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Abstract:  Young red sea bream, Pagrus major, were exposed to a gradual decrease in partial pres-
sure of oxygen (PO2) down to 20 mmHg for 5 h, and then sustained under 20 mmHg PO2 for an 
additional 3 h at 19.9ºC. Fish respiratory frequency slowly increased and attained a peak level at 
approximately 35 mmHg PO2, and then gradually decreased. Fish sank to the tank bottom about an 
hour after PO2 fell below 20 mmHg, and respiration began to arrest after another hour. Hematocrit 
value increased and mean cellular hemoglobin content (MCHC) decreased with increasing hypoxia 
load. Plasma cortisol and glucose levels were significantly augmented when respiratory frequency 
decreased. ATP, total adenylate (TA) concentration and energy charge (EC) in the hepatopancreas, 
in addition to TA in the kidney, were considerably diminished by hypoxia. However, this was not 
observed in the gill and brain of all fishes prior to respiratory arrest. In the hepatopancreas, levels 
of ATP, TA and EC notably declined as respiratory frequency decreased. These results show that 
the cortisol stress response to hypoxia is significantly induced with the decreased respiratory fre-
quency. Decreased energy status in the hepatopancreas appears to be important and occurs with 
stress response as a metabolic depression in the whole body.
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Cultivated marine fish reared in floating net
cages are frequently subjected to stress caused 
by environmental changes because of their 
inability to migrate to more suitable environ-
ments1,2). For example, tidal currents and red 
tides caused by water pollution that occur from 
spring to summer induce severe changes in 
sur face water oxygen levels2-4). Heavy rain 
and river water reduce surface water salinity 
around cage culture in bays. Within a year, the 
range of water temperatures in a given loca-
tion may be inappropriate to rear several fish. 
It has been also known that the outbreak of 
parasites, pathogenic microbe and viruses all 
year round5,6) in addition to overcrowding7) and 
inadequate diets8) evoke stress responses in 
fish reared in net cages. Moreover, cultivated 

fish are continually exposed to fish farming 
practices such as handling9), grading10) and 
transport11), which often cause severe stress. 
These stresses cause reduce inflammatory and 
immune responses, resulting to increased sus-
ceptibility to fish diseases12,13). Understanding 
the mechanisms of stress responses in culti-
vated fish is therefore of critical importance, 
and can be used to reduce fish stress or hasten 
adaptation to future stresses.

Conversely, various species of freshwater 
fish such as tilapia14), common carp, Cyprinus 
carpio15), and crucian carp, Carassius caras-
sius16), are known to thrive in poor environments 
such as closed ponds, etc. These species are 
therefore considered to possess higher toler-
ance for environmental stressors and stronger 
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disease resistance because of adaptation to 
enclosed environments. In particular, a great 
ability to adapt to hypoxia as a basal stressor 
is evidenced. Stress responses17) and flexible 
metabolic depression17-19) have also been dem-
onstrated with anaerobioses. Moreover, in the 
Nile tilapia, Oreochromis niloticus17), and the 
grass frog, Rana temporaria20), which possess a 
remarkable tolerance for hypoxia or anoxia, sig-
nificant differences in adenosine triphosphate 
(ATP) concentrations are observed between 
organs subjected to hypoxia. Decreased ATP 
concentration seems to be equilibrated with 
the consumption and synthesis of ATP in each 
tissue. Although marine cultivated fish, par-
ticularly the red sea bream, Pagrus major, also 
display stress responses to hypoxia21), little is 
known about the energy metabolism in fish sub-
jected to low water oxygen levels in vivo.

The purpose of the present study was to eluci-
date the effects of hypoxia on stress responses 
and energy status in red sea bream by measur-
ing basal and stressed levels of blood composi-
tion, circulating cortisol and glucose, in addition 
adenosine nucleotide content in several tissues.

Materials and Methods

Fish and exposure methods of hypoxic stress
Young red sea bream used in these experi-

ments were obtained from Kinki University 
Fish Nursery Center Shirahama Station in 1996. 
All fish were fed daily with commercial pellets 
for red sea bream at the same station. Fifty fish 
(body weight 109.7±11.1 g, body length 15.7 
±0.6 cm) were acclimated in two 7 m3 experi-
mental tanks with running seawater at 20ºC and 
PO2 of 120-150 mmHg for a few days after pre-
feeding. Fish were not fed for 24 h before the 
start of the experiment.

