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Abstract

The aim of this work was to study the oxidative profile of digestive glands of two limpets species (Nacella (Patinigera)
magellanicaandNacella (Patinigera) deaurata) exposed to different environmental conditions. The intertidal population of
N. (P.) magellanicais subjected to a wide variety of stresses not experienced byN. (P.) deaurata. Although a typical electron
paramagnetic resonance (EPR) spectrum of ascorbyl radical in digestive gland from both limpets was observed, neither ascorbyl
radical content nor the ascorbyl radical content/ascorbate content ratio was significantly different, suggesting that the difference
in the environmental conditions did not appear to be responsible for developing alterations in the oxidative status of both
organisms at the hydrophilic level (e.g. cytosol). Lipid peroxidation in the digestive glands was estimated, both as the content of
thiobarbituric acid reactive substances (TBARS) and as the content of lipid radicals assessed by EPR, in both organisms. TBARS
and lipid radical content were 34.8 and 36.5%, respectively, lower inN. (P.) magellanicaas compared toN. (P.) deaurata. On
the other hand, total iron content and the rate of generation of superoxide anion were 47.9 and 51.4%, respectively, lower in
N. (P.) magellanicaas compared toN. (P.) deaurata. The activity of catalase and superoxide dismutase (SOD) was 35.3 and
128.6% higher inN. (P.) magellanicaas compared toN. (P.) deaurata, respectively. No significant differences were determined
between the digestive glands of both molluscs regarding the content of total thiols.�-Tocopherol and�-carotene content were
significantly lower inN. (P.) magellanicaas compared toN. (P.) deaurata. A distinctive EPR signal for the adduct Fe–MGD–NO
(g = 2.03 andaN = 12.5 G) was detected in the homogenates of digestive glands of both limpets. A significant difference in the
content of the Fe–MGD–NO adduct in digestive glands fromN. (P.) magellanicaandN. (P.) deaurata(491± 137 and 839±
63 pmol/g FW, respectively) was observed. Taken as a whole, the data presented here indicated that coping with environmental
stressing conditions requires a complex adjustment of the physiological metabolic pathways to ensure survival by minimizing
intracellular damage. It is likely thatN. (P.) magellanicahas a particular evolutionary adaptation to extreme environmental
conditions by keeping iron content low and antioxidant activities high.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The generation of reactive oxygen species, such as
superoxide anion (O2−), hydrogen peroxide (H2O2)
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and hydroxyl radical (•OH), takes place continuously
in living cells, mainly as by-product of respiration.
Nitric oxide (NO) is an inorganic free-radical gaseous
molecule, which has been shown to act as an intra-
cellular signal, as a transcellular signal or as a cyto-
toxic host defense molecule (Moncada et al., 1991;
Moncada and Higgs, 1995; Knowles and Moncada,
1994). NO can be generated in cells and tissues from
l-arginine by the activity of the enzyme nitric oxide
synthase (NOS, EC 1.14.13.39) (Knowles, 1997) and
this activity has been found in marine, freshwater
and terrestrial molluscs including three gastropod
subclasses (prosobranchs, opisthobranchs and pul-
monates) (Jacklet, 1997); however, little is known
about the metabolism of nitrogen-active species in
marine invertebrates and fish.

It has been suggested that in marine bivalves, both
species-specific adaptations to euryoxic (intertidal)
and stenoxic (subtidal) environments and metabolic
requirements of different tissues should result in dif-
ferent profiles in the oxidative cellular status (Walker
et al., 2000). The general scenario of pro-oxidant
and antioxidant processes was usually assessed in
molluscs and other marine invertebrates, according
to data from mammalian systems (Livingstone et al.,
1990; Livingstone, 1991; Winston and Di Giulio,
1991), lacking in many cases of specific information
from these organisms. In this regard, peculiarities
of membrane lipids in marine organisms, particu-
larly high contents of unsaturated fatty acids (Joseph,
1982), suggest a special pattern for lipid peroxidation
and a complex system of antioxidants (Halliwell and
Gutteridge, 1984).

