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versidade Regional de Blumenau (FURB), Rua Antôn
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a b s t r a c t

This study investigated the effects of hypoxia on oxidative stress response and immune function in
mussels Perna perna exposed to air for 6, 12, 24 and 48 h. In air-exposed mussels, the antioxidant en-
zymes superoxide dismutase (SOD), catalase, and glutathione reductase (GR) activities were lower in gill
tissues (24e48 h) and digestive gland (12 h), while the glutathione peroxidase and GR activities were
increased in the digestive gland (48 h). In both tissues, aerial exposure promoted a rapid (6 h) and
persistent (up to 48 h) increase of glutathione levels. Decreased hemocyte count and viability, as well as
increased phagocytic activity and cellular adhesion capacity were detected after prolonged aerial
exposure (>12 h). In summary, induction of thiol pools, altered antioxidant enzyme activities, and
activation of immune responses were detected in hypoxia exposed brown mussels, indicating hypoxia
induced tissue-specific responses in both antioxidant and immune systems.

© 2017 Elsevier Ltd. All rights reserved.
́

́

́ ́
1. Introduction

The brownmussel Perna perna is a bivalve species distributed in
tropical and subtropical regions of the Atlantic and Indian Oceans:
from the Caribbean Sea to the southern coast of South America, and
along both coastlines of the African continent (Siddall, 1980). It
colonizes hard substrata (natural or man-made) in the intertidal
and shallow subtidal zones (Berry and Schleyer, 1983), where it is
exposed to environmental stressors such as fluctuation in oxygen,
temperature and salinity, and discharge of environmental pollut-
ants. Although it is expected that organisms living in the intertidal
zones are well adapted to the recurring stress of anoxia, hypoxia
and hyperoxia during the low tide periods (Abele et al., 2007; Zardi
et al., 2015), with the recent and alarming emergence of dead zones
(areas in oceans or lakes with depleted oxygen levels due to
pollution, warmer temperatures and eutrophication), hypoxic
conditions can occur beyond their capacity of adaptation. Indeed,
ias Naturais, Fundaç~ao Uni-
io da Veiga 140, 89030-903,
these dead zones have been considered a significant threat to the
aquatic life worldwide (Diaz and Rosenberg, 2008). Therefore,
carefully addressing the toxicity of prolonged hypoxic conditions in
aquatic species may help to characterize possible adverse outcomes
to natural populations.

The tolerance to low oxygen levels can be different among the
taxa, but is usually associated with decreased protein synthesis,
suppression of Krebs cycle enzymes and lower adenosine triphos-
phate (ATP) production rate (Hermes-Lima and Zenteno-Savi;n,
2002). As consequence, hypoxia may cause reduced food intake
and larval and adult growth rates (Welker et al., 2013). Remarkably,
despite low oxygen levels and ATP turnover rates, increased pro-
duction of mitochondrial reactive oxygen species (ROS) is a com-
mon response to hypoxia (Chandel et al., 2000). Previous research
(Chandel et al., 2000) propose that under hypoxic conditions, ROS
can act as signaling molecules in intracellular pathways at low to
moderate levels (D'Autr�eaux and Toledano, 2007), and modulate
the cellular function associated with the activity of kinases, phos-
phatases and transcription factors (Murphy, 2009). On the other
hand, ROS can also oxidize biomolecules such as deoxyribonucleic
acid (DNA), proteins, and lipids. Additionally, excessive ROS pro-
duction may favor development of pathological conditions
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(Schrader and Fahimi, 2006), via accumulation of oxidative damage
in various cellular compartments (Nordberg and Arn�er, 2001), and
dysregulation of redox-sensitive metabolic and signaling pathways.
Consequently, hypoxic conditions are commonly associated with
increased cellular damage (Hermes-Lima et al., 2015) and loss of
cellular function.

