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A B S T R A C T

Pomacea canaliculata may serve as a model organism for comparative studies of oxidative damage and antioxi-
dant defenses in active, hibernating and arousing snails. Oxidative damage (as TBARS), free radical scavenging
capacity (as ABTS+ oxidation), uric acid (UA) and glutathione (GSH) concentrations, activities of superoxide
dismutase (SOD) and catalase (CAT), and the protein expression levels of heat shock proteins (Hsp70, Hsc70,
Hsp90) were studied in digestive gland, kidney and foot. Tissue TBARS of hibernating snails (45 days) was higher
than active snails. Hibernation produced an increase of ABTS+ in digestive gland, probably because of the sus-
tained antioxidant defenses (UA and/or GSH and SOD levels). Kidney protection during the activity-hibernation
cycle seemed provided by increased UA concentrations. TBARS in the foot remained high 30 min after arousal
with no changes in ABTS+, but this tissue increased ABTS+ oxidation at 24 h to expenses increased UA and de-
creased GSH levels, and with no changes in SOD and CAT activities. The level of Hsp70 in kidney showed no
changes throughout the activity-hibernation cycle but it increased in the foot after hibernation. The tissue levels
of Hsp90 in snails hibernating were higher than active snails and returned to baseline 24 h after arousal. Results
showed that chronic cooling produces a significant oxidative damage in three studied tissues and that these tis-
sue damages are overcome quickly (between 30 min to 24 h) with fluctuations in different antioxidant defenses
(UA, GSH, CAT) and heat shock proteins (Hsp70 and Hsp90).

1. Introduction

Eons before some Neotropical Ampullariidae coming from Argentina
and Brazil invaded Asia and other countries (Hayes et al., 2008), a ma-
rine or estuarine ancestor of them should have colonized freshwater
environments in the Gondwanan supercontinent (Dillon, 2000; Hayes
et al., 2009). These environments may have posed strong challenges,
such as wider seasonal changes in temperature, but also less predictable
changes, as they occur in droughts, rains or floods. The current evidence
suggests that behavioral and physiological adjustments in ampullariids
have evolved in relation to these changing freshwater environments,
which have acted as the main selection forces in the evolution of biolog-
ical molecules to tolerate periods of drought and/or low (or high) envi-
ronmental temperatures (Hayes et al., 2015).

Among Neotropical Ampullaridae, Pomacea canaliculata (Lamarck,
1822) is a particularly successful invasive snail that has become an
alternative host for the nematode Angiostrongylus cantonensis, the eti-
ologic agent of

eosinophilic meningitis (Lv et al., 2009; Thiengo et al., 2013), and a
plague for rice and other crops in several places of the world (Hayes et
al., 2015).

It also shows a remarkable ability to tolerate harsh environmental
conditions such as lack of water and/or changes in temperature (Hayes
et al., 2015). In its native range, it is common in unstable habitats as
the marginal temporary wetlands in the Plata Basin floodplains (e.g.
those of the Middle Paraná River, Marchese et al., 2014) and also in
small streams of scanty and variable discharge in the semi-arid Southern
Pampas (e.g., those of the Encadenadas del Oeste, Martín et al., 2001).
Furthermore, during the coldest months in these temperate regions, the
snails overwinter in the hypometabolic state of hibernation (Seuffert et
al., 2010).