Limpets are very common archaeogastropod mol-
luscs that inhabit intertidal rocky shores.Nacella(Pa-
tinigera) magellanica(Gmelin 1971) andNacella(Pa-
tinigera) deaurata(Gmelin 1971) are the two most
conspicuous limpet species in the Beagle Channel due
to their abundance and their relatively large sizes.
N. (P.) magellanicainhabits the middle and the up-
per intertidal zones, whereasN. (P.) deaurata lives
in the lower intertidal zone and the sublittoral zone
(Morriconi and Calvo, 1993; Morriconi, 1999). In spite
of living in the same area, the difference in shore level
location affects animal exposure to aerial or marine
environmental conditions. Due to tidal characteristics
of the Beagle Channel,N. (P.) magellanicalimpets are
daily exposed to air twice for 3–5 h each time, butN.

(P.) deauratalimpets are daily exposed to air for 3 h,
only during spring tides (Morriconi and Calvo, 1993;
Morriconi, 1999). The different regime of exposition
includes extreme temperatures under 0◦C during win-
ter time and more than 20◦C in summer forN. (P.)
magellanica; meanwhile,N. (P.) deauratalimpets are
usually covered by more than 0.3 m water that reaches
a temperature of 4◦C in winter and 11◦C in sum-
mer.

In molluscs, the digestive gland is a major site
of uptake of natural (dietary) and organic xenobiotic
pro-oxidant chemicals and as a consequence, the main
target for oxidative disruption. The aim of this work
was to characterize the oxidative status of digestive
glands of two limpets species exposed to disparate en-
vironmental conditions on an intertidal rocky shore
off the Patagonian coast, since it was suggested that
antioxidant systems may be altered after exposure to
pollutants and temperature stress (Abele et al., 1998,
2002). The ratio content of ascorbyl radical/content
of ascorbate was used as an oxidative stress index
in the hydrophilic medium (such as the cytosol), and
lipid and protein oxidation was assessed as reactive
species-dependent oxidative damage. Higher levels of
lipid peroxidation may correlate, among other factors,
with elevated accumulation of transition metals in an-
imal tissues. Thus, to study the possible role of iron
in the catalysis of lipid peroxidation, the iron content
in the digestive gland of both molluscs was exam-
ined. Antioxidant defense was studied in both species
by assaying the activity of antioxidant enzymes (SOD
and catalase) and the content of non-enzymatic an-
tioxidants (�-tocopherol,�-carotene, total thiols and
ascorbate). Moreover, to further characterize the com-
plex interaction between oxygen and nitrogen-reactive
species, the presence of NO in digestive gland ho-
mogenates of both limpets was determined employing
electron paramagnetic resonance technique.

2. Materials and methods

2.1. Collection of animals

The limpetsN. (P.) magellanica(Gmelin 1971) and
N. (P.) deaurata(Gmelin 1971) were collected from an
intertidal area at Punta Occidental (54◦50′S, 68◦20′W)
in the Beagle Channel, in July 2002 (Fig. 1). N. (P.)
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Fig. 1. Sampling area. Map of the south region of South America indicating the Beagle Channel. Insert: enlarged map showing the location
of the sampling area.

deaurata limpets were sampled at 0.3–0.5 m water
depth in shallow subtidal areas and they were scarcely
exposed to air, whereasN. (P.) magellanicalimpets
are daily exposed to air for several hours. Animals had
a mean shell length of 51± 1 and 51± 2 mm cor-
responding to a body fresh weight of 16± 1 and 12
± 1 g, N. (P.) magellanicaand N. (P.) deaurata, re-
spectively. No differentiation was made with respect
to either sex or reproductive stage. Immediately after

collection, digestive glands were separated and frozen
at −40◦C until analyses.