In bivalves, short-term hypoxia and anoxia are known to rapidly
decrease mitochondrial respiration (Sussarellu et al., 2013), in-
crease hypoxia-inducible factor expression (Giannetto et al., 2015),
and can result in overexpression of antioxidant enzymes and
mitochondrial respiratory chain subunits (Sussarellu et al., 2010).
After hypoxia/anoxia, reestablishment of oxygen levels usually
leads to a burst of ROS production and oxidative stress (Garbarino
et al., 2015; Hermes-Lima et al., 2015). Many studies demon-
strated an increase in antioxidant defenses induced by short-term
hypoxia in marine invertebrates such as polychaetes (Abele et al.,
1998), gastropods (Ferreira et al., 2003), and bivalves including
oysters (David et al., 2005) and mussels (Almeida et al., 2005). It is
accepted that this pre-activation of the antioxidant system at early
hypoxia is an adaptation or an anticipatory response to reoxyge-
nation, preventing the accumulation of oxidative damage (Gorr
et al., 2010; Hermes-Lima et al., 2015; Moreira et al., 2016).

It is also known that hypoxia can negatively affect the immune
system of bivalves, once oxygen is essential for the hemocyte res-
piratory burst that occurs during phagocytosis (Fisher et al., 1987;
Pampanin et al., 2002; Cheng et al., 2004a, 2004b; Monari et al.,
2007; Wang et al., 2011). This condition could turn animals more
susceptible for pathogen infections, since hypoxia can increase
hemocyte mortality, affect the phagocytosis, cellular adhesion and
ROS production rate, and impair the lysosomal membrane integrity.
These effects were previously observed in mussels Perna viridis
(Wang et al., 2012, 2014), musselsMytilus coruscus (Sui et al., 2016)
and clams Chamelea gallina (Pampanin et al., 2002). This modula-
tion of the immune system can be a serious threat to bivalves living
in areas with hypoxic conditions and high abundance of microor-
ganisms, for instance in eutrophic areas receiving urban effluents
(Johnson et al., 2007).

Considering that (i) marine organisms need an efficient anti-
oxidant system to cope with excessive ROS formed during hypoxia/
reoxygenation, (ii) the immune system is compromised during such
events, (iii) increased hypoxic events are an emerging environ-
mental concern, the aim of this work was to examine effects of
prolonged air exposure on antioxidant defenses and immune
competence in brown mussels P. perna (Mytilidae, Bivalvia). Brown
mussels were chosen since they are a bivalve species widely
distributed in the southern hemisphere, inhabiting areas highly
subjected to environmental pollution and hypoxic conditions.
2. Methods

2.1. Organisms and chemicals

Brown mussels Perna perna (Bivalvia, Mytilidae) both male and
female (6e9 cm) were obtained from a mussel farm in Florian�op-
olis, Santa Catarina, Brazil. In the laboratory, mussels were kept in
tanks for five days before the experiments. Each tank was filled
with 1 L of filtered seawater (FSW) per animal, which was under
constant aeration, temperature (~15 �C), salinity (~35 psu) and pH
(~7.7). The seawater was changed daily, and a commercial
plankton-based food (Sera Coraliquid) was added to the water
column every two days.

All reagents used in the biochemical analyses and immuno-
competence assays were purchased from Sigma Chemical (St. Louis,
MO, USA).
2.2. Experimental procedures

Sixty-four mussels were equally distributed to eight groups.
Control groups were kept for 6 h, 12 h, 24 h and 48 h in tanks with
seawater (same conditions of the acclimation period). Hypoxia was
induced by aerial exposure for 6, 12, 24 or 48 h by removing water
from experimental tanks (Air exposure). When mussels are out of
water, they close their shells, keeping a reserve of water inside.
Under this condition, there is little supply of oxygen to their gills,
leading to a hypoxic state.

This condition is close to what happens in the natural envi-
ronment during low tides, so the water inside the shells was not
removed. At indicated time points the gills and digestive glands
were removed and stored at e 80 �C.