Animals exposed to the activity-hibernation cycle undergo drastic
changes in metabolic rate which may induce an imbalance of ROS
production and oxidative stress (Orr et al., 2009; Van Breukelen and
Martin, 2002). Vertebrate hibernators are the best studied experimen-
tal models, while defense mechanisms in invertebrates are not well
documented (Geiser, 2013; Melvin and Andrews, 2009). Enzymatic
and non-enzymatic antioxidant defenses may diminish lipid
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and protein oxidation or DNA damage (Halliwell, 2007; Halliwell and
Gutteridge, 1999). For example, ground squirrels (Citellus citellus, Sper-
mophilus parryii) show an increase in superoxide dismutase (SOD,
Petrović et al., 1983) and uric acid levels (UA, Tøien et al., 2001) after
arousal from hibernation. The hamster Mesocricetus auratus, increases
the activity of SOD, catalase (CAT) and glutathione reductase during
arousal, together with glutathione and UA contents (Ohta et al., 2006;
Okamoto et al., 2006). Likewise, molecular chaperones (heat shock
proteins, Hsps) which protect the proteome in conditions of oxidative
stress, increase their expression during hibernation in the bat Murina
leucogaster (Hsp70, Lee et al., 2008) and the squirrel Ictidomys tridecem-
lineatus (Hsp90, Epperson et al., 2010). Furthermore, an increase in CAT
has been observed during overwintering in the land snail Helix pomatia
(Nowakowska et al., 2009).

Previous studies in P. canaliculata have shown a variety of antioxi-
dant defenses displayed in response to the hypometabolism of estivation
(and to the arousal from it), among which UA seems to play a significant
role in this snail, which shows an extensive array of urate-storing tis-
sues, including the digestive gland (Giraud-Billoud et al., 2008; Vega et
al., 2007). Other proteins may also be involved in response to estivation
and arousal, and the participation of some of them has been indicated
using a proteomic approach (Sun et al., 2013).

An experimental model of hibernation and arousal has been devel-
oped for P. canaliculata and the main objectives of this study were: (1)
to characterize the antioxidant defenses employed by the snail during
the activity-hibernation cycle, and (2) to evaluate the response of Hsps
during the same cycle.

2. Materials and methods

2.1. Animals and experimental conditions

Adult individuals (30–40 mm shell length, equal number of males
and females per group) from the ‘Rosedal’ strain of P. canaliculata were
used. Both the origin of the strain and the culturing conditions have
been described elsewhere (Giraud-Billoud et al., 2013). Briefly, the an-
imals were raised at 23–26 °C, in 20 cm × 38 cm × 52 cm aquaria con-
taining 2 L of tap water, which was changed thrice weekly and artificial
lighting was provided 14 h per day. Snails were fed ad libitum with let-
tuce from Monday through Friday, supplemented with fish food pellets
(Peishe Car Shulet®, Argentina) on Thursday and with excess toilet pa-
per (Higienol®, Argentina) on Friday.

The experimental groups were composed of (1) active controls
(snails kept in the standard culturing conditions), (2) snails that were
inactive after 45 days of hibernation at 13 ± 0.5 °C, and (3) snails at
30 min or 24 h after induction of arousal by immersion in water at
25 ± 1 °C.

The animals were sacrificed by shell cracking after a 5 min immer-
sion in cold water (~ 4 °C) for relaxation and minimizing pain.

2.2. An experimental model of hibernation and arousal

Equal number of males and females (N = 8) were put in a glass
covered aquarium in a refrigerator (10 °C) which was additionally
equipped with a thermostatic electric heater to rise the aquarium tem-
perature above that of the refrigerator environment. Thermal stratifica-
tion was avoided by constantly recirculating water with a pump. Ini-
tially the aquarium temperature was set at 17 °C, according to previous
reports (Albrecht et al., 1999, 2004; Seuffert et al., 2010). After that,
the temperature was gradually reduced 1 °C every week, until the per-
centage of inactive animals (as defined by Seuffert et al., 2010) reached
90%. Animal activity was recorded weekly and the experiment was re-
peated twice. The progressive exposure to cooling temperatures before
starting the experiments lasted 5 weeks.

2.3. Experimental design

Groups of 8 snails (4 males and 4 females) were used for explor-
ing changes in the antioxidant profile and the expression of Hsp70,
Hsc70 and Hsp90 at different times of the activity-hibernation cycle (see
Section 2.1).

