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INTRODUCTION

Free radical research is currently at the focus of scientific interest.
Extensive investigations are essential in order to determine the background of
the mechanisms and relationships of changes in various pathological processes.
Our experiments were related to the molecular defense mechanisms in two
model systems: heavy metal exposure in carp and in streptozotocin (STZ)-
induced diabetic rats, in which increased free radical production and the
occurrence of oxidative stress have been demonstrated.

Free radicals are fundamental to any biochemical process and represent an
essential part of aerobic life and metabolism. They are continuously produced in
a well-regulated manner to help maintain homeostasis at the cellular level in
normal healthy tissues, and play an important role as signaling molecules. An
increase in free radical formation in consequence of stress can affect the
functions in biological systems. As a results of increased free radical production,
all the known cellular adaptation reaction pathways may be activated, including
the antioxidant defense system. Excessive free radical formation and/or a
reduction in the antioxidant capacity may upset the balance between prooxidants
and antioxidants, leading to oxidative stress. Oxidative stress causes damage to
proteins, nucleic acids and lipids due to lipid peroxidation, which in turn leads to
changes in the cellular structure and function, and ultimately cell death via
apoptosis or necrosis.

To minimize the harmful effects of free radicals, aerobic organisms have
evolved an antioxidant defense system, which can be activated in response to
stress. During the activation, certain elements of this system can be induced,
such as superoxide dismutase (SOD), catalase (CAT) and peroxidases (GPx),
affording protection by directly scavenging the superoxide anion (*O,) and
hydrogen peroxide (H,0,), converting them to less reactive species.

Reduced glutathione (GSH) plays an important role in the protection of
cells against free radical-mediated damage. It is capable of binding metal ions in
the event of heavy metal exposure, and is more readily oxidized than the cellular
macromolecules in the case of oxidative stress. GSH acts as an electron donor
for the GPxs, which play an important role in the reduction of inorganic and
organic peroxides. Metallothioneins (MTs) are low molecular weight metal-
binding proteins that contain a high proportion of cysteine. MTs additionally
have important roles in heavy metal detoxification and in the neutralization of
free radicals. The antioxidant defense system further includes the heme



oxygenases (HOs). The three catalytic by-products of heme catalysis by HO, i.e.
bilirubin, ferritin from the sequestration of free iron and CO, all play critical
roles in mediating cytoprotection against oxidative tissue injury. Although
bioactive by-products possess various physiological and cytoprotective
properties, in some cases they are also potentially toxic. A too high expression
of HO may cause tissue injury through the generation of high levels of redox-
active iron or result in bilirubinemia.

We have studied the molecular mechanisms leading to activation of the
antioxidant defense system in various pathological processes, such as heavy
metal exposure and STZ-induced diabetes. We have studied the effect of the
stressors on the formation of reactive oxygen species (ROS), e.g. H,O, and
peroxynitrite (ONOOQO"), the expression of the antioxidant system members, e.g.
SOD, CAT, GSH, MTs, HOs and the extent of the damage caused by oxidative
stress (lipid peroxidation, apoptosis and necrosis).



THE AIMS OF THE STUDY

A.Heavy metal exposure in fish

In earlier research, a number of protein coding genes involved in the stress
response were characterized and identified by our group. In the present
experiments, additional elements of the antioxidant defense were studied, i.e. the
HOs, encoding genes were not yet identified in carp.

The following questions were considered:

1. Is there any dose- and time-dependent difference in the accumulation of
metals between the key organs of detoxification, the liver and kidney?
2.1s there a correlation between the copy number of /4o genes and the
tetraploid chromosome set of carp?
3. Is there a correlation between the tissue distribution of heavy metals and:
a. the changes in the expression of 4o genes,
b. the rate of free radical formation,
c. the activation of the antioxidant defense system,
d. and the extent of tissue damage?

B.STZ-induced diabetes in rat intestine

Our preliminary results indicate that the diabetes-related pathological changes
in the different intestinal segments appear gradually along the colon-ileum-
duodenum axis. We selected two segments, the duodenum and colon, which
differ from each other in their anatomical structure and function. In the present
study, hyperglycemia-induced oxidative damage was investigated in both gut
segments of STZ-induced diabetic and insulin-treated diabetic rats

The following questions were posed:

1. Are there any region-specific changes in:
a. the type or extent of tissue damage,
b. the level of free radical formation,
c. or the activation of certain elements of the antioxidant defense system.
2. How insulin replacement does affect the prooxidant-antioxidant balance
in cells?



