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Abstract

Aquatic ecosystem is greatly affected by metal pollution and global climate change. Mercury (Hg) is one of the most com-
mon metal pollutants that pose harmful effects to organisms. In this study, we evaluated the effects of water temperature and
ngJr on hematological parameters, such as red blood cells (RBCs), hematocrit (Ht) and hemoglobin (Hb) and some indexes
involved in energy metabolism, including hexokinase (HK), pyruvate kinase (PK), malate dehydrogenase (MDH), lactate
dehydrogenase (LDH), glucose (GLU), electron transport system (ETS) and Na—K-ATPase in grass carp, Ctenopharyngodon
idella. Fish (45.37 +3.58 g) were acclimated to 15, 20, 25, 30 or 35 °C and co-exposed to 0.000 or 0.039 mg/L Hg>" for
4 weeks. Three-way ANOVA revealed that all variables were significantly affected by water temperature, Hg>* concentration,
exposure time and their interactions, except the RBCs value corresponding Hg*Time condition. Based on the significant
changes of hematological parameters in Hg>*-free groups, the best health status in fish was approximately at 25 °C, appre-
ciating physiological dysregulation in fish under too low (15 °C)/high (35 °C) temperature, especially at 35 °C. Although
our data provide evidences that increased temperatures can potentiate Hg>* toxicity, the combined effects of temperature
and metals on aquatic organisms are complex and unpredictable, so we should not ignore the role of environmental factors
(such as temperature) while evaluating the harmful effects of metals on aquatic ecosystem.

Keywords Thermal stress - Mercury - Fish - Physiological adaption

Introduction

In the last decades, temperature rise related to climate change
caused the structural and functional changes of aquatic eco-
system (Val et al. 2016), that led to the decrease in dissolved
oxygen, the acceleration of eutrophication and the decrease
in aquatic biodiversity. Besides, the threat of environmental
pollutants to aquatic organisms was increasingly serious,
so the coupling stress of temperature fluctuation and water
pollution on aquatic organisms has attracted more and more
attention (Balbus et al. 2013; Lee et al. 2014; Abdel-Tawwab
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and Wafeek 2017). As far as the harmful effects on water
ecosystem, metal mercury (Hg) is one of the most studied
and most concerned pollutants and has been considered an
environmental stressor (Li et al. 2014). In China, environ-
mental concentrations of mercury were ranging from 0.031
to 5.7 pg/L in the natural rivers (Biscere et al. 2015). Once
the Hg enters the aquatic ecosystem through various ways, it
readily bioaccumulates in fish tissue, and exerts various del-
eterious effects on fish health, and eventually affects human
health through the food chain (Berntssen et al. 2004). Addi-
tionally, water temperature can modulate the toxicity of Hg
in the aquatic system (Ando et al. 2011; Maulvault et al.
2016; Sumner et al. 2019; Waheed et al. 2020). Therefore,
it is necessary to study the combined effects of tempera-
ture and mercury exposure to understand the physiological
mechanism of fish under multiple stressors.

Biomarkers could be used as tools to evaluate physiologi-
cal changes of organisms, such as hematological indicators
and enzymes related to energy metabolism (Lermen et al.
2004; Li et al. 2011b; Abdel-Tawwab and Wafeek 2017).
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Some researchers confirmed that hematological parameters
could be used as indicators of fish health status under endog-
enous or exogenous stressors (Li et al. 2011a; Perveen et al.
2019). Metal exposure increases the energy requirements of
fish to meet the needs of detoxification and repair process,
so the liver must increase glycogen/glucose transformation
(Carvalho and Fernandes 2008, 2019). In anaerobic glucose
metabolism, some enzymes play important roles, such as
hexokinase (HK), pyruvate kinase (PK), malate dehydroge-
nase (MDH) and lactate dehydrogenase (LDH). Moreover,
ATPase, also known as adenosine triphosphatase, and elec-
tron transport system (ETS) are considered to be important
indexes reflecting the energy metabolism of organism (Li
etal. 2015; Wen et al. 2017; Fonseca et al. 2019). Although
these parameters are often used as interesting biomarkers to
evaluate the impact of multiple stressors (Li et al. 2011c),
the studies related to the impact of climate change coupled
with metal stress on fish is still limited.