2.4. Preparation of tissue extracts

Approximately 100 mg samples of the digestive gland (hepatopan-
creas or midgut gland of other authors), kidney (posterior kidney in
Andrews, 1976) and anterior border of the foot (propodium of other
authors) were dissected and immediately frozen in liquid nitrogen and
stored at − 80 °C until use. Tissue samples were homogenized (Ultra-
Turrax®, IKA Werke GmbH, Germany) in 9 mL of a buffered saline solu-
tion (86 mmol/L NaCl, 1.8 mmol/L KCl, 2.1 mmol/L CaCl2, 10 mmol/
L HEPES, according to Cueto et al., 2015), and centrifuged for 5 min
(10,500g at 4 °C). Supernatants were collected, aliquoted and frozen
for determination of proteins, lipid peroxidation and antioxidant pro-
file components. The latter included: (1) free radical scavenging ca-
pacity (oxidation of a 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid radical, ABTS+)); (2) concentrations of non-enzymatic antioxi-
dants, namely, UA and reduced glutathione (GSH); and (3) antioxidant
enzyme activities (SOD and CAT). The aliquots used for UA determina-
tion were previously treated with 0.5% lithium carbonate to dissolve
urate crystalloids in perivascular tissue (Giraud-Billoud et al., 2008;
Vega et al., 2007). Results were always expressed as mean ± SEM.

2.5. Lipid peroxidation assay

Thiobarbituric reactive substances (TBARS) were spectrophotomet-
rically determined in tissues as previously described (Giraud-Billoud
et al., 2011, 2013) as a marker of oxidative damage (lipid peroxida-
tion). The method described by Wasowicz et al. (1993) and modified
by Lapenna et al. (2001) was used. This method, though overestimat-
ing malondialdehyde in tissues, is considered an effective tool for com-
parisons (Hermes-Lima et al., 1995; Lapenna and Cuccurullo, 1993;
Ramos-Vasconcelos and Hermes-Lima, 2003).

2.6. Antioxidant profile

The free radical scavenging capacity of each tissue was measured by
the method described by Miller et al. (1993). Briefly, in presence of per-
sulphate anions, a colorless salt generates the greenish-blue cationic rad-
ical 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS+)),
which decolorizes when reacting with antioxidants in the sample, hence
extinguishing spectrophotometric reading at 734 nm. An ascorbic acid
standard curve (0.66 μmol–28.91 μmol) was used and results were ex-
pressed as percent ABTS+ oxidation.

Methods for non-enzymatic and enzymatic determinations have been
previously described (Giraud-Billoud et al., 2013). Briefly, UA was mea-
sured in 100 μL aliquots, which were treated with urate oxidase, and the
amount of oxygen peroxide formed was quantified by a peroxidase cat-
alyzed reaction with 4-aminophenazone and chlorophenol, which pro-
duces a colored quinoneimine product, according to Trinder (1969), and
results were expressed as mmol of UA per gram of wet tissue (mmol/g).

GSH was quantified by the method of Beutler et al. (1963), slightly
modified. Briefly, 200 μL of the tissue homogenate were added to 3 mL
of a solution composed by meta-phosphoric acid (2.09 M), EDTA
(5.37 mM) and sodium chloride 0.05 (M), and the supernatant (2 mL)
was collected 5 min later and treated with 1 ml of 5,5′-dithiobis (2-ni-
trobenzoic acid) (DTNB) solution. The samples were read spectropho-
tometrically in a quartz cuvette at 412 nm, after 10 min at 10 °C, and
results were expressed as mmol of GSH per gram of wet tissue (mmol/
g).

SOD activity was determined according to Woolliams et al. (1983)
using xanthine and xanthine oxidase to generate O2

−, which in turn re-
acts with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chlo-
ride to form a red formazan dye. The enzyme activity diminishes the
availability of O2

− for this reaction, and hence the percent decrease
was calculated with a calibration curve with purified SOD (RANSOD®,
Randox, UK). Enzyme activity was expressed in units per milligram
of soluble protein (U/mg). One SOD Unit is that which
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causes a 50% of inhibition of the generation of the formazan dye under
the assay conditions.

