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Abstract

Cu is a transition metal essential for every organism, but an excess can lead to toxici-
ty caused by oxidative stress, which can disturb the natural antioxidant defence systems.
Since catalase (CAT) is a major enzyme involved in the decomposition of oxygen peroxide,
the main goal of this study was to evaluate changes in the concentration and activity of
CAT by means of enzymatic and immunohistochemical methods. Modifications in the blood
biochemistry profile of Cu-exposed gilthead sea bream (Sparus aurata L.) were also stu-
died. In gills of the exposed fish, Cu significantly increased throughout the study to a ma-
ximum of 6.9±4.7 µg g–1 wet weight at the end of the treatment. Immunohistochemistry
(IHC) evidenced a brown cytoplasmic stain in the epithelial cells of the primary and secon-
dary lamellae and in pillar cells, while enzyme activity was localized in the epithelium and
pillar cells of both primary and secondary lamellae and appeared as a strong cytoplasmic
stain particularly at the base of the primary lamellae. IHC and enzymohistochemistry (EHC)
quantitative analysis suggested that the main variations in amount and activity of the en-
zyme were recorded 15 days after exposure (both IHC and EHC expressed a decrease in
CAT in exposed fish compared to controls, P<0.0001) and 28 days after exposure (IHC re-
corded increased CAT in exposed specimens compared to controls, P<0.0001; EHC eviden-
ced a decrease in CAT in exposed subjects compared to controls, P<0.0001). The biochemi-
cal blood profile was monitored with a standard blood biochemistry panel. An increase in
plasma urea was evident only in exposed fish, while – as a function of time – a decrease
of glucose in both exposed and control fish was apparent. The three investigation methods
evidenced that CAT was effective against Cu toxicity, and the increase in plasma urea co-
uld be considered a suitable metabolic marker of Cu exposure in fish.



256

Key words: copper, Sparus aurata, catalase, gills, blood biochemistry, immunohistochemi-
stry, enzymohistochemistry.

WP£YW MIEDZI W WODZIE NA KATALAZÊ W SKRZELACH I BIOCHEMIÊ
KRWI U DORADY (SPARUS AURATA L.)

Abstrakt

MiedŸ jest metalem przejœciowym niezbêdnym w ka¿dym organizmie, lecz jej nadmiar
mo¿e prowadziæ do skutków toksycznych powodowanych przez stres oksydacyjny, który za-
k³óca naturalne systemy obrony antyoksydacyjnej. Poniewa¿ katalaza (CAT) jest jednym
z g³ównych enzymów uczestnicz¹cych w rozk³adzie nadtlenku tlenu, g³ównym celem badañ
by³a ocena zmian zawartoœci i aktywnoœci CAT za pomoc¹ metod enzymatycznych i immuno-
histochemicznych. Badano równie¿ zmiany w biochemicznym profilu krwi u dorady (Spa-
rus aurata L.) poddanej dzia³aniu Cu. Stwierdzono znacz¹co wy¿sze stê¿enie tego metalu
w skrzelach ryb, na które oddzia³ywa³a miedŸ, a¿ do maksymalnej zawartoœci 6,9±4,7 µg g–1

mokrej masy pod koniec doœwiadczenia. Badania immunohistochemiczne (IHC) ujawni³y
br¹zow¹ plamkê cytoplazmatyczn¹ w komórkach nab³onka blaszek pierwszego i drugiego
rzêdu oraz w komórkach filarowych, podczas gdy aktywnoœæ enzymatyczna zosta³a zlokali-
zowana w nab³onku oraz w blaszkach pierwszego i drugiego rzêdu, i ujawni³a siê jako sil-
na plamka cytoplazmatyczna, szczególnie u podstawy blaszek pierwszego rzêdu. Analiza ilo-
œciowa wyników badañ IHC oraz enzymohistochemicznych (EHC) sugeruje, i¿ g³ówna
zmiennoœæ w iloœci oraz aktywnoœci enzymu nast¹pi³a w 15. dniu po ekspozycji (zarówno
IHC, jak i EHC wykaza³y spadek zawartoœci CAT u ryb wystawionych na dzia³anie Cu w po-
równaniu z kontrol¹, P<0,0001) oraz w 28. dniu po ekspozycji (IHC wykaza³o wzrost CAT
u ryb wystawionych na Cu w porównaniu z kontrol¹, P<0,0001; EHC ujawni³o spadek CAT
u ryb doœwiadczalnych w porównaniu z kontrol¹, P<0,0001). Biochemiczny profil krwi mo-
nitorowano za pomoc¹ standardowego zestawu biochemicznego krwi. Wzrost zawartoœci
mocznika we krwi ujawni³ siê jedynie u ryb poddanych dzia³aniu Cu, natomiast spadek
zawartoœci glukozy – z up³ywem czasu – wyst¹pi³ u ryb doœwiadczalnych i kontrolnych.
Trzy zastosowane metody badawcze udowodni³y, i¿ CAT skutecznie przeciwstawia siê tok-
sycznoœci Cu, a wzrost zawartoœci mocznika we krwi mo¿na uznaæ za odpowiedni marker
metaboliczny oznaczaj¹cy wystawienie ryb na dzia³anie miedzi.