Water temperature and environmental contaminants are
two important environmental factors in aquatic ecosys-
tem, because their fluctuation can affect the physiological-
biochemical functions of aquatic organisms (such as fish)
(Sokolova and Lannig 2008; Abdel-Tawwab and Wafeek
2014; Philippe et al. 2018). The rising temperature leads to
reduce dissolved oxygen availability to aquatic organisms,
which makes water flow rate across the gills increasing to
meet the metabolic demand, resulting into increased toxicant
flow across the gills, and thus become prone to increased
toxicity (Kumar et al. 2019; Waheed et al. 2020). Besides
this, the rising temperature can influence the toxicity of met-
als through degradation and volatilization rates, affecting
their absorption and desorption processes and bioaccumu-
lation rates in exposed organisms (Kuz’mina and Ushak-
ova 2013; Kumar et al. 2019). The increasing temperature
enhances the toxicity of contaminants in fish through regula-
tion of the metabolic rate and endocrine process (Sokolova
and Lannig 2008; Philippe et al. 2018), such as cadmium
toxicity in Danio rerio (Park et al. 2020), mercury toxicity
in Oreochromis niloticus (Waheed et al. 2020), copper toxic-
ity in Prochilodus lineatus (Carvalho and Fernandes 2019),
trichlorfon toxicity in Cyprinus carpio (Woo and Chung
2020), arsenic toxicity in Pangasianodon hypophthalmus
(Kumar et al. 2019) and so on. Moreover, temperature and
contaminations exposure in fish may generate reactive oxy-
gen species (ROS), such as hydrogen peroxide, superoxide
and the hydroxyl radical (Sappal et al. 2015a; Kumar et al.
2017; Park et al. 2020; Woo and Chung 2020). The physi-
ological responses of animals to stress can lead to imbalance
of internal environment and increase of energy consump-
tion, which can be evaluated by blood indexes and energy
metabolism parameters.

In consideration of the above, we hypothesize that (I)
exposure of fish to increasing temperature or Hg>* stress

* @ Springer

may disrupt hematological indicators and impair energy
metabolism by regulating the activities of related enzymes;
and (IT) combined stress of them may aggravate these harm-
ful effects. In order to confirm these hypothesis, grass carp
(Ctenopharyngodon idella), as a model of freshwater fish,
was exposed to increasing temperature and different levels
of Hg?* in an experimental system, the endpoints of physi-
ological changes were evaluated after 7, 14 and 28 days of
exposure, respectively. This study is the first approach to
determine the combined effects of different temperatures
and Hg?" exposure on hematology and energy metabolism
in grass carp.

Materials and methods
Chemicals and test fish

Commercial HgCl, from Sigma-Aldrich Chemical Co.
(USA) was dissolved in deionized water, and supplied as
toxicant to grass carp. The juvenile grass carp Ctenophar-
yngodon idella (45.37+3.58 g,16.80+1.21 cm) procured
from a local hatchery (Wuhan, China), was carefully trans-
ported to glass aquaria filled with dechlorinated water. Con-
tinuous aeration and maintenance of ambient temperature
(251 °C) were ensured using aerators and filters and heat-
ers. The fish were fed with commercially available fish food
(Tongwei, China). Feed remains and excretory wastes were
siphoned off regularly to avoid contaminant-related stress
in fish.