To evaluate immunocompetence using hemocytes, all assays
must be carried out with fresh and non-stressed mussels and he-
mocytes. Considering the time required for hemolymph collection,
quality assessment and preparation, an experimental design with
fewer animals and groups were chosen. For this purpose thirty-five
mussels were equally distributed in five groups. One control group
was kept in tanks with seawater (same conditions of the acclima-
tization period) and the other four groups were kept for 6 h, 12 h,
24 h and 48 h in tanks without water, in the same conditions as
detailed above. All exposures were carried out to finish at the same
time (with 10e15 min interval for each group), that is, the air
exposure periods were adjusted to finish at the same time for all
groups, and the control group was also collected at this time.
Therefore, only one control group was chosen for the immune
competence assays. At the end of exposures, the hemolymph was
collected with a cold 1 ml syringe coupled to a 0.8 � 30 mm needle
and samples were analyzed by light microscopy for the presence of
gametes, microorganisms and cell aggregates.

2.3. Biochemical analyses

2.3.1. Enzyme activities and protein quantification
To assess enzymes activity and protein amount, first the tissues

were homogenized (1:4, vol: vol) in 20 mM Tris buffer, pH 7.4,
containing 0.5 mM sucrose, 0.15 mM KCl and protease inhibitor
(1 mM PMSF), and centrifuged at 10,000 x g for 20 min at 3 �C.
Then, supernatant was collected and centrifuged for one hour at
50,000 x g and 3 �C. The supernatant was stored at �80 �C prior to
further analyses in a Victor X3 plate reader (PerkinElmer). Gluta-
thione S-transferase (GST) activity was measured at 340 nm
following Keen et al. (1976). Glutathione reductase (GR) was
assessed according to Carlberg and Mannervik (1985) at 340 nm.
Superoxide dismutase (SOD) was evaluated at 550 nm according to
method developed by McCord and Fridovich (1969). Catalase (CAT)
activity was quantified at 240 nm by Beutler's method (1975).
Glutathione peroxidase (GPx) activity was analyzed at 340 nm as
described by Sies et al. (1979). Protein levels were measured at
595 nm by the method of Bradford (1976) using bovine serum al-
bumin as standard.

2.3.2. Reduced glutathione (GSH)
Gills and digestive glands were homogenized in 500 mM

perchloric acid (1:10, weight: volume) and centrifuged for ten
minutes at 5000 x g at 4 �C. Next, the supernatant fraction was
collected. The GSH (reduced, not total) concentration was deter-
mined by High Performance Liquid Chromatography (HPLC). The
system has an ESA584 pump and it was coupled to a coulometric
electrochemical detector (ESA Coulochem III, Bedford, MA) associ-
ated to an electrochemical pre-conditioning cell maintained at a
potential of þ900 mV for mobile phase oxidation, and a dual
analytical cell set at 300 mV (first cell), and at 650 mV (second cell)
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for GSH detection. The samples were separated in an ACE 5 C-18
column (250 � 4.6 mm, 5 mm) at an isocratic flow of 0.9 mL min�1,
using potassium phosphate 0.05 mol L�1, pH 7.0, with 40% meth-
anol as mobile phase. GSH peak identification and quantification
was performed using software EZ Chrom (Agilent Technologies).
The GSH concentration was quantified based on a standard curve
previously injected with known concentrations of GSH (Rodri

́

guez-
Ariza et al., 1994).

