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Abstract: Crustaceans found in metal-contaminated regions are able to survive, and the authors investigated the physiological
mechanisms involved by comparing populations from contaminated and noncontaminated areas. The objective of the present study was
to measure the cellular transport of a nonessential metal (cadmium [Cd]) in gills and hepatopancreas of Ucides cordatus, together with
cell membrane fluidity, metallothionein levels, and lipid peroxidation. The 2 populations compared were from a polluted and a
nonpolluted mangrove area of S~ao Paulo State, Brazil. The authors found, for the first time, larger Cd transport in gills and
hepatopancreatic cells from crabs living in polluted mangrove areas. The cells also had lower plasma membrane fluidity, increased lipid
peroxidation and less metallothionein compared to those from nonpolluted regions. The authors also found larger amounts of Cd in
intracellular organelles of gills, but not in the hepatopancreas, from crabs in polluted regions. Therefore, in polluted areas, these animals
showed higher Cd transport and lower plasma membrane fluidity and storage of Cd intracellularly in gill cells, whereas hepatopancreatic
cells used metallothionein as their main line of defense. The findings suggest that crabs from polluted areas can accumulate Cd more
easily than crabs from nonpolluted areas, probably because of an impairment of the regulatory mechanisms of cell membrane transport.
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INTRODUCTION

Animals from estuarine and coastal regions are directly
affected by local pollution through the disposal of chemicals and
toxic metals, mainly from industries [1–3]. Cadmium (Cd), a
major pollutant in mangrove areas, is a nonessential metal and is
known to cause damage and to accumulate in animal tissues. In
contact with crustaceans, it may cause physiological and
morphological damage in gills and the hepatopancreas, organs
that are the first entry sites in these organisms. Moreover, toxic
metals are some of the strongest naturally occurring carbonic
anhydrase inhibitors [4]. Metals such as silver ion (Agþ), Cd (II)
ion (Cd2þ), copper (II) ion (Cu2þ), and zinc ion (Zn2þ) are
known to be inhibitory to carbonic anhydrase activity in vitro
and to carbonic anhydrase–related physiological processes
in vivo. For example, Agþ is known to inhibit both gill carbonic
anhydrase and ion transport in freshwater fish [4,5] as well as
intestinal ion transport in marine fish [6]. Gill carbonic
anhydrase from an estuarine crab (Chasmagnathus granulata)
is highly sensitive to Cd2þ, with an inhibitory concentration of
2.15mM [7]. Other studies showed that Ucides cordatus and
Callinectes danae found in contaminated sites with toxic metals
showed adaptive physiological changes, such as increased
accumulation of toxicmetals, reduced ionic hyporegulation, and
increased levels of gill sodium–potassium adenosine triphos-
phatase (Naþ/Kþ-ATPase) [1]. Other studies with crabs showed
that Cd exposure similarly affected intracellular calcium (Ca)

concentration [3,8]. Therefore, it is possible that toxic metal
exposure in estuarine organisms can inhibit multiple ion
transport processes both individually and through the inhibition
of gill carbonic anhydrase. Furthermore, by compromising the
osmoregulatory process, toxic metals could also exclude
euryhaline species from the less saline regions of their natural
habitat.

In addition, estuarine animals present strategies to signal the
degree of pollution in a given location, which assist in their
survival. One strategy is the presence of a metal binding protein,
metallothionein [8–10]. These low–molecular weight proteins
are extremely important to aquatic organisms, leading to
increased tolerance to some toxic metals during exposure [11].
In general, metallothioneins play an important role in
homeostasis and control of essential metals, mainly Cu and
Zn [12,13]. Studies with mollusks in Cd-contaminated regions
reveal an increase of metallothionein in the cytosol of gill cells,
acting as an important stress marker [14]. Another stress marker
of environmental pollution is lipid peroxidation, also associated
with environmental excess of metals [15–18]. Several studies
with vertebrates and invertebrates have shown that with
rising pollution levels (particularly with respect to Cd), there
is an increase in the antioxidant systems, including lipid
peroxidation [19].