In the experimental tank, hypoxic stress was 
induced by bubbling nitrogen gas into the water 
(Fig. 1). A small quantity of plain water and 
nitrogen gas-bubbled water were also poured 
into the tank to adjust oxygen tension, while 
excess water was allowed to flow out through 
the drain. Oxygen tension in the experimental 
tank was reduced gradually from 125 mmHg 

to 20 mmHg over 5 h and then was maintained 
below 20 mmHg PO2 for 3 h at 19.9ºC. PO2 in the 
water was made uniform by means of a small 
submersible pump. A vinyl sheet cover on the 
top of the experimental tank was used to pre-
vent diffusion of air from the outside. Nitrogen 
gas between the surface water and vinyl sheet 
prevented the fish from gasping on the surface 
during hypoxia load. All fish activities were 
observed and recorded, and respiratory fre-
quency and number of fish sinking to the tank 
bottom during the experiment were counted. 
Six to ten fish were sampled within six stages, 
namely, (1) during normoxia at 125 mmHg PO2, 
(2) during increased respiratory frequency at 
around 60 mmHg PO2, (3) during peak level of 
respiratory frequency at about 35 mmHg PO2, 
(4) during decreased respiratory frequency 
under 20 mmHg PO2, (5) upon sinking to the 
bottom of the experimental tank about an hour 
and a half after PO2 fell below 20 mmHg, and (6) 
just before respiratory arrest approximately 2 h 
and a half after PO2 fell below 20 mmHg.

Fig. 1. Diagram of experimental system. E, experimental 
tank; H, hatch for fish sampling; NC, nitrogen gas cyl-
inder; O, overflow; OM, oxygen meter; P, submersible 
pump; R, reserve tank for sea water-bubbled nitrogen 
gas; S, sea water-bubbled air; V, vinyl sheet.
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Ten  fish  under  normoxia  from  another 
experimental tank were sampled at intervals of 
approximately 30 min during the study to serve 
as the initial point of the experiment. This was 
to eliminate as a factor the effects of sampling 
stress on the remaining fishes in other experi-
mental stages. Six to ten fish in the other exper-
imental stages were rapidly sampled using a 
small net inserted through the hatch of the tank 
cover. To minimize handling stress, anaesthetic 
treatment and blood sampling from the caudal 
vessel were completed within approximately 
one minute of capture for each fish9,17). An ali-
quot of whole blood was quickly obtained and 
used for measurement of the hematocrit value 
and hemoglobin concentration. The remaining 
blood was centrifuged instantly and the plasma 
frozen for use in the determination of cortisol 
and glucose concentrations. After killing the 
fish instantly, the dorsal ordinary muscle, gill, 
hepatopancreas, kidney, heart, and brain were 
isolated from the body on a dry ice block and 
immediately frozen in liquid nitrogen. All sam-
ples were kept at -75ºC until adenine nucleotide 
analysis.

Analysis
Hemoglobin  concentration  was  measured 

using the alkaline haematin method of Zander 
et al.22) and  glucose  level  was  determined 
according to the enzymatic coupling method 
with hexokinase and glucose-6-phosphate dehy-
drogenase of Stein23), using the Vision System 
(Abbot Laboratory, IL, USA). Plasma cortisol 
levels were measured using a radioimmunoas-
say kit (ICN Biomedicals, Inc., Costa Mesa, CA, 
USA) according to manufacturer’s instructions. 
The competition curves for the extract and cor-
tisol standard were parallel as shown in Fig. 2. 
The mean recovery rate of additional cortisol 
in the assay was 80.2% (n=5). The coefficients 
of variation of intra-assay and inter-assay were 
7.3 and 12.1%, respectively (n=5). For measure-
ment of adenine nucleotide content, an acid 
soluble fraction was extracted from a portion 
of the frozen tissue following the method of 
Yokoyama et al.24). Adenine nucleotide analysis 
was performed by an HPLC method according 

to Ando et al.25), using a Senshu PEGASIL ODS 
column (4.6×250mm, Senshu Scientific Co., 
Ltd, Tokyo, Japan). Mean cellular hemoglobin 
content (MCHC), total adenylates (TA) and 
energy charge ratio (EC) were calculated from 
the following equations:

Mean cellular hemoglobin content (g/100ml)
＝ {hemoglobin  concentration/hematocrit 

value}×100.
Total adenine nucleotide
＝ATP＋ADP＋AMP26).
Energy charge
＝(ATP＋1/2 ADP)/(AMP＋ADP＋ATP)27).