2.3.3. Lipid peroxidation
Tissues were homogenized in 100 mM Tris buffer, pH 8.0 (1:3,

weight: vol). After this step, 0.3 mL of 0.4% thiobarbituric acid (TBA)
in 200 mM HCl were added to each sample. Then, samples were
incubated at 90 �C for 40 min. After this period, 1 mL of n-butanol
was added and then the samples were centrifuged at 3,500 rpm for
three minutes. The supernatant fraction was collected and 20 mL of
each samplewas used for the analysis. Themalondialdehyde (MDA)
concentration was determined by HPLC coupled to an UV/Vis de-
tector set at 532 nm. The HPLC system (ESA) consisted of ESA584
pump and an ESA526 UV/Vis detector. The column usedwas an ACE
5 C18 (250 � 4.6 mm, 5 mm). Chromatogram monitoring and peak
identification and quantification were performed using the EZ
Chrom Elite software (Agilent Technologies). The mobile phase was
0.05 M KH2PO4, pH 7.0, with 40% methanol, and was pumped at an
isocratic flow of 0.9 mL min�1.

2.4. Immune competence assays

All assays were carried out according to previous protocol
(Mello et al., 2015), with minor modifications as follows.

2.4.1. Total hemocyte count
After collection, samples were immediately diluted 5 times in

NaCl-adjusted phosphate buffer saline (PBS, 513 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7,4) and analyzed in a TC-
20 Automated Cell Counter (Bio-Rad).

2.4.2. Cellular viability assays
The cellular viability was investigated by two different assays:

the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and the neutral red retention assay (NRR). For the MTT assay,
1 � 106 cells were incubated in 300 mL of 0.5 mg L�1 MTT in PBS for
1 h in the dark, centrifuged (800 x g for 10 min at 4 �C) and dye-
extracted with 200 ml of dimethyl sulfoxide. For the NRR assay,
3 � 105 cells were incubated in 300 mL of 0.004% neutral red in PBS,
incubated for 3 h in the dark. Thereafter samples were centrifuged
(800 x g for 10 min at 4 �C) and washed three times with PBS and
dye-extracted with 200 mL of acidified ethanol (50% ethanol/1%
acetic acid). Absorbance was recorded in 96 wells plates at 550 nm
(MTT) or 560 nm (NRR). The control group was used as 100%
viability.

2.4.3. Phagocytic activity
To determine the percentage of hemocytes able to phagocyte

latex microsphere, 2 � 105 cells were suspended in 0.22 mm filtered
seawater. Cells were added to cytometer tubes containing equal
volume of filtered sterile plasma (from a pool of fresh hemolymph
from P. perna) and 0.05% latex microspheres (Fluoresbrite, YG Mi-
crospheres, 2 mm, Polysciences) in order to promote microsphere
opsonization, which facilitates phagocytosis. After 30 min on ice,
cells were incubated at 20 �C in the dark for 1 h, and the percentage
of hemocytes able to engulf 3 or more microspheres was assayed by
flow cytometry (Flow Cytometer FACSCanto II, BD Biosciences)
using FIT-C channel. All samples were assayed in duplicate. Data
analyses were carried out with Flowing Software Version 2.5.1.
2.4.4. Cellular adhesion capacity
Hemocyte adhesive capacity was analyzed with 5 � 105 cells

suspended in FSW and added to flat-bottom 96-well plates. Sam-
ples were left to adhere to the plate for 45 min at 20 �C in the dark,
and after the supernatant removal, FSW containing 4% formalde-
hyde was added and plates were maintained at 4e8 �C until use.
Cells that remained in the supernatant (non-adhered) were coun-
ted using a TC-20 Automated Cell Counter (Bio-Rad). The percent-
age of adhered cells was based on the amount of non-adhered cells
and the number of cells used in the assay. All samples were
analyzed in duplicates.

2.5. Statistical analyses

Normality and homogeneity of the data were verified using
respectively Shapiro-Wilk and Levene tests. Regarding the
biochemical assays, for parametric data, Control group and air-
exposed group from the same experimental time were compared
using student t-test. In case of non-parametric data, Mann-Whitney
test was used instead. For the immunocompetence assays, data
were analyzed by Kruskal-Wallis test followed by Dunns Multiple
Comparison Test. Data were expressed as average ± standard de-
viation. Data were considered statistically different from control
group when p < 0.05.

