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To assess the toxicological effects of heavy metal ions on fish at different flowing speeds
within aquatic environments, we investigated the impact of Mn2* and flow speed on the
physiological parameters of juvenile GIFT tilapia (95.2£4.3g,15.1#0.21cm). The
experiment design included four different levels of Mn%* concentration: control group
(Omg/L), 0.1mg/L, 0.5mg/L and 1mg/L, as well as three different flow speeds: control
group (0 body length/second), low speed (1 body length/second), and high-speed group (2
body lengths/second). The main research findings were as follows: Mn%* had varying
effects on the hematological parameters of juvenile GIFT tilapia. As the levels of Mn%*
increased, there was a remarkable reduction in both the red blood cell (RBC) number and
hemoglobin content of the fish(P<0.05). The activity of SOD, CAT, the level of MDA in the
liver and white blood cell (WBC) number exhibited an initial increase followed by a
subsequent decrease, with the highest levels observed mostly in the 0.5mg/L group.
However, With the prolongation of MnZ* exposure duration, a significant decline in levels
of RBC, hemoglobin, CAT and SOD was observed. In most cases, the highest values of
those, as mentioned earlier four physiological parameters were recorded at 24 hours,
while the lowest values were recorded at 96 hours when exposed to the same MnZ* level.
However, MDA levels reached their peak at 48 hours. These findings suggested that lower
levels of Mn2* might enhance the immune capacity of tilapia, while higher levels could
impede its immune and antioxidant functions. An increase in flow speed led to a
significant elevation in both the RBC number and hemoglobin content of the GIFT tilapia
at 30d(P<0.05), but flow speed had no significant impact on the WBC of the fish(P>0.05).
Its effect on the fish antioxidant parameters also showed a certain induction, and there
were significant correlations between the activity of SOD, CAT, the level of MDA, and flow
speed (P<0.05). At the same flow speed, the prolonging water-flow-stimulus duration
could not increase the levels of three antioxidant parameters(P>0.05). These findings
could provide fundamental data for investigating the influence of heavy metal stress on
fish ecotoxicology in aquatic environments and the artificial running water breeding of
GIFT tilapia in Hebei province, China.

INTRODUCTION and processes has been formed in China. Manganese (Mn)
belongs to the group of transition metals, which ranks fifth
in abundance among all metals on Earth. Manganese ions
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effects in run-water farming at present.%5 In the past, the
toxicology on tilapia was mainly studied in still-water cul-
ture.®7 At present, there is a lack of research on the phys-
iological parameters of flow speed and exposure to Mn ion
on GIFT tilapia in laboratory conditions. This study could
elucidate toxicological influence of manganese ions on fish
at varying flowing speeds, aiming to provide fundamen-
tal data for understanding the ecotoxicological effects of
heavy metal stress on fish in flowing water environment
and for supporting the artificial farming of GIFT tilapia in
such conditions.

MATERIALS AND METHODS

EXPERIMENTAL FISH

The experiment was conducted at the Fish Physiology Lab-
oratory, Bohai Campus, Agricultural University of Hebei
from March to August in 2018. A total of 612 fish were used
for the experiment sourced from the Huanghua Tilapia Na-
tional Breeding Farm in Cangzhou, Hebei Province, China,
with an average body weight of 95.2+4.3g and an average
body length of 15.1+0.21cm. They were healthy, and with-
out obvious injury. The experimental fish were reared in
indoors for more than 7 days before the experiment with
24 plastic culture tanks (90cmx75cmx60cm). During the ac-
climation, sufficient O, (>6.5mg/L), relatively constant pH
(7.11-7.32) and water temperature (21.0+1.0°C) were main-
tained by the air pump and temperature controller. The fish
were fed twice a day at 8:00 AM and 6:00 PM with expanded
compound feed (Tangshan Sanfu Feed Co., LTD., protein
>33%, fiber <8%, fat >5%, moisture <13%, calcium 0.5-1.5%,
total phosphorus >1%, lysine >1.6%, ash ratio <14%). Nat-
ural light was provided in the laboratory room.

