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A B S T R A C T

Temperature is a key factor that influences fish metabolism. Therefore, it is important to understand how
temperature variation affects lipid metabolism and energy consumption in fish. We determined respiration
frequency, Na+/K+-ATPase activity, and lipid metabolism in common carp (Cyprinus carpio) after 18 days of
temperature stress (5 °C and 30 °C, with 17 °C as the control). We found that respiratory frequency was positively
correlated with water temperature (p < 0.01), whereas red blood cell count and mean corpuscular hemoglobin
content and concentration were negatively correlated with temperature. In liver and heart, triglyceride (TG)
levels were lower in both stress groups (5 °C and 30 °C) than in the control (17 °C) (p < 0.01), and highest in
muscle from the high temperature stress group (p < 0.01). The non-esterified fatty acid concentration was
negatively correlated with TG levels. In brain, lipoprotein lipase (LPL) activity decreased with increasing tem-
perature and hepatic lipase (HL) activity was lower in both stress groups than in the control (p < 0.01). In
muscle, the activity of LPL and HL was lowest in the high temperature stress group, resulting in a significant
increase in TG levels. Na+/K+-ATPase activity in heart was lower in both stress groups than in the control
(p < 0.01). The expression of LPL mRNA in heart increased with increasing temperature (p < 0.01), whereas
LPL mRNA expression in brain and liver increased in both stress groups (p < 0.01). Our results show that
temperature can significantly affect lipid metabolism in common carp, and that different tissues respond dif-
ferently to changes in temperature.

1. Introduction

World average temperature, atmospheric CO2 concentration, and
tropospheric ozone concentration are increasing, leading to climate
extremes (Intergovernmental Panel on Climate Change, 2014). Water
temperature varies in day-and-night and seasonal patterns (Crozier and
Hutchings, 2014; Harley et al., 2006) and is affected by the external
climate. Water temperature is a key environmental factor that affects
the survival, growth, and reproduction of fish. It also plays an im-
portant role in the productivity of farmed fish, mostly because of its
effect on metabolism (Killen et al., 2016; Kordas and Harley, 2016;
Angilletta et al., 2002; Gillooly et al., 2001; López-Olmeda and
Sánchez-Vázquez, 2011). Most fish species lack insulation and tem-
perature regulating mechanisms and have low metabolic rates. When
environmental factors lie outside an optimal range, fish experience
stress and exhibit disruption of normal physiological activity and even

death (Barton, 2002; Donaldson et al., 2010; Corey et al., 2017). Within
their tolerance range, fish have positive regulatory mechanisms that
help them adapt to environmental changes (Aguiar et al., 2002).
Changes in temperature usually lead to changes in respiratory fre-
quency (Maricondi-Massari et al., 1998; Aguiar et al., 2002). At high
temperatures, accelerated physiological rates can result in higher en-
ergy requirements (Johansen et al., 2015; Dillon et al., 2010), whereas,
at low temperatures, reduced physiological rates can lower energy de-
mands and affect metabolism. Many studies have shown that tem-
perature fluctuations have a large impact on aquatic animals (e.g., Long
et al., 2012; Zhang et al., 2017). The magnitude of the response to
thermal stress in aquatic animals depends on the duration and magni-
tude of the temperature change.

Under environmental stress, fish can switch from sugar metabolism
to lipid metabolism (Mengxiao et al., 2018). Lipid metabolism involves
the synthesis and degradation of lipids in cells, including the
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breakdown or storage of fats for energy. Lipoprotein lipase (LPL) is a
glycoprotein produced in tissues; it plays a key role in lipoprotein
metabolism, mainly in tissues that require high lipid concentrations.
LPL hydrolyzes triglycerides (TGs) carried by plasma low-density lipo-
protein and chylomicrons, releasing non-esterified fatty acids (NEFAs)
that are taken up by nearby tissues, used as energy, or stored (Goldberg,
1996). Hepatic lipase (HL) is a lipolytic enzyme that plays an important
role in the clearance of plasma TGs, as well as in the metabolism of
high-density lipoproteins and other lipoproteins (Annema and Tietge,
2011). Na+/K + -ATPase (NKA) is a key enzyme for osmotic regula-
tion and maintenance of ionic equilibrium (Kong et al., 2008). NKA is
also affected by environmental temperature (Guo et al., 2014).