MATERIALS AND METHODS

1. Experimental conditions and treatment

Heavy metal treatment of carp

Induction of chronic diabetes in rat

2. Molecular biological test methods
RNA extraction from frozen samples
Reverse transcription (RT)
Polymerase chain reaction (PCR): RT-PCR, gRT-PCR
Primer design
Geldocumentation, densitometry

Phylogenetic analysis

3. Biochemical measurements

Quantitative determination of proteins
Determination of GSH concentration
Determination of GSSG concentration
Measurment of lipid peroxidation
Determination of H,O, concentration
Determination of ONOQO™ concentration
Determination of SOD activity
Determination of CAT activity

Determination of heavy metal content

4. Histological analysis methods

Electron microscopy: detection of necrosis

Postembedding immunohistochemistry: HO-2, caspase-9



RESULTS AND DISCUSSION

A. Impact of acute heavy metal exposure on the expression of two /o genes
and other antioxidant markers in common carp

1. Metal accumulation in the liver and kidney

Carp were treated with the toxic and carcinogenic heavy metals cadmium
and arsenic, and their accumulation was examined in the liver and kidney, which
play critical roles in detoxification. Both metals were applied in two doses (1
mg/L and 10 mg/L) and for different exposure times (6-72 h). Both metals
accumulated in a tissue- and dose-dependent manner. Despite the 10-fold
difference between the doses applied during the treatments, such a difference in
the rate of accumulation was not detected, e.g. in the case of arsenic exposure,
the difference was only 1.5-fold. Both metals accumulated to higher extents in
the kidney than in the liver.

2. Identification and characterization of carp ho genes

Carp ho genes were first identified and characterized in this tetraploid
species. The carp ho-1 and ho-2 sequences displayes strong homology to known
ho genes in fish. During our study we have seen no indication of the expression
of multiple 4o genes: the amplification of the cDNAs resulted in single, well-
defined products for both 4o-1 and ho-2, and sequencing the PCR product
populations en mase indicated no sequence variations in the regions
investigated. We therefore conclude that the 4o genes identified by our approach
are the only ones expressed in C. carpio. Analysis of the putative amino acid
sequence revealed that the carp HO carries evolutionarily highly conserved
domains and motifs. We examined the expression of Ao genes under
physiological conditions in certain organs of the carp. The basal levels of the /o-
[ transcripts were at the limit of detectability in all the examined tissues except
the spleen, skin and blood. The highest #0-/ mRNA level was found in the
spleen. The ho-2 gene was highly expressed in all of the examined tissues. The
highest level was detected in the skin, and the lowest in the kidney. We observed
a notably high expression of 40-2 in the brain. Potential explanations are that the
CO produced by HO has been postulated to function as a neurotransmitter, or
the brain may require a greater degree of antioxidant protection due to its critical
role in regulating the organ functions.



3.a. Effects of heavy metal exposure on the expression of ho genes

The acute exposure to the two metals caused different effects in the
expression of the #o genes. The expression of o genes was induced in a dose-,
time- and tissue-specific manner, but these changes did not correlate with the
accumulated metals in either organs.

3.b. Metal-induced free radical formation

The formation of H,O, during the experiments was induced by the applied
metals in a tissue-specific manner. In high concentrations, H,O, plays important
roles in the development of oxidative stress and damage to biomolecules. Its
formation is related to the increased production of *O,". Arsenic caused an
increase in the renal H,O, concentration, whereas cadmium caused increased
H,0; production in the liver.

3.c. Activation of the antioxidant defense system

Antioxidant enzymes and low molecular weight antioxidants were tested
after heavy metal treatment and in diabetic animals. Increased SOD and CAT
activities were found in the kidney, where higher metal accumulations were
measured. The ratio GSH/GSSG - is often used to determine cellular toxicity -
varies in response to stress in a tissue- and stressor-specific manner. There was
no significant change in the liver after metal treatment, but metal-specific
changes were observed in the kidney. The increase in the ratio GSH/GSSG
resulted from an increased level of GSH. A decrease in the ratio was caused by
the elevated formation of GSSG and a slight decrease in the concentration of
GSH.

