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Abstract

One of the most pertinent environmental factors influencing the marine organism life is temperature. It has been demonstrat-
ed that an increase of temperature is able to induce the synthesis of heat shock proteins (HSP). In this study we investigated
the expression of HO-1 mRNA, also referred to as HSP32, in different tissues of European sea bass (Dicentrarchus labrax,
L.) at several time points after increased temperature exposure (from 12°C to 30°C). Our results showed that HO-1 was not
expressed in gills, heart, muscle and brain while it was expressed at a basal level in intestine. In liver, spleen and kidneys,
HO-1 expression was influenced by temperature increases. In the spleen, we found a significant decrease of the HO-1 ex-
pression at the end of 4 weeks. In kidneys a very fast collapse of HO-1 expression level was recorded reaching null value as
soon as one hour after exposure to 30°C. In liver, HO-1 expression increased from one hour of exposure to 30°C confirming
HO-1 involvement to heat shock response in this organ. This increasing trend reached a 4.5-fold higher value than the initial
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level after 4 weeks.
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INTRODUCTION

One of the most pertinent environmental factors influ-
encing the marine organism life is temperature (15). With
the global warming and the worldwide decline of fishery
stocks, increasing interest is accorded to study the effects
of temperature increase on physiological and biochemical
responses of fishes (8,11,19,20). Temperature exceeding
the tolerance range can disrupt growth and reproduction
of fish as well as larval development (27,30) and is consid-
ered as a real stress for organisms. Indeed an increase of
normal growing temperature of 4 to 8°C is able to induce
the synthesis of stress proteins (7). Classically named as
heat shock proteins (HSP), their synthesis has been shown
to be the first response to a large number of non-physiolog-
ical stressors other than heat such as heavy metals, toxic
chemicals, UV-light, etc... These proteins are synthesized
to protect organisms from environmental stressors in order
to maintain homeostasis and insure cell survival even if
some display basal synthesis levels in normal unstressful
conditions (17,34). This mechanism, commonly named
stress adaptation or tolerance, is supposed to minimize the
response of the organism to further exposures to the same
stimulus (34). Genes coding for HSP represent an early
biomarker of stress exposure in ecotoxicological studies
(17). HSP are commonly classified by their molecular
weight HSP25, HSP32, HSP60, HSP70 etc...(34).

Heme oxygenase-1 (HO-1), also referred to as heat
shock protein (HSP32) is one of the three isoforms (in ad-
dition to HO-2 and HO-3) of the heme oxygenase enzyme
(HO) responsible for the heme degradation into biliverdin
(a cytoprotective antioxidant), carbon monoxide (a sig-

naling gas) and iron. Biliverdin and its products prevent
cells from oxidative damages (13,24,34). However, exten-
sive research have demonstrated that HO-1 induction may
have both antioxidant and pro-oxidant activities related
to iron release (28). Immunomodulatory as well as anti-
inflammatory and anti-apoptotic properties have also been
revealed (4,5). Unlike HO-2 and HO-3 isoforms which are
constitutively expressed in cells under normal conditions,
the HO-1 isoform has been demonstrated to be inducible
as an adaptative cellular defense against various stressors
(1) such as heat shock, UVA radiation, hydrogen perox-
ide, sodium arsenite, heavy metals, endotoxin, etc... These
stressors were reported to induce HO-1 expression (17 and
references therein). Moreover, HO-1 plays a relevant role
in cytoprotective process (34).

The European sea bass (Dicentrarchus labrax, Linne
1785) is one of the major species bred in aquaculture and is
naturally present in the Mediterranean sea where tempera-
ture varies from 10°C to 28°C along the year (19). Growth
and metabolism are dependent on water temperature (8 and
references therein). Optimal growth temperature has been
set between 22 and 25°C, whereas growth seems to stop
at 11-15°C. Temperatures lower than 2°C and higher than
32°C are lethal to sea bass. Temperature interacts not only
with biological factors but also with external ones like ox-
ygen and salinity (18 and references therein). Other effects
of non-optimal temperature, such as spleen contraction,
increase in the erythrocyte number, hyperglycaemia, in-
crease in leucocrit and swelling of erythrocytes reflecting
an hypoxic state were observed (11). Since European sea
bass represents a great commercial interest, it is relevant
to study the impact of environmental variations that may
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affect its welfare.