Experimental design

Fish were maintained for 2 weeks at 25+ 1 °C and then were
divided into five groups with water temperature 15, 20, 25,
30 and 35 °C for acclimating 1 month. The water tempera-
ture was kept constant by the automatic temperature control
system (Haisheng, China). Then each group was divided into
two subgroups, one was exposed to 0.039 mg/L Hg>* (based
on the pre-experiment, 96 h-LC50 of HgCl, to juvenile grass
fish is 0.39 mg/L), and the other group was Hg-free used
as the control. During the experimental period, 50% of test
solution was changed daily to maintain the same temperature
and corresponding concentration of Hg?". Each test condi-
tion was repeated by triplicate and 15 fish was stocked in
one aquarium. Experimental period lasted 4 weeks. On the
n 7th, 14th and 28th day, the blood and liver tissue were
collected from three fish of each aquarium randomly, blood
samples were analyzed immediately, while the liver tissues
were immediately frozen and stored at —80 °C, and were
used for further studies. All procedures and animal handling
were in accordance with the guidelines: OECD Guideline for
Testing of Chemicals, No.204: “Fish, Prolonged Toxicity
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Test: 14-day Study” and No.215: “Fish, Juvenile Growth
Test”. And the study was approved by the animal ethics com-
mittee of Shandong University.

Hematological parameters

During the process of blood collection, MS-222 (0.1%,
3-aminobenzoic acid ethyl ester methanesulfonate,
CAS:886-86-2) was used to anesthetize the fish. 5 pl heparin
(10 pg/ml) was used for capillary collection from the caudal
vein, and the related hematological parameters (RBCs-red
blood cells, Ht-hematocrit and Hb-hemoglobin) were meas-
ured by the methods of Abdel-Tawwab and Wafeek (2017).
RBCs were counted under the light microscope using a
haemocytometer. In order to determine the Ht value, the
blood was transferred to draw-in microhematocrit tubes and
centrifuged for 5 min at 10,000 g. Hb levels were deter-
mined colorimetrically by measuring the formation of
cyanomethemoglobin.

Energy metabolism indicators measurement

Frozen liver tissues were thawed in ice, homogenized in
ice-cold 0.86% physiological saline with 10x volume, and
then centrifuged to obtain the supernatant (3500 rpm, 4 °C,
10 min) for further measurement. The activities of HK, PK,
MDH, LDH and Na-K-ATPase were analyzed by using the
detection kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), as well as the contents of glucose (GLU).
The ETS activity was measured according to the previous
method (Wen et al. 2017). In brief, the samples were homog-
enized in homogenizing buffer (0.1 M Tris—HCI). After cen-
trifugation for 10 min (4 °C, 3000 g), 100 pl supernatant
from each extract was added into 300 pl substrate solution.
The reaction was started by p-iodonitrotetrazolium to pro-
ceed at 20 °C for 10 min and then stopped by quench solu-
tion. The resulting increase in absorbance was measured at
490 nm. The amount of formazan formed was calculated
using e=15,900/M cm. The formation of 2 mmol formazan
equals the consumption of 1 mmol O, in the ETS.

Data statistical analyses

All values were expressed as mean + standard deviation
(SD). Three-way analysis of variance (3-way ANOVA,
including temperature, mercury concentration, time and
interaction between them) followed by Tukey multiple com-
parisons test was employed to calculate significant differ-
ences of treatment groups compared to controls, by using
SPSS version 22.0 software (IBM SPSS Statistics, Chicago,
IL, USA). As the key factor of individual variations, the
important parameters are defined by principal component
analysis (PCA), by using Statistic 6.0 (StatSoft, Tulsa, OK,

USA). Besides, integrated biomarker response (IBR) was
calculated based on methods by Broeg and Lehtonen (2006)
and presented in site star plots.

Results and discussion
Effects on the hematological parameters

The hematological parameters were measured in fish under
various experimental stress (Table 1). Based on our results,
the values of RBCs, Ht and Hb increased significantly with
the temperature rising to 25 °C, and a downward trend was
shown subsequently. Also, the hematological parameters
were higher in Hg?*-free fish than those in Hg**-exposed
one and almost all the hematological indexes of fish under
15 °C and 35 °C showed obvious inhibition, compared to
the 25C group. Three-way ANOVA indicated that all the
hematological parameters were significantly influenced by
temperature, Hg>* exposure, experimental time and their
interactions, except the RBCs value corresponding Hg*Time
condition (Table 2).

