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a b s t r a c t

The objective of this work was to analyze oxidative metabolism in Mya arenaria. Total Fe content in M.
arenaria collected in the German Wadden Sea was 1.9 ± 0.7, 0.7 ± 0.1 and 0.17 ± 0.01 nmol/mg fresh weight
(FW), in digestive glands (DG), mantle and gills, respectively. Labile Fe pool, assessed by electronic para-
magnetic resonance (EPR), was 146 ± 10 pmol/mg FW, and by the fluorescence method employing calcein
it was 118 ± 9 pmol/mg FW. The lipid radical content in the DG, assessed by EPR, was 27 ± 7 pmol/mg FW,
and the thiobarbituric reactive substances content amounted to 57 ± 8 pmol/mg FW. Ascorbyl radical (A•)
content, assessed by quantification of EPR signals, was 0.04 ± 0.01 pmol/mg FW, and the ascorbate content
(AH−) was 478 ± 12 pmol/mg FW. The ratio A•/AH− was (8 ± 1) × 10−5 AU, suggesting a minimum oxida-
tive stress even under physiological conditions, presumably depending on basal metabolic functions. The
content of nitric oxide (NO), assessed by EPR, was 99 ± 3 pmol/mg FW. The generation rate of NO by nitric
oxide synthase-like activity (NOS-like) was assayed as NO production detected by EPR in the presence
of l-arginine and NADPH, and was 3.16 ± 0.06 pmol/(mg FW min). The data presented here document the
detectable presence of highly reactive species in M. arenaria.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Live cells continuously produce low amounts of reactive species
like superoxide anion and hydrogen peroxide as by-products of
aerobic metabolism. The hydrogen peroxide is further involved
with transition metals through the Fenton reaction forming highly
reactive hydroxyl radicals (Puntarulo and Cederbaum, 1988). More-
over, some cellular constituents like ascorbate (AH−) can reduce
oxidized Fe3+ to Fe2+ generating catalytically active Fe that fuels
hydroxyl radical and ascorbyl radical (A•) formation. Also, unsatu-
rated membrane lipids can generate radical species like peroxyl
(ROO•), alkoxyl (RO•) and alkyl (R•) radicals by reactions cat-
alyzed by Fe. Finally, besides being a cellular signalling molecule
capable of binding Fe with an stability constant (KFe2+−citrate:NO)
of 2.1 × 104 M−1 (Schneppensieper et al., 2001), nitric oxide (NO)
is a regularly occurring radical intermediate of many reactions.
NO has been shown to act as intracellular or transcellular signal
and as cytotoxic host defense compound (Moncada et al., 1991;
Knowles and Moncada, 1994; Moncada and Higgs, 1995). NO is gen-
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erated in mammal cells and tissues from l-arginine (l-A) by the
activity of the enzyme nitric oxide synthase (NOS, EC1.14.13.39)
(Knowles, 1997). NOS-like enzyme activity has been detected in
marine, freshwater and terrestrial molluscs, including three gas-
tropod subclasses (prosobranchs, opisthobranchs and pulmonates)
(Jacklet, 1997). Johansson and Carlberg (1995) and Moroz and
Gillette (1995) summarized data on NOS-like activity detected by
NADPH-diaphorase histochemistry in the central nervous system of
mollusc species. Stefano and Ottaviani (2002) reported that some
invertebrate organisms also contain NO, and Tafalla et al. (2003)
demonstrated that clam hemocytes are capable of producing NO
in response to zymozan, lipopolysaccharide or pathogenic bacteria.
The gene coding for enzymes generating NO, presumably analogues
of NO synthases, was reported in several invertebrates (Regulski
and Tully, 1995; Luckhart et al., 1998; Nighorn et al., 1998; Imamura
et al., 2002). Basically, pro- and anti-oxidant processes are the same
in marine invertebrates and in mammalian systems (Livingstone et
al., 1990; Livingstone, 1991; Winston and Di Giulio, 1991). How-
ever, the specific conditions for radical formation, a key feature
in stress physiology and aging, are different and highly variable
among species in aquatic cold blooded organisms (Lesser, 2006)
where metabolic rates are much lower than in mammals (Abele
and Puntarulo, 2004).

The soft shell clam Mya arenaria from the European Wadden Sea
is a typical representative of the group of infaunal marine molluscs.