2.2. Ascorbyl radical content (A•)

A Bruker ECS 106 spectrometer was used for A•
measurements. Homogenates from digestive glands
were prepared in pure dimethylsulfoxide (DMSO)
(1:3) and the spectra were scanned in the following
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conditions: 50 kHz filed modulation, room tempera-
ture, microwave power 20 mW, modulation amplitude
1 G, time constant 655 ms, receiver gain 1× 105, mi-
crowave frequency 9.81 GHz, and scan rate 0.18 G/s
(Giulivi and Cadenas, 1993). Quantification was per-
formed according toKotake et al. (1996).

2.3. Ascorbate content (AH−)

The content of ascorbate was measured according
to Foyer et al. (1983). The acid extracts were neutral-
ized with 1.25 M K2CO3, and the amounts of ascor-
bate were determined by addition of 5 U/ml ascorbate
oxidase. Ascorbate was used as standard.

2.4. Content of protein carbonyl groups

Homogenates of digestive gland were centrifuged
at 68,000× g for 15 min, and the supernatant was
incubated for 1 h at room temperature in the pres-
ence of 10 mM 2,4-dinitrophenylhydrazine (DNPH) in
2.5 M hydrochloric acid. The proteins were precipi-
tated with 20% (w/v) trichloroacetic acid and the pel-
let was washed with ethanol/ethyl acetate (1:1) three
times. The precipitates were dissolved in 6 M guani-
dine hydrochloride in 20 mM potassium phosphate
(pH 2.3). Carbonyl content was determined at 360 nm
(ε = 22,000 M−1 cm−1) (Reznick and Packer, 1994).
Proteins were measured according toBradford (1976).

2.5. Content of 2-thiobarbituric acid reactive
substances (TBARS)

The homogenates were treated with 30% (w/v)
trichloroacetic acid and 50 mM potassium phosphate
buffer (pH 7.0). After centrifugation, the content of
TBARS was determined in the supernatant, according
to Fraga et al. (1987).

2.6. Content of lipid radical by electron
paramagnetic resonance (EPR)-spin trapping

The homogenates were prepared in potassium phos-
phate buffer (pH 7.4) containing 50 mM�-(4-pyridyl
1-oxide)-N-t-butyl nitrone (POBN). EPR spectra were
obtained at room temperature using a Bruker spec-
trometer ECS 106, operating at 9.81 GHz with 50 kHz
modulation frequency. EPR instrument settings for the

spin trapping experiments were: microwave power,
20 mW; modulation amplitude, 1.194 G; time con-
stant, 81.92 ms; and receiver gain, 2× 104 (Jurkiewicz
and Buettner, 1994). Quantification was performed
according toKotake et al. (1996).

2.7. Iron content

Isolated digestive glands of the molluscs were di-
gested with an HNO3 solution. After heating to dry-
ness, the digests were dissolved in 2 ml 5% (v/v) HCl
(Lawrie et al., 1991). Concentrations of iron in the
extracts were measured spectrophotometrically after
reduction with thioglycolic acid, followed by the ad-
dition of bathophenanthroline (Brumby and Massey,
1967).

2.8. Iron reduction rates

The rate of reduction by digestive gland ho-
mogenates was spectrophotometrically determined
at 510 nm (ε = 13,600 M−1 cm−1) using 10 mM
2-2′-bipyridyl, 50�M Fe–EDTA and 100�M NADPH
in 100 mM Tris–HCl buffer (pH 7.4) (Végh et al.,
1988).

2.9. Generation of superoxide anion (O2
−)

Generation of O2− was determined by monitor-
ing the superoxide dismutase-sensitive generation
of adrenochrome using 1 mM epinephrine, 40 mM
potassium phosphate buffer (pH 7.4) and 0.5�M
SOD (Boveris, 1984). Determinations were carried
out at 30◦C, measuring the absorbance at 480 nm (ε

= 6200 M−1 cm−1).

