diet after MCLR stress. Values followed by the different letters are
significantly different (P < 0.05). Fish fed with basic diets and
challenged with no MCLR (Group I). Fish fed with basic diets and
challenged with 150 pg kg~' BW MCLR (Group II). Fish fed with

0.5 g kg'' LC and challenged with 150 pg kg™' BW MCLR
(Group III). Fish fed with 1.0 g kg ' and challenged with
150 ug kg ' BW MCLR (Group IIl). Fish fed with 2.0 g kg™
LC and challenged with 150 g kg ' BW MCLR (Group V)
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Fig. 4 The relative expression of IFN I in the livers of common
carp fed with LC-containing diet after MCLR stress. Values
followed by the different letters are significantly different
(P <0.05). Fish fed with basic diets and challenged with no MCLR
(Group I). Fish fed with basic diets and challenged with

against ROS. In line with our study, Li et al. (2003) also
reported an enhancement of SOD activity in hepatocytes
of common carp (Cyprinus carpio L.) exposed to
MCLR. Prieto et al. (2006) showed that i.p.-adminis-
tered pure MCLR (500 pg kg™") induced a significant
increase in the activity of CAT, SOD, and glutathione
reductase (GR) in the liver of tilapia fish. In the case of

9
%

150 ug kg™' BW MCLR (Group II). Fish fed with 0.5 g kg™
LC and challenged with 150 pg kg™' BW MCLR (Group III). Fish
fed with 1.0 g kg ' and challenged with 150 pg kg ' BW MCLR
(Group 1V). Fish fed with 2.0 g kg”' LC and challenged with
150 ug kg™! BW MCLR (Group V)

oral uptake route, a time-dependent increase in the ac-
tivity of CAT, SOD, and GPx was also observed in the
liver of tilapia fed with crush lyophilized cyanobacterial
cells (approximately 60.0 ug MCLR fish™" day ") for
21 days (Jos et al. 2005). On the contrary, Liu et al.
(2014) found that activities of SOD, CAT, and GPx
drastically decreased in parental MCLR-treated groups
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Fig. 5 The relative expression of IL-1f3 in the livers of common
carp fed with LC-containing diet after MCLR stress. Values
followed by the different letters are significantly different
(P <0.05). Fish fed with basic diets and challenged with no MCLR
(Group I). Fish fed with basic diets and challenged with
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Fig. 6 The relative expression of TNF-« in the liver of common
carp fed with LC-containing diet after MCLR stress. Values
followed by the different letters are significantly different
(P <0.05). Fish fed with basic diets and challenged with no MCLR
(Group I). Fish fed with basic diets and challenged with

compared with the control. The activities of GPx, GR,
SOD, and CAT enzymes decreased after fish were orally
exposed to a single dose of cyanobacterial cells contain-
ing 120 g per fish MCLR (Prieto et al. 2007). Under
balneation conditions, Pavagadhi et al. (2012) found

%

NLLLL L LT A ©

» o

150 pg kg' BW MCLR (Group II). Fish fed with 0.5 g kg
LC and challenged with 150 pg kg ' BW MCLR (Group III). Fish
fed with 1.0 g kg ! and challenged with 150 pg kg”' BW MCLR
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that enzyme activities including GST, GPx, and SOD
increased at lower concentrations (<5.0 pg 1'') and
decreased at higher concentrations (>5.0 pg 1™") in the
liver of adult zebrafish after MCLR exposure. The
higher MC dose may damage the enzyme proteins,

301
E= GroupV O GrouplV [N Grouplll 3 Groupll 33 Groupl
b b

b T
E St b
£ 201 N ¢ I >
: \[{ T ;
o N :
r NN mdll: &l
3 \ \ NI [T Nl
£ N N N ¢ N
£ N N N PN
101 N :
= N \

N N N

\ \ \

N N N

\ \ \ \

0 L) L) L) lJ
& W ¥ o

Fig. 7 The relative expression of HSP70 in the liver of common
carp fed with LC-containing diet after MCLR stress. Values
followed by the different letters are significantly different
(P <0.05). Fish fed with basic diets and challenged with no MCLR
(Group I). Fish fed with basic diets and challenged with

150 pg kg™' BW MCLR (Group II). Fish fed with 0.5 g kg
LC and challenged with 150 pg kg™' BW MCLR (Group III). Fish
fed with 1.0 g kg and challenged with 150 pg kg ' BW MCLR
(Group 1V). Fish fed with 2.0 g kg”' LC and challenged with
150 pg kg71 BW MCLR (Group V)
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Fig. 8 The relative expression of HSP90 in the liver of common
carp fed with LC-containing diet after MCLR stress. Values
followed by the different letters are significantly different
(P <0.05). Fish fed with basic diets and challenged with no MCLR
(Group I). Fish fed with basic diets and challenged with

while the lower dose, given for a longer period of time,
may induce a defensive response. The antioxidant re-
sponse to MC exposure varied largely and mainly
depended upon the dose of the toxins and the exposure
route (Malbrouck and Kestemont 2006).