0166-445X/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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It is a benthic filter feeder that colonizes intertidal and subtidal
areas where it digs 50 cm deep into the sediment. M. arenaria takes
up O2 and food particles (algae and detritus) from surface waters
through a long siphon, and is exposed to hypoxia-reoxygenation
as tidal flats emerge and are again flooded. As particle feeding is
not totally selective, M. arenaria ingests considerable amounts of
sediment containing Fe and other trace metals together with the
targeted food particles. These elements are taken up into the tis-
sues. The amount of trace elements absorbed into the tissues from
digestion of ingested food particles largely depends on the amounts
available in the environment (Estévez et al., 2002). As the Wad-
den Sea receives nutrients and trace metals from river discharge
and land run-off processes, dissolved and particulate matter can
depend on many factors, including precipitation, and be variable in
space and time. Fe discharge at five representative locations of the
German Wadden Sea coast recorded values between 2 and 50 �mol
Fediss/l and between 13 and 80 �mol Fepart/l (Kölsch et al., 2003).
The average Fe2O3 content amounted to 0.8% in sand flats, 1.8% in
mixed and 3.2% in mud flats. The sand flat where the animals for
this study were collected had 7.5 mg Fe/g dry weight (DW) (Estévez
et al., 2002).

In most animal tissues Fe is tightly bound to Fe-specific binding
proteins such as ferritin (Ft) and it is not available for biochemical
reactions. However, to a certain extent tissues also contain a labile
Fe pool (LIP) which represents the catalytically active Fe. This frac-
tion is defined as a low-molecular-weight pool of weakly chelated
Fe that rapidly moves through the cell. It likely consists of both
forms of ionic Fe (ferrous, Fe2+ and ferric, Fe3+) associated with
a variety of ligands with low affinity for Fe ions such as, citrate
and other organic ions, phosphate, carbohydrates and carboxy-
lates, nucleotides and nucleosides, polypeptides and phospholipids
(Kakhlon and Cabantchik, 2002; Petrat et al., 2002; Kruszewski,
2003), but also mildly bound Fe to proteins could be included in
this pool (Petrák and Vyoral, 2001). LIP represents only a minor
fraction of total cellular Fe (3–5%) (Kruszewski, 2004). However,
the actual nature of the intracellular ligands participating in LIP
formation remains obscure up to now. The accessibility of cellular
Fe to chelators (such as deferoxamine, DF) is commonly used as the
criterion of ‘lability’.

In this work we measured both, total Fe and LIP in diges-
tive gland (DG) homogenates of the bivalve M. arenaria. Oxidative
condition arising from Fe in both the lipid and hydrophilic
fraction of the tissue, was assessed by measuring lipid peroxi-
dation and the A•/AH− ratio, respectively. The presence of the
Fe ligand NO in DG tissue, and the rate of NO formation were
estimated in this bivalve species to characterize basal oxidative
and nitrosative stress under controlled environmental condi-
tions.

2. Materials and methods

2.1. Animal collection and maintenance

Bivalves of the species M. arenaria L. (5.3–8.8 cm shell length
and 3.2–5.1 cm shell width) were collected on an intertidal sand
flat near Bremerhaven, Germany, over the summer 2006–2007
(June–July). In the laboratory, animals were kept in two aquaria
with fully aerated natural seawater of 23–26‰ PSU and at 10 ◦C for
1 week to ensure constant and control conditions prior to the exper-
iments. The bottom of the aquaria was covered with pebble stones.
Animals were fed live phytoplankton twice a week, using DT’s live
marine phytoplankton, premium reef blend (Nannochloropsis ocu-
lata, Phaeodactylum sp., Tricornotum sp., Chlorella sp., between 2 and
20 �m). The tissues were dissected and stored in liquid nitrogen
until used.

2.2. Total Fe content

Approximately 100 mg of DG, mantle and gills were weighed and
dried to constant weight at 70 ◦C over 48 h, before digesting with
HClO4:HNO3 (1:1) solution. Concentrations of Fe in the extracts
were measured spectrophotometrically at 535 nm after reduction
with thioglycolic acid (TGA), and the addition of bathophenanthro-
line (4,7-diphenyl-1,10-phenanthrolinedisulfonic acid) (Brumby
and Massey, 1967).