Statistics
One-way analysis of variance (ANOVA) was 

utilized for data analysis as no significant differ-
ences were observed in Bartlett’s test ( p＞0.05) 
for comparison of variances. Duncan’s new mul-
tiple range test was considered for significant 
differences among groups when the significant 
differences were recognized among the means 
using ANOVA treatment ( p＜0.05). Significant 
dif ferences among groups were further ana-
lyzed using a Mann-Whitney U-test if significant 
differences between groups were shown using 
the Kruskal-Wallis test ( p＜0.05) subsequent to 
Bartlett’s test ( p＜0.05).
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Fig. 2. Competition curves for cortisol standard and serial 
two hold dilution of red sea bream plasma extracts in 
the present radioimmunoassay. Each value represents 
the mean of duplicate determinations. ●, cortisol 
standard; ○, plasma extract of red sea bream.
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Results

Fish status exposed to hypoxia
Changes in respiratory frequency and the 

percentage of fish that sank to the tank bottom 
in the red sea bream experiment are presented 
in Fig. 3. The respiratory frequency of fish 
showed a tendency to increase under hypoxia 
and attain a peak level around 35 mmHg PO2. 
Thereafter, respiratory frequency tended to 
decrease with increasing hypoxia load. Fish 
sank to the tank bottom about an hour after PO2 
fell below 20 mmHg, followed by respiration 
arrest after another hour. Some fish demon-
strated bursts of frantic swimming immediately 
before respiratory arrest.

Blood characteristics and plasma components
Fig. 4 shows the changes in plasma corti-

sol, glucose levels, hemoglobin concentration, 
hematocrit value and MCHC of red sea bream 
exposed to hypoxia. Hematocrit value increased 
almost linearly with hypoxia up to the time fish 
started to sink. Hemoglobin concentration in 
blood displayed a tendency to increase from 

the time of maximum respiratory frequency to 
the time of decreased respiratory frequency. 
MCHC decreased gradually with increasing 
hypoxia load. Plasma cortisol concentrations of 
each fish in every experimental stage did not 
increase sequentially according to sampling 
order. Plasma cortisol concentration tended 
to increase as respiratory frequency peaked. 
Plasma cortisol and glucose content both sig-
nificantly increased at 20 mmHg PO2 with the 
decrease in respiratory frequency. Cortisol con-
centration then increased to about four times 
initial values. Afterwards, glucose level further 
elevated and reached around thirteen times 
initial values immediately prior to respiratory 
arrest.

Adenine nucleotide
The effects of hypoxia on adenine nucleotide 

concentrations and energy charge in tissues of 
red sea bream are given in Table 1. Just before 
respiratory arrest, ATP and TA concentrations 
in the hepatopancreas and TA concentration 
in the kidney significantly decreased, and ATP 
and TA concentrations in the dorsal ordinary 
muscle and heart also tended to diminish with 
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Fig. 3. Changes in respiratory frequency and percent 
of fish that sank to the bottom of aquarium of red 
sea bream exposed to hypoxia. Arrows indicate the 
sampling points. The area of bias background indi-
cates the period under 20 mmHg partial pressure 
of oxygen (PO2) and the decrease of respiratory fre-
quency.
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Fig. 4. Changes in concentrations of plasma cortisol, 
glucose, hemoglobin, hematocrit value and mean cel-
lular hemoglobin content (MCHC) of red sea bream 
exposed to hypoxia. Each value represents the mean
±SD, n＝4－10. Values with different letters in the 
same curves are significantly dif ferent (p＜0.05). 
Refer to Fig. 3 for bias background.
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hypoxia. However, the brain and gill were not 
susceptible to such changes. In the EC, the 
hepatopancreatic levels were only affected by 
hypoxia and reduced to 78% of initial values. 
ATP, TA and EC levels in the hepatopancreas 
displayed a tendency to decrease from peak 
level of respiratory frequency to decreased 

respiratory frequency, and showed significant 
differences just before respiratory arrest (Fig. 
5). Conversely, AMP concentration in the hepa-
topancreas markedly increased with hypoxia 
immediately prior to respiratory arrest.

Discussion

Aerobic respiration under hypoxic conditions
Respirator y frequency in red sea bream 

exposed to a gradual decrease in PO2 increased 
until about 35 mmHg PO2, and then followed by 
a gradual decrease (Fig. 3). Under the present 
experimental conditions, red sea bream appear 
capable of adapting to hypoxia by increased 
ventilator y responses up to 35 mmHg PO2, 
although the fish cannot fully cope with hypoxia 
by moving the operculum at levels below 35 
mmHg PO2. Subsequently, fish sank to the tank 
bottom about an hour after PO2 fell under 20 
mmHg, and fish respiration began to arrest 
after another hour (Fig. 3). Previous studies 
in Japanese parrot fish, Oplegnathus fasciatus2) 
and Nile tilapia17) have shown the same trend. 
However, PO2 at peak respiratory frequency, 
fish sinking and respiratory arrest in red sea 
bream and Japanese parrot fish2, 28) are remark-
ably higher than that in tilapia. The hypoxic 
tolerance of red sea bream was found to be sub-