GSH is one of the major antioxidant proteins,
protecting the cell against the effects of reactive oxygen
species (Nanda et al. 1996; Shila et al. 2005). It is also an
essential protein in maintaining other antioxidant pro-
teins, since it is responsible for preserving the reductive
nature of the cell and regulating the binding of xenobi-
otics with cellular thiol. It is present in higher concen-
trations in metabolizing organs, such as the liver (Shila
et al. 2005). In the present study, GSH level was drasti-
cally increased in MCLR-treated groups compared with
the control. Lipid peroxidation is particularly important
for aquatic animals since they normally contain greater
amounts of highly unsaturated fatty acids (HUFAs) than
other species (Huang et al. 2003). In the present study,
the increase of LPO, as assessed by the formation of
MDA, found in the liver of common carp treated with
MCLR, suggests oxidative stress during MCLR intoxi-
cation. LC pretreated fish showed significantly de-
creased levels as compared to MCLR. This observation
directly demonstrates the antiperoxidative and
antioxidant effects of LC. Similarly, Ma et al. (2008)
reported that dietary L-carnitine decreased the iron-
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150 pg kg' BW MCLR (Group II). Fish fed with 0.5 g kg™
LC and challenged with 150 pg kg ' BW MCLR (Group IiI). Fish
fed with 1.0 g kg ™" and challenged with 150 ug kg™ BW MCLR
(Group 1V). Fish fed with 2.0 g kg™ LC and challenged with
150 pg kg”' BW MCLR (Group V)

induced lipid peroxidation in liposomes through forma-
tion of free iron complexes. This advised that dietary L-
carnitine lowered lipid peroxidation and improved re-
sistance to oxidative stress in crayfish.

Some studies reported that the toxicity of
MCLR was related to the stimulation of immune
system (Li et al. 2012; Rymuszka 2013; Qiao
et al. 2013). Recently, some cytokines have been
studied to explore the immunomodulatory effects
of MCs. In the present study, after the fish were
fed with LC for 4 weeks, serum complement C3,
lysozyme, and bactericidal activity were signifi-
cantly (P < 0.05) increased after treated with
MCRL as compared to the control group (group
II). Tt indicated that LC enhances the protective
effect against MCRL-induced immune response.
TNF-x is considered to be an important compo-
nent in innate immunity and inflammatory re-
sponses in fish (Rosa et al. 2008) and essential
for inflammatory response to pathogenic germs or
toxicants (Liew 2003). IFN 1 provides an impor-
tant first line of defense against toxicants
(McBeath et al. 2007). Some evidences demon-
strated that MCLR affected the transcription of
TNF-« and IFN I in fish (Wei et al. 2009;
Rymuszka and Adaszek 2012). In the present
study, after the fish were fed with LC for 4 weeks,
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a strong downregulation in IL-13, TNF-«, and
IFN 1 expression was observed as compared to
the control group after treated with MCLR (group
II). The downregulated genes might have con-
trolled the inflammatory response of the stimulated
pro-inflammatory cytokines, thereby minimizing
damage to the host due to an excessive response
(Raida et al. 2008)

HSPs are another protection system to protect
the organisms from oxidative stress by preventing
the irreversible loss of vital proteins and facilitat-
ing their subsequent regeneration (Jiang et al.
2012). When organisms are exposed to a variety
of stress factors such as cold, heat, CO,, heavy
metal, and various chemicals (Hoffmann and
Parsons 1991; Ferrando et al. 1995), they synthe-
size a set of HSPs, which usually act as molecular
chaperones, and play diverse roles in transporting,
folding, and assembling of degraded or misfolded
proteins (Johnston et al. 1998; Serensen et al.
2003). Heat shock proteins, particularly HSP70,
have been proposed as biochemical markers of
environmental stress. The HSP induction may rely
on perturbation of the cellular redox status (Rai
et al. 2005). In the present study, HSP70 and
HSP90 gene expressions in the serum of common
carp were significantly higher as compared to con-
trol group after treated with MCLR. The dramati-
cally increased transcription of HSP90 and HSP70
may indicate their important roles as molecular
chaperones under oxidative stress caused by
MCLR, and the expression level recovered to
original level at 96 h. In agreement with the re-
sults of the present study, HSP70 gene expression
in serum was significantly (P < 0.05) downregu-
lated in the treatment group fed with Immunogen®
in rainbow trout as compared with control group.
Downregulation of HSP70 expression is possibly
due to elevated tolerance toward usual stresses
during culture-like stresses caused by sampling
for monitoring water quality, fish biometry, or
other unwanted stresses (Wang et al. 2011).

In conclusion, dietary supplementation with LC
induced expression of several antioxidant enzyme-
related genes, stimulated PO, CAT, SOD, AST,
and ALT activity, and improved the survival rate
against ammonia stress. The results obtained indi-
cated that LC has a protective effect against
ammonia-induced oxidative stress in common carp.
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