2.3. 2-Thiobarbituric acid reactive substances (TBARS) content

TBARS content in DG homogenates was measured according to
Uchiyama and Mihara (1978), as described in Storch et al. (2001),
and Abele et al. (2002). Absolute malondialdehyde (MDA) concen-
trations were calculated as described in Abele et al. (2002).

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

The homogenates of DG were prepared in potassium phos-
phate buffer (pH 7.4) containing 100 �M DF and 130 mM of the
spin trap �-(4-pyridyl 1-oxide)-N-t-butyl nitrone (POBN). The sam-
ples were incubated for 10 min at 10 ◦C before measuring. EPR
spectra were measured using a Bruker (Karlsruhe, Germany) spec-
trometer ECS 106 with a cavity ER 4102ST, operating with the
following instrument settings: room temperature (18 ◦C), 9.81 GHz
microwave frequency, 20 mW microwave power, 50 kHz modu-
lation frequency, 1.232 G modulation amplitude, 81.92 ms time
constant and 2 × 104 receiver gain (Jurkiewicz and Buettner, 1994).
Quantification was performed according to Kotake et al. (1996).

2.5. A• content

Measurements were performed at room temperature (18 ◦C)
in the EPR spectrometer described above. Homogenates from DG
were prepared in 1 mM DF in pure dimethylsulfoxide (DMSO)
(1:4) and immediately transferred to a Pasteur pipette for
A• detection. Instrument settings were as follows: 9.76 GHz
microwave frequency, 10 mW microwave power, 50 kHz modula-
tion frequency, 1 G modulation amplitude, 3487 G centered field,
327.68 ms time constant, 81.92 ms conversion time, 1 × 105 receiver
gain and 15 G sweep width. Quantification of the spin adduct
was performed using an aqueous solution of 4-hydroxy-2,2,6,6-
tetramethylpiperidinyloxy (TEMPOL) introduced into the same
sample cell used for the samples. EPR spectra for both sample and
TEMPOL solutions were recorded at exactly the same spectrometer
settings and the first derivative EPR spectra were double integrated
to obtain the area intensity, from which the concentration of the
radical was calculated according to Kotake et al. (1996).

2.6. AH− content

The content of AH− was measured by reverse phase HPLC
with electrochemical detection. DG samples were homogenized in
metaphosphoric acid 10% (w/v) according to Kutnink et al. (1987).
Commercially available AH− was used as standard.

2.7. LIP in DG

The LIP was determined by both EPR at 77 K, according to
Woodmansee and Imlay (2002), and by a fluorescence tech-
nique with the Fe sensor calcein (CA) according to Darbari et al.
(2003) with modifications. For the EPR measurements, DG tissue
samples were homogenized in 10 mM Tris–HCl buffer, 120 mM
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KCl pH 7.4 and 1 mM DF. The measurements were performed
using the following instrument settings: 9.75 GHz microwave fre-
quency, microwave power 20 mW, 50 kHz modulation frequency,
4.759 G modulation amplitude, centered field 1600 G, time constant
81.92 ms, and 800 G sweep width. For the fluorescence technique,
DG were homogenized in 40 mM potassium phosphate buffer,
120 mM KCl, pH 7.4 in 1:10 proportion. The homogenate was cen-
trifuged at 8700 × g for 15 min at 4 ◦C and the supernatant removed
to fresh Eppendorf tubes and centrifuged again at 8700 × g for
15 min at 4 ◦C. The supernatant was filtered through filters with
30,000 nominal molecular weight limit (Centricon YM30). The fil-
tered solution was then reduced with equal volume of 8% TGA. Fe
in the reduced solution was measured using 1 �M CA solution in
40 mM potassium phosphate buffer, 120 mM KCl, pH 7.4. When
Fe is added to CA solution a fraction of the dye binds free Fe2+

leading to the generation of the Fe-bound (quenched) complex
[CA-Fe], while another fraction remains free as unbound CA and
provides the residual fluorescence. The fluorescence (�exc = 485 nm,
�em = 535 nm) was recorded until stabilization of the signal (F1) and
then DF was added to a final concentration of 1 mM. The fluores-
cence was monitored until a new stabilization of the signal (F2).
The magnitude of the absolute change in fluorescence (F2 − F1) is
equivalent to the amount of Fe bound to CA. The fractional increase
of fluorescence (�F), that reflects the LIP concentration, was calcu-
lated using the following equation:

�F = F2 − F1

F2
(1)

The LIP was assessed according to Robello et al. (2007) using Eq. (2)
and a dissociation constant (Kd) value of 0.46 �M.