3. Results

In the gills, SOD activity decreased after 24 h and 48 h of air
exposure (Table 1). CAT activity was also reduced after 24 h
(Table 1). In the digestive gland, SOD and GR activities were
decreased after 12 h of exposure to air, while GPx and GR activities
were increased at 48 h (Table 2).

Compared to the control, air-exposed mussel gills showed
higher concentrations of GSH across several exposure periods (6, 24
and 48 h) (Fig. 1). The same pattern of increased GSH levels was
observed in the digestive gland after 6, 12 and 48 h of air exposure
(Fig. 1). MDA levels remained unaltered after aerial exposure in gills
(Table 1), and digestive gland (Table 2) tissues.

After aerial exposure for 24 or 48 h, some of the immune pa-
rameters were altered in brownmussels. The number of circulating
hemocytes decreased 73% after 48 h of aerial exposure (Fig. 2A). The
MTT assay did not detect any changes in hemocyte viability
(Fig. 2B). However after 24 and 48 h hemocytes presented a ~50%
decrease in the neutral red retention (Fig. 2C). Hemocytes of
mussels exposed to the air also showed higher immune-related
activities, such as 50e60% increase in the phagocytic activity after
12 to 48 h (Fig. 2D), and a higher cellular adhesion capacity,
increasing from 95% in the control group to 97e99% in animals
exposed to the air for 12 to 48 h (Fig. 2E).

4. Discussion

In the present study, mussels exposed to prolonged hypoxia
(>12 h) presented lower activity of antioxidant enzymes in the gills
(SOD and CAT) and digestive gland (SOD). Although it is known that
hypoxia is associated with a burst in ROS, Welker et al. (2013) and
Hermes-Lima et al. (2015) suggested that such ROS generation
occurs within the first hours of the O2 depletion, and the remaining
O2 continues to be partially reduced by complex II and III. On the
other hand, Rivera-Ingraham et al. (2013) demonstrated that pro-
longed hypoxic conditions (48e72 h) are associatedwith lower ROS
production in the gills of musselsMytilus edulis, possibly explaining
the lower SOD and CAT activities detected in our study. Such
pattern of decrease in antioxidant enzymes by prolonged hypoxia/
anoxia has been indicated, for instance, by lower SOD and CAT



Table 1
Enzymes activities and peroxidation levels in gills of Perna perna mussel kept in clean seawater (Control) and after aerial exposure (Aerial) for 6 h, 12 h, 24 h and 48 h.

Time Group SOD* CAT* GPx** GR** GST** MDA***

6 h Control 283.3 ± 237.1 4.4 ± 1.7 13.7 ± 6.9 133.9 ± 69.3 1269.9 ± 788.7 3.5 ± 0.4
Aerial 201.3 ± 68.9 4.0 ± 1.0 11.6 ± 4.7 124.9 ± 66.9 749.9 ± 185.5 3.4 ± 0.5

12 h Control 46.7 ± 16.9 4.9 ± 1.7 4.0 ± 2.6 105.8 ± 22.5 733.3 ± 289.8 3.2 ± 0.8
Aerial 41.2 ± 9.2 3.8 ± 1.6 5.7 ± 2.9 102.4 ± 32.2 901.4 ± 212.4 3.1 ± 0.4

24 h Control 70.5 ± 21.2 7.5 ± 2.3 2.9 ± 3.6 150.6 ± 58.9 1117.5 ± 248.8 1.7 ± 0.3
Aerial 52.3 ± 7.0 a 4.9 ± 1.6 a 4.1 ± 2.4 120.4 ± 20.7 1,1174.1 ± 333.1 1.8 ± 0.4

48 h Control 80.3 ± 31.6 4.9 ± 1.1 7.8 ± 2.1 101.2 ± 26.5 796.1 ± 230.5 3.0 ± 0.5
Aerial 53.4 ± 10.6 a 4.2 ± 0.7 6.5 ± 1.9 104.1 ± 33.0 903.6 ± 202.6 2.8 ± 0.6

Note:Data were expressed asmean ± standard deviation (n¼ 8mussels/group). * Enzyme activity was expressed as U/mg protein. ** Enzyme activity was expressed asmU/mg
protein. *** Lipid peroxidation (MDA) was expressed as nmol/g tissue. a Significant difference (p < 0.05) compared to the control of the same period.