CAT activity was determined by the method of Aebi (1984) by fol-
lowing initial rate of H2O2 decomposition (10 mM) in phosphate buffer
(50 mM, pH 7.0) and 20 μL of the assayed enzyme extract in a total vol-
ume of 3 mL. CAT activity was estimated by the decrease in absorbance
of H2O2 at 240 nm and was expressed as U/mg of soluble protein. One
Unit of CAT decomposes 1 μmol of H2O2 per minute.

All protein concentrations were determined according to Lowry et
al. (1951), using bovine serum albumin as standard.

2.7. Western blot analysis

The inducible (Hsp70, 72 kDa) and the cognate (Hsc70, 73 kDa)
forms of 70 kDa heat shock protein, and the 90 kDa heat shock pro-
tein (Hsp90) were studied in the kidney and foot. In a previous study
(Giraud-Billoud et al., 2013) we were unable to discern proteins by im-
munoblot of digestive gland extracts, so this was not attempted in the
current work. Tissue samples of both organs (~ 100 mg) were dissected
and immediately frozen in liquid nitrogen and stored at − 80 °C un-
til use. For western blot analysis the samples were placed in ice-cold
isolation buffer (250 mM sucrose, 20 mM Tris-HCl, 5 mM EDTA, 1 mM
dithioerythriol, pH 7.4) and homogenized in an UltraTurrax® homoge-
nizer (IKA Werke GmbH, Germany). The homogenate was mixed with
a lysis buffer (43 mM/L NaCl, 0.9 mM/L KCl, 1 mM/L CaCl2, 5 mM/L
HEPES, 5 mM EDTA, 1 mM dithioerythriol, pH 7.6) and centrifuged at
10500g for 20 min at 4 °C and the supernatants were aliquoted and kept
at − 70 °C until protein quantification.

Loading buffer, containing sodium dodecyl sulphate (SDS, 2.5%) and
2-β-mercaptoethanol (10%) was mixed with the tissue supernatant sam-
ples and then boiled for 5 min before the separation in SDS-PAGE
(4–10% acrylamide-bisacrylamide). Each gel was loaded with samples
from either the kidney or foot, corresponding to the four stages of the
cycle from two snails per gel (8 lanes + 1 lane for the molecular weight
standards). This was repeated for all samples in additional gels, and
the obtained values for each sample were averaged. Fifteen microgram
of protein from tissue samples (quantified according to Lowry et al.,
1951) were loaded per lane. In all cases, the resolution of the sam-
ples was made by SDS-PAGE for 140 min at 40 mA, transferred onto a
0.2 μm nitrocellulose membrane (GE Healthcare Amersham) for 90 min
at 90 V. Prestained molecular mass markers (Bio-Rad, 161-0374, Preci-
sion Plus Protein Dual Color Standards), were used to determine the mi-
gration of the proteins into the gel. Then, the nitrocellulose membrane
was blocked for 1 h in blocking buffer (20 mM Tris–HCl, 140 mM NaCl,
pH 7.6 and 5% dry nonfat milk) at room temperature on a shaker. Af-
ter that, membranes were incubated overnight at 4 °C with 1:500 dilu-
tions of the primary antibodies in Tris Base Saline-Tween (TBS-T). The
primary antibodies used were the mouse monoclonal antibody against
bovine brain Hsp70 (Sigma-Aldrich, H5147) that recognizes both Hsc70
and Hsp70 forms of mammalian Hsp70, the mouse monoclonal antibody
against Hsp90 (Sigma-Aldrich, H1775) and the monoclonal anti-β-tubu-
lin (Sigma-Aldrich, T4026). These primary Hsps antibodies have previ-
ously shown cross-reactivity with Hsps in P. canaliculata (Giraud-Billoud
et al., 2013). After the incubation with the corresponding primary an-
tibody, the membrane was washed three times in TBS-T (5 min each)
and blocked in blocking buffer for 30 min. Then, we made incubation
with the secondary peroxidase-conjugated goat anti-mouse IgG antibody
(diluted 1:5000 in TBS-T, Jackson ImmunoResearch) at room temper-
ature for 1 h on a shaker. The bound antibody was then detected by
enhanced chemiluminescence (GE Healthcare Amersham) and a gel an-
alyzer (LAS-4000 Luminiscent Image Analyzer, Fujifilm Life Science).
The densitometric analysis of the proteins' bands was done by using NIH
image analysis software (ImageJ®, USA).