In the present study, we evaluate the effect of water tem-
perature increase in D. labrax HO-1 gene expression in
eight tissues (heart, liver, intestine, spleen, kidneys, gills,
brain and muscle) at several time points in a warm tem-
perature acclimation experiment.

MATERIALS AND METHODS

Animals and aquariums

All experiments were performed according to the guide-
lines of the Canadian Council on Animal Care under the
appropriate approved animal care protocol described in
«The care and use of fish in research, teaching and testing».
Juvenile European sea bass were reared in a fish farm loca-
ted at «La Seyne sur Mer» near the Mediterranean coast of
France, within natural environmental conditions.

Eighteen one-year-old juveniles (80—100 g) were collec-
ted and transferred into 150 L filter aquariums in our zoo-
technical laboratory and held at 12°C for 5 weeks before
the warm acclimation experiment. They were fed daily to
satiation during the entire experiment.

Warm acclimation experiment

The warm acclimation experiment was conducted as
previously described by Watabe et al. (33). The aqua-
rium water temperature was increased by 1°C every hour
from 12°C to 30°C, then maintained at 30°C for 4 weeks.
Fishes were divided into groups of three for each of the six
experimental conditions (12°C control group, and 30°C
groups acclimated for 1h and from 1 to 4 weeks). The ma-
terial used for this experiment included resistors (Shego,
300 W) connected in series with the thermostat (Thermos-
tab, Aquael). The temperature was checked on the digital
thermostat and another thermometer in the aquarium. The
accuracy on the water temperature was +/—0.5°C. Other
water parameters were also strictly controlled : salinity 30
g/L, pH 7.5, nitrite <0.3 mg/L and nitrate <12.5 mg/L.

Tissue collection and RNA extraction

Fish were sedated with 2-phenoxyethanol overdose and
sacrificed by cervical dislocation.

Samples of liver, kidneys, spleen, brain, muscle, gills,
heart and intestine were collected from freshly sacrificed
fishes and immediately submerged in RNA/ater (Ambion,
the RNA Company). Then they were stored at -80°C until
further analysis.

Total RNA was extracted from tissues (50-100 mg) us-
ing 1 ml of EXTRACT-ALL (Eurobio, France) according
to the manufacturer’s instructions. After homogenization
using FastPrep-24 and Lysing Matrix D (MP Biomedi-
cals), 200 pl of chloroform were added and samples were
vortexed for 15 sec and left at room temperature for 3 min.
Then they were centrifuged at 12000 g for 15 min at 4°C,
the aqueous phase was transferred to new tubes and 500 pl
of isopropanol were added and the tubes were left for 10
min at room temperature.

After a second centrifugation (12000 g, 10 min, 4°C), su-
pernatant was removed and total RNA pellet was washed
in 75% ethanol.

Following the third centrifugation (7500 g, 5 min, 4°C),
supernatant was removed and total RNA pellet was air
dried for 10 min. Later the total RNA pellet was redis-
solved in 50 pl of distilled water.

A digestion with 2U/ul DNase I, RNase-free (Ambion)
at 37°C for 30 min was performed in order to avoid any
DNA contamination. An electrophoresis on an agarose gel
showed a clear individual 28S and 18 rRNA bands and
no smear confirming the integrity of extracted RNA (data
not shown). Concentration and quality were assessed by
spectrophotometry.

