Comparative Biochemistry and Physiology, Part A 165 (2013) 439-447

Contents lists available at SciVerse ScienceDirect

Comparative Biochemistry and Physiology, Part A

journal homepage: www.elsevier.com/locate/cbpa

Review

Electronic paramagnetic resonance (EPR) for the study of ascorbyl radical and lipid
radicals in marine organisms*

Paula Mariela Gonzalez, Maria Belén Aguiar, Gabriela Malanga, Susana Puntarulo *

Physical Chemistry-IBIMOL, School of Pharmacy and Biochemistry, University of Buenos Aires, Buenos Aires, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 1 December 2012

Received in revised form 18 February 2013
Accepted 19 February 2013

Available online 26 February 2013

Electron paramagnetic resonance (EPR) spectroscopy detects the presence of radicals of biological interest, such as
ascorbyl radical (A") and lipid radicals. A’ is easily detectable by EPR even in aqueous solution at room-temperature.
Under oxidative conditions leading to changes in total ascorbate (AH ™) content, the A"/AH™ ratio could be used to
estimate early oxidative stress in the hydrophilic milieu. This methodology was applied to a wide range of aquatic
systems including algae, sea urchin, limpets, bivalves and fish, under physiological and oxidative stress conditions as
well. The A"/AH™ ratio reflected the state of one part of the oxidative defense system and provided an early and
simple diagnosis of environmental stressing conditions. Oxidative damage to lipids was assessed by the
EPR-sensitive adduct formation that correlates well with cell membrane damage with no interference from
other biological compounds. Probe instability, tissue metabolism, and lack of spin specificity are drawback factors
for employing EPR for in vivo determination of free radicals. However, the dependability of this technique, mostly
by combining it with other biochemical strategies, enhances the value of these procedures as contributors to the
knowledge of oxidative condition in aquatic organisms.
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1. Introduction

Soon after the electronic paramagnetic resonance (EPR) phenomenon
was discovered by Zavoisky in 1945 (Borg, 1976), using a wartime radar
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klystron tube as a microwave source, an applied spectroscopy was rap-
idly developed, and its experimental utilization was quickly exploited. It
was clear early on that a new sensitivity for detecting free radicals and
other paramagnetic centers was available, and the further prospect of
elucidating descriptive and analytical spectroscopic detail was planned
(Malanga and Puntarulo, 2012). Indeed in less than 10 years the first
biological samples analyzed by EPR were reported, which is a brief
interval as far as applications of complex spectroscopies and physical
techniques to the life sciences is concerned. EPR spectroscopy allows
both characterization and quantification of free radicals in biological
systems.
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EPR techniques that report on the magnetic properties of unpaired
electrons and their molecular environment (Tarpey et al., 2004),
combined with spin trapping, have shown to be an appropriate tool
to identify free radicals formed in tissues under normal as well as
stressful conditions (Sun et al., 2008). Biologically important para-
magnetic species including free radicals and many transition metals
can be unequivocally identified by EPR spectroscopy as compared to
routinely used standard techniques.

Redox status has historically been used to describe the ratio of inter-
convertible reduced/oxidized forms of a molecule. To define a cellular
redox state, the ratios of important and abundant redox molecules
such as NAD"/NADH, NADP*/ NADPH, and reduced glutathione
(GSH)/oxidized glutathione (GSSG) can be measured. GSH/GSSG ratio
is the most important and commonly measured redox couple used to
obtain an estimate of cellular redox state because 1) it is found at high
levels in cells, and 2) is important in determining the redox status of
proteins, thus influencing protein function and activity. An assessment
of the GSH/GSSG ratio therefore provides a reliable estimation of cellular
redox status in cells and is thus frequently measured as an indicator of
oxidative stress (Han et al., 2006). Sureda et al. (2011) showed a signifi-
cant decrease in the GSH/GSSG ratio in the bivalve Mytilus galloprovincialis
from an oil contaminated area compared to a control zone, indicating a
more oxidized redox status in mussels directly affected by the spill.
Also, the index of lipid radical (LR") content/a-tocopherol (o-T) content,
that can be understood as indicator of the damage/protection ratio
(Galleano et al., 2002), was characterized under oxidative conditions for
the sea urchin Loxechinus albus (Malanga et al., 2009).

However, over time there was an increasing interest in the use of
ascorbyl radical (A") content, as an informative, non-invasive and natural
indicator of oxidative stress in the hydrophilic medium in biological
tissues (Roginsky and Stegmann, 1994; Galleano et al., 2002; Malanga
et al, 2012). On the other hand, in the cellular lipophilic medium,
lipid peroxidation, defined as the oxidative deterioration of lipids
containing two or more carbon-carbon double bonds (Hummel et al.,
2006), seems as a common feature of oxidative deterioration effects.
Polyunsaturated fatty acids (PUFA) are critical targets for potent oxidizing
species such as reactive oxygen species (ROS). Peculiarities of membrane
lipids in many marine organisms, particularly high content of PUFA
(Joseph, 1982), suggest a special pattern for lipid peroxidation in these
tissues as compared to mammals (Halliwell and Gutteridge, 1984;
Malanga et al., 2004). Peroxidation of lipids has important consequences,
e.g. amplification of ROS reactions, alteration of integrity, fluidity,
permeability, and functional loss of biomembranes; disturbance of
ion-gradients, and impairment of lipid—protein interactions (Halliwell
and Gutteridge, 1989). Among the wide range of products generated
by lipid peroxidation (Halliwell and Gutteridge, 1989), lipid alkyl
radical (R"), peroxyl radicals (ROO") and alcohoxyl radical (RO") could
be assessed by EPR.