In this study, common carp (Cyprinus carpio) was selected as a re-
presentative eurythermic species because of its high economic value
and easy availability. Common carp is also an excellent model for
studying the mechanisms of temperature acclimation because of its
high tolerance of varying temperatures and high resistance to stress.
The objectives of this study were: 1) to record the respiratory frequency
and to measure plasma biochemical indexes of common carp under
different temperature conditions; 2) to determine NKA and lipid-related
enzyme activities in main tissues of common carp; and 3) to quantify
the expression of the LPL-encoding gene in main tissues. The results will
contribute to understanding the physiological mechanisms involved in
temperature stress and adaptation in eurythermic species.

2. Materials and methods

2.1. Ethics statement

All experiments were performed according to the Guidelines for the
Care and Use of Laboratory Animals in China. All experimental proce-
dures and sample collection were approved by the Institutional Animal
Care and Use Committee (IACUC) of the College of Animal Science and
Technology of Sichuan Agricultural University, Sichuan, China, under
permit No. DKY-B20161701.

2.2. Fish preparation and maintenance

Common carp (Cyprinus carpio) were obtained from Chengdu
Tongwei Aquatic Engineering Technology Research Center, Tong Wei
Group Company Ltd. The healthy fish with an average weight of
500 ± 50 g were marked with PIT marker and kept in a recirculating
system (600-L tanks with circulating aerated water at 17 °C) to accli-
mate the experimental condition for two weeks with natural photo-
period. Fish were hand-fed to apparent satiation twice daily (9:00 and
17:00) with carp diet (31.3% crude protein, 11.6% crude fat, 11.7%
ash). Water quality was monitored daily and maintained as follows:
temperature 17.0 ± 0.5 °C, pH 7.5 ± 0.2, dissolved
oxygen> 5.8mg L−1 (> 80% of air saturation).

2.3. Experimental design and sample collection

Nine rectangular tanks (60 L) were used for stress experiment.
Ninety fish were randomly separated into groups A, B and C (3 tanks in
each group, 10 fish in each tank). For temperature stress: the tem-
perature in group A were gradually decreased from 17 °C to 5 °C at a
rate of 1 °C/h, named cold stress group (CSG). The temperature in group
B were still maintained at 17 °C named control group (CG).
Accordingly, the temperature in group C were gradually increased from
17 °C to 30 °C at a rate of 1 °C/h, named heat stress group (HSG). Under
the experimental conditions, each tank was continuously aerated to
saturate the dissolved oxygen in the water and replace 25% of the water
every day. The water quality monitoring was operated and maintained
same just like during acclimation period. The experiment lasted for 18
days, and fish were hand-fed twice per day to satiation at 09:00 and
17:00, and then fasted 24 h prior to sample. (Fig. 1)

Five fish in each tank were sampled at the end of the trial, blood
were drawn from the fish caudal vessel using heparinized syringes. The
fish were anesthetized with MS-222, after weighting fish were killed by
cutting the spine, and immediately dissected for sampling liver, muscle,
heart and brain. All the samples were immediately frozen in liquid ni-
trogen, and stored at −80 °C until use.

2.4. Measurement of respiratory frequency

The respiratory frequency from three groups were measured twice a
day during the experiment (8:00 and 16:00, respectively), the operation
was as follows: firstly, determin the identity of each fish by scanning the
PIT marker, secondly, record the number of breaths for 1min with five
fish from each tank and each fish was repeat measured 5 times. The
entire measurement process was carried out in the experimental tanks.