S³owa kluczowe: miedŸ, Sparus aurata, katalaza, skrzela, biochemia krwi, immunohisto-
chemia, enzymohistochemia.

INTRODUCTION

Cu is an essential trace element for all organisms, but an excess can
result in reactive oxygen species (ROS) production (GAETKE, CHOW 2003) and
lipid peroxidation (HALLIWELL, GUTTERIDGE 1992). Recently, changes have been
reported in Sparus aurata in the expression of proteins involved in the in-
flammation/immunity network (ISANI et al. 2011).

Defense systems against oxyradicals include catalase (CAT) among other
enzymes. CAT is a Fe3+ dependent metalloenzyme fundamental to all living
organisms exposed to oxygen and is usually located in the matrix of cellular
peroxisomes (NOVIKOFF, NOVIKOFF 1973), where CAT has been immunohisto-
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chemically evidenced in primary cell cultures from fish (Danio rerio) (KRYSKO

et al. 2010). CAT is present in nearly all cells exposed to oxygen, but its
distribution in gilthead sea bream Sparus aurata (L.) gills is still unknown.
Gilthead sea bream was chosen as a model for our study due to the availa-
ble knowledge of its basic biochemical response to Cu (ISANI et al. 2003,
2011) and economic importance.

Since studies concerning blood biochemistry, immunohistochemistry (IHC)
and enzymohistochemistry (EHC) for CAT on fish tissues exposed to a toxic
amount of Cu are lacking, the aims of this work are: 1) to evaluate the
effects of Cu exposure on blood biochemistry; 2) to test the methods for
CAT location; 3) to show any variation in quantity and activity of the en-
zyme in S. aurata gills after Cu exposure.

MATERIALS AND METHODS

All experimental procedures were approved by the Ethics and Scientific
Committee of the University of Bologna and were carried out in accordance
with European legislation regarding the protection of animals used for ex-
perimental and other scientific purposes (Council Directive 86/609/EEC).

Experimental design
Eighty juvenile gilthead sea bream (S. aurata), average wt 65±5 g, were

obtained from farmed stock. The fish were maintained in ten 500L tanks (at
a density of eight fish/tank) filled with natural sea water taken from 300 m
offshore Cesenatico (FC, Italy). Before the experimental exposure, fish were
acclimatised for 15 days at 13°C and at a salinity of 32.0±2.6‰.

The work was performed during January-February 2009 when water
temperature drops below 13°C and S. aurata experience the natural period
of starvation (IBARZ et al. 2007). Therefore, fish were not fed throughout the
Cu exposure time avoiding water contamination and additional Cu intake
with the diet.

CuSO4 was added to 5 tanks (40 specimens) to give a nominal Cu con-
centration of 0.5 mg dm–3, while the fish in the other 5 tanks (40 speci-
mens) served as controls. The waterborne concentration of Cu was chosen
based on the evidence of previous studies (ISANI et al. 2003). Cu concentra-
tions in water were verified by atomic absorption spectrometry (AAS). On
day 0 (T0) prior to Cu exposure and after 15 (T1), 28 (T2) and 50 (T3) days
fish were randomly chosen from each tank, sacrificed and tissues immedi-
ately sampled for metal, IHC and EHC analysis.
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Sample collection
Gills were sampled from 32 control and 24 exposed fish and divided into

two aliquots: 1) one for metal analysis was stored at -20oC; 2) the other one
was cut into halves, one for routine histology and IHC and the other for
EHC: the samples for histology and IHC were formalin-fixed and paraffin-
embedded, then processed according to routine procedures and cut at 4 µm;
one section was stained with Haematoxylin and Eosin (H&E) and a further
serial section was used for CAT IHC; for EHC, fish gill specimens were
frozen in liquid nitrogen and stored at -80oC for 7 days before processing
and 4 µm-thick sections were cut with a cryostat.