2.10. Enzyme assays

Total SOD activity (EC 1.15.1.1) was determined
according toMisra and Fridovich (1972). Catalase ac-
tivity (EC 1.11.1.6) was assayed spectrophotometri-
cally by the decomposition of H2O2 at 240 nm in a
reaction mixture consisting of 50 mM potassium phos-
phate buffer (pH 7.0) containing 1% Triton-X100, 1:9
(w/v) and 12.5 mM H2O2 (Aebi, 1984). Protein mea-
surements were performed according toLowry et al.
(1951).
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2.11. Total thiol content

Total thiol content was assayed according to
Sedlak and Lindsay (1968), employing 5,5′-dithiobis
(2-nitrobenzoic acid) (DTNB) and measuring ab-
sorbance at 412 nm, using glutathione as standard.

2.12. Content of lipid-soluble antioxidants

The content of�-tocopherol and�-carotene in
the digestive glands homogenates supplemented with
100 mM SDS was quantified by reverse-phase HPLC
with electrochemical detection using a Bioanalytical
Systems LC-4C amperometric detector with a glassy
carbon-working electrode at an applied oxidation po-
tential of 0.6 V (Desai, 1984). Samples were extracted
with 1 ml of ethanol and 4 ml of hexane. After cen-
trifugation at 600× g for 10 min, the hexane phase
was removed and evaporated to dryness under N2.
Extracts were dissolved in methanol/ethanol (1:1) and
injected for isocratic HPLC analysis (Desai, 1984).
d,l-�-Tocopherol (Sigma) and�-carotene were used
as standards.

2.13. Nitrite content

Aliquots from the homogenates were treated with
ethanol 95% (w/v) (Miranda et al., 2001). After cen-
trifugation at 2500× g during 10 min, the content of
NO2

− was determined according toAndronik-Lion
et al. (1992). A standard solution of NaNO2 was used
for quantification.

2.14. Nitric oxide content

The digestive glands were homogenized in
100 mM potassium phosphate buffer (pH 7.4) and
10 mM N-methyl-d-glucamine-dithiocarbamate iron
(MGD-Fe) as spin trap. EPR spectra were obtained at
room temperature using a Bruker spectrometer ECS
106, operating at 9.81 GHz with 50 kHz modulation
frequency. EPR instrument settings for the spin trap-
ping experiments were: microwave power, 20 mW;
modulation amplitude, 5.983 G; time constant,
20.48 ms; and receiver gain, 1× 105 (Kalyanaraman,
1996). Quantification was performed as previously
described byKotake et al. (1996).

2.15. Statistical analyses

Data in the text and tables are expressed as mean±
S.E.M. of four to six independent experiments, with
two replicates in each experiment. Statistical tests were
carried out using Statview for Windows, ANOVA,
SAS Institute Inc., version 5.0.

3. Results

Electron paramagnetic resonance is the method
of choice for studying paramagnetic molecules, that
is, molecules with unpaired electrons. Biologically
important paramagnetic species include free radicals
and many transition elements. An electron could be
thought of as a bar magnet with two possible mag-
netic states, and in a magnetic field, each unpaired
electron adopts a certain orientation. As with a con-
ventional magnet, the two orientations have different
energy. EPR exploits the existence of these two dif-
ferent energy states in a magnetic field to provide an
absorption spectroscopy based on transitions between
these states. The experimental technique is based on
the application of a strong homogeneous external
magnetic field across the sample simultaneously with
the electromagnetic radiation of the correct resonance
frequency. Theg value represents the actual reso-
nance position and for a symmetrical EPR, spectrum
can be obtained from the field position of the center
of the resonance. The hyperfine splitting reflects the
interaction of the unpaired electron with the nuclear
magnetic moment (aH, aN). A typical EPR spectrum
of ascorbyl radical (A•) in digestive gland from both
limpets, with the characteristic two lines atg = 2.005
andaH = 1.8 G, was observed (Fig. 2A (b, c)). DMSO
itself was examined and no DMSO spin adduct was
observed (Fig. 2A (a)). Neither A• content, assessed
by quantification of EPR signals, nor the A•/ascorbate
(AH−) ratio was significantly different in the digestive
gland of both limpets (Table 1).

