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Abstract

Antioxidant defence system (activities of superoxide dismutase, catalase, glutathione reductase,
and glutathione peroxidase), and free radical modification of lipids were determined in the gills
from male and female brown trout (Salmo trutta m. trutta L.) affected by ulcerative dermal necro-
sis (UDN). In both males and females, lipid oxidation in the gills from UDN-affected trout showed
higher values as compared to the respective control. UDN induced an increase of thiobarbituric ac-
id reactive substances (TBARS) levels both in the gills of males and females. UDN caused a de-
crease in gill antioxidant enzyme activities. This might be due to inactivation of the above-
mentioned enzymes by the end products of lipid peroxidation. The importance of the glutathione-
mediated antioxidant defence system in protection against UDN-induced oxidative stress was
demonstrated.
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INTRODUCTION

Ulcerative dermal necrosis (UDN) is a problem in farming of salmonids (brown and
rainbow trout) and various other fish species in the Europe and USA during last
years. Skin ulcers on fish are one of the most well-recognized indicators of polluted
aquatic environments (Noga 2000). A lot of work was performed regarding UDN in
fish (Kane et al. 2000, Law 2001, Bruno et al. 2007, Harikrishnan et al. 2010).

Aetiology of the outbreaks of UDN remains unknown. There has been no conclusive
evidence of the involvement of any particular organism as the primary pathogen
(Roberts 1993). It is suggested that the fungal infections are triggered by metabolites
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of the necrotic epidermal cells (Khoo 2000). Skin samples were tested for standard
virus isolation with negative results (Roberts 1993).

Skin ulcers can have many different aetiologies, including infectious agents, toxins,
physical causes, immunologic causes, and nutritional and metabolic perturbations
(Law 2001). Lesions in fish are associated with a variety of organisms including pa-
rasites and bacterial, viral, and fungal infectious agents. In addition, trauma, subop-
timal water quality, and other abiotic stress factors may result in the loss of homeos-
tasis (Kane et al. 2000).

In recent years, skin ulcer epidemics have been either experimentally or epidemio-
logically linked to exposure to a number of xenobiotic chemicals as well as to bio-
toxins. Some of these agents have led to serious concerns about the health of aquatic
ecosystems (Noga 2000).

Law (2001) demonstrated the possible pathways of disease involved in ulcerative le-
sions of fish. These ulcerative lesions are likely to be initiated by a series of factors
that lead ultimately to a breach of the normal barrier function of the skin.

Kane et al. (2000) have observed solitary ulcerative lesions on menhaden sampled
from the rivers of North Carolina and Florida. The lesions demonstrated a marked
chronic inflammatory infiltrate and granulomas in response to fungal hyphae through-
out large areas of exposed necrotic muscle. Gram-negative rod-shaped bacteria were
also observed in the lesions, a common finding in ulcers of aquatic organisms. Similar
observations in menhaden and other species have been described previously in the lite-
rature as ulcerative mycosis, mycotic granulomatosis, red spot disease, and epizootic
ulcerative syndrome. Despite the many different known causes of fish lesions, the
scientific literature have recently emphasized Pfiesteria piscicida and other Pfiesteria-
like dinoflagellates (and their bioactive compounds) as the primary causative agent for
finfish lesions, particularly mycotic granulomatous ulcers. However, a number of other
risk factors besides Pfiesteria have been shown to damage epithelium and may also
play important roles in skin ulcer pathogenesis (Noga 2000).

Not only skin damage occur via direct contact with toxins, but it may also be in-
duced indirectly from physiological changes that result from exposure not only to
toxins but also to other environmental stressors, such as pH and temperature ex-
tremes. The multifactorial pathways that operate at both the ecological and the orga-
nismal levels as well as the nonspecific response of the skin to insults make it very
challenging to link epidemic skin ulcers to any single cause in natural aquatic popu-
lations (Noga 2000).

The potential of reactive oxygen species (ROS) to damage tissues and cellular com-
ponents, called oxidative stress, in biological systems has become a topic of signifi-
cant interest for environmental toxicology studies (Valavanidis et al. 2006). Oxida-
tive stress results when production of ROS exceeds the capacity of cellular antioxi-
dant defenses to remove these toxic species. Many environmental stressed factors
engage signaling pathways that are activated in response to oxidative stress. The
same sequences of events are also associated with the a etiology and early pathology
of many diseases (Limon-Pacheco and Gonsebatt 2009).

Tissues such as skin and muscle have a limited morphological response to injury.
The two most important phenomena that determine the outcome of cell injury appear
to be critical cell membrane damage, with associated fluid and ionic imbalances, and
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inability of mitochondria, the powerhouse of the cell, to restart ATP synthesis (Law
2001). The balance between prooxidant factors and antioxidant defenses in biologi-
cal systems can be used to assess toxic effects under UDN.