LIP = (�F × [CA]) +
[

Kdx�F

1 − �F

]
(2)

2.8. NO content

The NO content was determined both by measuring total nitrite
and nitrate concentration following Griess reaction, according to
Verdon et al. (1995) with modifications, and by EPR. For the Griess
reaction, DG were homogenized in 14 mM sodium phosphate buffer
(pH 7.1), in a 1:1.5 ratio. Nitrate in the extracts was reduced to
nitrite, then the sample was incubated for 10 min with the Griess
reagent. The concentration of nitrate plus nitrite was measured
spectrophotometrically at 540 nm. Quantification was performed
using a nitrate and nitrite standard curve.

For the EPR measurements DG were homogenized in 60 mM
Tris–HCl buffer–100 mM KCl pH 7.0, in a 1:0.7 ratio, supplemented
with the spin trap solution (10 mM sodium-N-methyl-d-glucamine
dithiocarbamate (MGD), 1 mM FeSO4). The supernatant was imme-
diately transferred to Pasteur pipettes for EPR measurements. The
spectra were recorded at room temperature (18 ◦C) in the EPR
spectrometer described above, operating at 9.76 GHz microwave
frequency, 20 mW microwave power, 50 kHz modulation fre-
quency, 5.983 G modulation amplitude, 200 G field scan, 327.68 ms
time constant, 83.886 s sweep time. Quantification of the spin
adduct was performed using an aqueous solution of TEMPOL as
described above.

2.9. NO generation by NOS-like activity

DG were homogenized with 60 mM Tris–HCl buffer–100 mM KCl
pH 7.0, in a 1:0.7 ratio, in the presence of the spin trap solution
(10 mM MGD, 1 mM FeSO4). To assess NOS-like dependent NO gen-
eration, the homogenate was supplemented with 0.1 mM NADPH,
5 mM MgCl2, 1 mM CaCl2 and 1 mM l-arginine (l-A). In the inhi-
bition experiments with l-A analogs, such as N�-nitro-l-arginine

methyl ester hydrochloride (l-NAME) and N�-nitro-l-arginine (l-
NA), final concentrations used were 5 mM. The homogenate was
pre-incubated 5 min with the inhibitors at 18 ◦C before the addi-
tion of NADPH and l-A. The NO EPR spectra were recorded as a
function of time, at room temperature (18 ◦C) employing the instru-
ment settings described above. The cursor was fixed at 3411 G. The
increasing height of the peak was recorded during 24 min to assess
the rate of generation of NO.

2.10. Statistical analyses

Data in the text and tables are expressed as mean ± S.E. of six
independent experiments (n = 6), with two replicates for each sam-
ple. Statistical tests were carried out using Statview for Windows,
ANOVA, SAS Institute Inc., version 5.0.

3. Results

Total Fe content in M. arenaria collected in the German Wadden
Sea for this study, was 1.9 ± 0.7, 0.7 ± 0.1 and 0.17 ± 0.01 nmol/mg
fresh weight (FW), in DG, mantle and gills, respectively. EPR
assessment of LIP by the signal of the DF–Fe3+ complex is under-
stood as a reliable method for detection (Tarpey et al., 2004),
but the fluorescence method employing CA seems to be even
more sensitive (Espósito et al., 2002). The LIP was measured by
both methods to confirm the accuracy of the data. The typical
EPR signal of DF–Fe3+ complex was obtained with DG, in agree-
ment with the signal detected in the presence of 15 �M FeCl3
(Fig. 1). LIP assessed by the CA assay (118 ± 9 pmol/mg FW), was
not significantly different from the value obtained using the EPR
technique (146 ± 10 pmol/mg FW).Since lipid peroxidation in the
tissues may correlate with elevated accumulation of catalytically
active Fe, it was estimated in the DG of M. arenaria, both as the
content of lipid radicals assessed by EPR, and as the content of
TBARS. Lipid radicals combined with the spin trap POBN resulted
in adducts that gave a characteristic EPR spectrum with hyper-
fine coupling constants of aN = 15.8 G and aH = 2.6 G, in agreement
with computer simulated signals obtained using those param-
eters (Fig. 2). Even though these constants could be assigned
to lipid radicals (Buettner, 1987), spin trapping studies cannot
readily distinguish between ROO•, RO• and R• adducts, owing to
the similarity of the corresponding coupling constants (Buettner,
1987). POBN itself was examined and no POBN spin adducts were
observed (Fig. 2). Lipid radical content in the DG of M. arenaria was
27 ± 7 pmol/mg FW. TBARS, a widely accepted index for lipid per-