Reverse transcription and polymerase chain reaction

The cDNAs were generated following the standard pro-
tocol of Superscript Il RNAse H Reverse Transcriptase kit
(Invitrogen) using random Hexa-primers and 1pg of total
RNA. Oligonucleotides used for the reverse transcription
polymerase chain reaction (RT-PCR) are listed in Table 1.
PCR conditions were as follow : 2 min at 94°C, 30 cy-
cles of 45 sec at 94°C (DNA denaturation), 45 sec at 63°C
(annealing), 2 min at 72°C (extension), followed by a 5
min final extension phase. The PCR was performed using
specific primers (initial concentration : 10 pmol/uL) for
HO-1 (forward : HO-1Dir201; reverse : HO-1Rev201), re-
sulting in a 201 bp PCR product corresponding to the am-
plification between positions +494 and +694 of the HO-1
sequence HO-1 (GenBank accession no.EF139130). Nor-
malization was carried with RPL17 sequence (GenBank
accession n0.AF139590) run under the same conditions
and resulting in a 389 bp PCR product corresponding to
the amplication between positions +18 and +407. Its ex-
pression is supposed to be invariable among individuals
and experimental conditions (Table 1). The visualization
of amplified cDNA was performed by a 1.5% TAE aga-
rose gel electrophoresis (UV, coloration with ethidium
bromide). The 100 pb Plus DNA Ladder (Invitrogen) was
used to verify the size of amplified bands.

Gene expression and statistical analysis

Gene expression levels were quantified with ImagelJ
software (25) and normalized with RPL17 gene expres-
sion. The image analysis falls within the linear range of
the densitometry. Analysis of the results was performed by
ANOVA using the software XLSTAT. The null hypothesis
supposing that no significant difference exists between
groups was rejected for a probability under 0.05. The
Tukey’s multiple range test was used to determine signifi-
cant differences between different groups.

RESULTS

Following one hour of heat stress, we noted a 2.5 fold
increase in HO-1 expression in liver compared to the con-
trol group. From one hour to 3 weeks, HO-1 expression
steadily increased to reach after 4 weeks of heat exposure,
a 4.5-fold increase statistically different from the initial
value (Fig. 1 and Fig. 2) (P<0.05).

In the spleen, we found a significant decrease of HO-1
expression at the end of the 4 week period. This decrease
in HO-1 expression resulted in values lower than baseline
values observed in fish group under control conditions
(12°C) (data not shown).

A decrease in HO-1 expression was also observed in kid-
neys. This important decrease appeared earlier than in the
spleen despite similar baseline levels. HO-1 gene expres-
sion reached null value as soon as one hour after exposure
to 30°C and remained at this level for the rest of the experi-
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Table 1. Primers used in polymerase chain reaction.

Primer Sequence (5°—3°) cDNA position
HO-1Dir201 5’CCCTGAATTTCTAGTTGCCCATGC3’ 494—517
HO-1Rev201  5’TCCGTCAGCTCCACGCTGTTCATC3’ 671—694
RPL17Dir 5’GGTGGTTCATCTGGAGCCAAGTTCC3’ 18—43
RPL17Rev 5’GCGTTAGAGGCTATCCGGGGCC3’ 385—407
HO-1 (GenBank accession no.EF139130)
RPL17 (GenBank accession n0.AF139590)
MW 12°C 30°C,1h 30°C,1w 30°C,2w 30°C, 3w 30°C,Aw Negative
Ladder : L | | | | | control

RPL17 - 389 bp

HO-1-201 bp

Figure 1. Electrophoresis result of HO-1 gene expression in sea bass liver tissue after increased water temperature exposure (MW- molecular
weight, h- hour, w- week, bp- base pair, 1- first individual, 2- second individual, 3- third individual).

ment.

In intestine, HO-1 gene expression levels maintained the
initial value throughout the experiment while no expres-
sion of HO-1 was observed in other tissues (heart, brain,
muscle or gills) regardless of experimental conditions
(data not shown).
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Figure 2. Average levels of HO-1, wap65 and hsp70 gene expressions
in sea bass liver tissue after increased water temperature exposure.
Wap65 and hsp70 levels were previously determined and published
(20). Relative mRNA levels of HO-1 were detected by semi-quantitative
PCR. Data shown are expressed as mean + SEM. Different letters
indicate significant statistical differences (P<0.05) after a Tukey’s test.