Table 2
Enzymes activities and peroxidation levels in digestive gland of Perna perna mussel kept in clean seawater (Control) and after aerial exposure (Aerial) for 6 h, 12 h, 24 h and
48 h.

Time Group SOD* CAT* GPx** GR** GST** MDA***

6 h Control 301.5 ± 119.7 33.0 ± 33.0 32.1 ± 12.3 86.7 ± 44.0 1263.6 ± 185.5 1.4 ± 0.1
Aerial 306.7 ± 180.2 24.8 ± 24.2 22.8 ± 11.1 92.1 ± 77.5 749.9 ± 185.5 1.1 ± 0.2 a

12 h Control 280.8 ± 131.9 17.7 ± 3.6 10.0 ± 1.1 101.6 ± 20.4 170.6 ± 58.2 4.3 ± 2.3
Aerial 93.6 ± 14.4 a 14.6 ± 4.0 8.4 ± 2.5 62.0 ± 22.9 a 183.5 ± 55.0 5.2 ± 1.4

24 h Control 141.2 ± 45.5 12.6 ± 4.6 9.1 ± 2.5 103.3 ± 17.9 162.5 ± 46.5 5.2 ± 2.0
Aerial 150.5 ± 35.4 15.8 ± 1.3 10.1 ± 3.3 119.6 ± 29.1 149.9 ± 43.4 5.6 ± 2.0

48 h Control 73.8 ± 6.5 14.7 ± 3.4 8.7 ± 2.0 38.8 ± 23.1 190.3 ± 78.9 5.3 ± 1.3
Aerial 69.0 ± 18.6 16.7 ± 2.3 11.8 ± 2.6 a 74.5 ± 13.3 a 148.8 ± 33.0 8.0 ± 3.7

Note: Data were expressed as mean ± standard deviation. (n ¼ 8 musssels/group). * Enzyme activity was expressed as U/mg protein. ** Enzyme activity was expressed as mU/
mg protein. *** Lipid peroxidation (MDA) was expressed as nmol/g tissue. a Significant difference (p < 0.05) compared to the control group of the same period.

Fig. 1. GSH levels in (A) gills and (B) digestive gland of brownmussels P. perna. Groups with 8 mussels each were kept for 6 h, 12 h, 24 h and 48 h in seawater (control) or exposed to
the air (aerial). Data are shown as average ± standard deviation. *p < 0.05 and **p < 0.01.
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activities or mRNA levels in the gills of clams (Philipp et al., 2012),
as well as in the hepatopancreas of sea snail (Pannunzio and Storey,
1998). However, whether the observed modulation of SOD and CAT
in mussels P. perna plays a role in mediating ROS levels during
hypoxia remains to be further studied, since other antioxidant
systems were amplified and prolonged hypoxia did not lead to an
accumulation of lipid peroxidation end products.

It should be commented that antioxidant enzymes in the control
groups presented significant alterations within exposure time. In
general, the antioxidant enzymes were higher at the initial periods
of the experiment, and then decreased along the other times of
exposures, especially SOD and GPx in the gills and SOD, CAT, GPx
and GST in the liver. Such variations could be due to natural vari-
ations of these parameters in mussels as a consequence of circadian
rhythms of the animals, or could be also a reflection of manipula-
tion stress during the first periods of the experiments. However,
these hypotheses remains to be further investigated. Nevertheless,
as the same pattern of enzymatic activities was also followed by the
air-exposed groups, we consider that these temporal variations do
not represent an issue for attributing the hypoxia effects observed
on antioxidant defenses.