The depletion of antioxidant defence system and the changes in the activities of var-
ious antioxidant enzymes indicative of lipid peroxidation have been implicated in
oxidative tissue damage (Limon-Pacheco and Gonsebatt 2009). Our previous studies
have shown that UDN seems to be quite capable of causing oxidative stress in liver,
muscle, heart, and spawn of brown trout (Kurhalyuk et al. 2009, 2010).

Objective of the present study was to examine the responses of biomarkers of oxida-
tive stress in the gills of male and female brown trout from control (healthy speci-
mens) and UDN-affected trout from the Stupia River (Northern Poland, Central Po-
meranian region) during 2007-2009. Activities of antioxidant enzymes such as supe-
roxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), and gluta-
thione peroxidase (GPX) were measured.

MATERIALS AND METHODS
Fish

Adult brown trout (Salmo trutta m. trutta L.), 3-5 years of age, were collected from
site on the River Stupia, Stupsk, Northern Poland during spawning. Fish-catching
took place in exact co-operation from Landscape Park “The valley of Stupia” as well
as the Board of Polish Angling Relationship in Stupsk. Sea trout were sampled from
November to December, during 2007-2009.

Sampling

The sampling for analysis from 61 males and 70 females (control group, Fig. 1A)
as well as 81 males and 65 females of brown trout affected by UDN (study group,
Fig. 1B) was collected directly after catch. The trout were caught from the Shupia
River. The animals were quickly captured and killed after being anaesthetized. After
catching, microbiological tests were carried out. These tests suggested that 4eromo-

Fig. 1. Specimens of healthy trout (A) and UDN-affected trout (B)
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nas hydrophila complex caused ulcerative dermal necrosis (Diagnostyka... 2005).
Individuals from both groups were transported to the Department of Animal Physi-
ology, Institute of Biology and Environment Protection, Pomeranian University
(Stupsk, Poland) in cages with native water and analyzed within a day after the sam-
pling procedure.

Treatment of samples

Specimens in each group were dissected. One fish was used for each preparation.
Tissues were homogenized in ice-cold 0.1 M tris-HCI buffer (pH 7.4). The protein
content of the samples was determined according to Bradford (1976) using bovine
serum albumin as a standard.

Chemicals

Thiobarbituric acid (TBA), oxidized and reduced glutathione (GSSG and GSH),
NADPH,, 5.5-dithiobis-2-nitrobensoic acid were purchased from Sigma. Ethyl-
enediaminetetraacetic acid (EDTA), thrichloroacetic acid (TCA), quercetin, hydro-
gen peroxide, ammonium molibdate, sodium aside, t-butylhydroperoxide, Tween 80
were obtained from Fluka. All other chemicals were of analytical grade.

Analytical methods

All enzymatic assays were carried out at 25+0.5°C using a spectrophotometer Spe-
col 10 (Carl Zeiss Jena, Germany). The enzymatic reactions were started by the ad-
dition of the homogenate suspension. Each enzymatic assay was repeated three
times for one sample. The analytical methods have high precision and accuracy.
Low limit of detection (LOD) and limit of quantitation (LOQ) indicates good sensi-
tivity of proposed methods. The specific assay conditions were as follows.

Lipid peroxidation levels were determined by quantifying the concentration of
TBARS, expressed as umol of malondialdehyde (MDA) per mg of protein, accord-
ing to Kamyshnikov (2004). The MDA level was calculated by using 1.56:10° mM™
cm’' as molar extinction coefficient.

Superoxide dismutase (SOD, E.C. 1.15.1.1). SOD activity was measured using
quercetin as the substrate after suitable dilution following the method of Kostiuk et
al. (1990). The assay mixture in a total volume of 1 mL consisted of 0.08 mM EDTA
and 0.1 M sodium phosphate buffer (pH 7.8) at a 1:1 proportion. Briefly, 0.1 mL of
tissue homogenate after dilution was added to 2.3 mL of distilled water, after which
1 mL of assay mixture with EDTA and sodium phosphate buffer was mixed. One ac-
tivity unit was defined as the amount of enzyme necessary to produce a 50% inhibi-
tion of the quercetin (1.4 uM) reduction rates measured at 406 nm in 0 and 20™ min.
Activity is expressed in units of SOD-mg” protein.