DISCUSSION

In this study, we explored HO-1 gene expression in re-
sponse to a heat stress in different sea bass tissues. Our
results showed that HO-1 expression differs between tis-
sues. HO-1 was not expressed in gills, heart, muscle and
brain while it was expressed at a basal level in intestine
in spite of the temperature increase. In liver, spleen and
kidneys, where HO-1 appeared sensitive to the tempera-
ture increase, the pattern of HO-1 expression variation was
specific to each tissue. In liver, HO-1 expression increased
from one hour of exposure to 30°. It followed an increas-
ing trend throughout the duration of the experiment and
reached a value 4.5-fold higher than the initial level after 4
weeks showing a clear influence of temperature on HO-1
expression.

In a previous work (20), we investigated the effects of
temperature increase on the expression of two other genes
involved in temperature acclimation process in liver ;
wap65-1 (an isoform of the “warm temperature acclima-
tion-related 65kD protein) and hsp70 (a heat shock protein
which acts as “chaperone” helping newly synthesized pro-
tein transport (17)). Our results on OH-1 expression varia
tions after increased water temperature exposure are close
to our previous findings. Indeed, all three genes of inter-
est were expressed at 12°C even if HO-1 was expressed
at a much lower level compared to wap65-1 and hsp70.
Unlike HO-2 and HO-3 that are constitutively expressed,
expression of HO-1 seems to be detectable only in stress
conditions (17).

After one hour exposure to 30°C, a 2-2.5-fold increase
for all three genes was recorded. Whereas HO-1 expres-
sion levels continued to increase even after one hour, both
wap65-1 and hsp70 expressions decreased right after and
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regained values close to those observed in control groups
(Fig. 2).

In sea bass, wap65-1, hsp70 and HO-1 seem to be in-
volved in a heat shock response. However wap65-1 and
hsp70 responses are only involved at an early stage of ex-
periment, while HO-1 expression increase is maintained
and achieves values higher than baseline levels.

HO-1 expression level also increased in rat liver after
hyperthermic treatment (42°C, 20 min) (24), but HO-1 ex-
pression pattern differs from the one found in the present
study. Maximal HO-1 expression was observed as soon as
one hour after heat stress to reach values 20 to 40-fold that
of control groups. It then regains control group value by
6h after temperature increase treatment. In the same study,
coordinated induction of HO-1 response was also demon-
strated in rat kidneys and heart (24). In sea bass, we did
not find similar results for these organs. Indeed, one hour
after increased temperature exposure of fish, HO-1 expres-
sion in kidneys collapsed while it was not expressed at all
in the heart throughout the experiment. The intensity and
duration of exposure and mainly the species could explain
such differences.

The contribution of HO-1 in renal cytoprotection has
long been studied (21) and even if it is weakly expressed in
kidneys in normal conditions, it is rapidly over expressed
in renal injuries. It is clearly involved in protection again
renal damages and even prevention and reversion of fibro-
sis (4,5,6). Only few works have focused on the pattern
of HO-1 expression in response to stress in the kidneys of
fish. In goldfish (Carassius auratus) HO-1 induction was
sharply increased precisely in posterior kidney exposed to
hypoxia conditions (31). Given that hyperthermia has been
often suggested to induce hypoxia in central fish tissues
and even to induce a collapse of the ventilatory and cir-
culatory activities (12,22), it is interesting to compare our
results to hypoxia-induced effects. It remains to be noted
that in the study concerning goldfish, HO-1 was highly
transcribed in posterior kidney, head kidneys, gills and in
intestine and at lower level in heart, spleen and brain in
non-stressed fishes. These findings are consistent with ours
for the kidneys, intestine (where initial level of HO-1 was
highly expressed), heart and brain (where initial level of
HO-1 was lowly expressed) but interestingly differ from
our data notably for the liver, spleen and gills (31). Results
are also divergent concerning transcription of HO-1 after
induction of stress where HO-1 was found up-regulated
only in posterior kidney and gills in the goldfish, whereas
in the sea bass it was down-regulated in kidneys and no
expression was detected at any moment in the gills, mus-
cle, heart and brain. Such a divergence in outcomes may be
related to different molecular mechanisms involved in the
reaction to each type of stress, as well as the fish species
used. Therefore, further studies are needed to explore this
mechanism and to understand why each organism reacts
differently.