EXPERIMENTAL DESIGN

EFFECTS OF MN2* ON BLOOD AND PHYSIOLOGICAL
INDEXES OF JUVENILE GIFT TILAPIA

The 240 fish were placed in 12 plastic culture tanks
(90cmx=75cm x60cm) with different levels of Mn2* solution
and the solution of original Mn?* concentration in 1.0 mg/
mL was prepared using analytical reagent MnCI, The test
concentration was determined based on the preliminary ex-
periment’s 96h LC50 value for MnCl,. Four experimental
groups, consisting of MnCl, of Omg/l, 0.1mg/l, 0.5mg/1 and
1mg/1, respectively, were set up with each group having
twelve parallel replicates. Fish samples from each Mn2*
level group were randomly collected at 24h, 48h, and 96h
intervals.

EFFECTS OF DIFFERENT FLOW SPEEDS ON BLOOD AND
PHYSIOLOGICAL INDEXES OF JUVENILE GIFT TILAPIA

Nine self-circulating fish-locomotion testing tanks were
used for this experiment (Figure 1,inner diameter 110cm,
outer diameter 150cm). Each tank was symmetrically
equipped with two submersible pumps featuring adjustable
speeds, which was connected with a spray head on both the

Figure 1. Self-circulating fish-locomotion testing tank

(1) camera ( 2 ) propeller motor ( 3 ) frequency changer (4 ) Fish swimming area
1(5) sprayhead (6 ) Fish swimming area 2

left and right sides of the annular channel. The flow speed
could be regulated by the frequency changer and it could
be measured by the current meter (Australian Unidata
M6526¢). The water spray of opposite direction in the an-
nular channel, creating a circulation channel. The two flow
speed groups (0.15m/s, 0.30m/s) were converted into body
length/second (1BL/s, 2BL/s), and the control group (0 BL/
s, static water). For each flow speed condition, three repli-
cate groups were set up, with 18 fish allocated to each
group. The water source was adequately provided and 1/3
of which was replaced daily to maintain a sufficient level
of dissolved oxygen (26 mgO,/L). During the experiment,
the fish were fed the same diet (expanded compound pel-
leted feed , Tangshan Sanfu Feed Co., LTD)at 8 AM and 6
PM daily until satiety was achieved, followed by removal of
any remaining expanded compound pelleted feed after 0.5
hour. The water pump was halted for 0.5h before and after
feeding. The experiment duration was set to 30d, and the
fish were sampled at 8:00 AM on the first day of flow speed
treatment (1d), 7d , and the end of the experiment (30d).
Three samples were randomly selected from each parallel
group. Other experimental conditions were maintained in-
cluding sufficient O, (>6.5mg/L), pH (7.11-7.32) and water
temperature (21.01.0°C).

BLOOD INDEXES

The fish blood was collected from the caudal artery of the
fish using a syringe impregnated with heparin sodium, and
the red blood cells (RBC)and white blood cells (WBC) were
quantified by staining dilution method. The hemoglobin
content was measured with the hemoglobin colorimeter by
colorimetry.8 Each blood sample was analyzed in triplicate
and the results were averaged. The number of blood cells
was determined rapidly through manual counting, with cor-
rections made for instrument error. The procedure is as fol-
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lows: Red blood cell counting: the blood was diluted with a
cell dilution and then counted by blood cell count box and
the microscope. White blood cell count: 20 pL of blood was
added to a centrifuge tube containing 380 uL white blood
cell dilution. After all the red blood cells were dissolved,
the white blood cell suspension was absorbed, and the total
white blood cells were counted using a blood cell count box
under a microscope. The number of white blood cell of ten
visual fields were counted per fish sample.

ANTIOXIDANT ENZYMES AND THE LIPID OXIDATION
PRODUCTS INDICATOR

The fish were dissected following blood collection, and
their liver tissue were subsequently removed and stored at
4°C. 0.5g of the liver tissue was placed into a 20ml grinder
and homogenized with 5ml of distilled water to obtain 10%
homogenate at 4°C. The samples were then centrifuged at
a speed of 3000r/min for 10-15min, and the resulting su-
pernatant were collected in a the measuring tube for sub-
sequent index measurement. Two antioxidant enzymes in-
cluding superoxide dismutase (SOD), catalase (CAT) and
a lipid oxidation products index such as malondialdehyde
(MDA), were determined with the kit (Jiengcheng Bioengi-
neering Institute in Nanjing). The TBA method was em-
ployed for MDA determination. The ammonium molybdate
color determination was used for CAT analysis, and the hy-
droxylamine method was applied for SOD measurement.?