Table  1.  Effects of hypoxia on the adenine nucleotide concentrations and energy charge in tissues of red sea bream＊1

Tissue Sampling ATP ADP AMP TA＊2 Energy＊3

 point (μmol/g) (μmol/g) (μmol/g) (μmol/g) charge

Dorsal Initial 3.15±0.98 0.37±0.16 0.14±0.07 3.66±1.11 0.91±0.01
muscle Final＊4 2.49±0.50 0.36±0.09 0.08±0.03 2.93±0.45 0.91±0.03

Heart Initial 1.40±0.19 0.55±0.33 0.12±0.01 2.49±0.36 0.79±0.04
 Final 1.27±0.20 0.45±0.17 0.21±0.07 1.99±0.21 0.76±0.03

Hepato- Initial 0.91±0.23 0.31±0.09 0.15±0.01 1.37±0.26 0.77±0.05
pancreas Final 0.36±0.03† 0.27±0.03 0.19±0.01† 0.82±0.06† 0.60±0.01††

Kidney Initial 0.44±0.07 0.60±0.23 0.46±0.13 1.50±0.13 0.49±0.06
 Final 0.43±0.05 0.19±0.03† 0.20±0.09 0.83±0.10†† 0.64±0.08

Brain Initial 0.37±0.17 0.15±0.03 0.18±0.10 0.78±0.08 0.67±0.10
 Final 0.34±0.12 0.16±0.06 0.12±0.03 0.75±0.08 0.71±0.04

Gill Initial 0.23±0.13 0.22±0.09 0.31±0.05 0.77±0.24 0.42±0.09
 Final 0.23±0.03 0.23±0.05 0.22±0.12 0.68±0.13 0.52±0.12

＊1 Values represent mean±SD of four individuals.
＊2 Total adenine nucleotide＝ATP＋ADP＋AMP.
＊3 Energy charge＝(ATP＋1/2 ADP)/(AMP＋ADP＋ATP).
＊4 Just before respiratory arrest.
†, †† Significantly different from the corresponding initial values for p＜0.05 and p＜0.01, respectively.

0 1 2 3 4 5 6 7 8
Time (h)

2.0

1.5

1.0

0.5

0

0.9

0.8

0.7

0.6

0.5

E
ne

rg
y 

ch
ar

ge

A
de

ni
ne

 n
uc

le
ot

id
e

( μ
m

ol
/g

 w
et

)

Fig. 5. Changes in concentrations of adenine nucleotide 
and energy charge in hepatopancreas of red sea 
bream exposed to hypoxia. Each value represents 
the mean±SD, n＝4. ■, Energy charge; ●, Total 
adenine nucleotide; ○, ATP; △, ADP; □, AMP. Refer 
to Figs. 3 and 4 for bias background and superscript 
letters, respectively.
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stantially lower than that of tilapia17-19), in addi-
tion to those of goldfish29) and common carp15), 
which display anoxic tolerance. The hemoglo-
bin-oxygen affinity of fish inhabiting low-oxygen 
water regions is known to generally be higher 
than that of fish from normal water regions30, 31).
These  species  differences  may  depend  on 
oxygen affinity to hemoglobin up to a maximum 
respiration frequency and may explain hypoxic 
tolerance.

In this study, the hematocrit value of red sea 
bream increased almost linearly with hypoxia 
up to the time when the fish sank (Fig. 4). 
MCHC markedly decreased with increasing 
hypoxia load. Under hypoxic conditions, the 
same phenomena were observed in Japanese 
parrot fish2) and Nile tilapia17) in previous stud-
ies. An increase in cell volume during hypoxia 
appears to increase hemoglobin-oxygen affinity 
in lampreys and teleost fish31). The increase in 
erythrocyte volume is coupled to increases in 
erythrocyte pH32,33). These changes are caused 
by catecholamine activation of sodium proton 
exchange across the erythrocyte membrane 
during hypoxia31,34). This is suggestive of the 
same response obtained in red sea bream under 
hypoxic conditions.