For the heart, it was proven that HO-1 was present and
regulated in this organ and that it plays a key role in blood
pressure regulation mediated by the carbon monoxide pro-
duction.

In the heart, HO-1 was up-regulated after angiotensin
administration as an adaptative response to angiotensin-
induced cardiac damage. A cardioprotective role of HO-1
was also demonstrated in HO-1 knockout mice exposed to
hypoxia (14 and references therein). In contrast, our data

suggest that HO-1 is not expressed in the sea bass heart in
normal conditions and that a heat shock does not induce
HO-1 expression.

In the brain, the absence of HO-1 before and after tem-
perature increase results from the fact that HO-1 does
not represent the major isoform of heme oxygenase in
this tissue. However, HO-1 expression has been detected
in rat brain following an hyperthermia treatment (9) and
heat shock was identified as the only stressor that can in-
crease HO-1 transcripts in this tissue (10). Even if HO-1
was also found abundantly expressed in the sea bass brain
(23), HO-2 is still by far the prominent isoform of heme
oxygenase in the brain. HO-1 role in the nervous system
remains unclear (2,16) despite the HO-1 neuroprotection
and immunoreactivity that have been demonstrated in ner-
vous tissues (14 and references therein).

In the spleen, in homeostatic state, HO-1 expression
levels are similar to those found in other studies on the
same species (23). Among all organs, the initial HO-1 ex-
pression is the highest in the spleen because hemoglobin
degradation takes place mainly in this organ requiring con-
tinuous induction of HO-1 (3,21,29). However, following
induction of a heat stress, we observed a notable unex-
plained decrease in HO-1 expression. Contrary to our find-
ings, HO-1 expression was significantly up-regulated in
rat spleen after exposure to other different types of stress
such as hemolytic agents e.g aniline, phenylhydrazine and
phenacetin (26,32).

Our data confirm HO-1 involvement in a heat shock
response and suggest that HO-1 may be part of an array
of genes that could be used as biomarkers to heat stress
in the sea bass liver. Both its rapid response to stress and
the long duration of its involvement make it interesting in
such studies. Studies concerning HO-1 expression in re-
sponse to heat stress in entire organism remain scarce. Fish
species and temperature levels used in the experiment are
highly variable as well as the duration of exposure to heat
stress. Further studies are required to explore mechanisms
of induction of HO-1 expression involved in fish acclima-
tion.

Acknowledgment

We acknowledge the marine farm “Tamaris Sud Fish” for their gener-
ous gifts. We are very grateful to the Conseil Régional PACA (France)
and Conseil Général du Var (France) as well as Toulon Var Technologie
(France) for their support. We also thank Sonia Bernage Tudal for her
technical help.

REFERENCES

1. Abraham, N. G., Lavrovsky, Y., Schwartzman, M. L., Stoltz, R. A,
Levere, R. D., Gerritsen, M. E., Shibahara, S. and Kappas, A., Transfec-
tion of the human heme oxygenase gene into rabbit coronary microves-
sel endothelial cells: Protective effect against heme and hemoglobine
toxicity. Proc. Natl. Acad. Sci. USA. 1995, 92: 6798-6802.

2. Ahmad, A. S., Zhuang, H. and Dor¢, S., Heme oxygenase-1 protects
brain from acute excitotoxicity. Neuroscience. 2006, 141: 1703—1708.

3. Braggins, P. E., Trakshel, G. M., Kutty, R. K. and Maines, M. D.,
Characterization of two heme oxygenase isoforms in rat spleen: Com-
parison with the hematin-induced and constitutive isoforms of the liver.
Biochem. Biophys. Res. Commun. 1986, 141: 528-533.

4. Correa-Costa, M., Amano, M. T. and Camara, N. O. S., Cytoprotec-
tion behind heme oxygenase-1 in renal diseases. W.J.N. 2012, 1: 4-11.