Fig. 1. Determination of LIP by EPR. Spectra from: (a) 15 �M standard Fe, (b) DG
from M. arenaria, and (c) 10 mM Tris–HCl buffer, 120 mM KCl pH 7.4 and 1 mM DF.
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Fig. 2. Lipid radical detection by EPR. Spectra from: (a) computer-simulated exhibit-
ing hyperfine splittings that are characteristic of POBN/lipid radicals, aN = 15.56 G
and aH = 2.79 G, (b) DG from M. arenaria, and (c) POBN itself.

oxidation in biological tissues, amounted to 57 ± 8 pmol/mg FW in
the DG.

A typical EPR spectrum of A• was recorded in DG. The EPR spec-
trum showed the characteristic two lines at g = 2.005 and aH = 1.8 G
(Fig. 3), in accordance with computer simulated signals obtained
using the parameters mentioned above. DMSO was examined and
no DMSO spin adduct was observed (Fig. 3). A• content, assessed
by quantification of EPR signals, was 0.04 ± 0.01 pmol/mg FW. The
content of AH− in DG of M. arenaria was 478 ± 12 pmol/mg FW, and
the ratio A•/AH− was (8 ± 1) × 10−5 AU indicating a basal oxidative

Fig. 3. A• detection by EPR. Spectra from: (a) computer-simulated employing the
following spectral parameters, g = 2.005 and aH = 1.8 G, (b) DG from M. arenaria, and
(c) DMSO.

stress even under non-stressed environmental conditions, depend-
ing on basal metabolic functions.

The NO content in the DG, estimated by the Griess reaction, was
613 ± 38 pmol/mg FW, with non-detectable levels of nitrite. How-
ever, the estimation of NO by the nitrate and nitrite content as
in this technique, could overestimate the intracellular content of
NO, since both nitrate and nitrite are small and stable molecules
that can diffuse freely across the membranes from the extracellu-
lar fluid. Therefore, a second method was applied and NO content
in DG homogenates was assessed by EPR spin trapping measure-
ments using the NO trap MGD-Fe at room temperature. The EPR
signal is characterized by an isotropic triplet signal at g = 2.03 and
aN = 12.5 G, and its features are unique and enable a fingerprint-

Fig. 4. (A) NO detection by EPR. Spectra from: (a) computer-simulated employing the parameters, g = 2.03 and aN = 12.5 G. The arrow indicates the peak at 3411 G; (b) DG
(basal NO content); (c) boiled DG; and (d) no animal tissue added. (B) Total generation rate of the MGD–Fe–NO adduct. The height of was recorded in: (a) DG incubated with
1 mM l-A, 5 mM MgCl2, 1 mM CaCl2 and 0.1 mM NADPH (complete system); (b) DG incubated as in the complete system without l-A; (c) DG pre-incubated during 5 min with
5 mM l-NAME, and incubated as in the complete system; and (d) DG pre-incubated during 5 min with 5 mM l-NA, and incubated as in the complete system.
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Table 1
NO generation by NOS-like activity in DG of M. arenaria

Rate of NOS-like activity (pmol/mg FW min)

Complete system 3.16 ± 0.06
−l-A 3.30 ± 0.90
+5 mM l-NAME 0.14 ± 0.01*

+5 mM l-NA 0.11 ± 0.09*

* Significant different from the rate measured using the complete system. P < 0.05.
Fisher test.

like identification of NO (Fig. 4A). The EPR signal was neither
detectable in the absence of homogenate nor in the presence of
boiled homogenate (Fig. 4A). The content of NO in the DG, assessed
by EPR, was 99 ± 3 pmol/mg FW. Thus, by both methods NO was
detected in the tissue under non-stressed conditions.