Environmental changes caused by human activities also
interfere with biological membranes, transferring external
signals to the internal milieu of cells [20]. In experiments
with crabs (Carcinus maenas), mobilization of fatty acids from
the hepatopancreas was a response to toxic metal contamina-
tion [21,22]. Long chain polyunsaturated fatty acids play a role
in osmoregulation, nutrient assimilation, and ion transport.
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Furthermore, changes in the proportion of monounsaturated
fatty acids modulate protein activity. Reductions in some
proteins and ionic channels are correlated with a reduction in
polyunsaturated fatty acids and an increase in monounsaturated
fatty acids, and both can influence the permeability of the cell
membrane and Naþ/Kþ-ATPase activity [21]. In another crab
study, the breakdown of fatty acids was used as energy for
detoxification and excretion of toxic metals [22].

Estuarine crab gills are usually divided into the anterior gill,
which is a typical gas exchange epitheliummade up of thin cells,
and the posterior gill, which is essential for the transport of
ions [23]. The hepatopancreas is characterized by 4 different
cell types: embryonic cells, which originate the other cell types;
resorptive and fibrillar cells, both important for absorption of
nutrients; and blister cells, responsible for digestion and storage
of nutrients [23,24]. In addition, these organs exchange ions and
metals with the environment through Ca channels, exchangers,
and Zn channels [23,25,26].

To further understand the physiological mechanisms that
enable the survival of these organisms in highly stressful
environments, it is essential to study populations from areas
with different levels of pollution. Thus, the aim of the present
study was to compare the physiological responses of a
mangrove crab, U. cordatus, living in polluted and unpolluted
mangroves with respect to Cd. For this, Cd cellular transport
together with Cd localization in gills and hepatopancreas,
composition of membrane phospholipids, and levels of metal-
lothionein and lipid peroxidation were measured.

MATERIALS AND METHODS

Study area

The Itanha�em district (S~ao Paulo state) is part of the
Itanha�em estuary (24810014.7600S–4684802.9600W), which has a
high degree of metal contamination. Landfills and dumps,
especially, are considered high-risk sources that contribute to
the contamination of estuarine systems [27]. Studies verified the
presence of Cd in this estuarine system, mainly in the river
PiaScaguera, which receives effluents from fertilizer industries in
Cubat~ao. Also, they found high levels of Cd in sediments of that
river, indicative of a possible source of this metal linked to local
industries [27].

The Jur�eia-Itatins Ecological Station is located on the
south coast of S~ao Paulo (2482607.4300S, 4784046.1200W). It
has an area of approximately 80 000 ha, covering land
belonging to the districts of Itariri, Miracatu, Pedro de
Toledo, Iguape, and Peru�ıbe. This is an important biodiver-
sity [28] reserve of the Atlantic Forest still preserved and
considered a conservation unit. Conservation units have
been the best way to protect biodiversity because, with
increasing population growth and reduction of natural habitats,
they are one of a few natural places for most biota intolerant of
human presence [28]. The conservation unit Jur�eia-Itatins
Ecological Station was created in 2006. At the same time, the
Jur�eia-Itatins Ecological Station was transformed into a
protected area mosaic and the Barra do Una Sustainable
Development Reserve [28].

Animals

The mangrove crab U. cordatus Linnaeus (Decapoda,
Ucididae) was captured on March 2013 and 2014 at polluted
and unpolluted areas. Water and sediment (n¼ 3 each) were
collected from 3 subareas inside of U. cordatus burrows. Water
was collected using a plastic hose and stored in polypropylene

flasks properly labeled. In each subarea sediment samples of the
superficial 10 cm were collected by hand with nitrile gloves and
placed into labeled flasks. Animals were brought to the
Laboratory of Physiology at the University of S~ao Paulo,
where they were acclimatized for 7 d in the vivarium. Crabs
were kept in tanks filled with artificial brackish water (salinity
20 ppm), gravel, filtered water, and pieces of brick to provide an
emersion area. The photoperiod (12:12-h light:dark) was
constant, as was the temperature (22� 3 8C). Only intermolt
males were used to avoid different metabolic influences. For
each set of experiments, 4 animals were used from each
mangrove area.