Cu determination
Cu determination in gill samples and sea water were determined as

reported by ISANI et al. 2011. The accuracy of the method was evaluated by
calibration to an international standard (CRM 278).

Blood collection and biochemistry analyses
Blood samples from 21 control and 16 exposed specimens were collected

and treated as previously reported (ISANI et al. 2011). Plasma samples were
immediately analysed with an automated biochemical analyzer (Olympus
AU400). A standard biochemical profile was chosen, including: glucose, urea,
aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), creatine kinase (CK), gamma glutamyl transferase (GGT),
Ca, P, Mg, Na, Cl and K.

Immunohistochemistry
Four-m-thick paraffin-embedded tissue sections were dewaxed and rehy-

drated in decreasing ethanol solutions. Endogenous peroxidase was blocked
by immersion in 0.3% hydrogen peroxide in methanol. Sections were then
rinsed in Tris buffered saline (TBS) and antigen was retrieved with citrate
buffer (2.1 g citric acid monohydrate/litre distilled water), pH 6.0, and heat-
ing for two 5 min periods in a microwave oven at 750 W, followed by cool-
ing at room temperature for 20 min. A reduction of background staining
was achieved with Protein Block Serum Free (cod. X0909 DAKO, Milan,
Italy) for 10 min. The primary antibody (cod. C0979 Sigma, St. Louis, Mis-
souri, USA), diluted (1:300) in PBS containing bovine serum albumin, was
incubated with the tissue sections overnight at 4oC. Sites of antibody bind-
ing were identified with Dako LSAB+ System-HRP code K0690. 3,3'-Diamino-
benzidine (DAB) (cod. D5637 Sigma) was used as chromogen (0.05% in TBS
0.05 M pH 7.2 and H2O2: concentration 0.05% for 10 min at room tempera-
ture). The sections were then counterstained with Papanicolaou hematoxy-
lin. In negative control sections, the primary antibody was replaced with
phosphate buffered saline (PBS) containing bovine serum albumin.
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Enzymohistochemistry
EHC CAT was performed according to CAJARAVILLE et al. (1993) on gill

frozen specimens.
Control reactions were carried out with incubation media lacking H2O2,

DAB or containing only imidazole (0.01 M) (CAJARAVILLE et al. 1993).

Quantitative analysis of CAT
CAT IHC: ten fields per each gill section, randomly chosen, were ana-

lysed to obtain a total number of 260 fields. Digital images of the selected
fields have been achieved with a digital camera (Leica DFC320, Solms, Ger-
many) mounted on a Leica DMLB (Solms, Germany) microscope and con-
nected with a PC. All images were obtained using a 63x objective and a 10x
eyepiece, yielding a final magnification of 630x. Images were acquired with
an image analysis software Leica QWIN at 24-bit, saved as JPEG format.
Each selected field had an area of 2.1x10–2 mm2. For image analysis
a standard grid with sixteen horizontal-lines was set up and superimposed to
each image. Only the positive cells with nucleus adjacent to or cutting one
of the lines were counted and the data expressed as the mean number
of positive cells assessed irrespectively of the location (stroma or epithelium
of the lamellae).

CAT EHC: images (400x magnification, 5.4x10–2 mm2 per field) were
acquired using the same tools as for IHC. Intensity of cytoplasmic staining
was estimated in each of the 260 images, automatically measuring the inte-
grated optical density with the image analysis software Leica QWIN.

Statistical analysis
The recorded values of IHC and EHC quantification were expressed as

means ±SE (Standard Error) of the ten measured fields. For each case, CAT
EHC and IHC quantitative data were tested for normality using the Sha-
piro-Wilk W-test. As the data distribution was not normal, the non-paramet-
ric Spearman rank order correlation test was utilized. Values of P<0.05 were
considered significant. Blood biochemistry parameters were analysed by a two
ways full factorial design time exposure with the R-statistics program.