2.5. Plasma biochemical indexes and blood parameters

Part of blood samples were centrifuged at 2500 rpm for 10min after
stabilizing 30min. The plasma was transferred into a new Eppendorf
tube for immediate analysis. The mean erythrocyte hemoglobin (MCH)
and mean erythrocyte hemoglobin concentration (MCHC) in plasma
were measured by an automated biochemical analyzer by Chengdu Lilai
Biotechnology Co., Ltd., Sichuan, China. Small part of blood samples
were used for red blood cells (RBC) count by Neubauer hemocytometer
after diluted 200-times.

2.6. Lipid metabolism parameters

The tissues used for the determination of lipid metabolism para-
meters and enzyme activities were homogenized on ice with 0.9% so-
dium chloride buffer in a glass hand-homogenizer. Then the homo-
genate was centrifuged (2500 g for 10min at 4 °C). The supernatant
obtained by centrifugation was immediately transferred into an
Eppendorf tube and stored at −20 °C. All enzyme activity analysis were
completed within 7 days. The LPL and HL activities in the liver, muscle,
brain and heart were measured, using reagent kits (Product Code
A067). The activity of NKA in the liver, muscle, brain and heart were
measured, using reagent kits (Product Code A070-2). The TG and NEFA
in the liver, muscle, brain and heart were determined by reagent kit
(Product Code A110–2, A042 and A019-2, respectively). These kits
were purchased at Nanjing Jiancheng Institute of Biotechnology and
biochemical parameters assayed according to the manufacturer's in-
structions.

2.7. Quantification of LPL gene expression

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and stored at −80 °C. RNA was quantified and quality was
assessed by NanoDrop Spectrophotometer 2000c (NanoDrop
Technologies, Wilmington, DE, USA) and 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). Three high quality RNA samples
from each group were used for RT-qPCR (The standard for high quality
RNA is the OD ratios of 260/280 and 260/230 greater than 1.8 and
RNA integrity number greater than 8).

Total RNA was used to synthesize mRNA cDNA by using TianGen®

FastKing RT Kit (With gDNase). The qRT-PCR primers were designed
with reference to the relevant known common carp sequences by
Primer Primer 5.0. The expression level of mRNA was determined using
quantitative PCR (qPCR). The emission intensity was detected by Step
One real-time PCR system (Applied Biosystems) under the following
steps: initial denaturation step at 95 °C for 20 s, 40 thermal cycling steps
consisted of 3 s at 95 °C, 30 s at 60 °C. The relative expression of gene
was calculated by 2-ΔΔCt method which normalized to the geomean of β-
actin and 18s RNA (Livak and Schmittgen, 2001) (The reference gene
primers and LPL gene primers are shown in Table 1). All reactions were
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run in triplicate and included no template controls for each gene.

2.8. Statistical analysis

The data were input into excel file to set up database, and they were
presented as mean ± SEM (Standard Error of Mean). Correlation
analysis was performed using SPSS. The level of significance was de-
termined by one-way analysis of variance (ANOVA) with SPSS, a sig-
nificance level of 0.05 (p < 0.05) and great significance level of 0.01
(p < 0.01) were used in all tests.

3. Results

3.1. Respiratory and blood biochemical indexes

There were no mortalities throughout the trial in any of the ex-
perimental groups (CG, control group at 17 °C, CSG, cold stress group at
5 °C, and HSG, heat stress group at 30 °C). Significant differences were
observed in the respiratory frequency among the three groups
(p < 0.01); the respiratory frequency increased with increasing tem-
perature (Fig. 2 A). Red blood cell count (RBC) count was significantly
higher in CSG compared with CG and HSG (p < 0.01) (Fig. 2B). Mean
corpuscular hemoglobin (MCH) content and MCH concentration
showed a similar trend to that of the RBC count (p < 0.05) (Fig. 2 C,
D). Overall, the respiratory frequency showed positive correlation with
temperature (p < 0.01), whereas the RBC count, MCH content, and
MCH concentration showed negative correlation with temperature
(p < 0.05). The correlation coefficients are shown in Table 2.