Because a close relationship between fish and water envi-
ronment is present, the hematological and biochemical vari-
ables are often used as useful biomarkers to understand the
health status and pathological effects of fish (Borges et al.
2007; Li et al. 2011a; Perveen et al. 2019). The measured
hematological parameters were higher in Hg**-free fish,
indicating the health status was better in Hg>*-free fish than
that in Hg>*-exposed ones. Moreover, the normal metabolic
activities of fish depend upon ambient temperature of the
environment, but alteration in the temperature beyond cer-
tain limit induces physiological disturbances and eventually
toxicity to the fish (Abdel-Tawwab and Wafeek 2017; Kumar
et al. 2018), so all the hematological indexes of fish under
15 °C and 35 °C showed obvious inhibition. Exposure to
metals can lead to hemodilution or changes in blood con-
centration permeability in fish, which is an important indi-
cator of anemia (Talas and Gulhan 2009). Consistent with
other studies (Abdel-Tawwab and Wafeek 2017; Carvalho
and Fernandes 2019), the hematological indexes decreased
significantly in fish under mercury exposure and/or extreme
temperature, which showed a serious physiological stress. In
teleost, the kidney and spleen are the main organs that pro-
duce RBCs (Kori-Siakpere and Ubogu 2008). In this study,
the decrease in RBCs value may be caused by the damage
of kidney in fish under experimental stress. Other studies
have also shown that metal exposure (such as cadmium and
copper, etc.) can damage mature erythrocytes, leading to a
decrease in RBCs values (Adhikari et al. 2004; Carvalho and
Fernandes 2006). Ht and Hb are also important hematologi-
cal parameters, which could be used to reflect the influence
of renal function, as head kidney is the main hematopoietic
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0.84+£0.07* 1.26£0.13 0.91+0.10 1.52+0.17 1.19+0.12 1.45+0.16 1.05+£0.12 1.12+0.11 0.81+£0.09*
1.05+0.11 1.67+0.18 1.20+0.13 1.15+0.15

1.09+0.08*

7d

RBCs

0.79£0.08*

0.96£0.10*

1.39+0.14

0.92+£0.09* 1.31+£0.12

1.15+£0.12%

14d
28d
7d

(x10%ul)

0.74 £0.08*

1.09+0.14
12.84 +1.31

0.97+0.11*
11.05+£2.05

1.30+0.15
14.05+1.21

1.12+0.09
11.96+1.16

1.65+£0.12
14.58 +£1.95

1.09+0.13
10.17+1.24

1.29+0.12
12.59+2.10
11.09+1.04

0.82+£0.10*
12.05+1.19

1.12+£0.13*
1191+1.12

9.94+1.33*

12.03+1.16

13.84+1.10

11.97+2.04
11.14+1.68
38.12+3.29
39.25+5.09
41.28 +£5.04

15.02+2.07
14.94+2.14

9.94+1.10*

Ht

8.87+£0.98*
7.78 £1.04*

2448 +3.21%*

11.82+2.27
42.81+£4.07
31.58 +£4.09*
28.96 +4.10*

10.07 £1.08*
31.83+4.19*
31.36 +£3.10*
30.14+£3.37*

10.69+1.13*

13.89+1.08
41.95+3.28
42.94+4.07

9.94+1.44

9.01+£1.56
31.04+£3.31*
35.14+4.09*
34.39+2.19%

8.96 +1.05*

10.89£0.96*
10.31+1.28
31.33£4.35%

3540+3.91*

14d
28d

7d

(%)

45.60+5.19

36.12+4.07
41.03+£2.24
42.05+5.30

7.94+£1.03*
28.14 £3.25%
29.19£4.12%
25.80+£3.25%

21.93+2.89*
21.28 +£3.20%*

51.23+4.20
49.20+4.39

Hb

41.04+4.92

32.69+£4.10*

14d

28d

(g

9. *denotes significant differences compared with control value (25C) along time (p <0.05). RBCs-red blood cells, Ht-hematocrit, Hb-hemoglobin, 15C-Hg**-free

group at 15 °C, 15E—Hg**group at 15 °C, 20C—Hg**-free group at 20 °C, 20E—Hg>*group at 20 °C, 25C—Hg*-free group at 25 °C, 25E—Hg>*group at 15 °C, 30C—Hg>*-free group at