The principal aims of this review are the following: i) to provide a
basic understanding of the capabilities and limitations of the EPR
methods for assessing A" and LR" content in marine systems, ii) to show
examples of EPR measurements used to assess oxidative stress and dam-
age in cells and tissues from photosynthetic and non-photosynthetic
marine organisms, and iii) to provide a starting point for those scientists
in the field who may want to use EPR in their own experiments.

2. General features of the EPR technique

Just as the energy of spinning nucleus depends on its orientation in a
magnetic field, so does the energy of spinning electron (e ). The e, like
protons, has only two spin quantum states, and thus two orientations in
a magnetic field (Eisenberg and Crothers, 1979). Resonance between
the two states can be induced by applying an alternating electromag-
netic field of the correct frequency. EPR is not observed with most sub-
stances, because the spins of e~ usually are paired, so that an atom has
no net magnetic moment. But for paramagnetic substances, including

free radicals, triplet ground states such as the O, molecule, paramagnetic
ions of transition metals and photochemical intermediates in the triplet
state, e~ spin resonance is observed. The energy differences between
the parallel or anti-parallel orientations with respect to an applied
magnetic field (3) is shown by Eq. (1).

AE = gBH (1)

For the free e~ the value of g resulting from the e™'s spin is very
close to 2, but because the e ™'s unit negative charge spins at relativistic
velocities there is a small correction so that the actual g value resulting
from e~ spin is 2.002319278 (Borg, 1976). The quantity H is called the
Bohr magneton and has a value of 9.2732 10~24 J/T. The H is a physical
constant and the natural unit for expressing an e 's magnetic dipole
moment. The Bohr magneton is defined in SI units and in Gaussian
units (G) and depends on the elementary charge, the reduced Planck's
constant, the e rest mass and the speed of light. The magnitude of an
e~ 's spin magnetic moment is approximately one Bohr magneton
(Eisenberg and Crothers, 1979). In a magnetic field of 20 kG, the energy
AE corresponds to the microwave region of the electromagnetic
spectrum calculated applying Eqs. (2) and (3), with h being Planck’s
constant and v the frequency of the radiation field oscillation (v = 5.6
10'° Hz).

AE = hv = gBH )
V= (gBH)/h 3)

Magnetically aligned e~ are in resonance with the radiation field, so
they can take energy from it or give energy to it. Electronic transitions
will occur if the spin ensemble is irradiated simultaneously with oscil-
lating electromagnetic radiation whose photon energy, E, equals hv,
such that hv exactly corresponds to the energy difference, AE, between
the antiparallel and parallel electronic magnetic moments. Thus, the net
absorption of energy from the applied electromagnetic field provides
the sample signal in EPR spectroscopy. Since most radicals contain
one or more atoms with magnetic nuclei, an unpaired e~ in a radical
fragment is apt to interact with internal fields due to nuclear magnetic
dipolar moments as well as with the applied field. This is termed “the
nuclear hyperfine interaction”. This interaction results in the splitting
of resonance lines into two or more components, so-called hyperfine
splitting (hfs). Nuclear hfs can enhance the informational content of
an EPR spectrum, because many characteristic patterns of lines may re-
sult, and these may aid in the identification of free radicals. In addition,
their full resolution and analysis may permit accurate determination of
the orbital distributions of unpaired e, and hence of reactivities, of
spatial orientations, and of structural information (Borg, 1976). The
e~ spin resonance spectral lines have shape, width, intensity and posi-
tion (g value), and hyperfine spectral line splitting from the interaction
of unpaired e~ with magnetic nuclei that can determine the structure or
positions of free radical components, and is a powerful aid in free radical
identification.

Usual EPR spectra are the first derivatives of microwave power
absorbed plotted vs. the applied magnetic field strength. It is conven-
tional in EPR spectroscopy to present first derivative spectra rather
than the integrated absorption or emission spectra characteristic of
most other applied spectroscopies used by chemists and life scientists
(Simontacchi et al., 2011).