DETERMINATION OF PROTEIN CONTENT

The Bradford method (Coomassie Blue Staining method)
was used to determine the protein content of fish liver tis-
sue using a kit obtained from Jiancheng Bioengineering In-
stitute in Nanjing). The specific determination procedure
followed the instructions provided by the manufacturer.

DATA PROCESSING

The data were calculated using EXCEL and statistically an-
alyzed using SPSS 19.0. The experimental data were pre-
sented as mean#SD, and differences among the experimen-
tal groups were analyzed using ONE-WAY ANOVA. The
significance level for this experiment was set at P<0.05, and
Duncan’s multiple comparison test was conducted on the
data from each group.

RESULTS

As presented in Table 1, the alteration trend of tilapia he-
moglobin and RBC following Mn%* treatment exhibits sim-
ilarity. The control group (0mg/L) manifested the highest
value of hemoglobin and RBC at three sampling periods.
The levels of the two parameters, hemoglobin and RBC, sig-
nificantly decreased as the concentration of Mn2* increased
(P<0.05). A similar significant decrease in the two indices
above was observed at 0.1mg/L, 0.5mg/L, and 1mg/L con-
centrations of Mn2* over time(P<0.05). The changes in WBC
of juvenile tilapia after Mn2* treatment differed from the
aforementioned indices at the same Mn%* concentration ex-

cept for the control group (Omg/L). The control group (Omg/
L) exhibited the lowest number of WBC, which showed a
significant increase with rising Mn2* concentration
(P<0.05). Moreover, all groups exhibited peak levels of WBC
at 0.5mg/L. At the same concentration, the number of
WBCs in tilapia reached its highest point at 48 hours and
subsequently declined.

Table 2 illustrated the changes in tilapia’s liver catalase
(CAT) activity following Mn2* treatment. The CAT activity
initially increased and then decreased with increasing Mn2*
level. Within the same treatment duration, the CAT activity
exhibited its highest levels in the 0.5mg/L group at both
24h and 48h samplings, while reaching its peak in the
1mg/L treatment group at 96h other groups at 24h(P<0.05).
The data from the Omg/L group showed a non-significant
increase over exposure time (P>0.05), all three MnZ* treat-
ment groups all showed a significant decline in CAT enzyme
activity over time(P<0.05), reaching its peak at 24h and
showing no significant difference between 48h and 96h.

The 0.1mg/L group exhibited the highest SOD activities
at both 24h-sampling and 48h-sampling ,while the 0.5mg/L
group demonstrated maximum SOD activity at the 96h
sampling within the same MnZ* level treatment duration.
The SOD activity of the 1mg/L group was significantly lower
than that of other Mn? level groups (P<0.05) during the 24h
sampling period. No significant difference was observed be-
tween the 0.1mg/L group and control group at the 48-hour
sampling duration. However, the two groups was signif-
icantly higher than the other two groups (0.5,1 mg/L)
(P<0.05). At the 96h-sampling period, no significant dif-
ference was observed between the control group and the
0.1mg/L group (P>0.05). However, the two groups exhibited
significantly lower values compared to those treated with
higher concentrations of Mn2* (0.5 ,1mg/L). Notably, while
the control group and those treated with 0.1mg/L and
0.5mg/L showed a decrease over time under similar treat-
ment conditions, the group exposed to 1mg/L demon-
strated a significant increase as time progressed. During the
Mn?2* level treatment period, the fish samples collected at
24hs, 48hs and 96hs showed an initial increase followed
by a subsequent decline in MDA levels as Mn2* level in-
creased (P<0.05), with the highest value observed in the
group treated with 0.5mg/L. After receiving the same MnZ2*
concentrations treatment, both the control and experimen-
tal groups initially exhibited an elevation in MDA levels be-
fore gradually declining over time. The peak levels were ob-
served at 48 hour of sampling, followed by a subsequent
decrease in levels.