5. Costa, M. C., Semedo, P., da Silva Monteiro, A. P. F., Pereira, R. L.,

1755



L. HACHFI et al. / HO-1 expression in European sea bass.

Gongalves, G. M., Cenedeze, M. A., Faleiros, A. C. G., Dos Reis, M. A.,
Pacheco-Silva, A. and Camara, N. O. S., Cytoprotective role of heme
oxygenase-1 upregulation in progressive renal disease. Einstein. 2009,
7: 436-444.

6. Courtney, A. E. and Maxwell, A. P., Heme Oxygenase 1: Does It
Have a Role in Renal Cytoprotection? Am. J. Kidney Dis. 2008, 51:
678-690.

7. De Maio, A., The heat shock response. New Horiz. 1995, 3: 198-207.
8. Enes, P., Panserat, S., Kaushik, S. and Oliva-Teles, A., Rapid meta-
bolic adaptation in European sea bass (Dicentrarchus labrax) juveniles
fed different carbohydrate sources after heat shock stress. Comp. Bio-
chem. Physiol. 2006, 145: 73-81.

9. Ewing, J. F. and Maines, M. D., Rapid induction of heme oxygenase
1 mRNA and protein by hyperthermia in rat brain: heme oxygenase
2 is not a heat shock protein. Proc. Natl. Acad. Sci. USA4. 1991, 88:
5364-5368.

10. Ewing, J. F., Haber, S. N. and Maines, M. D., Normal and heat-
induced patterns of expression of heme oxygenase-1 (HSP32) in rat
brain: hyperthermia causes rapid induction of mRNA and protein. J.
Neurochem. 1992, 58: 1140-1149.

11. Hadj kacem, N., Aldrin, J. F. and Romestand, B., Immediate effects
of rapid temperature increase on some blood parameters of European
sea bass Dicentrarchus labrax (Linne, 1758). Aquaculture. 1987, 64:
325-331.

12. Heise, K., Puntarulo, S., Nikinmaa, M., Abele, D. and Portner, H.
0., Oxidative stress during stressful heat exposure and recovery in the
North Sea eelpout Zoarces viviparus L. J. Exp. Biol. 2006, 209: 353—
363.

13. Immenshuh, S. and Ramadori, G., Gene Regulation of Heme Oxy-
genase-1 as Therapeutic Target. Biochem. Pharmacol. 2000, 60: 1121—
1128.

14. Ishizaka, N., Aizawa, T., Mori, 1., Taguchi, J. L., Yazaki, Y., Nagai,
R. and Ohno, M., Heme oxygenase-1 is upregulated in the rat heart in
response to chronic administration of angiotensin II. Am. J. Physiol-
Heart. C. 2000, 279: H672-H678.

15. Jobling, M., In: Fish Bioenergetics. (eds.), Chapman & Hall, Lon-
don, 1994, 328 p.

16. Maines, M. D. and Gibbs, P. E. M., 30 some years of heme oxyge-
nase: From a “molecular wrecking ball” to a “mesmerizing” trigger of
cellular events. Biochem. Biophys. Res. Commun. 2005, 338: 568-577.
17. Pavel Réssner, J., Binkova, B. and Sram, R. J., Heat shock proteins
hsp32 and hsp70 as biomarkers of an early response? In vitro induction
of heat shock proteins after exposure of cell culture to carcinogenic
compounds and their real mixtures. Mutat. Res. 2003, 542: 105-116.
18. Person-Le Ruyet, J., Mahe, K., Le Bayon, N. and Le Delliou, H.,
Effects of temperature on growth and metabolism in a Mediterranean
population of European sea bass (Dicentrarchus labrax). Aquaculture.
2004, 237: 269-280.

19. Pierre, S., Coupé, S., Prévot-D’Alvise, N., Gaillard, S., Richard, S.,
Gougze, E., Aubert, J. and Grillasca, J. P., Cloning of Wap65 in sea bass
(Dicentrarchus labrax) and sea bream (Sparus aurata) and expression
in sea bass tissues. Comp. Biochem. Physiol. 2010, 155: 396-402.