The limiting factor for direct observation of EPR is the concentration
of free radicals. About 10~ '® mole of a paramagnetic substance gives an
observable signal, so this technique is one of the most sensitive of all
spectroscopic tools (Eisenberg and Crothers, 1979). With the usual
experimental apparatus and optimal conditions for X-band (9 Ghz)
spectroscopy, the limit is approximately 2 10~° M, whereas for
Q-band (35 Ghz) spectroscopy, it is approximately 6 10~° M. Although
these numbers at first glance may seem to indicate extraordinary
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sensitivity, in practice it may be difficult to detect free radicals in many
biochemical systems because of their reactivity. Because free radicals
are highly reactive entities whose lifetimes in chemical or biochemical
reactions tend to be very short, a common problem in making EPR
measurements is to find experimental techniques that will allow
time consuming EPR spectra to be recorded from detectable levels
of short-lived paramagnetic intermediates. Either one of the following
approaches serve to retain intrinsically short-lived intermediates at
constant concentrations during the relatively long periods for EPR
measurements: i) trapping, in which normally reactive species are
sequestered in an unreactive matrix, ii) regenerative procedures,
which produce dynamic steady states whose stationary concentrations
can be maintained over suitable prolonged intervals, and iii) fast pertur-
bation methods that can be cycled repeatedly when only kinetic EPR
data are sought (Malanga and Puntarulo, 2012). Chemically reactive
species may be trapped if they are formed by physical means in a
dehydrated matrix, in solid samples, in aprotic or apolar solvents, at
low temperatures, or under some other conditions that suppress their
characteristic reactivity. Stable radical species are also formed by adding
exogenous “spin traps”-molecules that react with primary radical spe-
cies to give more enduring radicals adducts, with characteristic EPR
“signatures”. These spin traps, frequently nitroxide and nitrone deriva-
tives, can also be used to label biomolecules and probe basal and oxida-
tive induced molecular events in protein and lipid environments
(Borbat et al., 2001). At room temperature, spin traps had been success-
fully used to detect hydroxyl radical ("OH) and LR". In some other cases,
such as nitric oxide detection, spin trapping and low temperature are
routinely employed. However, quantitation in EPR experiments re-
quires considerable care and it is very often that the devised experi-
ments require relative more than absolute quantitation.

On the other hand, under favorable circumstances EPR spectrosco-
py can provide information for unambiguous identification of a free
radical. In the most straightforward situation, this is done on the
basis of the hyperfine structure of the spectra. In such circumstances
the number and relative intensity of the hyperfine lines provide de-
tailed information on the various atoms with which the unpaired
e~ is associated. In less favorable conditions a complete description
of the molecule still can be obtained by the use of several different
techniques such as a double resonance and isotopic substitution in
model compounds, plus correlation with results of classical biochem-
ical experiments. Even if complete biochemical identification cannot
be achieved, EPR spectroscopy may provide considerable knowledge
about the nature of the free radicals. For example, the nature of the
power-saturation curve may be sufficient to indicate whether or not
the free radical is in a close association with a paramagnetic metal.
Identification of free radicals in complex biological systems is usually
difficult, because many of the free radicals of interest are located on
macromolecules. Techniques to aid in the interpretation of such spectra
have been developed within the last few years, and it is likely that such
development will continue at an accelerated pace in the near future,
enabling to achieve more precise identification of free radicals in such
systems (Swartz and Swartz, 2006). Even more, although probe insta-
bility, tissue metabolism, lack of spin specificity are drawback factors
for employing EPR for the in vivo determination of free radicals, the
dependability of this technique, mostly by combining it with other
biochemical strategies, drastically enhance the value of these procedures.

3. A’ content and A"/AH ™ ratio in aquatic systems
3.1. A’ detection in photosynthetic and non-photosynthetic aquatic organism

Ascorbic acid is a water-soluble antioxidant present in aquatic or-
ganisms (Malanga et al., 2012). Ascorbic acid has low redox potential,
which allows it to donate one single e~ to almost any free radical oc-
curring in a biological system or to reduce oxidized biological radical
scavengers, such as o-T (Vergely et al,, 2003). The A is the intermediate

in the oxidation of ascorbate (AH ™) to dehydroascorbate (DHA) (Hubel
et al,, 1997). It has an unpaired e~ in a highly delocalized m-system,
giving it stability as the “terminal small-molecule antioxidant”
(Buettner, 1993). The concentration of A’ is a steady state value, deter-
mined by the rates of generation and decay of this species. A" is formed
by AH™ oxidation processes mediated or not by metal catalysts such as
Fe and Cu (Martell, 1982). The reaction that leads to A’ generation is
shown by Reaction 1.

AH 4+ Fem-A" +Fe" (1)

The production of A", a resonance stabilized tricarbonyl species, is
easily observable by EPR. It is a relatively stable radical with a biologic
half-life of 30-60 min at room temperature but highly stable at freezing
temperature (Ahola et al., 2004). This half-life is longer compared to
other free radicals generated in biological systems (Buettner and
Kiminyo, 1992). Therefore, A" is directly detectable by EPR in aqueous
solutions at room temperature (Buettner and Jurkiewicz, 1993). To
determine the optimal experimental conditions for the detection of
A’, an ascorbic acid solution containing ferrous sulfate in an alkaline
pH is prepared. Pietri et al. (1990) optimized the EPR method for the
detection of the A" by the addition of dimethylsulfoxide (DMSO). The
basic properties of DMSO lead to the kinetic stabilization of A", and
DMSO has been used now for several years for the EPR analysis of A
in many biological systems (Pietri et al., 1994; Barbehenn et al., 2003).
EPR spectra obtained present a duplet with the following spectral pa-
rameters: g = 2.005 and ay = 1.8 G, consistent with the EPR spectrum
of A’ (Fig. 1b).

