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The impacts of temperature on oxygen and energy metabolism in the hepatopancreas of the black tiger 
shrimp (Penaeus monodon) were investigated via the effects of thermal stress on superoxide anion 
(O2

-) production, superoxide dismutase (SOD) activity, glutathione (GSH) and adenosine triphosphate 
(ATP) concentration, as well as nitric oxide synthase (NOS) activity and nitric oxide (NO) concentration 
catalyzed by NOS. Based on biochemical analysis of the above, results showed that O2

- production could 
be induced significantly after cold stress at 15°C and heat stress above 30°C. SOD activity showed a 
similar changing profile as the concentration of O2

- after thermal stress between 15°C and 30°C, and 
GSH concentration increased significantly under both high and low temperature. The NOS activity and 
concentration of NO catalyzed by NOS increased significantly after heat stress. The ATP concentration 
increased significantly after both low and high temperature stress, but returned to the control level after 
8 h of recovery. Thus, low and high temperature stress could lead to oxygen metabolism disorder in the 
hepatopancreas of P. monodon, which might induce antioxidant enzyme responses. Our findings suggest 
that SOD and GSH might play different roles in the response of the shrimp to low and high temperature, 
whereas NO might play an important role in the induction of many signaling pathways in response to 
thermal stress. Additional ATP was also produced after cold and heat stress, suggesting that more energy 
was required to cope with temperature extremes. Our findings indicate that temperature stress led to 
oxygen metabolism disorder, possibly due to the temperature being beyond the oxygen- and capacity-
limitation of thermal tolerance of P. monodon. Oxygen metabolism disruption might also impact energy 
metabolism and other physiological activities in P. monodon.

INTRODUCTION

The black tiger shrimp, Penaeus monodon (Crustacea: 
Decapoda: Penaeidae) is an economically and 

globally important marine species, and very important 
in the aquaculture industries of Taiwan and of Fujian, 
Guangdong, and Hainan provinces in China (Jiang et al., 
2018). Penaeus monodon has adapted to a wide range of 
temperatures, but extreme changes can have a significant 
impact on them (Leelatanawit et al., 2017). At certain 
temperatures, shrimp can experience stress, physiological 
disturbance, poor adaptation to environmental change, as 
well as decreased immunity, increased risk of infection from 
pathogens, and mass death (Yang et al., 2011). Previous 
research has shown that oxygen and energy metabolism and
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growth are closely related to temperature in shrimp species 
(Zhou et al., 2010; Wang et al., 2006). For example, within 
a certain temperature range, the body weight and energy 
of Fenneropenaeus chinensis has been shown to increase 
with an increase in temperature (Tian et al., 2004). The 
growth and metabolism of Litopenaeus vannamei is also 
reported to be closely related to temperature (Yang et al., 
2011). In addition, temperature extremes have been shown 
to not only slow down the growth of P. monodon, but also 
decrease their disease resistance and directly cause their 
death (Deering et al., 1995).

When the temperature exceeds the oxygen and heat 
tolerance limits of an animal, its metabolism can change 
from aerobic to hypoxic, which can, in turn, produce a 
significant impact on many physiological activities of the 
organism (Anestis et al., 2008). Studies have shown that 
temperature is closely related to the growth of P. monodon 
(Deering et al., 1995); however, the demand for oxygen 
in shrimp metabolism is very strong and sensitive to 
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hypoxia (Wang et al., 2012). Therefore, the relationship 
between ambient temperature and shrimp oxygen and 
energy metabolism needs to be further studied. The 
hepatopancreas is one of the most important organs in 
shrimp species, and is critical for the synthesis of many 
large molecules required for life, as well as in the synthesis 
of other material and in catabolic metabolism (Dall et al., 
1983). Although it is a significant metabolic organ, the 
relationship between temperature stress and oxygen and 
energy metabolism in the hepatopancreas of shrimp is not 
yet clear.

In this paper, we studied the effect of temperature 
stress on superoxide anion (O2

-) production, superoxide 
dismutase (SOD) activity, glutathione (GSH) and adenosine 
triphosphate (ATP) concentration, as well as nitric oxide 
synthase (NOS) activity and the concentration of nitric 
oxide (NO) catalyzed by NOS in the hepatopancreas of 
P. monodon. The aim of this study was to understand the 
effect of temperature stress on the oxygen and energy 
metabolism of P. monodon, and provide a theoretical basis 
for its healthy breeding.