Oxidative damage to proteins was assessed as the
content of carbonyl groups in soluble proteins. Diges-
tive glands fromN. (P.) deaurataandN. (P.) magel-
lanica did not show any statistically significant differ-
ence in the content of carbonyl groups in the soluble
proteins (7.8± 0.8 and 6.8± 0.9 nmol/mg protein,
respectively).
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Fig. 2. EPR detection of ascorbyl and lipid radicals. (A) Detection of ascorbyl radical: (a) EPR spectra of dimethylsulfoxide, (b) typical
EPR spectra ofN. (P.) magellanicadigestive gland, (c) typical EPR spectra ofN. (P.) deauratadigestive gland, and (d) computer-simulated
spectrum employing the following spectral parameters,g = 2.005 andaH = 1.8 G, are shown; (B) lipid radical content in digestive glands
from the molluscs: (a) EPR spectra of�-(4-pyridyl 1-oxide)-N-t-butyl nitrone (POBN) itself, (b) typical EPR spectra ofN. (P.) magellanica
digestive gland, (c) typical EPR spectra ofN. (P.) deauratadigestive gland, and (d) computer-simulated EPR spectra exhibiting hyperfine
splittings that are characteristic of POBN/lipid radicals,aN = 15.56 G andaH = 2.79 G (d), are shown.

Lipid peroxidation in the digestive glands from both
organisms was estimated, both as the content of thio-
barbituric acid-reactive substances and as the content
of lipid radicals assessed by EPR. TBARS content was
34.8% lower inN. (P.) magellanicaas compared toN.
(P.) deaurata(Table 2). Lipid radicals in both digestive
glands combined with the spin trap POBN resulted in
adducts that gave a characteristic EPR spectrum with
hyperfine coupling constants ofaN = 15.8 G andaH
= 2.6 G (Fig. 2B(b, c)), in accordance with computer
spectral-simulated signals obtained using those param-

Table 1
Ascorbyl radical content/ascorbate content ratio inN. (P.) deaurata
and N. (P.) magellanica

N. (P.)
deaurata

N. (P.)
magellanica

A• (pmol/mg FW) 1.0± 0.4 1.1± 0.6
Ascorbate (nmol/mg FW) 26± 2 30 ± 3
A•/AH− (10−5) 3.8 ± 0.6 4.6± 0.9

Data are expressed as means± S.E.M. of four to six independent
experiments.

eters (Fig. 2B(d)). POBN itself was examined and no
POBN spin adduct was observed (Fig. 2B (a)). Lipid
radical content was 36.5% lower inN. (P.) magellan-
ica as compared toN. (P.) deaurata(Table 2).

Total iron content was 47.9% lower inN. (P.) mag-
ellanicaas compared toN. (P.) deaurata, but the max-

Table 2
Lipid peroxidation, iron content and superoxide generation rate in
N. (P.) deaurataand N. (P.) magellanica

N. (P.)
deaurata

N. (P.)
magellanica

Lipid radicals (pmol/mg FW) 192± 32 122± 29a

TBARS (pmol/mg FW) 23± 4 15 ± 2a

Iron content (nmol/mg FW) 1.9± 0.3 0.99± 0.07a

Iron reduction rate
(pmol/(min mg FW))

84 ± 3 89 ± 10

O2
− generation rate
(pmol/(min mg FW))

0.37 ± 0.03 0.18± 0.04a

Data are expressed as means± S.E.M. of four to six independent
experiments.

a Significantly different atP ≤ 0.05 from the value inN. (P.)
deaurata.
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Table 3
Antioxidant capacity inN. (P.) deaurataand N. (P.) magellanica

N. (P.)
deaurata

N. (P.)
magellanica

Catalase (U/mg protein) 1.7± 0.2 2.3± 0.2a

SOD (U/mg protein) 1.4± 0.2 3.2± 0.6a

Total thiols (nmol/mg protein) 8± 2 11 ± 3
�-Tocopherol (nmol/mg protein) 5.3± 0.8 2.7± 0.4a

�-Carotene (nmol/mg protein) 14± 2 5.2 ± 0.6a

Data are expressed as means± S.E.M. of four to six independent
experiments.

a Significantly different atP ≤ 0.05 from the value inN. (P.)
deaurata.

imum capacity for iron reduction rate was not signifi-
cantly different between both limpets (Table 2). More-
over, the rate of generation of superoxide anion was
51.9% lower inN. (P.) magellanicaas compared toN.
(P.) deaurata(Table 2).