RESULTS

Cu concentration
Cu analysis in the sea water samples after 50 days of exposure resulted

in 0.35±0.05 mg dm–3, indicating that 70-80% of the nominal dose of Cu was
present in the exposure tanks at the end of the experiment. Cu concentra-
tions in gills of controls at T0, T1, T2 and T3 did not change significantly;
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while in exposed fish, metal concentrations increased significantly reaching
a maximum of 6.9±4.7 µg g–1 wet weight at the end of the treatment
(P<0.05) – Figure 1.
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Fig. 1. Cu concentrations in gills of control (N=32) and exposed (N=24) fish.
Significant increases were noted in treated fish (P<0.05)

Blood biochemistry
Only plasma urea significantly increased in Cu exposed fish (P<0.01).

A significant decrease in glucose (P<0.01) and a significant increase for CK
and ALP (P<0.05) were observed in control and exposed fish, as a function
of time. The free ions did not show significant variations with the exception
of a significant increase (P<0.05) of P both in control and exposed fish,
as a function of time (Table 1).

Macro- and microscopic aspects
No mortality and no gross lesions were detected in the gills of exposed

and control subjects. On histological ground no lesions were recorded.

CAT IHC and quantitative analysis
Brown intracytoplasmic positivity was evident in both exposed and con-

trol fish only in the epithelial cells of the primary and secondary lamellae
and in pillar cells of the latter (Figure 2a). Scant positivity was noted in
stromal cells. Quantitative analysis for CAT presence (Figure 3a), expressed
by IHC, demonstrated a significant decrease in exposed subjects compared
to controls at T1 (P<0.0001), an increase in positivity in exposed fish com-
pared to controls (P<0.0001) at T2; similar values in positivity were obtained
in exposed and control fish (P=0.09) at T3.
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CAT EHC and quantitative analysis
Enzyme activity was localized in the epithelium and pillar cells of both

primary and secondary lamellae and appeared as a strong cytoplasmic stain
particularly at the base of the primary lamellae (Figure 2b). Low positivity
was observed in the connective tissue of the blood vessel walls of primary
lamellae. Some positive spots were recorded within the branchial arch stro-
ma. Quantitative analysis of enzyme activity in positive areas, evaluated as
integrated optical activity, showed a significant decrease in exposed subjects

Fig. 2. Gills of the same control specimen: a – CAT IHC: pulverulent brown positivity
in the cytoplasm at the base of secondary lamellae 40x; b – CAT EHC: enzyme activity

is evidenced by brown colour in the epithelial cells of secondary lamellae 40x

compared to controls at T1 and T2 (P<0.0001) – Figure 3b. At T3 the activi-
ty of the enzyme in the exposed and control fish reached equal values
(P=0.68).

Correlation analysis of CAT data
No evident correlation (R=0.3; P=0.12) was found between CAT IHC and

EHC by linear regression analysis.
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Fig. 3. CAT IHC (a) and CAT EHC (b) quantitative analysis.
*Indicates significant differences with respect to T0 (P<0.0001).

DISCUSSION

Cu accumulation in gills
Cu exposure has resulted in a significant increase in metal (5.3 folds)

concentration in gills of exposed fish. Similar accumulation rates were found
in S. aurata exposed for 20 days to 0.1 mg dm–3 and 0.5 mg dm–3 (ISANI et
al. 2003) and in black sea breams exposed to 0.05 mg dm–3 for 20 days
(DANG et al. 2009). Cu concentrations in gills originate from mechanisms
that regulate uptake, sequestration and export; as concerns membrane trans-
port, also in gilthead sea bream the presence of the Ctr1 was demonstrated

b
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(MINGHETTI et al. 2008). Moreover, Cu can be bound to mucus glycoproteins,
which are present on gills surface and effectively bind diffusible cations such
as Cu (SPEARE, FERGUSON 2006), hence representing the first defensive line
against waterborne Cu.