Mytilus edulis platensis, a filter feeder from the South America East
Atlantic coast, is one of the most important aquaculture sources of the
area with major economic relevance. The mussel populations at San
Matias Gulf are distributed along the coast from 15 to 50 m depth,
forming population units called banks, occupying rocky surfaces. Di-
gestive gland (DG) was selected as the tissue under study since in
molluscs, it is the major site of uptake of natural (dietary) and organic
xenobiotic pro-oxidant chemicals and, as a consequence, the main
target for oxidative disruption. Adult specimens of M. edulis platensis
(7.82 & 0.11 cm shell length and 3.34 4+ 0.08 cm shell width) were
brought to the laboratory from the Argentine Sea (San Antonio
Oeste, San Matias Gulf, Rio Negro) during the 2012 summer, and
were kept in aquaria at 10 °C, at least one week prior to dissection.
To assess A" in DG from M. edulis platensis, homogenates were prepared
in pure DMSO (1:30, p/v) and immediately transferred to a Pasteur
pipette. Experimental measurements were performed at room tem-
perature (18 °C) by EPR using a Bruker (Karlsruhe, Germany) spec-
trometer EMX plus 080, employing the following instrument settings:
9.86 GHz microwave frequency, 20 mW microwave power, 50 kHz
modulation frequency, 1 G modulation amplitude, 3487 G center field,
327.68 ms time constant, 81.92 ms conversion time, 1 10° receiver
gain and 15 G sweep width. The trace d in Fig. 1 shows the recorded
signal, coincident with both the computer simulated (Fig. 1a) and
the spectrum recorded in the chemical system (Fig. 1b). The diatom
Navicula sp. from Antarctica (Potter Cove, King George Island /Isla 25
de Mayo, 62° 14’ S, 58° 38’ W) was selected as a model of photosynthetic
organism. Stock cultures of Antarctic Navicula sp. were collected during
the summer (2010). Cultures were grown for 15 days in filtered
seawater plus sterile F/2 culture medium (10 ml/l seawater) (Guillard,
1975) at 4 °C under light/dark cycles of 12:12 h. The irradiance at the
surface of the culture was approximately 38 W/m? of photosynthetically
active radiation. Cellular algae suspensions (6 ml) were prepared in
200 pl DMSO and the spectra were scanned according to Estévez et al.
(2001a). The trace e in Fig. 1 shows the recorded signal, in fully agree-
ment with previously described spectra. 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
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Fig. 1. A" detection by EPR. Spectra from: a) computer-simulated employing the following
spectral parameters, g = 2.005 and ay = 1.8 G,b) AH™ 60 M in DMSO, ¢) DMSO, d) DG
from M. edulis platensis (with a 80 times higher scale to the rest of the spectra) and e)
Navicula sp. cells.

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). A" content resulted
14 + 1 pmol/mg FW and 16 & 7 nmol/107 cells for M. edulis platensis
and Navicula sp. cells, respectively.

3.2. A’/AH ™ ratio under physiological conditions

A’ signal intensity is a function of pH, temperature, catalytic metal
concentration, oxygen concentration and AH™ concentration. Only
when these variables can be controlled, the intensity of the EPR signal
of the steady-state concentration A" serves as a marker for the oxidative
stress in a system (Buettner and Jurkiewicz, 1993). However, in biolog-
ical systems it is very difficult to control all these variables, especially
the total AH™ content, which can be modified by the pro-oxidative con-
dition in a studied tissue. Thus, the A’/AH ™ ratio was established as an
appropriate indicator of oxidative condition in the hydrophilic cellular
space (Galleano et al., 2002). The content of AH™ was measured by re-
verse phase HPLC with electrochemical detection. M. edulis platensis DG
and Navicula sp. samples were homogenized in metaphosphoric acid
10% (w/v) according to Kutnink et al. (1987). Commercially available
AH™ (Sigma, St. Louis, USA) was used as standard. AH™ content

resulted 293 + 37 pmol/mg FW and 40 + 20 umol/107 cells for M.
edulis platensis and Navicula sp. cells, respectively.

Data shown in Fig. 2 indicate that algae cells, from different
origins, but all studied at their natural environment condition, keep
the A"/AH™ ratio approximately constant since all of the values range
from (0.5-40) 103 AU. This seems as a very interesting result, since
it could indicate that this value for the ratio represents the best
steady-state condition that an unicellular, photosynthetic organism
could achieved to limit oxidative damage. Among previously reported
values, A’/AH™ ratio for gonads of the sea urchin L. albus, DG of the
limpets Nacella magellanica and Nacella deurata, and the liver of the
fish Odontesthes nigricans are also in a common range from (3.8-6.5)
1075 AU (Table 1). These data suggest that in metabolic active tissues,
such as DG or gonads, from complex subantarctic animals, the oxidative
status achieved under physiological conditions is carefully regulated at
a lower level than in the photosynthetic algae tested. Even though they
are ecologically similar molluscs, M. edulis platensis is exposed in the
natural environment to water temperatures that could reach 20-22 °C
over the summer (Esteves et al., 1996), meanwhile the bivalve Mya
arenaria in the Wadden Sea affords a temperature range from 5 to
18 °C (Abele et al,, 2002). Accordingly, the DG of M. edulis platensis
showed a higher value for the A’/AH™ ratio as compared to DG from
the bivalve M. arenaria (Table 1).

Moreover, Lattuca et al. (2009) reported that the in situ A’/AH™ ratio
of silverside, O. nigricans, from the Beagle Channel was (6 4 2) 10>
and (5 + 2) 10~ AU, for gills and liver, respectively. Thus, it is sug-
gested that there is an organ-specific oxidative status even in the
same animals since the gill that is in direct contact with the oxygenated
surrounding seawater showed a significantly higher oxidative stress
than the liver, even though it is a strongly vascularized organ.