Stress response and energy supply
In red sea bream, as respiratory frequency 

peaked at 35 mmHg PO2, a significant decrease 
in MCHC-related catecholamine release was 
observed (Fig. 4). Plasma cortisol concentra-
tion subsequently peaked at 20 mmHg PO2. 
Glucose levels likewise reached a maximum 
immediately prior to respiratory arrest, with a 
lag of only about 2 h from the drastic cortisol 
elevation. It is well known that stressors elevate 
energy supply through cortisol release and 
hyperglycemia in many fish35). On the other 
hand, Ishioka21) reported the stress response 
in red sea bream to various changes in oxygen 
level, temperature, and salinity, in addition to 
transport, fishing, and anesthesia. She was also 
suggested that catecholamine played an impor-
tant role in glucose release in the first phase 
of stress response by in vitro experiments. In 
stress conditions, neuroendocrine controls of 

cortisol and catecholamine axes are likely to be 
interrelated36). Vijayan et al.37,38) hypothesized 
that adrenaline is involved in the immediate pro-
duction of glucose after stress, whereas corti-
sol, either directly or indirectly, or perhaps with 
other hormones, regulates glucose in fish. In 
the present study, stress responses to hypoxic 
conditions occurred by, first, catecholamine 
release with decreased MCHC at maximum 
respiratory  frequency,  followed  by  cortisol 
release as respiratory frequency decreased. Up 
to respiratory arrest, increases in glucose level 
were due to catecholamine and/or cortisol. 
While the latter cannot be confirmed in this 
experiment, energy supply under hypoxic con-
dition is an important factor in hypoxic adapta-
tion of red sea bream.

Energy status under hypoxic conditions
Just before respiratory arrest, the ATP and 

TA concentrations in the hepatopancreas and 
TA in the kidney of fishes were considerably 
diminished by hypoxia (Table 1). The ATP 
and TA in ordinary muscle and heart showed 
a tendency to decrease under hypoxic condi-
tions and but not in the gill and brain. In Nile 
tilapia17), a similar trend was observed in each 
tissue.  ATP and  TA reduction  rates  under 
hypoxia displayed the following order: hepato-
pancreas＞ kidney＞ ordinary muscle＞ heart
＞ brain and gill. These experimental data on 
red sea bream, particularly the trends in the 
hepatopancreas, kidney and muscle were also 
in accordance with the grass frog, Rana tempo-
raria39). However, the effects of stress on ATP 
and TA levels as well as EC in each tissue were 
far less than in tilapia and frog (e.g. 0.18 and 
0.60 as hepatopancreas EC for Nile tilapia and 
red sea bream just before respiratory arrest, 
respectively). This may be one of the reasons 
why the hypoxic tolerance of red sea bream was 
substantially lower than that of other fish and 
frogs.

In the hepatopancreas just before respira-
tory arrest, the percentage decrease in ATP 
level compared to initial value was around 
60%. Rainbow trout exposed to severe levels 
of oxygen restriction showed approximately 
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70%  diminution in ATP levels in the liver40). 
Conversely, in the teleost flounder, Platichthys 
fl esus41), common carp40) and Nile tilapia17) which 
have higher tolerance to low oxygen, hypoxia 
caused about 90%, 90% and 96% drops in ATP 
concentrations, respectively. Moreover, ATP 
levels of hepatocytes isolated from goldfish 
were markedly depressed by hypoxia42). The 
liver in stress-tolerant animals such as frogs, 
flounder, common carp, tilapia and goldfish may 
conceivably adapt to severe hypoxia by reduc-
ing energy status and metabolic turnover rate39). 
Although differences in this reduction ability 
are present between stress-tolerant animals and 
red sea bream, the hepatopancreas in red sea 
bream also seems to be capable of adaptation 
to severe low-oxygen levels by reducing both 
energy status and metabolic turnover rate.

We measured adenine nucleotide concentra-
tions at each stage of hypoxia to determine 
aspects of energy status in hepatopancreas with 
increasing hypoxia load (Fig. 5). The ATP, TA 
and EC levels in the hepatopancreas steeply 
decreased from the peak level together with the 
decrease in respiratory frequency, and showed 
a significant difference just before respiratory 
arrest. The adult red sea bream exposed to 
hypoxic conditions has been shown to signifi-
cantly decrease oxygen consumption and arte-
rial blood PO2 to around 20 mmHg as oxygen 
regulator43,44). Otherwise, anaerobic respiration 
based on lactate accumulation under hypoxic 
conditions in red sea bream45), tilapia17), and 
Japanese parrot fish2) appears when the fish 
sinks. In red sea bream, decreased energy 
status in the hepatopancreas has been sug-
gested to occur between the maximum and 
decreased respiratory frequency, indicating 
total metabolic depression without increasing 
aerobic and/or anaerobic metabolism.