One of the most prominent effects of hypoxia on mussels
P. pernawas the increase in GSH levels, which was observed in both
gills and digestive gland, as early as 6 h, and stayed elevated up to
48 h. Increased GSH synthesis is a classic adaptive response to
counteract oxidative stress (Lu, 2013), as consumption of GSH by
conjugation, oxidation, export to the extracellular milieu, or
degradation can be compensated by GSH synthesis (van derOost
et al., 2003). Induction of glutamate-cysteine ligase (GCL), the
rate-limiting enzyme in GSH synthesis, is a classical marker of
activation of the Nrf2 pathway (Satoh et al., 2014). Such activation
has been reported in vitro as essential for cell survival during
hypoxic conditions (Kolamunne et al., 2013). It is possible that the
increase in GSH levels detected in this study could be a



Fig. 2. Immune competence of hemocytes of brown mussels P. perna exposed to hypoxic conditions. Mussels (n ¼ 7) were maintained in tanks in the absence of seawater for the
indicated time points, while a control group of was maintained in seawater (0 h). By synchronizing all exposures to finish at the same time, hemolymph was collected and he-
mocytes were used to analyze some immune-related paramaters: (A) cellular density of circulating hemocytes, (B) cellular viability assay measured by the MTT or (C) the neutral red
retention assay, (D) phagocytic activity against latex microsphere and (E) cellular adhesion capacity to polystyrene surface. Data were analyzed by Kruskal-Wallis followed by
Dunnet Multiple Comparison Test and were considered statistically different from group when p < 0.05. Data are shown as average ± standard deviation. *p < 0.05 and ***p < 0.001.
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consequence of GCL induction. For instance, it has been shown in
oysters Crassostrea gigas that in order to sustain the GSH-mediated
biotransformation of electrophilic compounds, there is a fast
upregulation of GCL transcripts leading to a rapid increase in GSH
synthesis (Trevisan et al., 2016). In the present work, the increase in
GSH levels in both the gills and the digestive gland could be an
indicative of an early and primary protective response, preparing
the tissue to prevent the expected oxidative damage during the
reperfusion of oxygen into the cells (Pannunzio and Storey, 1998;
Hermes-Lima et al., 2015; Moreira et al., 2016). Increased GSH
levels may also be involved with the detoxification of pro-oxidants
that can be accumulated during the period of hypoxia, as proposed
by Pannunzio and Storey (1998).

The enzymes GR and GPx, which are related to the GSH meta-
bolism, were affected in the digestive gland by hypoxia. Though GR
had decreased activity after 12 h, both enzymes increased their
activities after 48 h of aerial exposure. Such upregulation coupled
with higher GSH levels can increase the rate of peroxide elimina-
tion (Lubos et al., 2010). In vivo studies show that GR and GSH are
important molecules for the detoxification of peroxides via GPx in
P. perna, resulting in higher survival rates (Trevisan et al., 2014).
This response can be interpreted as another protective mechanism
triggered by hypoxia and as an anticipatory response to the
oxidative stress induced in the reperfusion period (Pannunzio and
Storey, 1998; Hermes-Lima et al., 2015; Moreira et al., 2016).

Except for the GSH levels, the temporal response of the anti-
oxidant system was considerably variable, especially when the
different tissues are taken into account. These two tissues are
commonly associated in bivalves as main sites of biotransformation
and detoxification of toxic compounds and the disparity in the
antioxidant response between the two tissues is difficult to explain.
It is known that in bivalves these tissues can exhibit different
metabolic responses to hypoxia. For example, during aerobic con-
ditions, both tissues use the tricarboxylic acid (TCA) cycle as the
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main oxidative pathway, while during anoxia the TCA cycle is
markedly decreased in the digestive gland but remains partially
operant in the gill (Chaplin and Loxton, 1976). Moreover, gills, due
to the direct contact with the seawater and outer environment, are
one of the first tissues to experience hypoxic conditions, quickly
decreasing mitochondrial respiratory rate and proton leak, and
increasing the efficiency of aerobic energy production (Sussarellu
et al., 2013). In addition, due to the gapping behavior of P. perna
when exposed to air, such opening/closure of the valves allows
quick oxygen uptake (Nicastro et al., 2010), initially increasing ox-
ygen concentrations in tissues such as gills andmantle. Therefore, it
is expected that during air exposure in mussels P. perna, the cellular
metabolic state, the oxygen levels and as consequence, the
respective antioxidant system responses can differ between tissues.