3.3. A"JAH ™ ratio under oxidative stress conditions

Assuming the A°”/AH™ ratio as an oxidative index in the cellular
aqueous medium, it is reasonable to expect that when cells are ex-
posed to oxidative stress, either related to the metabolic activity or
to the environmental changes, it would reflect these changes. As a
matter of fact, several reported examples indicate that this effectively
occurs. Many cellular constituents like AH ™, can reduce Fe3* to Fe? ™"
generating catalytically active Fe that fuels "OH and A" formation. Data
from Estévez et al. (2001a) indicate that the pro-oxidant effect of Fe
supplementation on the Chlorella vulgaris cultures significantly in-
creased both A" and the A’/AH™ ratio in cells supplemented with
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Fig. 2. A"/AH ratio in different algae cultures. Data are expressed as AU. Data for
C. vulgaris (University of Buenos Aires), C. kessleri (Neuquén, Argentina), C. sphericum
(CCAP217/2,SAG217/2) and S. acutus (CCAP276/3a, SAG276/3a) in log phase of develop-
ment (day 12) were taken from Malanga and Puntarulo (2012) and Malanga et al. (2001).
Data for Chorella sp. (Antarctic) and Asteromonas sp. (Subantarctic) in log phase of devel-
opment (day 18) were taken from Estévez et al. (2001b) and Hernando et al. (2008),
respectively.
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Table 1
A’/AH™ ratio and LR content in different species from different geographic locations.
Species Geographic location A’/AH™ ratio (AU) LR content (pmol /mg FW) References
Fish (liver)
0. nigricans® Subantarctic (5+2)10°¢ 0.94 + 0.08 Lattuca et al. (2009)
Bivalves (DG)
L. elliptica® Antarctic nd 422 + 47 Gonzalez and Puntarulo (2011)
M. arenaria® Wadden Sea (8+1)107° 114 + 21 Gonzalez et al. (2008)
M. edulis platensis® Argentinean Sea (52 +£0.7)1072 6.2 + 0.7
Limpets (DG)
N. magellanica® Subantarctic (4.6 +£ 09) 107 122 + 29 Malanga et al. (2004)
N. deaurata® Subantarctic (3.8 +£06)10°° 235 + 27 Malanga et al. (2004)
Sea urchin (gonads)
L. albus® Subantarctic (6.5 + 0.4) 107 0.7 £ 0.2 Malanga et al. (2009)

nd: Not determined.
Data are expressed as means 4 E.S.M. of 4 to 6 independent experiments.
2 Organisms measurements under physiological conditions were done during winter.

b Organisms measurements under physiological conditions were done during summer.

500 uM Fe as compared to cells grown at 90 uM Fe. This study,
confirming Fe as a major catalyst of oxidative stress in algal cultures,
may have implications in the context of Fe fertilization in oligotropic
and “anaemic” open oceanic waters (Pollard et al, 2009). Further,
other interesting examples of natural oxidative stress conditions in
marine invertebrates were studied using the A°/AH ™ ratio as stress
indicator. DG of intertidal limpets N. magellanica from the Beagle
Channel were investigated for the effect of the natural oxidative
stress in response to seasonal change (Malanga et al., 2007). The
A’/AH™ ratio indicated significantly lower oxidative stress levels
(4.9 fold) in DG of intertidal limpets during winter, as compared to
the rest of the year. Another seasonal survey was carried out with the
gonads of the sea urchin L. albus (Malanga et al., 2009). The A™-EPR spec-
trum was lower (64%) in gonads isolated from sea urchins in spring and
summer, as compared to winter; and the AH™ content remained
unchanged in tissues from gonads collected in winter, spring and
summer, but significantly decreased in gonads from sea urchins collected
in fall. The low values of the A"/AH ™ ratio in summer as compared to
winter collected sea urchin gonads can be related to the low level of
maturation in summer, when the sea urchins feed to store reserve inter-
mediates for gametogenesis in the fall. Moreover, the A’/AH™ ratio was
indeed significantly increased in fall, indicating that gonad maturation
state may have a significant effect on the natural levels of oxidative
stress in this tissue. These results highlight the need of taking into ac-
count the seasonal variations of oxidative stress conditions in inverte-
brates when analyzing other stress effects, such as contamination.

In this regard, reported studies from Gonzalez et al. (2010) on the
effect of exposure to excess Fe under laboratory conditions of M. arenaria,
showed that the AH™ content in the DG from treated animals was not
significantly different from the content in control bivalves. However,
the A’/AH™ ratio was increased by almost 15-fold over control values
after 9 days of exposure of excess Fe.

On the other hand, Malanga et al. (2001) showed that the
A’/AH™ ratio was not significantly affected by the growth of intact
cells of the green alga C. vulgaris, under laboratory conditions. The mea-
surements of A" showed no difference between log and stationary
growth phase, but a significant increase in AH™ content was observed
in stationary phase compared to the log growth phase (log phase:
1.3 + 0.2 and stationary phase: 1.8 + 0.2 nmol/107 cell). A very mild
and indeed non-significant increase in the A”/AH™ ratio from (5.7 +
0.8) 10~ in the log phase to (6.1 + 0.5) 10~ AU in the stationary
phase indicates no oxidative stress under the respective C. vulgaris cul-
tures conditions in the aqueous phase (Malanga, 2001). Thus, it could be
postulated that since the growth is a physiological programmed event
in the cell development, a synchronized increase in the content of oxi-
dants and antioxidants in the hydrophilic phase avoided stress
conditions.