3.2. Activity of NKA

In CSG and HSG, NKA activity in heart was 0.202 ± 0.017 U/mg
protein and 0.423 ± 0.068 U/mg protein, respectively, which was
significant lower than in CG (1.542 ± 0.067 U/mg protein) by 85.21%
and 67.02%, respectively (p < 0.01). In HSG, NKA activity in muscle
was 0.708 ± 0.026 U/mg protein, 46.00%.higher than in CG
(0.485 ± 0.072 U/mg protein) (p < 0.05); there was no significant
difference in NKA activity in muscle in CSG and CG (p > 0.05). There
also were no significant differences in NKA activity in brain and liver
among the three groups (p > 0.05) (Fig. 3).

3.3. TG and NEFA content

TG content in liver was 19.62% lower in CSG
(0.418 ± 0.015mmol/mg protein) than in CG (0.520 ± 0.004mmol/
mg protein) (p < 0.01). TG content in heart was 42.19% lower in HSG
(0.380 ± 0.017mmol/mg protein) than in CG (0.658 ± 0.051mmol/
mg protein) (p < 0.01). TG content in muscle was 12.96% higher in
HSG (0.795 ± 0.009mmol/mg protein) than in CG
(0.704 ± 0.018mmol/mg protein) (p < 0.01). There were no sig-
nificant differences in TG content in brain among the three groups
(p > 0.05) (Fig. 4A).

The NEFA content in brain was significantly different among the
three groups. The lowest NEFA content was in HSG
(652.689 ± 7.589 μmol/g protein) (p < 0.05) and the highest was in
CSG (862.764 ± 18.537 μmol/g protein) (p < 0.01). In contrast, in
liver, the NEFA content was higher in CSG (292.766 ± 11.017 μmol/g
protein) and HSG (347.261 ± 9.262 μmol/g protein) than in CG
(245.967 ± 16.031 μmol/g protein) (p < 0.01). There were no sig-
nificant differences in NEFA content in heart and muscle among the
three groups (p > 0.05) (Fig. 4B). The NEFAs showed negative corre-
lation with the TGs, especially in heart and brain where the negative
correlation was significant (p < 0.05). The correlation coefficients are
shown in Table 3.

3.4. Activities of LPL and HL

There were no significant differences in LPL and HL activity in heart
and liver among the three groups (p > 0.05). LPL activity in brain was
highest in CSG (1.629 ± 0.025 U/mg protein) and lowest in HSG
(0.987 ± 0.047 U/mg protein); that is, 5.91% higher (p < 0.05) and
35.83% lower, respectively, than in CG (1.538 ± 0.011 U/mg protein)
(p < 0.01). HL activity in brain was 27.79% and 67.85% lower in CSG
and HSG (1.912 ± 0.027 U/mg protein and 0.852 ± 0.065 U/mg
protein, respectively) than in CG (2.648 ± 0.297 U/mg protein)
(p < 0.01). LPL activity in muscle was lowest in HSG (0.409 ± 0.002
U/mg protein), which was 23.26% lower than in CG (0.533 ± 0.036
U/mg protein) (p < 0.01). There were no significant differences in HL
activity in muscle among the three groups (p > 0.05) (Fig. 5).

3.5. Expression of LPL gene

LPL mRNA primers are shown in Table 1 and LPL expression levels
in the various tissues are shown in Fig. 6. LPL expression in heart was

Fig. 1. Experimental design and technical route.

Table 1
Primer sequences used for real-time PCR analysis.