Changes in protein expression levels of each Hsp were semiquanti-
fied by dividing the density unit of each band (Hsc70, Hsp70 or Hsp90)
by the β-tubulin density unit (relative density units, RDU), that was used
as loading control, to normalize the variation among immunoblots. Re-
sults were expressed as mean ± SEM of RDU.

2.8. Statistics

For multigroup comparisons, the distribution of variables was first
evaluated by Kolmogorov-Smirnov's normality test, and equal variance
Bartlett's test was used to evaluate homogeneity of variances for each
set of experimental variables. Afterwards, differences between parame-
ters determined during the activity-hibernation cycle in each organ were
evaluated by one-way ANOVA and the Tukey test as a post-hoc analysis.
In all cases, significance level was fixed at P < 0.05.

3. Results

3.1. Changes in snail activity after inducing hibernation or arousal (Fig. 1)

Animals at the control temperature were active, but they progres-
sively became immobile when exposed to cooler temperatures and 90%
of the snails had become inactive after four weeks (when being at
13.5 ± 0.5 °C). Only the inactive animals were selected for the experi-
ments. Arousal was induced by water exposure at 25 ± 1 °C: the snails
opened up the operculum within 5 min after exposure, and the head and
foot were deployed afterwards; even later, the snails became attached
to the substrate and started crawling.

In the following sections, changes in markers of oxidative damage
(TBARS), free radical scavenging capacity (ABTS+ oxidation), and the
antioxidant (UA, GSH, SOD and CAT) and chaperonin defenses (Hsp 70
and Hsp 90) will be shown in three tissues (digestive gland, kidney and
foot), at four different times of the activity-hibernation cycle: (1) active
snails; (2) snails after 45 days of hibernation; (3) snails 30 min after in-
duction of arousal; and (4) snails 24 h after induction of arousal. Unless
otherwise indicated, statistically significant differences are referred as
compared with values observed at the immediately preceding time of
the cycle.

3.2. Oxidative damage and free radical scavenging capacity during the
activity-hibernation cycle (Fig. 2)

In the digestive gland, a significant increase in oxidative damage oc-
curred after hibernation, but the degree of damage decreased 30 min
and 24 h after arousal. This was probably related to an increase in free
radical scavenging capacity observed after hibernation, which was also
sustained at both times after arousal. Meanwhile, the kidney showed
no changes in oxidative damage after hibernation, but a decrease oc-
curred 30 min after arousal, which may be related to the increase
in free radical scavenging capacity observed at the same time.

Fig. 1. Time changes in the percent of active snails after progressive exposure to cooling
temperatures (N = 8 per group).
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Fig. 2. Changes in oxidative damage (TBARS concentration) and free radical scavenging capacity (percent ABTS+ oxidation) in digestive gland, kidney and foot during the activity-hiber-
nation cycle. Values are means ± SEM (N = 8 per group). Horizontal lines indicate statistically significant differences between experimental groups (ANOVA I, Tukey test).

Similarly, oxidative damage increased in the foot after hibernation and
remained so 30 min after arousal, but it decreased 24 h after arousal,
which may be related to the higher free radical scavenging capacity ob-
served at this time.

3.3. Non-enzymatic antioxidant defenses during the activity-hibernation
cycle (Fig. 3)

UA concentration in the digestive gland showed no significant
changes during the cycle. However, UA concentration in the kidney in-
creased after hibernation, though showed a significant decrease after
arousal. On its part, UA concentration decreased in the foot after hiber-
nation and remained low 30 min after arousal, but a significant increase
occurred 24 h after arousal.

A significant decrease of GSH concentration was observed 30 min af-
ter arousal in both the digestive gland and the foot. However, the diges-
tive gland, but not the foot, recovered to active control levels 24 h after
arousal. No significant changes were observed in kidney GSH levels dur-
ing the entire cycle.