MATERIALS AND METHODS

Experimental shrimp
The body lengths and weights of the experimental 

shrimp were (10 ± 0.8) cm and (16.5 ± 0.6) g, respectively. 
All experimental animals (n = 90) were selected from the 
same family (same parents). Prior to the start of the trial, 
animals were held in sea water at a temperature of 25°C 
for 7 d at a density of one shrimp per liter. During the 
holding period, one third of the volume of fresh seawater 
was replaced. Appropriate bait food was fed to the shrimp 
regularly, with dead shrimp, bait, and excreta removed in 
a timely manner. At the beginning of the feeding trial, the 
shrimp were starved for 12 h. During the holding period, pH 
ranged from 7.8 to 8.1 and salinity was 25PSU. Dissolved 
oxygen was not less than 6.0 mg·L-1 and ammonia nitrogen 
was maintained at less than 0.02 mg·L-1.

Temperature stress and sampling
Each experiment was performed in a large processing 

water bath container (100 L). During the experimental 
period, the natural temperature of the sea water was 
maintained at about 23°C±0.5°C. For the temperature 
stress experiments, the temperature was set at 15, 20, 25 
(control), 30, or 35°C. Linear temperature increases or 
decreases were used to produce temperature stress. For 
the 15°C and 20°C temperature groups, cooled water 
from a water chiller (Kw-HXP-001A, Shenzhen Hongxin 
Refrigeration Equipment Co., Ltd., Shenzhen, Guangdong, 
China) was used to decrease the water temperature in the 
container. For the 30°C and 35°C temperature groups, 

heating rods (WN-B30E, Foshan Weinuo Refrigeration 
Equipment Co., Ltd., Foshan, Guangdong, China) were 
used to increase the water temperature in the container. 
The shrimp were transferred to the water bath container 
under each set temperature for 8 h, and then rapidly 
transferred to sea water at 25°C and again sampled after 8 
h. At each sampling time point, the hepatopancreas of five 
shrimp were randomly selected and mixed into one sample 
on ice. The samples were then quickly placed into a liquid 
nitrogen tank and transferred to a refrigerator at -80°C. A 
total of 90 shrimp were divided into three parallel groups 
(n = 3).

Preparation of hepatopancreas extracts
50 mmol·L-1 Tris-HCl homogenization buffer 

(pH 7.4) (Almeida et al., 2005) was added to 100 mg 
of hepatopancreas tissue according to a tissue mass: 
homogenization buffer ratio of 1:9 (W:V). The sample 
was then homogenized and centrifuged at 12,500 r·min-1 
for 15 min at 4°C, with the supernatant then diluted to 
the appropriate concentration for the determination of the 
physiological and biochemical indicators.

Determination of total protein content
Total protein content in the supernatant of the tissue 

homogenate was determined by the Bradford method. A 
standard protein curve was constructed, with bovine serum 
albumin (BSA) used as the standard (Bradford, 1976).

Determination of superoxide anion O2
- content

The content of O2
- in the samples was determined 

according to Drossos et al. (1995), with some modification. 
Briefly, each sample was placed in Krebs buffer and then 
an ice bath, after which 15 µmol·L-1 CytC (C2506, Sigma, 
USA) was added, with the sample then reacted in a water 
bath at 37°C for 4 min, and centrifuged at 12,500 r·min-1 
for 10 min at 4°C. After the supernatant was obtained, 
100 μL of 3 mmol·L-1 N-ethylmaleimide (E3876, Sigma, 
USA) was added immediately. Once the reaction was 
terminated, light absorption intensity was measured at 
550 nm wavelength (A550). The O2

- content was quantified 
according to the change in the molar extinction coefficient 
between high-iron cytochrome c and ferrous cytochrome 
C. The following equation was used to determine O2

- 
generation:

Superoxide anion generation (nmol/min·mg) = 
21 / (ΔOD550 nm × Reaction time × Total protein 

concentration)

Determination of SOD activity
The SOD activity was measured using the SOD WST-

1 method (Liu et al., 2011). The supernatant was diluted a 
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number of times for the determination of SOD activity, in 
accordance with the Nanjing Jian Cheng (A001-3, China) 
kit instructions. Enzyme activity was defined as the amount 
of enzyme corresponding to SOD activity when the SOD 
inhibition rate reached 50% in the reaction system. The 
calculation formulas used are as follows:

SOD inhibition rate (%) = [1 − (AExperiment − AExperimental blank) 
/ (AControl − AControl blank)] × 100%

SOD enzyme activity (U/mg) = 
(SOD Inhibition rate / 50%) × dilution ratio / [Sample 

protein concentration (mg·mL-1)]

Determination of GSH content
The GSH content was determined according to 

Sedlak et al. (1968). The GSH content (mg·mL-1) of total 
protein in the unit mass was calculated using a standard 
curve drawn by the GSH standard (Amresco, USA).