Gene Primer name Primer sequence Product length
（bp）

Annealing temperature (°C) Accession number

β-actin β-actin-F CATCAGGGTGTCATGGTTGGT 163 61.0 M24113.1
β-actin-R CTCAAACATGATCTGTGTCAT

18s 18s-F AAACGGCTACCACATCCAA 86 59.5 AF133089.2
18s-R TTACAGGGCCTCGAAAGAGA

LPL LPL-F AACCCGAAGACGATCTATGCT 122 59.9 FJ716101.1
LPL-R AAACATACCCGTAACCGTCC
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2.712-fold higher in HSG and 0.523-fold lower in CSG than in CG
(p < 0.01), showing LPL expression in heart increased with the tem-
perature. In contrast, LPL expression levels in brain and liver were
4.490-fold and 4.370-fold higher in CSG, respectively, than in CG
(p < 0.01) and, in liver, LPL expression was 2.490-fold higher in HSG
than in CG (p < 0.01). LPL expression levels in muscle were 0.351-fold
and 0.360-fold lower in CSG and HSG, respectively, than in CG
(p < 0.01). LPL activity was positively correlated with LPL expression.
The correlation coefficients are shown in Table 5.

4. Discussion

4.1. The respiratory frequency of carp is significantly affected by
temperatures

In ectothermic organisms, compensation for temperature changes is
achieved through physiological processes such as temperature accli-
mation by adjusting respiratory frequency and metabolic rate, for ex-
ample (Withers, 1992). In the present study, the respiration frequency
of the common carp was found to be related to water temperature. This
is consistent with the results of studies on the metabolic rate of fish
(Maricondi-Massari et al., 1998; Gillooly et al., 2001; Aguiar et al.,
2002), which showed that temperature changes affected the metabolic
rate and changed the demand for oxygen, hence, changing respiration
frequency (Weiss, 1970; Bartelme, 2006; Sukhan et al., 2010). Re-
spiration frequency was found to increase with rises in water tem-
perature, indicating changes in metabolic rate (Tantarpale et al., 2012).
At low temperatures, fish are likely to be in a resting state with low
respiration frequency (Murugaian et al., 2008), whereas, at high tem-
peratures, fish are likely to be active with high respiration frequency.
The high respiration frequency observed at high temperatures can be
explained by an increase in metabolism rate and the requirement for
more oxygen. However, the amount of dissolved oxygen declines as

water temperature increases, resulting in insufficient levels of dissolved
oxygen (Bartelme, 2006). Therefore, the reduced amount of dissolved
oxygen together with the higher metabolic rate of fish in water at high
temperatures lead to increased respiratory frequency to meet the in-
creased demand for oxygen in tissues (Sukhan et al., 2010).

4.2. Changes in hematological parameters are opposite to respiratory
frequency and may be a compensation mechanism

In several of the measured hematological parameters (RBC count,
MCH content, and MCH concentration), large differences were observed
between CG and the temperature stress groups (HSG and CSG). The
trend of the changes in the three parameters was consistent among the
three groups, and showed an inverse relationship with temperature.
This is similar to the results of previous studies of fish under hypoxia
conditions, which showed that increasing the number of RBCs

Fig. 2. Respiratory frequency, RBC, MCH and MCHC
for during exposure to different temperature Note:
(A) Respiratory frequency was measured each
morning (08:00) and evening (16:00) for 18 days.
For each measurement, Determined the identity of
each fish by scanning the PIT marker. Five fish from
each tank were randomly selected to record the
number of breaths for 1 min, and each fish was re-
peat measured 5 times. The entire measurement
process was carried out in the experimental tanks.
The value is average of respiratory frequency; (B),
(C) and (D) Five fish in each group were selected for
determination of RBC, MCH and MCHC in plasma.
Values are means of five replicates ± SEM. *, **
indicate significant differences at p < 0.05 and
p < 0.01, respectively.

Table 2
Correlation analysis results between respiratory rate, plasma biochemical parameters and temperature.

Pearson Temperature RBC MHC MCHC Respiratory frequency

Temperature 1 −0.765** −0.571* −0.671** 0.971**
RBC −0.765** 1 0.593* 0.642** −0.790**
MHC −0.571* 0.593* 1 0.939** −0.634**
MCHC −0.671** 0.642** 0.939** 1 −0.716**
Respiratory frequency 0.971** −0.790** −0.634** −0.716** 1

Note: *, ** indicate significant level at p < 0.05 and p < 0.01, respectively.