Outline and comparison of hypoxic adaptation 
methods

In the previous study17), we reported that 
Nile tilapia responds to hypoxia by first attempt-
ing to maintain oxygen uptake by increasing 
respiration frequency and erythrocyte volume.
Subsequently, tilapia adapted to hypoxia by 

conserving energy through metabolic depres-
sion without increasing aerobic and/or 
anaerobic metabolism, as well as by stress 
response through increasing cortisol and glu-
cose. Finally, tilapia utilized anaerobic respira-
tion through lactate and creatine production. 
Adaptation methods to hypoxia in red sea 
bream were also observed as three phases, 
namely, (1) by increasing ventilation rates 
and erythrocyte volume44), (2) by conserving 
energy through decreased energy status and 
oxygen consumption43,44) and by stress response 
through increasing cortisol and glucose, and 
(3) by anaerobic respiration45). Based on this 
rough outline, no marked differences may be 
present in the basal adaptation styles of tilapia 
and red sea bream. However, adaptation abili-
ties in each species differ considerably. Further 
studies in metabolic depression and anaerobic 
respiration due to increasing hypoxic load will 
be needed to assess the adaptation ability of red 
sea bream under hypoxic conditions.

Acknowledgments

The authors would like to  express our 
gratitude to Prof. Shigeru Miyashita of Kinki 
University Fisheries Laboratory, Shirahama 
Station for his invaluable support on the fish 
sampling. We are grateful to the staff of Kinki 
University Fish Nursery Center,  Shirahama 
Station and students of the School of Agriculture, 
Kinki University, for their assistance during the 
experiment.

References

1 ) Ishibashi, Y., K. Kato, S. Ikeda, O. Murata, T. Nasu, 
and H. Kumai (1992): Effect of dietary ascorbic acid 
on the tolerance for intermittent hypoxic stress in 
Japanese parrot fish. Nippon Suisan Gakkaishi, 
58(11), 2147-2152.

2 ) Ishibashi, Y. (1994): Studies on the ascorbic acid 
requirements of cultivated marine fish. Bull. Fish. Lab. 
Kinki Univ., 4, 1-100 (in Japanese).

3 ) Pihl, L., S. P. Baden, R. J. Diaz, and L. C. Schaffner 
(1992): Hypoxia-induced structural changes in the diet 
of bottom-feeding fish and Crustacea. Marine Biology, 
112(3), 349-361.

4 ) Wu, R.S.S. (2002): Hypoxia: from molecular responses 



322 Y. Ishibashi, H. Hirata, and H. Kumai

to ecosystem responses. Marine Pollution Bulletin, in 
press.

5 ) Shepherd, C. J. (1988): Fish health and disease, in 
“Intensive fi sh farming” (ed. by C. J. Shepherd and N. 
R. Bromage), BSP Professional Books, Oxford, pp.198-
238.

6 ) Deane, E. E., J. Li, and N. Y. S. Woo (2001): Hormonal 
status and phagocytic activity in sea bream infected 
with vibriosis. Comp. Biochem. Physiol., 129B, 687-693.

7 ) Vijayan, M. M., and J. F. Leatherland (1990): High 
stocking density affects cortisol secretion and tissue 
distribution in brook charr, Salvelinus fontinalis. J. 
Endocrinology, 124(2), 311-318.

8 ) Barton, B. A., C. B. Schreck, and L. G. Fowler (1988): 
Fasting and diet content affect stress-induced changes 
in plasma glucose and cortisol in juvenile chinook 
salmon. Progressive Fish-Culturist, 50, 16-22.

9 ) Foo J. T. W., and T. J. Lam (1993): Serum cortisol 
response to handling stress and the effect of cortisol 
implantation on testosterone level in the tilapia, 
Oreochromis mossambicus. Aquaculture, 115, 145-158.

10) Barnett, C. W., and N. W. Pankhurst (1998): The 
effects of common laboratory and husbandry prac-
tices on the stress response of greenback flounder 
Rhombosolea tapirina. Aquaculture, 162, 313-329.

11) Iversena, M., B. Finstada, and K. J. Nilssen (1998): 
Recovery from loading and transport stress in Atlantic 
salmon (Salmo salar L.) smolts. Aquaculture, 168, 387-
394.

12) Maule, A. G., R. A. Tripp, S. L. Kaattari, and C. B. 
Schreck (1989): Stress alters immune function and 
disease resistance in chinook salmon (Oncorhynchus 
tshawytscha). J. Endocrinology, 120(1), 135-142.

13) Holdway, D. A., S. E. Brennan, and J. T. Ahokas (1995): 
Short review of selected fish biomarkers of xenobiotic 
exposure with an example using fish hepatic mixed-
function oxidase. Aust. J. Ecol., 20, pp.34-44.

14) Yada T., and T. Miyashita (1988): Tilapia. Midorishobou,
Tokyo. 163p. (in Japanese).