Although prolonged hypoxia did not induce the accumulation of
lipid peroxidation end products, it was clear that prolonged hyp-
oxia can be stressful to these organisms based on negative effects
on their immune competence. Decreased number of circulating
cells in the hemolymph were detected after 48 h of air exposure.
This same event was already detected in the shrimp Litopeneaus
vannamei after 6 and 12 h of hypoxia (Wei et al., 2016), and in the
mussel Mytilus coruscus (Sui et al., 2016). Lower hemocyte avail-
ability in the hemolymph can be a consequence of different out-
comes caused by hypoxia, such as impaired proliferation, increased
apoptosis/necrosis rate, as well as infiltration of hemocytes in other
tissues (Mydlarz et al., 2006). As a lower cellular viability (esti-
mated by the NRR assay) was also detected in hemocytes of mussels
after prolonged exposure to hypoxia, it could be speculated that the
decreased number of circulating hemocytes is probably due to cell
death, which can be considered as a classic sign of poor bivalve
health (Mydlarz et al., 2006). Moreover, loss of lysosomal mem-
brane stability (determined by the NRR assay), already reported
bivalves during different toxic conditions (Trevisan et al., 2012;
Okoro et al., 2015; Parolini et al., 2014), may lead to loss of
cellular function directly affecting the bivalve immune capacity.
The increased phagocytic rate and cellular adhesion capacity after
prolonged hypoxic conditions may indicate that these hemocytes
are activated or immune stimulated. Sui et al. (2016) demonstrated
that hypoxic conditions may account for increased ROS production
in hemocytes of M. coruscus after 72 h of hypoxia, which could be
also related to the increased phagocytic activity observed in our
study. Moreover, although Wang et al. (2011) did not observe any
change in phagocytic activity in the mussel Perna viridis along 48 h
of hypoxia, it was increased after 96 h of hypoxia. Taken together,
these data suggest that hypoxia can have a negative effect on the
immune system of brown mussels, decreasing the availability of
circulating viable hemocytes and causing modulation of their im-
mune responses. Such conditions may have serious effects on their
susceptibility to pathogens infections, as already suggested with
crabs (Holman et al., 2004) and lobsters (Henroth et al., 2015) with
impaired pathogen clearance due to continuous hypoxic
conditions.

In summary, aerial exposure in brown mussels was character-
ized as a demanding condition to mussels P. perna, but mostly
during prolonged exposures (24 h or more). Signs of antioxidant
response were detected, with fast and consistent upregulation of
glutathione levels in gills and digestive gland, as well as modulation
of key antioxidant enzymes at least after 12 h of exposure, including
increased GR and GPx activities after 48 h of aerial exposure. It is
not clear how oxidative stress may play a role on hypoxia under
such conditions as no accumulative lipid peroxidation damage was
detected in such tissues. Even though, hemolymph cells were very
sensitive to hypoxia, with limited availability of circulating cells and
plausible uncoordinated cellular functions. P. perna should face
hypoxic conditions on a very regular basis due to the tidal
environment where it inhabits. Therefore, the fact that short-term
exposure to hypoxia presented no major effects reinforces the idea
that mussels are adapted to these conditions. On the other hand,
prolonged hypoxia causes marked effects on the antioxidant and
immune systems, suggesting it is toxic to bivalves, what could be an
issue with the increasing worldwide occurrence of hypoxic condi-
tions in coastal areas.
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