30 °C, 30E—Hg**group at 30 °C, 35C—Hg?*-free group at 35 °C, 35E—Hg>*group at 35 °C

Data are mean+S.D., n

organ (Arnaudova et al. 2008; Li et al. 201 1a). In our study,
the decrease of Ht and Hb values may be caused by the
dysfunction of hemodilution and osmoregulation, as well as
blood loss. However, some studies have shown that tempera-
ture change has no significant influences on the values of Ht
and Hb of fish (Lermen et al. 2004), and other reports have
found that only Ht has a negative correlation with tempera-
ture rise, while RBCs and Hb have no significant alteration
in fish (Carvalho and Fernandes 2006). Therefore, although
the hematological parameters are sensitive, further studies
need to be carried out before they are used as a biomarker
for monitoring environmental pollution.

Effects on the energy metabolism index

In our study, a series of parameters related to energy metab-
olism were determined in all fish, including the activities
of enzymes (HK, PK, MDH and LDH) related to anaero-
bic glucose pathway, as well as GLU content, activities of
Na-K-ATPase and ETS in fish liver (Table 3). And all the
measured parameters were significantly influenced by tem-
perature, Hg>* exposure, experimental time and their inter-
actions, after statistic calculation with three-way ANOVA.
Besides the activities of Na—K-ATPase and ETS, those
values of all enzymes (HK, PK, MDH and LDH) involved
in the anaerobic glucose pathway increased along with the
rising temperature up to 35 °C, and the higher values were
observed in Hg?*-exposed fish groups. Although there
was no significant increase in hepatic GLU in fish from 15
to 25 °C, the highest value of hepatic GLU was found in
Hg?*-exposed fish groups at 35 °C.

In this study, the content of hepatic GLU and the activi-
ties of enzymes involved in anaerobic glucose pathway were
significantly affected, which possibly because the hepatic
glycogen/glucose were mobilized to meet the excessive
energy demand for detoxification and repair processes under
environmental stress (Fonseca et al. 2019). In glycolytic
pathway, the hexokinase (HK) is located at the beginning of
glycolysis sequence, while the pyruvate kinase (PK) plays
a role in the terminal sequence (Carvalho and Fernandes
2008). Together with the available results (Abdel-Tawwab
and Wafeek 2017; Fonseca et al. 2019), our results showed
that the activities of HK and PK increased with the increase
in temperature, indicating that the ability of glycolysis and
activation of anaerobic metabolism pathway of grass carp
increased under environmental stress, which would lead to
the accumulation of lactic acid in tissue. Some researcher
reported that cadmium exposure led to the decrease of PK
activity in fish, which may be due to the reduction in gly-
colysis ability caused by excessive cadmium accumulation
in fish liver(Abdel-Tawwab and Wafeek 2014). In addition,
other studies showed that copper and zinc inhibited PK
activity in bass, suggesting that these metals were involved
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Table 2 Three-way ANOVA: Effects of temperature, Hg?*, time and their interactions on the parameters of hematology and energy metabolism