3.4. Enzymatic defenses during the activity-hibernation cycle (Fig. 4)

No significant changes in SOD activity were observed in diges-
tive gland and foot during the cycle, while it only showed a tran-
sient reduction 30 min af

ter arousal in the kidney. On its part, CAT activity decreased after hiber-
nation in the digestive gland, and recovered after arousal, but not in the
kidney, where it was reduced at both times after arousal. No significant
changes were observed in the foot.

3.5. Hsps during the activity-hibernation cycle (Fig. 5)

Hsps expression levels were measured only in the kidney and foot
(see Materials and methods, Section 2.7). As expected, Hsc70 (the cog-
nate, constitutive form) showed no changes during the cycle. However,
the inducible form (Hsp70) markedly increased in the foot after hiberna-
tion but fell down to control levels 30 min after arousal, and remained
so 24 h after arousal. On its part, Hsp90 showed sharp increases in both
kidney and foot after hibernation, and levels decreased at both times af-
ter arousal.

4. Discussion

Pomacea canaliculata notably adapts to environmental changes in
temperature and food or water availability (Albrecht et al., 1999, 2004)
and shows the ability to enter the hypometabolic states of either es-
tivation (Giraud-Billoud et al., 2011) or hibernation (Seuffert et al.,
2010), which imply imbalances be
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Fig. 3. Changes of non-enzymatic antioxidant defenses: concentrations of UA and GSH in digestive gland, kidney and foot during the activity-hibernation cycle. Values are means ± SEM
(N = 8 per group). Horizontal lines indicate statistically significant differences between experimental groups (ANOVA I, Tukey test).

tween oxyradical production and antioxidant defenses, both during dor-
mancy and after arousal (Giraud-Billoud et al., 2011, 2013; Wada and
Matsukura, 2011).

However, the reduction of metabolic rate during hibernation is an
effective strategy against the adverse consequences of low temperatures
(Gorr et al., 2010). Indeed, the reversible decrease of metabolic rate in
hibernating P. canaliculata as well as the action of protective mecha-
nisms against the arousal imbalance, may allow overwintering individ-
uals to survive temperatures which may be well below 18 °C, which
seems to be the threshold to either suppress or reactivate reproductive
functions in this species (Albrecht et al., 1999, 2004; Matsukura et al.,
2009; Seuffert et al., 2010).

Our foregoing studies in P. canaliculata have shown that UA oxida-
tion may provide a non-enzymatic protection against oxidative dam-
age. This purine is accumulated in the digestive gland and kidney
(Giraud-Billoud et al., 2008; Vega et al., 2007) where it undergoes
changes during the activity-estivation cycle (Giraud-Billoud et al., 2011,
2013). Also, Sun et al. (2013) have shown an upregulation of enzymes
involved in de novo purine biosynthesis, which occurs after estivation
and may contribute to uric acid accumulation in such conditions.

A role of UA as an antioxidant has been proposed by Ames et
al. (1981) and Becker (1993) in humans, but has seldom been in-
vestigated in other mam

mals (Tøien et al., 2001). P. canaliculata shows a system of tissues which
store uric acid in intracellular crystalloids, which extends in several or-
gans, including the digestive gland but not the kidney (Giraud-Billoud
et al., 2008; Vega et al., 2007). However, other sites of UA accumula-
tion in ampullariid snails are urinary concretions occurring in renal ep-
ithelial cells (Andrews, 1976; Cueto et al., 2015; Giraud-Billoud et al.,
2013). UA accumulated in urate tissues and renal urinary concretions
during estivation, seem to be preparing the snail against the oxidative
stress of reoxygenation, as part of the ‘preparation for oxidative stress’
strategy (POS) (Hermes-Lima et al., 1998). Similarly, UA is massively
accumulated in the kidney during hibernation (Fig. 3) and is depleted
during arousal, presumably by oxidation, so that it may also contribute
to the POS strategy. This indicates that different mechanisms of storage
and release would be at play and that the one present in the digestive
gland may not be activated by hibernation. Since UA should be released
from these places to the hemocoel to act as an antioxidant, it should be
stressed that this purine may also be available systemically.