15) Van den Thillart, G., A. V. Waarde, H. J. Muller, C. 
Erkelens, A. Addink, and J. Lugtenburg (1989): Fish 
muscle energy metabolism measured by in vivo 
31P-NMR during anoxia and recovery. Am. J. Physiol., 
256, R922-929.

16) Ultsch, G. R., (1989): Ecology and physiology of hiber-
nation and overwintering among freshwater fishes, 
turtles and snake. Biol. Rev., 64, 435-516.

17) Ishibashi, Y., H. Ekawa, H. Hirata, and H. Kumai 
(2002): Stress response and energy metabolism in var-
ious tissues of Nile tilapia (Oreochromis niloticus) 
exposed to hypoxic conditions. Fish. Sci. in press.

18) Van Ginneken V., G. Van den Thillart, A. Addink, and 
C. Erkelens (1995): Fish muscle energy metabolism 
measured during hypoxia and recovery: an in vivo 
31P-NMR study. Am. J. Physiol., 268, R1178-1187.

19) Van Waarde, A., G. Van den Thillart , C. Erkelens, A. 
Addink, and J. Lugtenburg (1990): Functional cou-
pling of glycolysis and phosphocreatine utilization in 
anoxic fish muscle. An in vivo 31P NMR study. J. Biol. 
Chem., 265, 914-923.

20) Wegener G., R. Michel, and M. Thuy (1986): Anoxia in 
lower vertebrates and insects: effects on brain and 
other organs. Zool Beitr., 30, 103-124.

21) Ishioka, H. (1984): Physiological and biochemical 
studies on the stress responses of the red sea bream, 
pagrus major. Bull. Nansei Reg. Fish. Res. Lab., 17, 
1-133 (in Japanese).

22) Zander, R., W. Lang, and H. U. Wolf (1984): Alkaline 
haematin D-575, a new tool for the determination of 
haemoglobin as an alternative to the cyanhaemoglo-
bin method. Clin. Chim. Acta., 136, 83.

23) Stein, M. W. (1963): D-glucose, determination with 
hexokinase and glucose-6-phosphate dehydrogenase. 
In: Bergmeyer HU (eds). Methods of Enzymatic 
Analysis. Academic Press, New York. pp.117.

24) Yokoyama, Y., M. Sakaguchi, F. Kawai, and M. 
Kanamori (1992): Changes in concentration of ATP-
related compounds in various tissues of oyster during 
ice storage. Nippon Suisan Gakkaishi, 58, 2125-2136.

25) Ando, M., H. Niho, Y. Tsukamasa, and Y. Makinodan 
(1998): Valuation of cultured spotted halibut Verasper 
variegatus  by comparing with cultured plaice 
Paralichthys olivaceus. Nippon Suisan Gakkaishi, 64, 
1027-1033 (in Japanese).

26) Colleen, A. C., and M. H. Jeffrey (1994): Nucleotides 
and the adenylate energy charge as indicators of 
stress in rainbow trout (Oncorhynchus mykiss) sub-
jected to a range of dissolved oxygen concentrations. 
Comp. Biochem. Physiol., 109B, 313-323.

27) Atkinson, D. E. (1968): The energy charge of the ade-
nylate pool as a regulatory parameter: interaction with 
feedback modifiers. Biochemistry, 7, 4030-4034.

28) Ishibashi, Y., K. Kato, S. Ikeda, O. Murata, T. Nasu, 
and H. Kumai (1992): Effect of dietary ascorbic acid 
on the tolerance for low oxygen stress in fish. Nippon 
Suisan Gakkaishi, 58(8), 1555 (in Japanese).

29) Van den Thillart, G., F. Kesbeke, and A. Van Waarde 
(1976): Influence of anoxia on the energy metabolism 
of  goldfish Carassius  auratus  (L)  Comp.  Biochem. 
Physiol., 55A, 329-336.

30) Powers D. A., H. J. Fyhn, U. E. H. Fyhn, J. P. Martin, 
R. L. Garlick, and S. C. Wood (1979): A comparative 
study of the oxygen equilibria of blood from 40 genera 
of Amazonian fishes. Comp. Biochem. Physiol., 62A, 
85.

31) Nikinmaa M. (2001): Haemoglobin function in verte-
brates: evolutionary changes in cellular regulation in 
hypoxia. Respir. Physiology, 128, 317-329.

32) Fievet, B., R. Motais, and S. Thomas (1987): Role of 
adrenergic-dependent H＋ release from red cells in aci-
dosis induced by hypoxia in trout. Am. J. Physiol., 252, 
R269-R275.

33) Nikinmaa M. and A. Soivio (1982): Blood oxygen 
transport of hypoxic Salmo gairdneri. J. Exp. Zool., 
219, 173-178.