As shown in Table 3,The changes in blood parameters
of tilapia at different flow speeds were presented. Com-
pared to the control group in static water (0 BL/s group),
the hemoglobin and RBC levels of tilapia at flow speeds
for 1d and 7d showed an non-significant increasing trend
during the experimental period(P>0.05). However, both he-
moglobin and RBC levels of fish were significantly elevated
(P<0.05) in fish exposed to two different flow speeds com-
pared with 0 BL/s group in 30d. Notably, the highest values
were observed at 2.0BL /s group(8.8+0.37g/100ml). Except
for the control group(0 BL/s group), both hemoglobin and
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Table 1. Blood indices of tilapia under different Mn concentrations (n=12)

Blood index Time(h)

Mn2* (mg/L)

0 0.1 0.5 1
Hemoglobin (g/100ml) 24 6.1+0.47 Aa 5.8+0.68 A2 5.4+0.47Aa 2.6+0.1782
48 6.3£0.56 A2 2.5+0.328b 2.1+0.65 Bb 1.2+¢0.11Cp
96 6.1£0.07 A2 2.1+0.07 Bb 2.2+0.07 Bb 1.1+0.13€b
RBC (Ten thousand/ml) 24 356.1£50.2A2 325.6+21.5Aa 275.8+33.1B2 171.2+£31.4C2
48 338.3+27.1A2 181.1+12.38b 83.5+4.2Ch 67.8+14.2€Cb
96 318.5+33.4Aa 121.2+15.7B¢ 79.2£17.1€P 55.7+15.6Db
WBC (Ten thousand/ml) 24 0.42+0.05C2 0.99+0.128B¢ 1.29+0.17Ab 1.07+0.14Ab
48 0.51+0.06DP2 1.61+0.1782 2.39+0.08A2 1.29+0.27C2
96 0.49+0.03C2 1.3520.14Ab 1.3420.11Ab 1.14+0.13Bb

Note: Values are means*SE (n=12). The different capital letters within the same line indicate a significant difference (P < 0.05) in different concentrations at the same time phase ,
and the same capital letters show no significant difference (P> 0.05). The different letters indicate significant difference (P < 0.05) at different time phase in the same concentration ,

and the same small letters denote no significant difference (P> 0.05). The following tables signify the same.

Table 2. Antioxidant enzyme index of tilapia under different Mn concentrations (n=9)

Antioxidant enzyme Time (h)

Mn2* (mg/L)

0 0.1 0.5 1
CAT(U/mgprotein) 24 103.9+24Da 222.0+11C2 982.9+43Aa 341.1+53Ba
48 107.5+16.1C2 146.3+10.38P 209.1+33.5Ab 201.7+31.2Ab
96 120.3+22.6B2 140.2+14.18b 178.4+15.2Ab 180.5+27.8Ab
SOD (U/mgprotein) 24 35.9+3.6A2 40.1+6.573 36.6+4.6A 13.7+1.3BP
48 33.1+2.8Aa 35.2+4.5Ab 27.1+2.4Bb 27.8+2.5Ba
96 23.9+2.68b 22.4+3.48Bc 30.7+4.1Aab 26.5+1.8A2
MDA (nmol/mgprotein) 24 87.1+13.28b 101.2+11.8B¢ 161.2+14.08¢ 68.6+7.38c
48 121.3+20.9B2 414.2+35.8Ba 609.6+5.4B2 337.6+29.1B2
96 113.6+32.582 263.0+23.78b 524.2+36.48b 235.2+23.88b

Note: Values are means*SE (n=9). The different capital letters within the same line indicate significant difference (P < 0.05) in different concentrations at the same time phase , and
the same capital letters show no significant difference(P > 0.05). The different letters indicate significant difference (P < 0.05) at different time phases in the same concentration , and
the same small letters denote no significant difference(P > 0.05). The following tables are the same.

RBC levels in tilapia increased significantly with exposure
time in the two flow speed groups. Meanwhile, there were
no significant changes in WBC levels observed in tilapia
with increasing flow speed at 1d, 7d, and 30d.Furthermore,
there were no significant differences among all the groups
categorized by flow speed (P>0.05).Additionally, there were
no significant differences observed in WBC level of three
sampling-duration (1,7,30d) in all flow speed groups
(P>0.05). As shown in Table 4, the results showed that
the activity of CAT, SOD and the level of MDA exhibited a
positive correlation with flow speed, reaching their maxi-
mum levels at 2 BL/s. Both the 1 BL/s and 2 BL/s groups
showed significantly higher antioxidant indexes than the 0
BL/s group (P<0.05). Furthermore, these three parameters
remained stable over time (P>0.05).