NOS activity determination
Total NOS activity was measured using NOS 

commercial kits (Jiancheng Institute of Biotechnology, 
Nanjing, China, A014-2), as per the manufacturer’s 
instructions. NOS activity was determined by NO 
production catalyzed by NOS using the following equation:

Total NOS activity (U / mg) = 
[(A test-A control) / (38.3×10-6× total protein 

concentration)] ×[(2.41 + a) / a] × [1 / (1 × 15)]

Where, 38.3 × 10-6 is the nano-molar extinction coefficient, 
2.4 is the total volume of reagents (mL), a is the sample 
volume (mL), 1 is the colorimetric optical path (cm), and 
15 is the reaction time (min).

Determination of NO content
The determination of NO content was based on the 

Griess method (Ding et al. 1988), with some modification. 
Standard sodium nitrite was prepared in standard solutions 
of different concentrations, and the standard curve was 
drawn to calculate the NO content in total protein.

Determination of ATP content
The determination of ATP content was based on the 

creatine kinase method (Chen and Sun, 2002), with some 
modification. ATP content was defined as ATP content per 
unit of total protein (mmol/g), and calculated using the 
following equation:

ATP (mmol/g) = (A700 U − A700 UB) / [(A700S − 
A700SB) × total protein concentration] × 5 × 105

Statistical analysis
Results are presented as means ± SEM of three 

replicates. All data were subjected to one-way analysis 
of variance (ANOVA). When there were significant 
differences, the group means were further compared with 
Duncan’s multiple-range test. All statistical analyses were 
performed using SPSS version 19.0 (SPSS Inc., Michigan 
Avenue, Chicago, IL, USA) for Windows.

RESULTS 

O2
- production and antioxidant enzyme activity

The effect of temperature stress on O2
- content in 

hepatopancreas of P. monodon is shown in Figure 1A. The 
content of O2

- increased significantly in the experimental 
group at 15°C, and was 1.49 times (P<0.05) higher than 
that in the control group after 8 h of stress. When the 
temperature was returned to the control level for 8 h, the 
O2

- content also returned to the control group level. There 
was no significant difference in O2

- content between the 
control group (P>0.05) after 8 h at 20°C and 8 h after 
stress recovery. The content of O2

- increased significantly 
at 30°C, and was 1.38 times (P<0.05) higher than that in 
the control group after 8 h stress. When the temperature 
was returned to the control level for 8 h, the O2

- content 
also returned to the control group level. After 8 h of stress 
at 35°C, the content of O2

- was 2.64 times (P<0.05) higher 
than that in the control group, and was still 1.13 times higher 
after the temperature was returned to the control level for 
8 h, though the difference was not significant (P>0.05).

The effect of temperature stress on SOD activity in 
the hepatopancreas of P. monodon is shown in Figure 1B. 
Low temperature stress at 15°C resulted in a significant 
increase in SOD activity (P < 0.05), which was 1.46 times 
higher than that in the control group. With the increase in 
temperature, the activity of SOD was only 53% of that in 
the control group (P < 0.05). When stressed at 20°C and 
30°C for 8 h, SOD activity was significantly increased (P 
< 0.05), and was 1.29 and 2.47 higher times than that in 
the control group, respectively. When the temperature was 
returned to the control level, SOD activity was restored 
to the control group level (P > 0.05). When stressed at 
35°C for 8 h, SOD activity was 2.12 times higher than 
that in the control group; however, when the temperature 
was returned to the control level for 8 h, SOD activity 
was significantly lower, only reaching 48% of that in the 
control group (P < 0.05).

The effect of temperature stress on GSH content in the 
hepatopancreas of P. monodon is shown in Figure 1C. The 
content of GSH in the experimental group significantly 
increased after 15°C stress for 8 h, and was 2.31 times (P 
< 0.05) higher than that in the control group. When the 
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temperature was returned to the control level for 8 h, the 
GSH content was restored to the control group level (P 
> 0.05). At 20°C, no significant changes in GSH content 
were observed. However, GSH content in the experimental 
group significantly increased under 30°C stress for 8 
h, and was 2.45 times (P < 0.05) higher than that in the 
control group. When the temperature was returned to the 
control level for 8 h, the GSH content was restored to the 

control group level (P > 0.05). Under 35°C stress for 8 h, 
there was no significant difference in the content of GSH 
between the experimental and control group; however, 
the content of GSH gradually increased with decreasing 
temperature, and when the temperature in the experimental 
group was returned to the control temperature for 8 h, the 
GSH content was 1.89 times (P <0.05) higher than that in 
the control group.