To further investigate the source of NO generation by DG, an
assay was developed by assessing NO production by EPR in the pres-
ence of l-A and NADPH by EPR (Jasid et al., 2006). The samples were
incubated up to 10 min in the presence of the spin trap (MGD)2–Fe2+

at 10 ◦C and the required cofactors, as previously described for
assaying NOS-like activity in mammals. The generation rate of
NO was measured as the increase on the spectrum peak height
at 3411 G over a 20 min period (Fig. 4B). No NO generation was
observed when the spin trap was incubated only with the cofactors.
When DG were pre-incubated with known NOS-inhibitors in the
presence of all the required cofactors for NOS-like activity, the rate
of NO generation was significantly inhibited (Fig. 4B) as compared
to the complete system. Controls without addition of l-A were per-
formed and non-significant differences were obtained in the rate of
NO generation as compared to the complete system (Fig. 4B). This
lack of effect of l-A supplementation could be attributed either to
a non-limiting endogenous supply of l-A, as described in plant tis-
sues (Jasid et al., 2006), or to the increase in l-A content by the
cleavage of proteins due to the activity of proteases during sam-
ple preparation. Following boiling of the samples, the initial rate of
generation of NO (calculated as the rate up to 10 min) diminished
to 2.2 pmol/(min mg FW), suggesting that the pre-boiling signal
represented the addition of both enzymatic and non-enzymatic
activities. Thus, enzymatic activity, shown in Table 1, was assessed
subtracting the rate of generation of NO of the boiled sample from
the rate recorded in the complete system. The enzymatic gener-
ation rate of NO was inhibited by 96% after pre-incubation with
l-NAME, and by 97% after pre-incubation with l-NA (Table 1).

4. Discussion

One objective of this work was to analyze oxidative metabolism
in M. arenaria for interspecific comparisons. Fe is an essential
micronutrient, also in bivalves, and permanently required for syn-
thesis of Fe-containing proteins. It is taken up from the environment
(Dick et al., 2007) and presumably excreted with faeces and incor-
porated in the calcareous shells. A permanent Fe flux exists from the
environment to the shell, via gills, DG and mantle tissues. In marine
invertebrates Fe content strongly depends on the characteristics

of the natural environment. Laternula elliptica is an Antarctic mol-
lusc ecologically similar to the species M. arenaria from the North
Sea intertidal areas (Puntarulo et al., 2004); however, the vulcanic
nature of the rocks containing Fe in King George Island, Antarctic,
may be a source for Fe in Potter Cove sediments, and by contrast
in the Wadden Sea riverine inputs come from salt marches that
are not so enrich in Fe. Recently data reported by Malanga et al.
(2008) showed that total Fe content in L. elliptica was 5 ± 1, 4 ± 1
and 1.2 ± 0.4 nmol/mg FW in DG, gills and mantle, respectively.
Thus, Fe content in the tissues of the molluscs would dependent
on exogenous Fe availability since the exposure to sediments in the
Wadden Sea, with a content of Fe that represents the 31% of the
value in Potter Cove, leads to a significantly lower Fe content in M.
arenaria in the three tissues. Data in Table 2 shows the Fe content
in DG of several molluscs in relation to Fe content in the natural
environment.

Elimination of Fe could be a strategy to minimize the hazardous
effects of this potentially toxic Fenton reactant. The concentration
of total Fe in mantle represents 35% of the value in DG of M. arenaria
suggesting that Fe is ingested via the food and then transferred to
the mantle tissue to be sequestered into the shell. Previous data
from Mercenaria mercenaria (Thorn et al., 1995) reported that most
elements were more concentrated on the exterior surfaces of the
shell than they were within the main shell, however, Fe concen-
trations peak were located near the surface (30 �m) and farther
in (180 �m). This second peak of Fe content is probably due to Fe
incorporation from the DG. Dick et al. (2007) investigated the Fe
signal in different age rings of the Antarctic soft shell clam L. ellip-
tica with laser ablation techniques and found highest incorporation
in early age rings of young animals. This might simply reflect higher
specific metabolism and filtration rates, or a more efficient transfer
of Fe to the shell in young specimens. Similar age-dependent shell
profiles of Fe deposition have been recorded in M. arenaria (Dick and
Abele, unpublished results), and could be a common phenomenon
in bivalve development.