Field animals were collected in the same mangrove areas
listed in the Study area section and brought to the University of
S~ao Paulo, and the tissues were collected immediately, without
acclimatization. These were called “crabs from field.” In a
different group, animals were collected and brought to the
university, where they remained in the vivarium for 7 d before
the tissues and cells were collected. These animals were called
“crabs lab held.” After the acclimatization period, the animals
from each mangrove area were cryo-anesthetized, and samples
of the gills (anterior and posterior) and hepatopancreas were
collected, placed into Eppendorf tubes, and frozen until analysis
(–80 8C).

Cellular dissociation

After acclimatization for 7 d, gills (anterior and posterior)
were submitted to cell dissociation [3] using an enzymatic
method, where 10mL of the extraction solution (sodium
chloride [NaCl] 395mM, potassium chloride 10mM, sodium
bicarbonate 2.5mM, monosodium phosphate 2.5mM, N-2-
hydroxyethylpiperazine-N0-2-ethane- sulfonic acid 3.75mM,
glucose 1mM, and ethylenediamine tetraacetic acid [EDTA]
0.9mM; pH buffered to 7.8) were mixed with 200mL of
trypsin [29] (0.05%). The gills were immersed in this solution
and kept on ice (15min), minced with scissors (15min), filtered
in thin mesh at 30-mm nylon mesh, put in Falcon tubes (15mL),
and centrifuged (10min at 115 g at 5 8C). After centrifugation,
the pellet was resuspended in fresh extraction solution and kept
on ice.

The protocols for hepatopancreatic dissociation and other
procedures [29] were as follows. The hepatopancreas was
added to a beaker with 15mL of extraction solution and stirred
for 30min, using a proportion of 2:1 (volume:tissue mass).
Then, the solution was filtered in a mesh of 30 mm,
centrifuged (5min, 115 g), and stored for separation in the
sucrose gradient. The final volume of cell suspension was
2mL. The different cell types were collected using a sucrose
gradient [29]. Sucrose concentrations of 10%, 20%, 30%, and
40% were dissolved in saline solution prepared before. Next,
2mL of each sucrose concentration was layered carefully in
15-mL tubes. After this, the hepatopancreatic cell suspension
was added to the top and centrifuged (115 g for 5min). Next,
the layers containing cells and sucrose were collected with a
Pasteur pipette and kept on ice.

Cellular transport

Gill and hepatopancreatic cells previously dissociated
were labeled with 1mL of FluoZin-3 AM (Molecular Probes)
for 1 h under shaking at 200 rpm and room temperature. This
probe crosses the cellular membrane and becomes fluorescent
(by esterification) in the presence of Cd. After, the cells
were centrifuged (405 g for 5min) and then washed in the
extraction solution, without EDTA. The cell suspension was
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distributed in enzyme-linked immunosorbent assay (ELISA)
plates (180mL/well, corresponding to 23� 104 cells) in series
with Cd chloride (CdCl2) concentrations of 0.15mM, 0.25mM,
0.5mM, 0.75mM, and 1.0mM. Cellular transport was analyzed
in afluorimeter (BioTek),with emission of 525nmand excitation
of 495 nmwithmeasurements each 90 s in real time.A calibration
curve was prepared to transform arbitrary fluorescence units
into intracellular Cd2þ concentrations [30]. At the end of
the experiment, 180mL of cells not exposed to Cd were added
to ELISA plates with 50mL of Triton X-100 20% for 15min.
To obtain the minimum fluorescence, we added 50mL of
N-hydroxyethyl-ethylenediamine-triacetic acid (1mM). For
maximum fluorescence, we added 50mL of Triton X-100 20%
for 15min and 50mL of CdCl2 (5mM) in different batches
of nonexposed cells. Transport of Cd was interpreted through
the fluorescence increase that originated a hyperbolic curve
that follows the Michaelis-Menten equation. Intracellular
Cd for every experiment was calculated according to the
equation

Cd2þ
� �

i ¼ Kd � F � Fmin

Fmax � F

� �

where [Cd2þ]i is the intracellular free Cd concentration
(nanomoles), Kd is the dissociation constant of FluoZin (1.88),
F is the actual fluorescence measured, Fmin is the minimum
fluorescence, and Fmax is the maximum fluorescence [3].