Fig. 1. Effects of different temperatures on O2
- (A), SOD (B), GSH (C), NOS (D), NO (E) and ATP content (F) in the hepatopancreas 

of P. monodon. Different letters within each bar indicate significant differences (P < 0.05). Data are compared in the same series.
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NOS activity and NO content
The effect of temperature stress on NOS activity in 

the hepatopancreas of P. monodon is shown in Figure 1D. 
When the shrimp were stressed at a low temperature of 
15°C for 8 h, NOS activity decreased significantly and 
only reached 55% of that in the control group (P < 0.05). 
When the temperature was returned to the control level 
for 8 h, the activity was also restored to the control group 
level (P > 0.05). At 20°C, no significant changes in NOS 
activity were observed. However, when the shrimp were 
stressed at high temperatures of 30°C and 35°C for 8 h, 
the NOS activity increased and was 1.13 (P > 0.05) and 
1.62 (P < 0.05) times higher than that in the control group, 
respectively. When the temperature was returned to the 
control level for 8 h, the activity of NOS continued to 
increase and was 1.69 and 2.76 times (P < 0.05) higher 
than that in the control group, respectively. 

The effect of temperature stress on NO content in 
the hepatopancreas of P. monodon is shown in Figure 1E. 
When the shrimp were stressed at the lower temperatures 
of 15°C and 20°C for 8 h, no significant differences in 
NO content were observed between the experimental and 
control groups. However, when the temperature in the 
experimental group was returned to the control temperature 
for 8 h, the NO content was 0.22 (P < 0.05) times higher 
than that in the control group. When the shrimp were 
stressed at 30°C and 35°C for 8 h, the contents of NO were 
significantly increased (P < 0.05) and were 2.04 and 1.98 
times higher than that in the control group, respectively. 
When the temperature was returned to the control level, 
the contents of NO remained at high levels, and were 1.96 
(P < 0.05) and 1.94 (P < 0.05) times higher than that in the 
control group, respectively.

ATP content 
The effect of temperature stress on ATP content in the 

hepatopancreas of P. monodon is shown in Figure 1F. The 
content of ATP in the experimental group was significantly 
increased after 15°C stress for 8 h, and was 1.49 times (P 
< 0.05) higher than that in the control group. When the 
temperature was returned to the control level for 8 h, the 
content was restored to the control group level (P > 0.05). 
The content of ATP in the experimental group was 1.44 (P 
< 0.05) times higher than that in the control group when 
the shrimp were stressed at 20°C. However, ATP content 
decreased with the increase in temperature. When the 
temperature was returned to the control level for 8 h, the 
ATP content was only 65% of that in the control group 
(P < 0.05). At 30°C stress, no significant changes were 
observed in ATP content; however, the ATP content in the 
experimental group was significantly increased after 35°C 
stress for 8 h, and was 1.78 times (P < 0.05) higher than that 

in the control group. When the temperature was returned 
to the control level for 8 h, the content was restored to the 
control group level (P > 0.05).

DISCUSSION

Many physiological, biochemical, and metabolic 
changes in aquatic animals, especially lower aquatic 
animals, are closely related to environmental conditions. 
Aquatic animals initiate the body’s compensatory 
adaptation function to resist and adapt to a variety of 
stresses (Lutterschmidt et al., 1997). When the stress 
response exceeds the adaptation limits of the body, tissue 
structures can be damaged. Temperature is one of the most 
important abiotic factors affecting the survival and growth 
of marine organisms (Lutterschmidt et al., 1997).

The optimum temperature range for P. monodon is 
24-28°C, and when the water temperature drops below 
15°C or increases above 30°C, the animals can experience 
environmental stress (Wyban and Sweeney, 1991). 
Deterioration in shrimp health when facing environmental 
stress could be related to stress state and physiological 
changes. To date, however, temperature stress impact on 
the hepatopancreas, an important synthesis and metabolic 
organ of shrimp species, has remained unclear. Some 
studies have shown that when seawater temperature 
suddenly changes, the metabolic rate of some lower 
marine organisms will accelerate, possibly due to the 
loss of metabolic components in cells due to sudden 
temperature changes (Zhou et al., 2010). Fluctuations 
in the temperature of ponds are often accompanied 
by changes in the concentration of dissolved oxygen. 
Therefore, the relationship between oxygen metabolism 
and temperature has become the focus of many studies on 
temperature stress physiology (Tu et al., 2013).