Fig. 3. The activity of Na+/K+-ATPase in liver, heart, brain and muscle. Note:
Values are means of five replicates ± SEM. *, ** indicate significant differ-
ences from the control group (17 °C) at p < 0.05 and p < 0.01, respectively.
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effectively increased the transport capacity of oxygen (Murad et al.,
1990; Wu et al., 2016). In this study, we found that, in CSG, the re-
spiratory frequency of the common carp was reduced and the RBC
count and MCH content and concentration were increased compared
with CG, which may help to regulate the exchange of oxygen between
tissues under low temperature conditions. In HSG, no significant dif-
ferences were detected in the RBC count and MCH content and con-
centration compared with CG, indicating that low temperature stress is
a more serious threat than high temperature stress in aquaculture (Qi
et al., 2013).

4.3. NKA participates in energy distribution during temperature change

NKA is a key enzyme for osmotic regulation and maintenance of
ionic equilibrium (Kong et al., 2008). The “channel stop” hypothesis
predicts the suppression of functional ion channels that are ATP-con-
suming ion pumps to reduce the energy cost of maintaining an ion
gradient at low temperatures (Hochachka, 1986; Lutz et al., 1985). We
found that NKA activity in heart was reduced by 85.21% and 67.02% in
CSG and HSG, respectively, compared with CG. This is similar to the
response of turtle heart at low and high temperatures (Overgaard et al.,
2005). The reduced NKA activity in heart in HSG indirectly indicates
the occurrence of “channel arrest” in heart under high temperature
stress. Similar results have been reported in crucian carp (Aho and
Vornamen, 1997). NKA activity affects the electrical membrane

potential of cardiac cells both directly and indirectly (Lichtstein, 1995).
Inhibition of NKA activity at low and high temperatures causes changes
in the membrane potential of these cells. These changes may cause
excitatory changes in specific cells.

4.4. Common carp need to regulate lipid metabolism to provide energy when
temperature changes

High water temperatures (e.g., 30 °C) may induce a physiological
response in fish so that energy is used primarily to sustain homeostasis.
When fish were exposed to high temperature, the rates of enzymatic
reactions increased leading to increased demand for ATP (Qi et al.,
2013). Low temperature stress can also affect these processes. Stress
caused by temperature changes modified the energy distribution in fish
(Cheng et al., 2010; Qiang et al., 2013). Liver is considered to be the

Fig. 4. The content of TG and NEFA in liver, heart, brain and muscle Note: Values are means of five replicates ± SEM. *, ** indicate significant differences from the
control group (17 °C) at p < 0.05 and p < 0.01, respectively.

Table 3
Correlation analysis results between TG and NEFA.

Pearson TG

Liver Heart Brain Muscle
NEFA Liver −0.102

Heart −0.745*
Brain −0.756*
Muscle −0.560

Note: * indicate significant level at p < 0.05.

Fig. 5. The activity of LPL and HL in liver, heart, brain and muscle Note: Values are means of five replicates ± SEM. *, ** indicate significant differences from the
control group (17 °C) at p < 0.05 and p < 0.01, respectively.