in fish
Temp. Hg Time Temp. *Hg Temp *Time Hg *Time Temp.*Hg *Time
DF 4 1 2 4 8 2 8
RBCs F 193.61 1008.77 9.54 11.87 5.03 2.17 341
p 0.000 0.000 0.000 0.000 0.000 0.123 0.000
Ht F 2635.45 1469.56 610.11 134.81 80.05 155.54 17.82
P 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Hb F 1437.45 3763.87 18.45 91.84 96.63 9.47 27.39
P 0.000 0.000 0.000 0.000 0.000 0.000 0.000
HK F 1526.34 3162.47 471.84 63.37 60.78 35.59 80.65
p 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PK F 839.71 1075.25 644.39 6.45 95.09 12.99 10.16
P 0.000 0.000 0.000 0.000 0.000 0.000 0.000
MDH F 690.15 1825.10 1369.46 34.58 21.62 95.56 21.43
P 0.000 0.000 0.000 0.000 0.000 0.000 0.000
LDH F 1438.59 4725.32 17.65 154.46 93.26 15.07 75.19
P 0.000 0.000 0.000 0.000 0.000 0.000 0.000
GLU F 202.59 1489.42 10.42 9.29 67.77 28.63 26.89
)4 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na-K-ATPase F 70.40 1049.01 31.00 28.26 39.15 13.52 19.75
)4 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ETS F 471.56 2295.87 212.83 27.83 26.75 7.84 24.45
)4 0.000 0.000 0.000 0.000 0.000 0.001 0.000

DF—degrees of freedom for the main factor or interaction effects. Significant effects are highlighted in bold. Temp.—experimental tempera-
tures, Hg—with/without Hg?* exposure, Time—experimental time. Other information as Tables 1 and 3

in the direct competition of essential bivalent cations for
binding sites of related proteins, leading to the change of
enzyme conformation (Isani et al. 1994).

Under normal conditions, the energy metabolism of
fish requires oxygen to avoid excessive accumulation of
metabolites (such as lactic acid). In this study, the anaerobic
metabolism in grass carp was increased under environmental
stress, which led to need more energy to repair and main-
tain the destruction of internal environment balance (Lermen
et al. 2004; Wen et al. 2017). The main function of LDH
is to transform lactate into pyruvate, which is a necessary
step to produce cell energy (Diamantino et al. 2001). The
reversible reaction of oxidative dehydrogenation of malic
acid to oxaloacetic acid catalyzed by MDH is one of the
important enzymes in the tricarboxylic acid cycle (TAC),
which plays an important role in the complete oxidation or
mutual transformation of nutrients in vivo (Monteiro et al.
1998). Therefore, under the environmental stress, the energy
of cells needs to be satisfied by anaerobic oxidation, so LDH
and MDH activities are higher.

In the present study, the enhanced hepatic GLU was
determined, which was directly related to gluconeogenesis
(Fonseca et al. 2019; Kumar et al. 2019). Due to mercury
exposure, metabolic demands caused by impaired insulin

secretion may increase, leading to hypoxia, so as to maxi-
mize the use of stored carbohydrates (Navas-Acien et al.
20006).

The increase in environmental stress may affect the mito-
chondria and mitochondrial enzyme system in fish. Since
ETS activity value can be used to estimate metabolic activ-
ity, the increase in ETS activity reflects the biogenesis, den-
sity increase and biochemical differentiation of mitochondria
(Stackley et al. 2011; Simcic et al. 2015). Many studies have
shown that metal stress can affect the mitochondrial elec-
tron transport chain system in fish (Sappal et al. 2015a, b,
2016). In this experiment, the combined effect of mercury
and temperature led to the increase in ETS activity in fish,
which is related to increased energy demand, while ATP is
the direct energy donor, and the change of ATPase led to the
impact of energy supply in fish under environmental stress
(Oruc et al. 2002; Agrahari and Gopal 2008). Na, K-ATPase
is responsible for establishing the electrochemical gradients
of Na* and K* on the plasma membrane, and is considered
as a potential biomarker of environmental stress (Staurnes
et al. 1994; Akhtar et al. 2013). In this study, the increase
in activity can be partly explained by the increase in the
frequency of action potential generated by the passive ion
flow through the ion channel. Thus the changes of all energy

* @ Springer
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metabolism related indexes indicate that the normal energy
metabolism of fish is seriously affected by the combined
effect of temperature and mercury.
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Fig. 1 Ordination diagram of PCA of experimental factors (Temp.,
time, Hg) and the measured parameters in fish of tested groups.
Temp.—experimental temperatures, Hg—with/without Hg>* expo-
sure, Time—experimental time, RBCs—red blood cells, Ht—hema-
tocrit, Hb—hemoglobin, HK—hexokinase, PK—pyruvate kinase,
MDH—malate  dehydrogenase, LDH—Ilactate dehydrogenase,
GLU—¢glucose, ETS—electron transport system