During normal aerobic metabolism and defensive 
reaction, reactive oxygen species (ROS) and reactive 
oxygen intermediates (ROI) are produced by organisms, 
with surplus ROS quickly removed by antioxidant 
enzymes under normal physiological conditions. Oxidative 
stress occurs when the balance of ROS production and 
consumption is broken. Superoxide anion is the most 
common form of ROS, and can further generate other types 
of ROS (Halliwell and Gutteridge, 1984). In the present 
study, we found that O2

- content in the hepatopancreas 
of P. monodon significantly increased under temperature 
stress at 15°C. Shrimp are relatively sensitive to ambient 
temperature (Tu et al., 2013), suggesting that a sudden 
drop in temperature might result in a change in oxygen 
metabolism, thus leading to a significant increase in O2

- 
content in the hepatopancreas. Zenteno et al. (2006) also 
found that O2

- content increased in the hepatopancreas after 
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low temperature stimulation in Litopenaeus vannamei, but 
returned to the control group level when the temperature 
was reverted to the control level. However, it is still not 
clear whether this improvement was due to complete 
metabolic recovery or temporary recovery under a suitable 
temperature.

Under high temperature conditions, shrimp respiration 
accelerates and ROS production increases accordingly, 
which could lead to oxidative stress in the body (Wang et 
al., 2006). In the present study, the contents of O2

- in all 
experimental groups were higher than that in the control. 
The content of O2

- in the 35°C experimental group was 
2.64 times higher than that in the control, revealing that 
high temperature stress could induce an increase in O2

-. 
When the temperature was returned to the control level 
for 8 h, the O2

- content did not increase correspondingly, 
thus conforming to the oxygen- and capacity-limitation of 
thermal tolerance law (Anestis et al., 2008).

SOD is a key enzyme in the biological antioxidant 
system, and it can directly remove excess free radicals in 
the body. In the present study, after 8 h of thermal stress 
at 30°C, the activity of SOD in the experimental group 
increased and was 2.74 times (P < 0.05) higher than that 
in the control group, suggesting that SOD might play an 
important function in the treatment of high temperature 
stress in P. monodon. After thermal stress at 15°C and 
35°C, the activity of SOD decreased significantly when the 
temperature was returned to the control level, which might 
be due to the serious damage caused by the sudden change 
in temperature, and the difficultly of recovery in the short 
term. Zho et al. (2007) also showed that drastic changes 
in temperature decreased metabolic and tissue antioxidant 
enzyme activity in shrimp, thus increasing vulnerability to 
oxidative damage and decreasing disease resistance. 

GSH is an important non-protein mercapto compound 
in body tissue, and can be combined with free radicals and 
heavy metals to protect the thiol enzyme and hemoglobin 
from oxidative damage (Pompella et al., 2003). When 
GSH is lacking or exhausted, the body is essentially 
poisoned, with the toxic effects associated with oxidative 
damage (Pompella et al., 2003). Thus, GSH content is 
considered an important factor to measure the body’s 
antioxidant ability, and an obvious biomarker affected by 
abiotic factors (Pompella et al., 2003). In the present study, 
the content of GSH in the hepatopancreas of the shrimp 
was significantly increased after 8 h of stress at 15°C and 
30°C (P < 0.05), suggesting that temperature changes 
led to metabolic changes. Specifically, more ROS were 
produced, resulting in higher antioxidant stress and the 
production of additional GSH to protect the animal from 
oxidative stress. When the temperature was very high 
(35°C), the shrimp exhibited metabolic disorder, resulting 

in unchanging GSH; however, when the temperature was 
returned to the control level, the effects of stress began to 
appear. Other studies on shrimp have also shown that high 
temperature stress can lead to an increase in GSH content 
in various tissue (Hermes and Zenteno, 2002; Rajagopal 
et al., 2005; Tu et al., 2013), suggesting that GSH plays 
an important role in protecting the body against oxidative 
damage caused by hypoxia.