Due to the critical role of the antioxidants to main-
tain the steady-state concentration of reactive species
in living cells, the activity of the antioxidant enzymes
SOD and catalase was evaluated in both molluscs. The
activity of catalase and SOD was 35.3 and 128.6%
higher inN. (P.) magellanicaas compared toN. (P.)
deaurata, respectively (Table 3). However, no signif-
icant differences were determined between the diges-
tive glands of both molluscs regarding the content of
total thiols, whereas�-tocopherol and�-carotene con-
tents were significantly lower (49 and 62.9%, respec-
tively) in N. (P.) magellanicaas compared toN. (P.)
deaurata(Table 3).

The content of NO2− was 1.6± 0.2 and 1.8±
0.3 nmol/mg FW forN. (P.) magellanicaand N. (P.)
deaurata, respectively. EPR analysis of digestive
glands ofN. (P.) magellanicaand N. (P.) deaurata
was performed with homogenates supplemented with
the spin trap MGD-Fe to assess the content of ni-
tric oxide. A distinctive EPR signal for the adduct
Fe–MGD–NO (g = 2.03 andaN = 12.5 G) was de-
tected in the homogenates (Fig. 3 (b, c)). The amount
of spin adduct was calibrated using an aqueous solu-
tion of TEMPO, introduced into the same cell used
for spin trapping. EPR spectra of spin adduct solu-
tion and TEMPO solution were recorded at exactly
the same spectrometer settings and the first-derivative
EPR spectra were double integrated by a computer
attached to the EPR spectrometer to obtain the area

Fig. 3. Typical EPR spectra of the Fe–MGD–NO spin adduct: (a)
spectra ofN-methyl-d-glucamine-dithiocarbamate iron (MGD-Fe)
itself, (b) typical EPR spectra ofN. (P.) magellanicadigestive
gland, (c) typical EPR spectra ofN. (P.) deauratadigestive gland,
and (d) computer-simulated EPR spectra using the parameters,g
= 2.03 andaN = 12.5 G, are shown. The arrow (↓) indicates the
spectrum of the [(MGD)2/Cu] complex.

intensity, and then the concentration of spin adduct
was calculated using the ratio of these areas. The
spectrum obtained fromN. (P.) deauratahomogenates
showed a broad signal (Fig. 3 (b, c), indicated by an
arrow) that could be part of the EPR spectrum of the
[(MGD)2/Cu] complex, resulting from the chelation
of copper present in the mollusc. Quantification of
the EPR signal showed a significant difference in
the content of the Fe–MGD–NO adduct in digestive
glands fromN. (P.) magellanicaandN. (P.) deaurata
(491± 137 and 839± 63 pmol/g FW, respectively).

4. Discussion

A number of biochemical alterations have been de-
scribed and, in turn, proposed as basis for the ir-
reversible injury that may follow exposure of cells
to partially reduced oxygen species generated under
stressful environmental conditions. The exposure of
N. (P.) magellanicato diurnal immersion/emersion cy-
cles, salinity variation and solar and UV radiation
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does not appear to be responsible for developing alter-
ations in the oxidative status at the hydrophilic cellu-
lar level, as compared toN. (P.) deaurata, suggesting
the presence of antioxidant defense systems of differ-
ent capacity. The data reported here compare oxida-
tive status in two limpets species exposed to very dif-
ferent environmental conditions in their natural habi-
tats. The A•/AH− ratio reflects the actual state of one
part of the oxidative defense system mainly at the hy-
drophilic level and provides an early and simple di-
agnosis of stress (Kozak et al., 1997; Estevez et al.,
2001; Galleano et al., 2002). Under the assay condi-
tions, both molluscs showed no statistically significant
differences either in the A•/AH− ratio or in the content
of total thiols, suggesting that the exposure to more de-
manding environmental conditions did not affect ox-
idative stress at the level of the cytosolic medium.