4. Detection of LR" in aquatic systems

As stated above, endogenous produced LR have extremely short
half-lives and are present in low concentrations making detection diffi-
cult, however these difficulties are solved by applying spin trapping EPR
analysis. Even though EPR detection of LR" could be considered a
finger-print of radical presence, spin trapping studies cannot really
distinguish among ROO", RO and R" adducts owing to the similarity
of the corresponding coupling constants (Buettner, 1987). The use
of spin traps such as phenyl-tert-butylnitrone (PBN) and a-4-pyroyl-
1-oxide-N-tert-butylnitrone (POBN) have been widely used for
detecting organic radical products of lipid peroxidation (Detcho et al.,
1999).

4.1. EPR measurements of LR" content

EPR techniques can be successfully applied to several unrelated
aquatic systems. M. edulis platensis DG homogenates were prepared
using potassium phosphate buffer pH 7.4, and 130 mM POBN. Intact
Navicula sp. algae were suspended in 40 mM PBN stock solution
(prepared in DMSO immediately prior to use) (Malanga et al., 2009).
Measurements were performed at room temperature (18 °C) by EPR. In-
strument settings were as follows: 9.81 GHz microwave frequency,
20 mW microwave power, 50 kHz modulation frequency, 1.232 G mod-
ulation amplitude, 3515 G centered field, 81.92 ms time constant,
81.92 ms conversion time, 1 10% receiver gain (Jurkiewicz and
Buettner, 1994). LR* combined with the spin trap resulted in adducts
that gave a characteristic EPR spectrum with hyperfine coupling con-
stants of ay = 15.8 G and ay = 2.6 G, in agreement with computer
simulated signals obtained using those parameters (Fig. 3a). No spin ad-
ducts were observed when POBN was tested by itself, as shown in
Fig. 3b, and the same lack of signal was seen when PBN was studied by
itself (data not shown). The EPR signals obtained for isolated DG from
M. edulis platensis and algae cells from Antarctica are shown in Fig. 3,
traces ¢ and d, respectively. Quantification was done using TEMPOL
according to Kotake et al. (1996), and the content of LR" resulted of
3.3 + 0.6 pmol/107 cells in Navicula sp. cells. The value obtained for
Navicula sp. cells was in agreement with data from C vulgaris that
showed a LR" content of 6 + 1 pmol/107 cells at the log phase of devel-
opment (Malanga and Puntarulo, 2012).

However, as previously described for the A’/AH™ ratio, other more
complex organisms showed a variable LR* content, even growing
under natural environmental conditions. Data included in Table 1
show the content of LR" in the DG of the bivalves M. arenaria from
the Wadden Sea, and Laternula elliptica from Antarctica, along with
the LR content reported here for M. edulis platensis obtained from
the Argentine sea. These values showed a big variation among them.
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Fig. 3. LR" detection by EPR. Spectra from: a) computer-simulated exhibiting hyperfine
splittings that are characteristic of POBN/LR", ay = 15.8 G and ay = 2.6 G, b) POBN, c)
DG from M. edulis platensis and d) Navicula sp. cells were the scale was 1 x 10° times
lower than the scale in M. edulis platensis. The appropriate spin trap was selected for
each system, according to the features of the cellular environment under study.
POBN was selected for DG from M. edulis platensis and PBN for algae cells.

However, the higher content of LR" in M. arenaria is accompanied by
a lower value in the A°/AH ™ ratio, as compared to values of M. edulis
platensis. These observations could suggest that either antioxidant
capacity in aqueous and lipid soluble media are not equivalent in
these animals, and/or stressors in both phases are different for each
animal due to the nature of their respective environments. Even
among the subantarctic animals listed in Table 1, there is a wide variety
in the content of LR® when comparing the limpets at one side and the
fish and the sea urchin on the other side.

Metabolic rates, locomotory activity and growth rates in marine
ectotherms are a function of temperature and of the seasonality of
food availability in temperate and Antarctic waters (Kirchin et al.,
1992). As food resources for most animals are more abundant during
spring and summer in seasonality variable environments, many ben-
thic grazers and detritus feeders cease feeding for weeks to months in
winter (Brockington and Peck, 2001). Lipid peroxidation in the DG
from N. magellanica was assessed as the content of LR* showing that
it was significantly lower (67%) in winter than summer (Malanga et
al., 2007). However, besides the great seasonal fluctuations in environ-
mental parameters, such as productivity, temperature and photoperiod,
LR" content in the sea urchin gonads over the year was not significantly
changed over the studied period (Malanga et al., 2009).