NO is a second messenger molecule with a variety 
of physiological functions. Changes in its expression are 
closely related to immune signal transduction, muscle 
contraction, nerve signal transmission, and other important 
physiological processes (Soderhall, 1999). It can be 
combined with the O2

- produced from oxygen metabolism, 
thus producing nitric oxide and playing a bactericidal 
function (Soderhall, 1999). NOS can produce NO by 
catalyzing L-arginine (L-Arg) and O2 (Mayer and Andrew, 
1998). Therefore, NOS activity and NO production are 
important indicators of oxidative metabolism in animals. 
In this study, we found that 30°C and 35°C stress led to an 
increase in NOS activity and NO content (produced by the 
catalysis of NOS) in the hepatopancreas of P. monodon. 
Temperature stress, especially high temperature stress, 
induced an increase in NOS activity and NO synthesis. 
This increase in NO might be related to its involvement 
in additional signal transmission to cope with temperature 
stress.

As one of the most important energy molecules, 
ATP plays important roles in various physiological 
and pathological processes within cells. As a critical 
environmental factor, temperature can significantly affect 
the metabolic rate of organisms, thereby affecting the level 
of energy metabolism in the body. Wang et al. (2012) 
found that the expressions of V-H ATPase and Na+-K+ 
ATPase in the hepatopancreas of P. monodon were up-
regulated under 12°C temperature stimulation. Here, we 
found that ATP content increased in the hepatopancreas of 
P. monodon under both low and high temperature stress, 
though the content increased with increasing temperature. 
We speculated that at low temperatures, shrimp might need 
to synthesize more ATP to maintain body metabolism. 
However, under extreme high temperature conditions, ATP 
synthesis could be accelerated, but more energy might be 
consumed to maintain steady balance in P. monodon.

In conclusion, O2
- content, SOD activity, GSH 

content, ATP content, NOS activity, and its catalytic 
NO production, were studied in the hepatopancreas of 
P. monodon under low and high temperature stress. The 
results showed that both low and high temperature stress 
caused an increase in ROS and corresponding antioxidant 
enzyme activity in the hepatopancreas of P. monodon, but 
different types of antioxidant enzymes might play different 
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roles in the resistance of shrimp to low or high temperature 
stress. High temperature stress led to a significant increase 
in NOS activity and NO production, with the body possibly 
requiring more NO for stress-related signal transmission. 
Low and high temperature stress induced a significant 
increase in ATP content, suggesting that the body might 
need more energy to maintain metabolic activity, respond 
to temperature stress, and repair damage caused by stress. 
When temperature exceeds a certain range, it can result in 
greater damage to the body. Here, however, the metabolic 
level in the shrimp remained unchanged, despite the 
increase in temperature, which could be related to oxygen 
and thermal tolerance in P. monodon.

ACKNOWLEDGMENTS 

This study was funded by the Development of 
Biology Industry in Shenzhen (20170428152352908), 
Guangdong Oceanic and Fisheries Project of China 
(A201601A14), China Agriculture Research System 
(CARS-48) and Tianjin Science and Technology Project 
(16ZXZYNC00120).

Statement of conflict of interest
Authors have declared no conflict of interest. 

REFERENCES 

Almeida, E.A., Bainy, A.C., Dafre, A.L., Gomesa, O.F., 
Medeirosa, M.H.G. and Di Mascioa, P., 2005. 
Oxidative stress in digestive gland and gill of the 
brown mussel (Perna perna) exposed to air and 
resubmersed. J. exp. Mar. Biol. Ecol., 318: 21-30. 
https://doi.org/10.1016/j.jembe.2004.12.007

Anestis, A., Prtner, H.O., Lazou, A. and Michaelidis, 
B., 2008. Metabolic and molecular stress responses 
of sublittoral bearded horse mussel Modiolus 
barbatus to warming seawater: Implications for 
vertical zonation. J. exp. Biol., 211: 2889-2898. 
https://doi.org/10.1242/jeb.016782

Bradford, M.M., 1976. A rapid and sensitive method 
for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye 
binding. Analyt. Biochem., 72: 248-254. https://doi.
org/10.1016/0003-2697(76)90527-3

Chen, Z.R. and Sun, C.H., 2002. Contect of ATP in RBC 
detect by CPK. J. Pract. Med. Techn., 9: 908-909.

Dall, W. and Moriarty, D.J.W., 1983. Functional 
aspects of nutrition and digestion. In: The 
biology of Crustacea, Vol. 5: Internal anatomy 
and physiological regulation (ed. L.H. Mantel). 
Academic Press, New York, pp. 215-216. https://

doi.org/10.1016/B978-0-12-106405-1.50015-1
Deering, M.J., Fielder, D.R. and Hewitt, D.R., 1995. 