Blood biochemistry
Measurements of blood parameters are commonly used as a diagnostic

tool in mammals, while they are not extensively applied to fish. The basal
values of plasma parameters measured in T0 fish were in the range of those
reported for other control or unexposed marine teleosts (FOLMAR 1993) and
were indicative of a healthy status of fish used in the present work. Chang-
es in blood biochemistry could be related to unsuitable environmental condi-
tions (BARCELLOS et al. 2004), including chronic exposure to chemical pollut-
ants (FOLMAR 1993). In the present experiment, Cu exposure determined
a significant increase in plasma urea. In fish, urea is mostly used as an
osmolyte or is excreted as a waste of ammonia detoxification after its bio-
synthesis in the liver (GROSELL et al. 2004). The gills are the major site of
urea excretion, through an urea transporter protein, which was indentified
in several marine species (WALSH et al. 2001). The higher plasma urea lev-
els in Cu-treated fish could be due to the impairment of gills nitrogen ex-
cretory function. The plasma urea increase could derive directly from the
inhibition of the urea transporter, or indirectly from the inhibition of am-
monia excretion; this metabolite in turn should be transformed in urea by
the liver in order to avoid systemic toxicity. In both cases, the higher urea
plasma concentration could derive from a molecular damage of gill trans-
port systems. Accordingly, the measure of blood urea nitrogen, routinely
determined in mammals as an index of renal function, could represent in
fish a simple and useful biomarker of gill function. We also found a signifi-
cant decrease of glucose as a function of time in both control and exposed
fish. These changes could be due to starvation and are in agreement with
data reported in river lamprey (EMELYANOVA et al. 2004). The observed in-
crease in ALP may be linked to alteration of P metabolism (WHYTE 2010)
and together with changes of CK activity could be related to muscle proteol-
ysis that naturally occurs during food deprivation (SEILIEZ et al. 2008).

CAT IHC and EHC
The IHC findings assessed CAT presence located mostly in the cyto-

plasm of epithelial cells at the base of the primary lamellae; to a lesser
extent CAT was found in the epithelium of the secondary lamellae, where
Cu is absorbed through the Ctr1 mediated transport (MINGHETTI et al. 2008).
The role of CAT at these sites was to prevent the damaging of the epitheli-
um in the form of membrane lipid peroxidation operated by Cu redox activi-
ty (CRAIG et al. 2007). The granular pattern found in the present paper con-
firmed CAT presence in peroxisomes.
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In accordance with Guderley et al. (2003), starvation induced an increase
in CAT presence. The significant decrease in CAT presence noted in our
cases at T1 compared to T0 was consequent to Cu toxicity. The following
increase of CAT concentration from T1 to T3 was partially due to starvation
and in part to the protective role of CAT against metal-induced oxidative
stress (FIRAT, KARGIN 2010).

CAT presence disclosed by IHC was integrated by EHC results indicat-
ing enzyme activity particularly at the base of the primary lamellae. The
significant decrease in CAT activity at T1 and T2 in the gills of treated fish
could be related to Cu exposure either by direct binding of the metal to the
enzyme or by ROS-induced inhibition as reported by CRAIG et al. (2007) in
Danio rerio. At T3, the increase in enzyme activity up to control levels may
indicate an acclimation to waterborne Cu exposure or, more likely, the acti-
vation of protection mechanisms, such as an increase in metallothionein
(MT) (ISANI et al. 2003) and/or CAT expression (CRAIG et al. 2007) in heavy
metal exposed fish. CRAIG et al. (2007) examined the genes encoding for ma-
jor proteins (including CAT) involved in combating oxidative stress in D.
rerio and found no significant changes in the expression of CAT in the gills.
However, similarly to our T1 data, they noted a decrease in CAT activity
within 48 hours post exposure, which could suggest a rapid rise in oxidative
stress due to sub-lethal doses of Cu and a comparably rapid response of
defense mechanisms. The biphasic responses of CAT expression and its en-
zymatic activities were consistent with an increase of CAT gene transcrip-
tion and a detoxifying activity of MT. At T3, Cu toxicity may be neutralized
by the increase in CAT expression, which in turn appeared as a rise in
enzymatic activity.

IHC positivity did not necessarily coincided with EHC positivity. As two
CAT isoforms were recognized (BAILLY et al. 2004), one active (55 kDa) and
one inactive (59 kDa), we assumed that when the inactive isoform is present,
only IHC results positive, whereas both methods reveal the active isoform.

All the three main investigation methods, i.e. analytical chemistry, IHC-
EHC and blood biochemistry, have proven effective in highlighting respons-
es to Cu exposure: increased Cu levels were associated with an initial de-
crease in CAT expression and activity and with increased plasma urea that
could be considered a metabolic marker of gills function in exposed fish.
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