34) Perry, S. F., and K. M. Gilmour (1996): Consequences 
of catecholamine release on ventilation and blood 
oxygen transport during hypoxia and hypercapnia in 
an elasmobranch (Squalus acanthias) and a teleost 
(Oncorhynchus mykiss). J. Exp. Biol., 199, 2105-2118.



Stress Response, ATP of Red Sea Bream in Hypoxia 323

35) Barton, B. A., and G. K. Iwama (1991): Physiological 
changes in fish from stress in aquaculture with 
emphasis on the response and effects of corticoste-
roids. Annual review of Fish Diseases, 1, 3-26.

36) Axelrod, J., and T. D. Reisine (1984): Stress hor-
mones: Their interaction and regulation. Science, 224, 
452-459.

37) Vijayan, M. M. and T. W. Moon (1994): The stress 
response and the plasma disappearance of corticoste-
roid and glucose in a marine teleost, the sea raven. 
Can. J. Zool., 72, 379-386.

38) Vijayana M. M., C. Pereiraa, E. G. Graub, and G. K. 
Iwama (1997): Metabolic responses associated with 
confinement stress in tilapia: the role of cortisol. 
Comp. Biochem. Physiol., 116C, 89-95.

39) Helmut  A.  (1991):  Oxygen  sensing  in  tissues 
(Translated from English by H. Hori, M. Miyahara, N. 
Nakajou and H. Terada), Springer-Verlag, Tokyo, 
pp.13-37.

40) Van Raaij, M. T. M., E. Bakker, M. C. Nieveen, H. 
Zirkzee, and G. Van den Thillart (1994): Energy status 
and free fatty acid patterns in tissues of common carp 
(Cyprinus carpio, L) and rainbow trout （Oncorhynchus 
mykiss, L） during severe oxygen restriction. Comp. 
Biochem. Physiol., 109A, 755-767.

41) Jorgensen, J. B., and T. Mustafa (1980): The effect of 
hypoxia on carbohydrate metabolism in flounder 
(Platichthys fl esus L.)-II High energy phosphate com-
pounds and the role of glycolytic and gluconeogenetic 
enzymes. Comp. Biochem. Physiol., 67B, 249-256.

42) Dorigatti, M., G. Krumschnabel, P. J. Schwarzbaum,  
and W. Wieser (1997): Effects of hypoxia on energy 
metabolism in goldfish hepatocytes. Comp. Biochem. 
Physiol., 117B, 151-158.

43) Yamamoto, K., M. Hosomoto, and T. Kamimura 
(1987): Changes of oxygen consumption in the red 
sea bream, banded grouper, file fish, multicolorfin 
rainbowfish and frogfish under progressive hypoxia. 
Suisanzoshoku, 35(3), 143-146 (in Japanese).

44) Azuma, T., and Y. Itazawa (1998): Respiration and 
blood properties of porgy in hypoxic condition with 
special reference to minimum requirement of ambient 
oxygen. Suisanzoshoku, 46(1), 83-92.

45) Ishibashi Y, H. Yonezawa, S. Miyashita, K. Kato, O. 
Murata, H. Hirata, and H. Kumai (2002): Effects of 
hypoxic stress on energy metabolism in red sea 
bream, Pagrus major-II Response of enzyme activities 
and metabolite concentrations in various tissues of red 
sea bream, Pagrus major, subjected to hypoxic expo-
sure. Suisanzoshoku, 50(3), 325-331.

低酸素負荷に対するマダイのストレス反応および
各種組織のエネルギー状態

石橋泰典・平田八郎・熊井英水

マダイに，酸素分圧（PO2）を125から20 mmHgまで約 5時間かけて低下し，その後，20 mmHg以
下で約 3時間放置するストレスを19.9℃で負荷した。呼吸数は徐々に増加し，35 mmHg PO2前後で最
大値を示して，その後に低下した。PO2が 20 mmHg以下になると横転魚が増加し，その後に呼吸停
止した。Ht値はストレスの負荷に伴って増大し，MCHCは低下した。血漿コルチゾルおよびグルコー
ス量は，呼吸数低下時に著しく増加した。肝膵臓のATP，TA含量およびエネルギー充足率は，呼吸
数低下時に激減し，呼吸停止直前に有意な低値を示した。呼吸停止直前の筋肉，心臓および腎臓の
ATPおよび TA含量は開始時よりも低い傾向を示したが，鰓および脳に著しい差異はなかった。これ
よりマダイは，呼吸数低下時にコルチゾル分泌に基づく顕著なストレス反応を示すとともに，肝膵臓
は，同時期にエネルギー状態を低下させ，低酸素負荷に対する代謝抑制に貢献することが示唆された。
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