Effects of temperature on growth and protein 
assimilation in juvenile leader prawns Penaeus 
monodon. J. World Aquacul. Soc., 26: 465-
468. https://doi.org/10.1111/j.1749-7345.1995.
tb00844.x

Ding, A.H., Nathan, C.F. and Stuehr, D.J., 1988. Release 
of reactive nitrogen intermediates and reactive 
oxygen intermediates from mouse peritoneal 
macrophages. Comparison of activating cytokines 
and evidence for independent production. J. 
Immunol., 141: 2407-2412.

Drossos, G., Lazou, A., Panagopoulos, P. and 
Westaby, S., 1995. Deferoxamine cardioplegia 
reduces superoxide radical production in human 
myocardium. Annls. Thorac. Surg., 59: 169-172. 
https://doi.org/10.1016/0003-4975(94)00726-N

Halliwell, B. and Gutteridge, J.M., 1984. Free radicals, 
lipid peroxidation and cell damage. The Lancet, 
324: 1092-1095. https://doi.org/10.1016/S0140-
6736(84)91530-7

Jiang, S., Zhou, F., Huang, J., Yang, Q., Yang, L. and 
Jiang, S., 2018. Effects of eyestalk ablation on 
feeding, gonad development and energy conversion 
of Penaeus monodon broodstock. Pakistan J. Zool., 
50:1217-1223. http://dx.doi.org/10.17582/journal.
pjz/2018.50.4.1217.1223

Hermes, L.M. and Zenteno, S.T., 2002. Animal response 
to drastic changes in oxygen availability and 
physiological oxidative stress. Comp. Biochem. 
Physiol. Part C: Toxicol. Pharmacol., 133: 537-556. 
https://doi.org/10.1016/S1532-0456(02)00080-7

Leelatanawit, R., Uawisetwathana, U., Klanchui, 
A., Khudet, J., Phomklad, S., Wongtriphop, S., 
Jiravanichpaisal, P. and Karoonuthaisiri, N., 2017. 
Transcriptomic analysis of male black tiger shrimp 
(Penaeus monodon) after polychaete feeding to 
enhance testicular maturation. Mar. Biotechnol., 
19: 125-135. https://doi.org/10.1007/s10126-017-
9738-8

Liu, X.L., Xi, Q.Y., Yang, L., Li, H.Y., Jiang, Q.Y., 
Shu, G., Wang, S.B., Gao, P., Zhu, X.T. and Zhang, 
Y.L., 2011. The effect of dietary Panax ginseng 
polysaccharide extract on the immune responses in 
white shrimp, Litopenaeus vannamei. Fish Shellf. 
Immunol., 30: 495-500.

Lutterschmidt, W.I. and Hutchison, V.H., 1997. The 
critical thermal maximum: History and critique. 
Canadian J. Zool., 75: 1561-1574. https://doi.
org/10.1139/z97-783

Mayer, B. and Andrew, P., 1998. Nitric oxide synthases: 

https://doi.org/10.1016/j.jembe.2004.12.007
https://doi.org/10.1242/jeb.016782
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/B978-0-12-106405-1.50015-1
https://doi.org/10.1016/B978-0-12-106405-1.50015-1
https://doi.org/10.1111/j.1749-7345.1995.tb00844.x
https://doi.org/10.1111/j.1749-7345.1995.tb00844.x
https://doi.org/10.1016/0003-4975(94)00726-N
https://doi.org/10.1016/S0140-6736(84)91530-7
https://doi.org/10.1016/S0140-6736(84)91530-7
http://dx.doi.org/10.17582/journal.pjz/2018.50.4.1217.1223
http://dx.doi.org/10.17582/journal.pjz/2018.50.4.1217.1223
https://doi.org/10.1016/S1532-0456(02)00080-7
https://doi.org/10.1007/s10126-017-9738-8
https://doi.org/10.1007/s10126-017-9738-8
https://doi.org/10.1139/z97-783
https://doi.org/10.1139/z97-783


148                                                                                        S. Jiang et al.

Catalytic function and progress towards selective 
inhibition. Naunyn Schmiedeberg,s Arch. 
Pharmacol., 358: 127-133. https://doi.org/10.1007/
PL00005233

Pompella, A., Visvikis, A., Paolicchi, A. De Tata, 
V. and Casini, A.F., 2003. The changing faces 
of glutathione, a cellular protagonist. Biochem. 
Pharmacol., 66: 1499-1503. https://doi.
org/10.1016/S0006-2952(03)00504-5

Rajagopal, S., Van der Gaag, M., Van der Velde, G. and 
Jenner, H.A., 2005. Upper temperature tolerances 
of exotic brackish-water mussel, Mytilopsis 
leucophaeata (Conrad): An experimental study. 
Mar. environ. Res., 60: 512-530. https://doi.
org/10.1016/j.marenvres.2005.02.002

Sedlak, J. and Lindsay, R.H., 1968. Estimation of total, 
protein-bound, and non-protein sulfhydryl groups 
in tissue with Ellman’s reagent. Analyt. Biochem., 
25: 192-205. https://doi.org/10.1016/0003-
2697(68)90092-4

Soderhall, K., 1999. Invertebrate immunity. Develop. 
Comp. Immunol., 23: 263-266.