4.2. Fe role in oxidative deterioration of lipids

Fe, an essential element for the growth and well-being of almost
all living organisms (Harrison and Arosio, 1996), is involved in
many biological functions and can participate in many e~ transfer re-
actions both in the hydrophilic and the lipophilic medium (Galatro et
al., 2007). Fe was recognized as a bioactive element (Bruland et al.,
1991) and a deficiency in Fe has been suggested to limit primary pro-
ductivity in some ocean regions (Martin et al., 1993). Bioassays ex-
periments conducted in high nitrate surface waters in the subarctic
North Pacific (Coale, 1991), equatorial Pacific (Price et al., 1991),
Southern Ocean (Hebling et al., 1991), and North Atlantic (Martin et
al., 1993) provide support for the assertion that the phytoplankton
community is affected by Fe availability. There, appears to be general
agreement that the final biomass yield is higher in samples enriched
with 1-10 nM Fe than in unamended samples, whether biomass is
measured by chlorophyll, cell abundance or consumption of macro-
nutrients. However, interpretation of these findings differs widely
and it is unclear if addition of Fe would stimulate phytoplankton pro-
ductivity. On the other hand, in spite of the fact that algal growth is
limited by light intensity and available Fe in unpolluted freshwater,
it was pointed out that it is critical to avoid Fe overload in water
with low organic matter content under aquarium conditions, to prevent
Fe-dependent toxicity (Brand et al., 1983). As mentioned above, by
using EPR technology, it was shown that LR" content significantly in-
creased in cells grown under Fe overload (Estévez et al., 2001a).

The labile Fe pool (LIP) is defined as a low-molecular-weight pool
of weakly chelated Fe that rapidly passes through the cell. It likely
consists of both forms of ionic Fe (Fe?* and Fe®*) associated with li-
gands with low affinity for Fe ions. This Fe is catalytically active in the
reactions leading to the generation of ROS, such as "OH that causes
lipid peroxidation, DNA strand breaks and degradation of several bio-
molecules (Harrison and Arosio, 1996; Gonzalez et al., 2010). Also, ferric
complexes, such as ferric-adenine nucleotides and ferric-citrate are
effective catalysts for lipid peroxidation (Puntarulo and Cederbaum,
1988).

Dissolved Fe concentrations increased from Antarctic oceanic to
Antarctic coastal waters, where high values were measured in near sur-
face waters (8.8-12.6 nM) and in near-bottom waters (18.4-22.6 nM)
(Bucciarelli et al,, 2001). Moreover, the vulcanic nature of the rocks
containing Fe and Cu in King George Island may be a source for a higher
Fe content in Potter Cove sediments, 24.2 mg Fe/g DW (Ahn et al.,
1996). By contrast, in the Wadden Sea riverine inputs come from salt
marshes and are not enriched in Fe. Dorum Wadden Sea sediments con-
tainonly 7.5 4+ 0.6 mg Fe/g DW. Thus, since there is a potential effect of
different Fe concentrations in the environment, the rate of generation of
LR by isolated tissues of animals from these habitats was tested
(Estévez et al., 2002). The rate of generation of LR" was measured in
DG from L. elliptica and M. arenaria after in vivo incubation at tempera-
tures between 2 and 15 °C. LR® content after 10 min at a fixed temper-
ature was significantly higher in the Antarctic bivalve than in the
temperate mud clam (50 + 5 and 10 4+ 2 pmol LR"/mg prot min, re-
spectively). Thus, higher levels of lipid peroxidation seem to correlate
with elevated accumulation of transition metals in animal tissues
(Estévez et al.,, 2002). As a matter of fact, Fe toxicity and resulting cellular
damage depend on the concentration, bioavailability, and the organism
capacity to deal with the metal by regulating/limiting its internal con-
centrations. The regulation can be physiological, and when this is not
possible, some tissues have the ability to detoxify metals, or to seques-
ter them inside special cellular compartments or even in proteins, such
as ferritin, which apparently is a less harmful way of storing metals. Ma-
rine invertebrates seem as less tolerant than vertebrates to metal accu-
mulation and can be affected at lower metal concentrations (Gonzalez
et al,, 2012). The presence of the LIP in the tissues could be involved
in the basal stress detected in the lipophilic and hydrophilic fractions
(Gonzalez et al,, 2008), and it seems that only the LIP (and not the
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total Fe) in the tissues is responsible for triggering lipid damage
(Gonzalez et al., 2012).

Total Fe content was analyzed in M. edulis platensis and Navicula sp.
DG samples and algae were mineralized with a muffle. A sequence of
temperatures was applied up to 500 °C, with 100 °C increases by
30 min (Du Laing et al., 2003). Fe concentration in the digests was
measured spectrophotometrically after reduction with thioglycolic
acid followed by the addition of bathophenanthroline (Brumby and
Massey, 1967). Total Fe content in the DG of M. edulis platensis was
0.60 + 0.05 nmol/mg FW and in cells of Navicula sp. (18 + 2)
umol/107 cells.

The LIP in isolated tissues was determined by a fluorescence tech-
nique with the Fe sensor calcein according to Darbari et al. (2003)
with modifications by Robello et al. (2007). M. edulis platensis DG and
sonicated algae were treated as previously described by Gonzilez et
al. (2008). The LIP was 30 + 2 pmol mg/FW in M. edulis platensis, and
290 + 70 nmol/107 cells in Navicula sp. Kakhlon and Cabantchik
(2002) reported that in mammals LIP represents only a minor fraction
of the total cellular Fe (3-5%). The data showed here indicate that not
only in vertebrates but also in marine organisms, the reactive Fe is
kept as a low percentage of the total Fe to limit dangerous reactions to
occur since these percentages were 3.7 and 1.6% for M. edulis platensis
and Navicula sp., respectively.