Catalase (CAT, E.C. 1.11.1.6). CAT activity was determined by measuring the de-
crease of H,0O, in the reaction mixture using a spectrophotometer at the wavelength
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of 410 nm by the method of Koroliuk et al. (1988). The reaction was started by addi-
tion of 0.1 mL of tissue homogenate to 2 mL of 0.03% H,0, solution and 1 mL of
4% ammonium molibdate. One unit of catalase activity is defined as the amount
of enzyme required to clear pmol of H,0,'min™mg™ protein.

Glutathione reductase (GR, E.C. 1.6.4.2). GR activity in the tissue homogenate was
measured according to the method described by Glatzle et al. (1974). The enzyme
assay mixture contained 2.4 mL of 67 mM sodium phosphate buffer (pH 6.6), 0.2 mL
of 7.5 mM oxidized glutathione, 0.1 mL of tissue homogenate, and 0.2 mL of 6 mM
NADPH. The rate of NADPH oxidation was followed spectrophotometrically at 340
nm. The specific GR activity is expressed as nmol NADPH-min'l-mg'1 protein.
Glutathione peroxidase (GPX, E.C. 1.11.1.9). The activity of GPX in the tissue ho-
mogenate was measured spectrophotometrically as described by Moin (1986). The
assay mixture contained 0.8 mL of 0.1 M Tris-HCI] with 6 mM EDTA and 12 mM
sodium aside (pH 8.9), 0.1 mL of 4.8 mM GSH, 0.2 mL of tissue homogenate, 1 mL
of 20 mM t-butylhydroperoxide, and 0.1 mL of 0.01 M 5.5-dithiobis-2-nitrobenzoic
acid. The rate of GSH reduction was followed sPectrophotometrically at 412 nm.
GPX activity is expressed as pmol GSH-min™"-mg™' protein.

Statistical analysis. Results are expressed as mean + SEM. Significance of differ-
ences in enzymes activity in the gills of brown trout (significance level, p<0.05) was
examined using one-way ANOVA (significance level, p<0.05), analysis of variance
(test F), Levene’s and Tukey’s HSD test (test of reasonably important difference for
bumpy numerical force of attempt). Correlations between TBARS level and en-
zymes activities in the gills at the set significance level were determined by the re-
gression method (Zar 1999). Interactions were established by the Pearson test for li-
near correlation. All statistical calculation was performed on separate data from each
individual with STATISTICA version 8.0.

RESULTS

The values of lipid peroxidation for the males and females from control (healthy
specimens) and UDN-affected trout are summarized in Figure 2. TBARS levels in
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Fig. 2. TBARS level (umol MDA -mg" protein) in the gills of males and females from con-
trol (healthy specimens) and UDN-affected trout

Each value represents the mean + SEM
* the significant change was shown as p<0.05 when compared with control group values
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the gills (F=47.48, p=0.000) from males infected by UDN was significantly higher
by 187.6% (p=0.000). UDN induced an increase of TBARS levels in the gills of
females by 247.7% (p=0.000), although values of TBARS levels in females were
lower than those of healthy fish.

Activities of the antioxidant enzymes are shown in Fig. 3. The significant decrease
in the gill SOD activity (F=21.76, p=0.000) were found as a consequence of UDN
infection either in males (by 30.4%, p=0.000), or females (by 27.2%, p=0.000),
(Fig. 3A). CAT activity (F=14.09, p=0.000) was decreased by 34% (p=0.000) in the
gills of UDN-affected males and by 25.9% (p=0.002) from females as compared to
controls (Fig. 3B). UDN infection significantly affected GR activity (F=13.16,
p=0.000), which was inhibited by 36.4% (p=0.000) in the gills of females, but no
differences in GR activity between healthy and UDN-affected males were found
(Fig. 3C). Regarding the GPX (F=39.85, p=0.000), its activity was significantly
decreased by 52.4% (p=0.000) in the gills of UDN-affected males as compared to
the controls, and by 55.7% (p=0.000) as compared to the UDN-affected females
(Fig. 3D).

Several correlations between checked parameters were found (Table 1, Fig. 4, 5).
Gill TBARS level from healthy males correlated with GR activity (r=0.510,
p=0.000), GPX activity (r=0.441, p=0.000), and correlated inversely with CAT ac-
tivity (r=-0.523, p=0.000). The relationships between gill GR and SOD activities
from UDN-affected males was positively (r=0.502, p=0.000), and between gill GR
and CAT activities was inverse(r=-0.253, p=0.022), (Fig. 5).