Tian, X.L., Dong, S.L. and Wang, F., 2004. Effects of 
different temperatures on the growth and energy 
budget of Chinese shrimp, Fenneropenaeus 
chinensis. Chinese J. appl. Ecol., 15: 678-682.

Tu, H.T., Silvestre, F., Meulder, B.D., Thome, J.P., 
Phuong, N.T. and Kestemont, P., 2013. Combined 
effects of deltamethrin, temperature and salinity on 
oxidative stress biomarkers and acetylcholinesterase 
activity in the black tiger shrimp (Penaeus 
monodon). Chemosphere, 86: 83-91. https://doi.
org/10.1016/j.chemosphere.2011.09.022

Wang, W.N., Wang, A.L., Liu, Y., Xiu, J., Liu, Z.B. and 

Sun, R.Y., 2006. Effects of temperature on growth, 
adenosine phosphates, ATPase and cellular defense 
response of juvenile shrimp Macrobrachium 
nipponense. Aquaculture, 256: 624-630. https://doi.
org/10.1016/j.aquaculture.2006.02.009

Wang, L., Wang, W.N., Liu, Y., Cai, D.X., Li, J.Z. and 
Wang, A.L., 2012. Two types of ATPases from the 
Pacific white shrimp, Litopenaeus vannamei in 
response to environmental stress. Mol. Biol. Rep., 
39: 6427-6438. https://doi.org/10.1007/s11033-
012-1461-y

Wyban, J. and Sweeney, J.N., 1991. Intensive shrimp 
production technology: The Oceanic Institute 
shrimp manual. The Oceanic Institute, Honolulu.

Yang, Z.W., Lu, X.N., Zheng, Y.Y. and Li, Z.L., 2011. 
Effect of temperature on the growth, development 
and survival rate of Litopenaeus vannamei larvae. 
J. Oceanogr. Taiwan Strait, 30: 81-85.

Zenteno, S.T., Saldierna, R. and Ahuejote, S.M., 2006. 
Superoxide radical production in response to 
environmental hypoxia in cultured shrimp. Comp. 
Biochem. Physiol. Part C: Toxicol. Pharmacol., 
142: 301-308. https://doi.org/10.1016/j.
cbpc.2005.11.001

Zhou, J., Wang, L., Xin, Y., Wang, W.N., He, W.Y., 
Wang, A.L. and Liu, Y., 2010. Effect of temperature 
on antioxidant enzyme gene expression and stress 
protein response in white shrimp, Litopenaeus 
vannamei. J. Therm. Biol., 35: 284-289. https://doi.
org/10.1016/j.jtherbio.2010.06.004

Zho, X.J., Qiu, D.Q. and Liu, W.Z., 2007. Effect of 
temperature on the heart rate and antioxidant 
enzyme activities in hepatopancreas of Litopenaeus 
vannamei. Fish. Moderniz., 34: 5-7.

https://doi.org/10.1007/PL00005233
https://doi.org/10.1007/PL00005233
https://doi.org/10.1016/S0006-2952(03)00504-5
https://doi.org/10.1016/S0006-2952(03)00504-5
https://doi.org/10.1016/j.marenvres.2005.02.002
https://doi.org/10.1016/j.marenvres.2005.02.002
https://doi.org/10.1016/0003-2697(68)90092-4
https://doi.org/10.1016/0003-2697(68)90092-4
https://doi.org/10.1016/j.chemosphere.2011.09.022
https://doi.org/10.1016/j.chemosphere.2011.09.022
https://doi.org/10.1016/j.aquaculture.2006.02.009
https://doi.org/10.1016/j.aquaculture.2006.02.009
https://doi.org/10.1007/s11033-012-1461-y
https://doi.org/10.1007/s11033-012-1461-y
https://doi.org/10.1016/j.cbpc.2005.11.001
https://doi.org/10.1016/j.cbpc.2005.11.001
https://doi.org/10.1016/j.jtherbio.2010.06.004
https://doi.org/10.1016/j.jtherbio.2010.06.004