Chemometrics

Based on bilinear decomposition of the detective data, the
multivariate data are transformed into a new data set by prin-
cipal component analysis (PCA). The new variables in the
data set are orthogonal and have the largest interpretation.
Corresponding to the first (50.61%) and the second princi-
pal component (20.64%), all indicators in this study were
distinguished on the diagram, as well as water temperature,
Hg”" exposure and experimental time (Fig. 1). Additional,
their correlation was confirmed and quantified by Spear-
man test (Table 4). According to the results of statistical
analysis, the measured indexes were divided into two parts,
some of which were negatively correlated with experimental
stress, such as RBCs, Hb and Ht, while other parameters
were positively correlated with physiological stress induced
by experimental condition. In our study, IBR index was used
to compare the effects of different treatments on fish liver,
which could describe the overall stress responses of organ-
isms by combining different parameters. Obviously, under
the same experimental status of other factors, the increase
in temperature enhanced the physiological stress of mercury
on fish, and the largest IBR value appeared in Hg?"-exposed
fish group under 35 °C, meaning the most serious stress
(Fig. 2).

Conclusion
Overall, physiological alteration in hematology and energy

metabolism in grass carp occurred in Hg**-exposed and
Hg?"-free group indicated the influences of the fluctuations

Table 4 Correlation coefficients among the physiological parameters measured in fish under the stress of temperature, Hg, time and their interac-

tions
Temp. Hg Time RBCs Ht Hb HK PK MDH LDH GLU Na-K-ATPase ETS
Temp. 1.00
Hg 0.00 1.00
Time 0.00 0.00 1.00
RBCs 0.00 -0.71 -0.03 1.00
Ht 0.19 -0.72 -0.20 0.90 1.00
Hb -0.08 -059 -0.02 0.91 0.85 1.00
HK 0.66 0.52 028 -023 -0.16 -020 1.00
PK 0.64 0.40 042 -0.13 -0.07 -0.12 0381 1.00
MDH 0.58 0.48 049 -0.31 -033 -028 083 082 1.00
LDH 0.67 0.61 -002 -043 -027 -038 074 071 0.72 1.00
GLU 0.47 0.68 0.08 —0.51 -045 -047 055 0.60 0.60 0.75 1.00
Na-K 0.31 071 -0.15 -056 —041 -047 057 044 050 0.73 0.55 1.00
-ATPase
ETS 0.20 0.66 026 -048 —-054 -039 048 038 054 0.56 0.66 0.61 1.00

Other information as Table 2
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Fig.2 A star plot of all tested groups according to the IBR values.
15C—Hg?*-free group at 15 °C, 15E—Hg**group at 15 °C, 20C—
Hg?*-free group at 20 °C, 20E—Hg**group at 20 °C, 25C—Hg>*-
free group at 25 °C, 25E—Hg**group at 15 °C, 30C—Hg**-free
group at 30 °C, 30E—Hg>*group at 30 °C, 35C—Hg>*-free group at
35 °C, 35E—Hg**group at 35 °C

in water temperature. The overall inhibition in hemato-
logical parameters and the activities involved in anaerobic
glucose pathway in Hg?"-exposed fish at 35 °C showed a
disturbance of internal circulation and insufficient energy
supply through glucose metabolism, which may be caused
by the enhanced toxic effects of Hg?*. Therefore, the pre-
sent study shows that under the background of temperature
rise caused by global climate change, waterborne mercury
pollution could cause more unpredictable interference to
freshwater ecosystem, and the impact mechanism would
be more complex. The data obtained in this study can be
used as potential biomarkers in the aquatic ecotoxicologi-
cal studies of temperature change coupled with mercury
pollution to develop suitable monitoring and early warn-
ing plans.
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