Gill SOD activity from healthy females correlated inversely with TBARS level
(r=-0.372, p=0.002), (Fig. 5). Thus, CAT activity was connected with SOD activity

Table 1
Correlative analysis of antioxidative parameters in the gills from males and females
of brown trout affected by UDN

Relation Correlative Regressive curve Significant
coefficient, r & difference level, p
males
SOD-CAT, control 0.505 y=0.077x+2.79 0.000
SOD-GR, control -0.290 y=-0.333x+443 0.024
CAT-TBARS, control -0.523 y=-0.629x+54.22 0.000
CAT-GR, control -0.278 y=-2.102x+388.19 0.030
CAT-GPX, control -0.312 y=-0.366x+43.26 0.014
GR-GPX, control 0.308 y=0.048x+16.75 0.016
females

GR—CAT, control -0.272 y=-0.22x+35.66 0.023
SOD-CAT, UDN 0.287 y=0.17x+14.96 0.020
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in the gills of healthy females (r=0.440, p=0.002) and inversely connected with GR
activity (r=-0.272, p=0.023), (Fig. 5, Table 1). The relationship between GPX activ-
ity and TBARS level in the gills of UDN-affected females was inverse (r=-0.346,
p=0.005) and GR activity was positively (r=0.575, p=0.000), (Fig. 5).

DISCUSSION

This work focused on prooxidative changes and antioxidant enzymes activities in
healthy and UDN-affected populations of brown trout. To evaluate the effects of
UDN infection on the antioxidant defence system and ROS generation in the trout
gills, we examined the TBARS level, an end metabolite derived from lipid peroxida-
tion and the activity of some antioxidative enzymes (SOD, CAT, GR, GPX). All
these parameters have been described as valuable biomarkers of prooxidant situa-
tions in fish (Stephensen et al. 2002, Pandey et al. 2003, Pascual et al. 2003).

Toxic consequences of oxidative stress at the subcellular level include lipid peroxi-
dation and oxidative damage to DNA and proteins. These effects are often used as
end points in the study of oxidative stress (Kelly et al. 1998). Based on TBARS le-
vels, our results showed that UDN led to oxidative stress both in males and females,
with infected fish showing a 2.9-fold (males) and 3.5-fold (females) increase in the
gill TBARS level with respect to control fish. Available information concerning
the influence of UDN infection on the antioxidant defence system in fish is scarce.
Species differences in the ability to cope with oxidative stress can provide insight into
the mechanisms behind both the mode of toxicity of a specific factor as well as the dif-
ferent ways in which an organism may deal with such stressors (Rau et al. 2004).
During the last four decades evidence has accumulated which strongly supports the
concept of a coordinate regulation of cellular pro- and antioxidant mechanisms.
The antioxidant defence system is being increasingly studied because of its potential
utility it could be used in environmental monitoring systems (Winston 1991, Meyer
et al. 2003, Valavanidis et al. 2006, Limén-Pacheco and Gonsebatt 2009). Therefore,
study of the protective role of antioxidant compounds on inhibition of the oxidative
stress response and correcting the fundamental oxidant/antioxidant imbalance are
important vistas for further research.

Impairment in antioxidant enzymes produces an imbalance between pro- and anti-
oxidant systems causing the formation of toxic hydroxyl radicals, with direct conse-
quences on cell integrity and cell function itself (Dorval and Hontela 2003). Our re-
sults indicate that UDN leads to enhanced oxidation and oxidative stress in the gills
from males and females of brown trout and inhibition of some antioxidant defence
mechanisms. Changes in the antioxidant defence system are used as biomarkers of
a variety of prooxidant situations in fish, including different diseases, which can ne-
gatively affect growth and resistance (Lushchak et al. 2005, Bagnyukova et al.
2006).

Fish respond to disease by altering or adapting their metabolic functions. Alterations
found in the activity of antioxidant defence system suggest that changes observed
could been adaptive response to ROS. The activity of antioxidant defence system
may be increased or inhibited under oxidative stress depending on the intensity and



Responses of antioxidant status in the gills of brown trout... 155

the duration of the stress applied as well as the susceptibility of the exposed species
(Ballesteros et al. 2009). In the present work, the studied enzymes responded in
a different way in trout affected by UDN.

Superoxide dismutase is the first enzyme to respond against oxygen radicals. The
function of this enzyme is to catalytically convert superoxide radical to oxygen and
hydrogen peroxide (Abreu and Cabelli 2010). Excessive hydrogen peroxide is harm-
ful for almost all cell components, so its rapid and efficient removal is of essential
importance for organisms. Conversely, hydrogen peroxide acts as a second messen-
ger in signal-transduction pathways. H,O; is degraded by peroxidases and catalases,
the latter being able both to reduce H,O, to water and to oxidize it to molecular oxy-
gen (Zamocky et al. 2008). In our case, the activity of SOD and CAT was signifi-
cantly decreased in the gills from UDN-affected trout. The drop in CAT activity
could be explained by the flux of superoxide radicals due to the oxidative stress
caused by UDN infection.