We are not aware of studies showing an antioxidant role of UA
in activity-dormancy cycles in any invertebrate other than P. canalic-
ulata, but perivascular tissues similar to the urate-storing tissues of
this species also occur in phylogenetically distant terrestrial and ma-
rine gastropods (Castro-Vazquez, unpublished observations in Helix as-
persa and Adelomelon beckii), indicating that

5



UN
CO

RR
EC

TE
D

PR
OOF

M. Giraud-Billoud et al. Comparative Biochemistry and Physiology, Part B xxx (2017) xxx-xxx

Fig. 4. Changes in the activity of enzymatic antioxidant defenses, SOD and CAT, in digestive gland, kidney and foot during the activity-hibernation cycle. Values are means ± SEM (N = 8
per group). Horizontal lines indicate statistically significant differences between experimental groups (ANOVA I, Tukey test).

such tissues may be widespread in the class Gastropoda and that studies
of their function are still wanting.

GSH, the other non-enzymatic antioxidant that was measured, did
not show any significant changes after hibernation, but it showed signif-
icant decreases in the digestive gland and the foot after arousal, which
would suggest its consumption by oxidation (Fig. 3). Also, significant
decreases have been reported after arousal from estivation in P. canalic-
ulata (Giraud-Billoud et al., 2011, 2013). However, all these changes
may also be explained by the participation of GSH in amino acid trans-
port or in xenobiotic detoxification (Forman et al., 2009; Wu, 2013).

SOD levels showed no changes during the cycle in any of the stud-
ied organs, while CAT only showed decreases in the digestive gland af-
ter hibernation and in the kidney after arousal (Fig. 4). This is con-
trast with the increases observed in other gastropod species as part
of the POS strategy (Hermes-Lima et al., 2015) and it is possible that
even basal levels of SOD and CAT were able to meet the antioxi-
dant requirements in this species, because of the concomitant

antioxidant role of UA during hibernation and arousal in P. canaliculata.
Also, it should be noted that the studied tissues (digestive gland, kid-
ney and foot muscle) are significantly involved in energy homeostasis
and it would be expected that most energy-spending processes in them,
as those involved in enzyme expression, be decreased during hiberna-
tion. So, the mere maintenance of control levels of these enzymes dur-
ing most of the activity-hibernation cycle may be considered as a re-
sponse to low temperature, as in the activity-estivation cycle (Storey,
2002, 2010).

Proteome protection during hypometabolic states is thought to be
mediated by Hsps (Storey and Storey, 2011), and this led us to study
them in the activity-hibernation cycle. Hsps were expressed in the stud-
ied tissues and, particularly, both Hsp70 and Hsp90 increased their ex-
pression after hibernation in the foot, while only Hsp90 showed an in-
crease after hibernation in kidney, and these high expression levels de-
creased after arousal (Fig. 5).

We want to consider an aspect that has yet to be studied in mol-
luscs. In one of Hochachka's last reviews (Hochachka and Lutz, 2001)
many general princi
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Fig. 5. Changes in the expression of Hsc70 (light bars), Hsp70 (dark bars) and Hsp90, in kidney and foot (upper and lower panels, respectively) during the activity-hibernation cycle.
Values are means ± SEM (N = 8 per group) of Hsp70, Hsc70 or Hsp90/β-tubulin relative density units (RDU). Horizontal lines indicate statistically significant differences between exper-
imental groups (ANOVA I, Tukey test).