Fig. 6. Expression of LPLmRNA in liver, heart, brain and muscle Note: Relative
expressions of LPL mRNAs were quantified by qPCR. LPL mRNA expression was
measured in the total RNA prepared from samples subjected to 5 °C (n=3),
17 °C (n=3) and 30 °C (n=3). The relative expressions of specific genes were
calculated by the 2-ΔΔCt method normalized to the geomean of β-actin and 18s
RNA; error bars represent SEM. *, ** indicate significant differences from the
control group (17 °C) at p < 0.05 and p < 0.01, respectively.
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main organ for fat metabolism. TG levels can reflect the level of liver fat
storage (Di Marco et al., 2008). We found that in CSG, liver TGs reduced
significantly and NEFAs showed negative correlation with TGs, whereas
there was no significant difference in LPL and HL activity in CSG
compared with CG. However, the changes in TG levels differed among
the tissues from both temperature stress groups. In heart, the TG level
increased in HSG compared with CG, indicating the utilization of lipid
increased and fat deposition reduced at the high temperature. Lipids
were found to be one of the most readily available energy sources (Das
et al., 2004; Wang et al., 2012; Ferreira et al., 2015). The TG level in
brain reduced with decreasing temperature (p > 0.05) and LPL activity
increased with increasing temperature (p < 0.05). The TG level and
LPL activity showed a significant negative correlation, suggesting that
under low temperature stress, lipid metabolism in brain increased.
Some studies have suggested that common carp may be suitable for
aquaculture in high water temperatures and may require a larger vo-
lume of fat cells to ensure adequate fat as energy at low temperatures
(Ma et al., 2015). The negative correlation between TG level and LPL
activity was observed in all the tissues (Table 5). LPL and HL both
promote the uptake of lipoproteins (Liang et al., 2002). We found that
HL activity showed significant changes in brain. Lipid metabolism in
brain increased at low temperatures leading to significant increases in
NEFAs. NEFAs have been reported to act via changes in the activity of
the autonomic nervous system. Beta oxidation of cerebral NEFAs was
shown to be a prerequisite for glucose-induced insulin secretion and
insulin action (Cruciani Guglielmacci et al., 2004).

4.5. Temperature affects LPL expression and LPL activity in different tissues

Several studies have demonstrated that LPL is expressed in multiple
organs of fish and that LPL expression tends to be higher in liver and
lower in heart and muscle (Cheng et al., 2010). Interestingly, LPL
mRNA expression in muscle decreased in CSG and HSG in our study, but
increased in liver (Fig. 6). Furthermore, the LPL expression levels es-
sentially mirrored LPL activity (Table 4). These data indicate that the
changes in enzyme activity can be explained in part by the LPL ex-
pression levels. However, it has been reported that changes in LPL ac-
tivity were not always accompanied by changes in mRNA levels (Lee
et al., 1998), implying regulation of LPL is complex and multilevel.
Moreover, we found significant changes in LPL mRNA expression and
LPL enzyme activity in brain. To function, the brain requires high en-
ergy in the form of ATP, which is fueled mainly by fatty acids and
glucose (Lopaschuk et al., 2010). In the brain, ketone bodies converted

from fatty acids are additional fuel sources for ATP generation (Kelly
et al., 2000). Liver LPL targets TGs circulating to the liver and increases
the production of ketones. Ketone bodies can be used as an alternative
energy source to glucose. However, we found increased LPL expression
levels and increased LPL activity in liver in CSG and HSG compared
with CG. The changes in LPL activity may compensate for the increased
metabolic rate. LPL has a short half-life so its enzymatic activity could
be rapidly regulated by changes in mRNA levels (Liang et al., 2002).

5. Conclusions

The respiratory frequency of the common carp showed a positive
correlation with temperature. RBC count and MCH content and con-
centration were negatively correlated with temperature, possibly as a
compensatory mechanism. NKA activity in heart was significantly de-
creased in the high and low temperature stress groups compared with
the control, possibly reflecting a reduction in ion transportation al-
lowing the allocation of more energy to survival. These changes may
cause changes in the excitability of specific cells. Changes in the lipid
metabolism indicators (LPL, HL, and TGs) indicated that the different
tissues may have different energy metabolism patterns after tempera-
ture stress. Changes in LPL activity may be a compensation mechanism
for changes in metabolic rate. TGs in brain were more likely to de-
compose after low temperature stress. The brain's energy may be de-
rived from ATP produced in other tissues under high temperature stress.
Lipid metabolism in liver increased under temperature stress, indicating
that the ambient temperature significantly affected lipid metabolism in
carp tissues. We strongly suggest that lipid metabolism is an important
energy supplier in the physiological response to temperature stress in
eurythermic fish.
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