The A•/AH− ratio reflects the actual state of one part of the oxida-
tive defense system mainly at the hydrophilic level and provides an
early and simple diagnosis of stress (Kozak et al., 1997; Estévez et
al., 2001; Galleano et al., 2002). The reductant AH−, which is mostly
present in the cellular cytosol, not only participates in the release
of Fe from Ft (Laulhère et al., 1996), but also rapidly undergoes Fe
catalyzed auto-oxidation (Graziano and Lamattina, 2005). In the
absence of transition metals, the auto-oxidation of biomolecules,
such as proteins, lipids and DNA, is a negligible process (Miller
et al., 1990) and auto-oxidation reactions could be disregarded. A•

generation rate, as described by the following reaction:

AH− + Fe3+ k1−→A• + Fe2+ (I)

has an estimated value for the rate constant (k1) in Eq. (3), of
30 M−1 s−1 (Galleano et al., 2002) under standard conditions. Thus,
Fe content strongly affects the cellular content of A•:

d[A•]
dt

= k1[Fe3+][AH−] (3)

Table 2
Fe content in DG of molluscs and their natural environments

Mollusc Fe content DG
(nmol/mg FW)

Reference Environment Enviromental Fe content Reference

Nacella concinna (subtidal) 3 ± 2 Malanga et al. (2008) Potter Cove, Antarctic 18.4–22.6 nM (near bottom water) Puntarulo et al. (2004)
N. concinna (intertidal) 1.8 ± 0.5 Malanga et al. (2008) Potter Cove, Antarctic 8.8–12.6 nM (near surface water) Puntarulo et al. (2004)
L. elliptica 5 ± 1 Estévez et al. (2002) Potter Cove, Antarctic 24.2 mgFe/g DWa (sediment) Puntarulo et al. (2004)
M. arenaria 1.1 ± 0.2 Puntarulo et al. (2004) Dorum Waden Sea 7.5 ± 0.6 mgFe/g DWa (sediment) Estévez et al. (2002)

a Dry weight.
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On the other hand, Fe2+ catalyzes lipid radical generation according
to the following reaction:

Lipid
Fe2+
−→
H+

Lipid radical (LR•) (II)

Detectable amounts of both, A• and lipid radicals, are generated
in M. arenaria even under non-stressed conditions. Previous obser-
vations from our laboratory indicate a correlation between lipid
peroxidation rates and Fe content in DG material of the mud clams
L. elliptica and M. arenaria (Estévez et al., 2002). However, not total
Fe but the Fe in the LIP is responsible for catalyzing the above rad-
ical reactions. Assessing the LIP by two independent techniques,
we confirmed that even under non-stressed conditions a fraction
of total Fe in the bivalve DG is labile. It is accepted that the affinity
of a chelator for Fe, its ability to permeate different cell compart-
ments as well as the steric accessibility of specific metal binding
sites on proteins could all influence the LIP, which intracellular
concentration needs to be tightly controlled.

Regarding the content of nitrogen reactive species in M. arenaria,
the results presented here employing EPR spectroscopy, are the first
evidence that support the hypothesis that NO is being generated in
this animal. The total generation rate of NO can originate not only
from the activity of a NOS-like enzyme but other sources should be
operative. In this work, the pathway dependent on the activity of
NOS-like enzyme employing l-A and NADPH was identified. Other
alternative sources, such as NO release from endogenous nitroso-
glutathionyl complexes (GSNO) or similar compounds could be
relevant under certain physiological or pathological conditions. The
rate of the reaction of NO with superoxide anion (O2

−) to gener-
ate peroxynitrite (ONOO−) seems to be the main pathway for the
disappearance of NO, even though other cellular compounds, such
as glutathione (GSH), could participate in NO metabolism through
quenching reactions. In a first approach, it could be assumed
from the value of the kinetic constant for NO reaction with O2

−

(k = 6.7 × 109 M s−1, Huie and Padmaja, 1993), that ONOO− gener-
ation is the main pathway leading to NO disappearance. Further
studies are required to analyze the effect of environmental stress
conditions on NO steady state concentration, and the role of the
cellular generation of ONOO− in terms of nitrosative-dependent
damage. The data presented here document the presence of highly
reactive species, including nitrogen active radical species, in M. are-
naria.
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