ples of the antioxidant defense mechanisms were proposed, which are
still useful for understanding how animals deal with situations of meta-
bolic arrest and the arousal from them. They proposed that hypoxia-tol-
erant animals, as frogs and turtles, display a moderate inhibition of their
mitochondrial ATPase activity under anoxic conditions, which confers
them an advantage over hypoxia-sensitive animals because of the even-
tual use of energy to enable defense mechanisms (Hochachka and Lutz,
2001). Furthermore, in cells from some hypoxia-tolerant species, ATP
levels may decline to a steady-state level, matching ATP demand and
supplying pathway fluxes that confer an effective defense against hy-
poxia compared to hypoxia-sensitive cells (Boutilier and St-Pierre, 2000;
Boutilier, 2001; Hochachka et al., 1996). The moderate inhibition of AT-
Pase activity proposed by Hochachka and Lutz (2001) occurring in hy-
poxia-tolerant animals could be the energy source that drives the acti-
vation of necessary defense mechanisms to deal with the challenges of
hibernation and estivation. This is still to be studied in P. canaliculata.

Fig. 6 presents an overview of the mechanisms potentially deal-
ing with oxidative stress during the activity-estivation and the activ-
ity-hibernation cycles in P. canaliculata. Several changes are related
to hypoxia-reoxygenation phenomena during the hypometabolic states
(Fig. 6). The lack of oxygen and of an adequate supply of metabolic
substrates lead to a series of abrupt biochemical

changes, which entrain energy deficiency, pH decrease, sodium and cal-
cium overload and ROS overproduction (Cantu-Medellin and Kelley,
2013). Also, increases in cytosolic calcium concentrations enhance pro-
tease activity with adverse consequences to the intracellular milieu,
such as the irreversible conversion of xanthine dehydrogenase (XDH) to
the oxidase form (xanthine oxidase, XO) (Kelley et al., 2010). XO con-
sumes molecular oxygen to catalyze the conversion of hypoxanthine to
xanthine and finally to uric acid, with concomitant production of su-
peroxide (O2

−) and hydrogen peroxide (H2O2) (Harrison, 2002). The
activity of this enzyme is accompanied with an increase of hypoxan-
thine and xanthine levels which resulted from increased ATP catabo-
lism observed during hypoxia (Cantu-Medellin and Kelley, 2013). The
activity of XO and the mitochondrial ROS production generate an ox-
idant overproduction during hypoxia and sustained during reoxygena-
tion because of the reestablishment of mitochondrial activity. The oxi-
dant overproduction induces the activation of specific transcription fac-
tors (Nrf2, HIF-1, NF-κB, p53 and FoxO) and post translational mech-
anisms that lead to enhance antioxidant defenses (Hermes-Lima et al.,
2015). In P. canaliculata, the antioxidant role of UA seems critical in
both cycles (Giraud-Billoud et al., 2011, 2013), though the site of UA
storage and release differ (the digestive gland in estivation and the kid-
ney in hibernation). Other protective mechanisms like enzymatic (SOD,
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Fig. 6. A working hypothesis on the defense mechanisms involved in tolerance to hypometabolic states and arousal in Pomacea canaliculata. XDH: xanthine dehydrogenase, XO: xanthine
oxidase, ATP: adenosine triphosphate, SOD: superoxide dismutase, CAT: catalase, GSH: reduced glutathione.

CAT) and non-enzymatic (glutathione) antioxidants and heat shock pro-
teins (70 and 90 kDa) complete the panoply of defensive mechanisms.
Future studies should clarify the role of other mechanisms as those of
glutathione related enzymes, characterization of xanthine oxidoreduc-
tase (XOR) activity and the role of ROS and XOR products as media-
tors factors that could induce changes in the expression of antioxidants
as a part of a preparation for oxidative strategy (Moreira et al., 2017;
Moreira et al., 2016).

5. Conclusions

This species accumulates UA during both hypometabolic states but
in different tissues (the digestive gland during estivation and the kidney
during hibernation), and the accumulated purine may act as an antiox-
idant during subsequent reoxygenation, thus serving a role as a part of
the POS strategy (Fig. 6). Besides the antioxidant role of UA, Hsps (par-
ticularly Hsp 90) may be serving a role in proteome protection. A com-
parative study of the main pathways of synthesis, accumulation, and
utilization of UA, in both urate-containing tissues and under both hy-
pometabolic states may indicate novel molecular targets for the control
of the populations of this redoubtable invader.
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