However, a very different scenario was observed in
the context of the lipophilic cellular medium, since sig-
nificant decreases in the content of TBARS and lipid
radicals were detected inN. (P.) magellanicaas com-
pared toN. (P.) deaurata(Table 2). Even though EPR
detection of lipid radicals could be considered a finger-
print of radical presence, spin trapping studies cannot
really distinguish among peroxyl (ROO•), alcohoxyl
(RO•) and alkyl (R•) adducts owing to the similarity
of the corresponding coupling constants (Jurkiewicz
and Buettner, 1994).

Besides playing a key role in major intracellular pro-
cesses and being a strict requirement for growth, iron is
an effective catalyst for lipid peroxidation (Puntarulo
and Cederbaum, 1988). The initiation reaction of lipid
peroxidation is indicated by Reaction 1, where one
proton is abstracted.

Lipid
Fe2+
−−→
–H+

Lipid radical(LR•) (1)

The role of iron and superoxide anion in the initia-
tion step of lipid peroxidation has been extensively
discussed (Aust et al., 1985; Ursini et al., 1989;
Puntarulo and Cederbaum, 1988). To study the pos-
sible role of iron in the catalysis of radical genera-
tion, the iron content in the digestive gland of both
molluscs was examined. Lower levels of lipid per-
oxidation in N. (P.) magellanicaas compared toN.
(P.) deauratacorrelate with a lower content of transi-
tion metals, in agreement with previous observations
by comparing lipid peroxidation and iron content in

Laternula ellipticaandMya arenaria(Estevez et al.,
2002). On the other hand, the lower lipid radical for-
mation inN. (P.) magellanicaas compared toN. (P.)
deauratacould also be ascribed to the lower concen-
tration of catalytic active iron inN. (P.) magellanica
or to a lower conversion rate of bound-to-bioavailable
forms of iron. In an aerobic environment, iron is only
available in the form of insoluble ferric iron (Fe3+).
Mechanisms of iron mobilization are still unclear in
animal tissues; however, recent data suggest that re-
duction of bound iron might be the key primary event
(Fontecave and Pierre, 1993). Fe3+ is reduced to
Fe2+ to be incorporated into ferritin where it is stored
as Fe3+ (inert form). By redox reaction with other
cellular components (i.e. superoxide anion), Fe3+
from ferritin can be re-reduced to Fe2+, released to
the cytoplasm and become a catalyst in Fenton-type
reactions. However, since Fe3+ reduction rates were
not significantly different in both homogenates of
digestive glands of the two molluscs, this does not
seem to be the cause of the differential content of
lipid radicals. Future studies will be required to as-
sess the real magnitude of the catalytic active iron
available in both organisms and to explore the pos-
sible role of lipid content and lipid saturation as a
cause of the differential lipid peroxidation in both
limpets.

Even though superoxide radical (O2
−) is not par-

ticularly reactive, a reduced rate of generation of O2
−

radical inN. (P.) magellanicaas compared toN. (P.)
deauratacould limit the formation of H2O2 and the
ensuing production of highly reactive and noxious hy-
droperoxyl radicals deriving from H2O2. Reducing the
formation of H2O2 would also reduce the formation
of •OH generated byFenton (1894)or Haber and
Weiss (1934)reactions, which can initiate lipid rad-
ical chain reactions. Moreover, the results presented
here showed that the activity of both SOD (Reaction
2) and catalase (Reaction 3) are significantly higher
in N. (P.) magellanicaas compared toN. (P.) deau-
rata, contributing to decreased lipid peroxidation by
scavenging of superoxide radical and hydrogen per-
oxide.