20. Pierre, S., Tarnowska, K., Hachfi, L., Coupé, S., Simide, R., Cou-
vray, S., Garnier, C., Grimaldi, M., Richard, S., Gaillard, S., Prévot-

D’Alvise, N., and Grillasca, J. P., Effects of water temperature increase
and heavy metals contamination on Wap65 gene expression in sea bass
(Dicentrarchus labrax) liver. Cell. Mol. Biol. 2011, 57: 1614-1622.
21. Pimstone, N. R., Engel, P., Tenhunen, R., Seitz, P. T., Marver, H.
S. and Schmid, R., Inducible heme oxygenase in the kidney: a model
for the homeostatic control of hemoglobin catabolism. J. Clin. Invest.
1971, 50: 2042-2050.

22. Portner, H. O., Climate variations and the physiological basis of
temperature dependent biogeography: systemic to molecular hierarchy
of thermal tolerance in animals. Comp. Biochem. Physiol. A: Mol. In-
tegr. Physiol. 2002, 132: 739-761.

23. Prévot-D’Alvise, N., Pierre, S., Gaillard, S., Gouze, E., Gouze, J.
E., Aubert, J., Richard, S. and Grillasca, J. P., cDNA sequencing and
expression analysis of Dicentrarchus labrax heme oxygenase-1. Cell.
Mol. Biol. 2008, 54: 46-54.

24. Raju, V. S. and Maines, M. D., Coordinated expression and mecha-
nism of induction of HSP32 (heme oxygenase-1) mRNA by hyperther-
mia in rat organs. Biochim. Biophys. Acta - Gene Struct. Expr. 2002,
1217: 273-280.

25. Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethes-
da, Maryland, USA. 2011, http://imagej.nih.gov/ij/, 1997-2011, ac-
cessed on March 2011.

26. Rokushima, M., Omi, K., Imura, K., Arari, A., Furukawa, N., Itoh,
F., Miyazaki, M., Yamamoto, J., Rokudhima, M., Okada, M., Torii, M.,
Kato, I. and Ishizaki, J., Toxicogenomics of drug-induced hemolytic

anemia by analyzing gene expression profiles in the spleen. Toxicol. Sci.
2007, 100: 290-302.

27. Rombough, P. J., The effects of temperature on embryonic and lar-
val development. In: Society for Experimental Biology Seminar Series
61: Globa Warming Implications for Freshwater and Marine Fish.,
Wood, C.M. and McDonald, D.G. (eds.), Cambridge University Press,
1996, 177-223.

28. Ryter, S. and Tyrrell, R. M., The heme synthesis and degradation
pathways: role in oxidant sensitivity. Free Radic. Biol. Med. 2000, 28:
289-309.

29. Ryter, S. W., Alam, J. and Choi, A. M. K., Heme oxygenase-1/car-
bon monoxide: from basic science to therapeutic applications. Physiol.
Rev. 2006, 86: 583—650.

30. Van der Kraak, G. and Pankhurst, N. W., Temperature effects on the
reproductive performance of fish. In: Society for Experimental Biology
Seminar Series 61: Global Warming Implications for Freshwater and
Marine Fish, Wood, C.M. and McDonald, D.G. (eds.), Cambridge Uni-
versity Press, 1996, 159-176.

31. Wang, D., Zhong, X. P., Qiao, Z. X. and Gui, J. F., Inductive tran-
scription and protective role of fish heme oxygenase-1 under hypoxic
stress. J. Exp. Biol. 2008, 211: 2700-2706.

32. Wang, J., Ma, H., Boor, P. J.,, Ramanujam, V. M. S., Ansari, G. A.
S. and Khan, M. F., Up-regulation of oxygenase-1 in rat spleen after
aniline exposure. Free Radic. Biol. Med. 2010, 48: 513-518.

33. Watabe, S., Kikuchi, K. and Aida, K., Cold and warm-temperature
acclimation induces specific cytosolic protein in goldfish and carp. Nip-
pon. Suisan. Gakk. 1993, 59: 151-156.

34. Wheeler, D. S. and Wong, H. R., Heat shock response and acute
lung injury. Free Radic. Biol. Med. 2007, 42: 1-14.

1756