DISCUSSION

EFFECTS OF MN2* ON BLOOD AND PHYSIOLOGICAL
INDEXES OF GIFT TILAPIA

The utilization of blood tests was prevalent in medical di-
agnoses for human and aquatic animals. The biochemical
indicators in fish blood systems could be influenced by a
variety of biological and abiotic factors.10 For example, red
blood cell(RBC) number and hemoglobin content in fish
were closely linked to the supply and demand of oxygen
within their bodies.!! White blood cell (WBC) served as im-
mune cells in the bloodstream of fish, capable of consum-
ing external pathogens and producing antibodies.1? MnZ*
were essential metal ions in numerous biological physio-
logical processes. They regulated a series of manganese ion
catalytic enzymes and play a crucial regulatory role in var-
ious life processes, including hematopoiesis, enzyme com-
ponents, promotion of fat oxidation and so on.2313-15The
findings of the current study indicated that low levels of
manganese ions (0.1-0.5mg/kg) could stimulate WBC pro-
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Table 3. Blood index of tilapia at different flow speed(n=12)

Blood index Time (d) Flow speed (BL/s)
0 1 2
Hemoglobin (g/100mL) 1 5.9+0.61A2 6.5+0.38 A2 6.7+0.45 A2
7 6.4£0.25 A2 6.8+0.34Ab 7.3+0.56AP
30 6.5+0.51Ba 8.5+0.64 A2 8.8+0.37A2
RBC (Tenthousand/mL) 1 356.1+14.2 A2 375.8+15.4Ab 371.8+17.4Ab
7 338.3+18.4A2 350.3+11.7Ab 358.2+14.1Ab
30 354.5+16.2Ca 451.6+22.1B2 495.9+26.2 Aa
WBC (Ten thousand/mL) 1 0.43:0.02A2 0.40+0.03A2 0.37+0.05%2
7 0.35+0.08A2 0.410.01A2 0.39+0.03A2
30 0.40+0.05%2 0.42+0.08A2 0.45+0.06”2
Table 4. Antioxidant enzyme tilapia at different flow speed(n=9)
Antioxidant enzyme Time (d) Flow speed (BL/s)
0 1 2
CAT(U/mgprotein) 1 83.2+5.1Ca 124.5+13.6 Bb 163.9+14.1A¢
7 87.9+12.0Ca 126.3+11.3Bb 173.3+14.5Aa
30 90.4+14.2Ca 154.3+11.4Ba 183.5+15.2Aa
SOD(U/mgprotein) 1 55.9+2.3Ba 84.8+1.3A2 94.4+4.6 A2
7 53.1x4.2Ca 86.4+3.8B2 95.6+4.7 Aa
30 59.4+2.8Ca 95.1+10.1Ba 103.5+10.8Aa
MDA(nmol/mgprotein) 1 117.5+8.3C2 662.3+48.2B2 901.1+28.7A2
7 109.2+7.4Ca 684.1+55.8B2 890.3+76.8Aa
30 121.3+6.5C2 709.2+68.382 954.6+59.4A2

duction in tilapia, whereas higher levels (=1mg/kg) might
potentially reduce the WBC number, suggesting that an
optimal concentration of Mn2* was advantageous for en-
hancing immune function. Moreover, prolonged exposure
to MnZ* could result in heightened impairment of fish im-
mune function. The observed data for RBC and hemoglobin
were consistent not with those reported for copper and lead
ion in hybrid sturgeon® and goldfish.!¢ The aforementioned
study demonstrated that heavy metal ions at concentra-
tions of 0.1 and 0.5 mg/kg can significantly enhance RBC
number in fish. One possible explanation for this phenom-
enon might be attributed to variations in the tolerance of
experimental fish towards heavy metals, the other reason
was that the longer the Mn2* treatment time, the higher
the concentration, resulting in an increased accumulation
of heavy metals in tilapia bodies, thereby impeding normal
physiological and ecological processes in fish. The afore-
mentioned phenomenon led to a more pronounced eleva-
tion in toxicity levels , which impaired the behavior ability
and oxygen consumption of fish, Consequently, there was
a continuously lower red blood cell count and hemoglobin
content.16