2O2
− + 2H+ SOD−→ H2O2 + O2 (2)

k = 2 × 109 M−1 s−1 (Hassan and Scandalios, 1990).
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2H2O2
catalase−−−→ 2H2O + O2 (3)

k = 107 M−1 s−1 (Aebi, 1984).
The cellular reactive species include oxygen and

nitrogen-derived radicals. Several considerations
should be taken to estimate intracellular radical
steady-state concentrations. According toMoroz and
Gillette (1995), there are at least three NO inactivation
mechanisms: (i) Interaction with various target bio-
logical molecules (e.g. free thiols, proteins with thiols
or heme groups, other metal-containing proteins), but
unfortunately there are not enough available data to
estimate these values in molluscan tissues. (ii) Oxida-
tion; in oxygenated solutions, NO is oxidized to NO2,
which rapidly hydrolyzes to produce nitrite (NO2

−)
and NO. t1/2 may be only several seconds (Gilbert,
1994). However, because of the relatively low oxygen
tension in molluscan blood, the lifetime of the re-
leased NO could be quite long and it is unlikely that
pO2 could be the limiting factor for NO inactivation
in most molluscs (Moroz and Gillette, 1995). (iii) In-
teraction with different oxygen species, such as O2

−.

O2
− + NO → ONOO− (4)

k = 6.7 × 109 M−1 s−1 (Radi et al., 1995).
Thus, it could be postulated as an estimation that the

rate of disappearance of O2
− will mainly depend on

the rate of reactions (2) and (4), according toEq. (5).

−d[O2
−]

dt
= k2[O2

−][SOD] + k4[O2
−][NO] (5)

Since in steady-state condition, the rate of disappear-
ance of O2

− equals the rate of generation of O2
−

(Eq. (6))

−d[O2
−]

dt
= d[O2

−]

dt
(6)

From Eqs. (5) and (6), the concentration of O2−
in steady-state concentration could be estimated by
Eq. (7).

[O2
−] = d[O2

−]/dt

(k2[SOD] + k4[NO])
(7)

Assuming that 1 U SOD= 11.5 pmol SOD (Puntarulo
et al., 1988), 90% of total fresh weight is water, and
δH2O = δinternal medium= 1 g/ml and according to the
data presented here forN. (P.) magellanica, d[O2

−]/dt,

[SOD] and [NO] would be 3.3× 10−12 M s−1, 3.3
× 10−6 M and 6× 10−7 M, respectively. ForN. (P.)
deaurata, the d[O2

−]/dt, [SOD] and [NO] are calcu-
lated as 6.8× 10−12 M s−1, 2.5× 10−6 M and 10×
10−7 M, respectively. O2− steady-state concentration
calculated according toEq. (7)was 3.2× 10−16 and
5.9 × 10−16 M for N. (P.) magellanicaand N. (P.)
deaurata, respectively. Thus, it is likely thatN. (P.)
magellanicahas a particular evolutionary adaptation
to cope with extreme environmental conditions, by
keeping tissue iron content low (either by decreasing
its uptake or increasing its excretion) and antioxidant
activities high. On the other hand, the content of lipid
soluble antioxidants,�-tocopherol and�-carotene, in
the digestive glands ofN. (P.) magellanicawere sig-
nificantly lower than inN. (P.) deaurata, suggesting
that the overall systems of defense include not only
prevention of formation, but also active scavenging of
the already formed active species, leading to a signif-
icant consumption of lipid-soluble antioxidants.

It is likely that N. (P.) magellanicahas a particu-
lar evolutionary adaptation to extreme environmental
conditions by keeping iron content low and antioxidant
activities high. Taken as a whole, the data presented
here indicated that coping with demanding external
oxidative conditions requires a complex adjustment of
the physiological pathways to ensure survival by min-
imizing intracellular damage. Thus, alteration of the
habitat (e.g. by contamination with metals) could have
a different degree of importance on the species re-
garding their complex adaptive responses to oxidative
conditions. However, further studies are required to
explore if other factors, besides environmental condi-
tions, could play a role in the detected interpopulation
differences in the oxidative and antioxidant parame-
ters in the limpets.
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