Alterations in Fe metabolism should be carefully controlled when
evaluating cellular oxidative damage, since Fe not only serves as a
critical micronutrient, but as a catalyst of ROS generation as well, by
the Haber Weiss reaction (Haber and Weiss, 1934). Thus, EPR mea-
surements by themselves could not be sufficient to fully understand,
for example the physiological scenario of LR" production. It is required
to evaluate other factors, such as the availability of metals, lipid com-
position, etc. by employing other tools. As it was shown here, other
experimental procedures such as spectrophotometic (to evaluate Fe
content) and spectrofluorometric (to measure LIP content) tech-
niques and HPLC (to evaluate AH™ content) were combined to get a
better picture of the oxidative status in M. edulis platensis and
Navicula sp. Moreover, the access to a complete set of these measure-
ments in other organisms allowed us to visualize the complexity of
the relationship between the biological systems and their environ-
ments. This global estimation could not be done just from the isolated
EPR experiments.

5. Concluding remarks and perspectives

Nowadays it is widely accepted that EPR is the method of choice
for studying biologically important paramagnetic species including
free radicals. Therefore, these techniques have become increasingly
used in biochemical and biophysical research, and most likely their
use will increase further as more marine scientists become aware of
their capabilities. Spin-trapping followed by EPR analysis has proven
to be the most direct and sensitive method not only to detect
short-lived ROS generated in low concentrations in biological systems
but also it provides a better way of identifying ROS actually present in
biological systems. The spin-trapping reagents have extremely high
rates of reactivity in biological reactions, and thus have the potential
for detection and quantization of radicals that would not be possible
by other methods. If it is true that the absence of an EPR signal need
not denote absence of meaningful free radicals, it is equally valid to
warn that the mere presence of an EPR signal from a biological sys-
tem, is not sufficient to prove that a significant free radical compo-
nent or pathway has been uncovered or documented (Malanga and
Puntarulo, 2012). Further correlations are needed to substantiate
the relevance of an EPR signal to any such conclusion; for example,
quantification of an EPR spectrum may distinguish free radicals that
are on the main path of a reaction from those that arise from minor
side reactions or from adventitious impurities. Even more conclusive,
kinetic analysis of the EPR signal intensities can provide especially

firm support for the role imputed to the radical. In this regard, the
A’/AH™ ratio, but not the A’-EPR signal by itself, is a valid marker
for oxidative stress in tissues. An increase of A’/AH™ under natural
and experimentally induced stress conditions provides an early and
simple diagnostic tool in the study of aquatic organisms. EPR mea-
surements with tissue homogenates provide important advantages
over the frequently used in vitro, because it limits the production of
artifacts during time consuming sample preparation. Moreover, the
measurement of the A" content is performed at room temperature
avoiding more difficult procedures required for low temperature
studies. Thus, EPR spectroscopy in conjunction with HPLC detection
of the AH™ content can be considered as a powerful tool for detection
of the initial stages of oxidative stress in the cellular hydrophilic
compartment.

Regarding EPR detection of LR", both PBN and POBN have the advan-
tage of forming very stable spin adducts not affected by light, heat and
oxygen and have been widely used to trap the radicals generated in
biological systems. The data presented here shortly summarized
the optimization of the assay performed to successfully apply this
methodology to marine organisms.

Even more, recently EPR analysis has been applied to toxicological
studies of ROS generation in the fish Carassius auratus exposed to several
compounds (Luo et al.,, 2006; Yin et al., 2007; Luo et al,, 2009) opening
the scenario to possible future application of this methodology to evalu-
ate contamination of the environments under risk. Also, mussels or other
bivalves are commonly preferred for biomonitoring of aquatic metal pol-
lution (Tanabe and Subramanian, 2003). Even more, algae species and
amounts may directly reflect the water quality (Zhou et al, 2008).
Heavy metal exposure can cause the disturbance of normal metabolism
and biological function, ROS production, reduction of cytochromes, cellu-
lar mutation, even death. More importantly, once heavy metal pollutants
are accumulated in algae, they enter the food chain and may pose serious
threaten to animals and human health through bio-magnification
processes. Algae may not only be significant for biomonitoring studies,
but could also be a useful phytoremediation technology to restore
water quality due to high bioaccumulation abilities (Zhou et al., 2008).
Water pollution can be identified by analyzing the species, amounts,
physiological and biological responses, and content of residues. In all
cases, EPR methods could successfully contribute to improve the quality
and accuracy of these studies.

Drawbacks of the approach are mainly the high costs and the diffi-
cult access to an EPR spectrometer, not available in laboratories
furnished for routine biochemical studies. Probe instability, tissue me-
tabolism, and lack of spin specificity are drawback factors for employing
EPR for in vivo determination of free radicals. However, the dependabil-
ity of this technique, mostly by combining it with other biochemical
strategies, enhances the value of these procedures as contributors to
the knowledge of oxidative condition in aquatic organisms. In summary,
EPR spectroscopy has become a routinely used biophysical tool applied
to many marine systems. No other technique allows such a powerful
combination of flexibility of approach, and sensitivity to concentration
to explore the presence of species highly difficult to identify in tissues
and fluids.
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