The heavy metals had a significant impact on the an-
tioxidant enzyme and the lipid oxidation products index
in aquatic animals.1” The excessive production of reactive
oxygen species was the primary cause of manganese ion

toxicity in aquatic animals, resulting in oxidative damage.
However, living organisms possess an antioxidant enzyme
system that can effectively eliminate such damage. CAT and
SOD are widely distributed antioxidant enzymes with de-
fensive functions in organisms. MDA is one of the final
products of polyunsaturated fatty acids peroxidation in the
cells and also an oxidative stress indicator which serves as
one of the main secondary products of lipid oxidation and
could affect the protein structure and function by cova-
lent cross-linking with proteins.? The activity of CAT, SOD
and the level of MDA in fish serum were significantly influ-
enced by external environmental factors, such as temper-
ature, salinity, bait, heavy metal concentration, and other
factors.®1217-20 This study demonstrated that manganese
ions have a remarkable impact on the activity of CAT, SOD
and the level of MDA in tilapia serum. Specifically, the ac-
tivity of CAT and SOD exhibited a positive correlation with
increasing concentrations of manganese ions, but declined
once the concentration surpassed a certain threshold. How-
ever, prolonged exposure to manganese ions at the same
concentration level leads to altered effects, indicating an
escalating degree of harm inflicted upon fish.Previous stud-
ies on copper stress in Cyprinus Carpio'8and GIFT tilapia®
had shown that these species exhibited a pattern of induc-
ing at low concentrations and inhibiting enzyme activity
at high concentrations, commonly referred to as horme-
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sis in most toxicology researches.#52! The observed phe-
nomenon exhibited an adaptive response characterized by a
biphasic dose-response curve, with low doses demonstrat-
ing a stimulatory effect and high doses exhibiting an in-
hibitory effect. In this study, the same phenomenon for
manganese ion treatment was observed in the number of
WBC , the activity of SOD,CAT and level of MDA of tilapia.
These findings suggested that low concentrations of man-
ganese ions may enhance the immune potential of tilapia,
while high concentrations could impede its immune and
antioxidant functions, thereby exerting a significant toxic-
ity stimulation effect.

EFFECTS OF FLOW SPEED ON BLOOD AND
PHYSIOLOGICAL INDEXES OF TILAPIA

Water flow speed, as a critical environmental factor for fish
survival, could induce various movement modes and cor-
responding physiological mechanisms. It mainly affected
the fish swimming movement on culture conditions.12.22
The blood index of swimming fish could be utilized to ex-
plain the physiological conditions of swimming fish, and its
change was closely associated with the intensity of swim-
ming behaviour.23.2¢ After high intensity exercise, adren-
aline of fish blood enhances nerve activity, leading to an
increase in catecholamine levels and a more pronounced
muscle vasodilation. The vigorous activity of fish required
more oxygen intake, and prolonged exercise would further
enhance the oxygen carrying of blood system. The study
revealed a positive correlation between water flow speed
and the levels of red blood cells and hemoglobin content
in tilapia. Moreover, as the stimulus time increased, both
indexes exhibited a gradual rise. The increase of its index
levels at high flow speed indicated that a significant en-
hancement in the oxygenation capacity and metabolic level
of fish blood, leading to vigorous respiratory metabolism
in fish. To ensure sufficient oxygen supply, the blood com-
position of the fish body changed accordingly, leading to a
significant increase in the blood cell indicators related to
oxygen transport, such as hemoglobin and RBC.22 The im-
pact of flow speed on WBCs was not noticeable and it sug-

gested that the hydrodynamic stimulation was insufficient
to induce significant alterations in immune system para-
meters such as the number of WBCs. The activity of SOD,
CAT and the level of MDA played a crucial role as protec-
tive antioxidants by eliminating oxygen-free radicals from
the body.2>26 The study of the results indicated that differ-
ent flow speeds depended on the levels of these three phys-
iological indexes in fish. As water flow speed increases, so
do the activity of CAT, SOD, and the level of MDA in serum.
The optimal flow speed and additional exercise could be
considered as contributing factors to the promotion of fish
metabolism, inducing the fish body to produce excessive
reactive oxygen species and the corresponding activation
of antioxidant enzyme system in organisms, thereby elimi-
nating reactive oxygen species damage.% 1223 However, the
above three physiological indexes did not change signifi-
cantly over time, indicating that the fish had adapted to the
influence of the corresponding water flow.
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