The redox system of GSH consists of primary and secondary antioxidants, including
glutathione peroxidase, glutathione reductase, glutathione S-transferase, and glucose
6-phosphate dehydrogenase. Alterations in the activities of these enzymes may re-
flect reduced cellular defence and may serve as markers of many diseases (Rahman
et al. 1999). GPX catalyses the reduction of H,O, and lipid hydroperoxides at ex-
pense of GSH (Hayes and McLellan 1999).

We observed the inhibition of GPX activity in the gills from UDN-affected trout.
The decreased GR and GPX activity indicates it reduced capacity to scavenge H,O,
and lipid hydroperoxides produced in this tissue. This test result is in agreement with
our previous study in which we reported inhibition of glutathione defence system in
liver, muscle, heart, and spawn of UDN-affected trout (Kurhalyuk et al. 2009, 2010).
In the present study, the activity of GPX was inhibited in the gills from UDN-
affected trout. Gills are the first organ exposed to toxic compounds (Ballesteros et al.
2009) and, therefore, have higher TBARS levels than other organs tested (Kurhalyuk
et al. 2009, 2010). Other enzymes showed differential response under UDN infec-
tion.

Glutathione defence system activity can decrease by negative feed back either from
excess of substrate or damage induced by oxidative modification under UDN infec-
tion. A reduced activity of glutathione defence system in tissue of UDN-positive fish
could indicate that its antioxidant capacity was exceeded by the amount of hydroper-
oxide products and might reflect a possible failure of the antioxidant system in the
gills of UDN-affected fish.

Given that TBARS level is considered a valuable indicator of oxidative damage of
cellular components, our results suggest that UDN enhanced ROS generation in the
gills of males and females and that antioxidant defence system were not totally able
to effectively scavenge them, thus leading to lipid peroxidation. In this sense, inhibi-
tion of antioxidant defence system could be somehow indicative of a failure in anti-
oxidant defences. Under a situation that enhances UDN-generated oxidative stress, it
may be expected that an increase in both ROS generation and ROS-scavenging me-
chanisms occurs.

In conclusion, this study suggests that UDN causes changes in oxidative stress in-
tensity in the gills of affected trout. Moreover, the increase of lipid peroxidation
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modifies antioxidant defence system and causes inhibition of SOD, CAT, GPX, GR
activities under UDN-induced oxidative stress.
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STAN OBRONY ANTYOKSYDACYJINEJ W SKRZELACH TROCI WEDROWNE]
(SALMO TRUTTA M. TRUTTA L.) Z WRZODZIEJACA MARTWICA SKORY

Streszczenie

W pracy przedstawiono wyniki badan dotyczacych wystgpowania stresu oksydacyjnego
w tkance skrzeli samcow i samic troci wedrownej (Salmo trutta m. trutta L.) z wrzodziejaca
martwica skory. Pod wzgledem badawczym skrzela stanowia wartosciowa tkanke, ktora
w najwigkszym stopniu narazona jest na oddzialywanie niekorzystnych czynnikow $rodowi-
ska. Uzyskane wyniki badan wykazaly zréznicowanie poziomu intensywnosci procesow li-
poperoksydacji (ocenianych przez poziom TBARS produktéw) oraz aktywnos$ci enzymow
antyoksydacyjnych (dysmutazy ponadtlenkowej, katalazy, reduktazy i peroksydazy glutatio-
nowej) w okresie tarta u osobnikow troci wedrownej zdrowych i chorych z wrzodziejaca
martwica skory. Pobor materiatu badawczego z rzeki Stupi (Potnocna Polska) odbyt si¢ we
Scislej wspotpracy z Dyrekcja Parku Krajobrazowego ,,Dolina Stupi” oraz Zarzadem Okregu
Polskiego Zwiazku Wedkarskiego w Stupsku w latach 2007-2009.

Wyniki naszych badan sugeruja istotne zwigkszenie poziomu proceséw peroksydacji lipi-
dow w tkance skrzeli troci — dla samcow trzykrotne, dla samic — o 3,5 raza. Wspomniane
schorzenie wywoluje stres oksydacyjny w skrzelach ryb z inhibicja mechanizmoéw antyoksy-
dacyjnej obrony. Obnizenie aktywno$ci podstawowych enzymoéw antyoksydacyjnych z jed-
noczesna intensyfikacjq proceséw peroksydacji lipidow obniza wydajno§¢ proceséw tarlo-
wych tego gatunku ryb.