3.d. A The extent of tissue damage

Enhanced lipid peroxidation is indicative of oxidative stress-related
damage. We detected tissue- and dose-dependent lipid peroxidation following
heavy metal exposure. Exposure to a low dose of arsenic exposure led to an
increase in lipid peroxidation, whereas cadmium affected the lipid peroxidation
only at high dose. We detected increased lipid peroxidation where induction of
the #o-1 gene was the most marked.



B. Examination of cell injury and activation of antioxidant defense system
in different gut segments of STZ-induced diabetic rat.

1.a. Determination of the oxidative damage caused by hyperglycemia

A The STZ treatment resulted in significantly elevated serum glucose
concentrations in all animals during the 10-week experimental period. Visible
changes were observed in the diabetic intestine, e.g. an enlarged cecum and a
purplish discoloration that may indicate inflammation or ischemia. Signs of
apoptosis and necrosis were detected by electron microscopy in diabetic rats.
The expression of pro- and anti-apoptotic markers and the incidence of necrosis
were region-specific during diabetes. The ratio of the pro- and anti-apoptotic
markers in the duodenum may contribute to the initiation of programmed cell
death. Unlike in the colon, this rate moved toward the anti-apoptotic markers.
Here, we observed necrosis which may have been caused by the increased ROS
levels and the lack of the activation of antioxidant defense.

1.b. Free radical formation in the gut segments

A ONOQO ' in high concentrations play important roles in the development
of oxidative stress and damage to biomolecules, its formation is related to the
increased production of superoxide anion and nitric oxide. The concentration of
ONOO' also changed in a segment-specific manner along the intestine. In the
colon of diabetic rats, increased ONOO™ formation was observed.

1.c. Activation of the antioxidant defense system

The diabetic rat intestine also demonstrated region-specific changes; an
increased concentration of ONOO™ and decreased SOD activity were found in
the colon. This may indicate the production of significant amounts of nitric
oxide and the spontaneous formation of ONOO'".

Quantitative changes in the low molecular weight antioxidant GSH and
the ratio GSH/GSSG were tested. Hyperglycemia resulted in an increased ratio
GSH/GSSG in the duodenum, but not in the colon. The increase in the ratio
indicated elevated antioxidant protection due to the increased concentration of
GSH.

MTs are low molecular weight antioxidants that play an important role in
the maintenance of the thiol/redox balance and the defense against oxidative
stress. The induction of mt genes were gut segment-specific. The results of the
current study revealed that the two mt genes together could exert beneficial
effects against harmful processes during hyperglycemia.



The HO system is induced by wide range of stressors. In a diabetic model,
segment-specific changes were detected in the expression of the 4o genes. The
ho-1 gene was induced in the duodenum, and the 40-2 gene in the colon, where
a large amount of HO-2 protein was measured. The results of gene expression
and immunoanalytical measurements suggest that activation of the HO system
may be involved in the stress responses in the model systems that we used.

2. Effect of Immediate insulin therapy after onset of diabetes

Immediate insulin replacement effectively reduced the hyperglycemia.
Our results demonstrated show that in each case insulin maintained the levels of
the tested markers above the control levels in both gut segments.

CONCLUSION

Overall, enhanced lipid peroxidation and necrosis are characteristic
features of the damage caused by oxidative stress associated with the significant
induction of HOs. We detected increased lipid peroxidation where the ho-1
gene expression was the largest. The localization of necrosis corresponded with
the lack of activation of the antioxidant defense, because only the HO-2 was
induced in this gut segment. Under pathological conditions, ROS formation is
increased. The activity of HOs may increase in consequence of the oxidative
environment. HOs are cytoprotective enzymes, but the data also suggest that the
increased HO activity in the higher range has a deleterious effect: the release of
redox active iron before its binding to ferritin can result in enhanced radical
formation. This may contribute significantly to the damage observed in our
model systems.
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