Lipid and fatty acid analysis

Lipid and fatty acid analyses were performed in quadrupli-
cate [31]. Extraction of the total lipid content from the gills and
hepatopancreas was performed using a mixture of chloroform:
methanol:water (2:1:0.5) [32,33]. Lipid extracts were separated
into polar (phospholipids) and neutral (triglycerides) lipids via
an activated silica column (Z. Yang, 1995, Master’s thesis,
University of Newfoundland, St. John’s, Newfoundland,
Canada). Methylation of the polar fraction was performed
using acetyl chloride (5% hydrogen chloride [HCl] in
methanol) [34], and fatty acid composition was determined
from the methyl ester content via a Varian model 3900 gas
chromatograph, coupled to a flame ionization detector. Fatty
acids were identified by comparing retention times using known
methyl ester standards (Supelco, 37 components [Sigma-
Aldrich], and Mixture Me93, Qualmix polyunsaturated fatty
acid fish M, and menhaden oil [Larodan]). Fatty acid methyl
esters were analyzed using a capillary column (CP Wax 52 CB,
0.25mm thickness, inner diameter 0.25mm, and 30m length).
Hydrogen was used as the carrier gas at a linear velocity of
22 cm s�1. The programmed temperature was as follows: 170 8C
for 1min, a 2.5 8Cmin�1 ramp to 240 8C, and then a final hold
time of 5min. The injector and flame ionization detector
temperatures were 250 8C and 260 8C, respectively. At the
end of the experiment, we have percentages of saturated
fatty acids, which decrease the membrane fluidity; monounsat-
urated fatty acids, which increase the membrane fluidity;
and polyunsaturated fatty acids, which increase even more the
membrane fluidity.

Measurement of lipid peroxide with ferrous oxidation–xylenol

The standard assay for measuring lipid peroxidation in tissue
extracts was performed as follows [15,35,36]. Frozen tissue
samples were rapidly weighed and homogenized in 100% cold
(5 8C) high-performance liquid chromatography–grade metha-
nol (1:9w:v). Homogenates were centrifuged (1000 g), and then

supernatants were removed. For the standard assay, the
following reagents were added sequentially in an ELISA plate:
0.25mM iron(II) sulfate, 25mM sulfuric acid, 0.1mM xylenol
orange, and water for a final volume of 0.9mL. A sample of
tissue extract (2–100mL) was then added, and the final volume
was adjusted to 1mL with deionized water. Blanks were
prepared by replacing tissue extracts with deionized water.
Samples were incubated at room temperature until the reaction
was complete (1 h), and absorbance was read at 580 nm. With
tissue samples, a further addition was then made of 5mL of
1mM cumene hydroperoxide, and absorbance at 580 nm was
read again. Levels of lipid hydroperoxide were expressed as
cumene hydroperoxide equivalents.

Metallothionein assay

Metallothionein was measured as described [37] with
modification. The gills and hepatopancreas of the crabs were
rapidly removed and homogenized using a proportion 3:1
(volume:tissue mass) of 0.5M sucrose, 20mM tris-
(hydroxymethyl) aminomethane (Tris)-HCl buffer (pH 8.6),
containing 0.5mM phenylmethylsulfonyl fluoride and 0.01%
b-mercaptoethanol. Aliquots of the homogenate (20mL) were
stored at�80 8C. The homogenate was centrifuged (30 000 g for
20min), followed by addition of 1.05mL cold (�20 8C)
absolute ethanol and 80mL of chloroform per 1mL of the
resulting supernatant. Subsequently, the samples were centri-
fuged (6000 g for 10min, at 4 8C). Supernatants were added to
cold ethanol using the proportion 3:1 (volume:supernatants),
stored at �20 8C for 1 h, and centrifuged in a swinging rotor
(6000 g for 10min). Pellets were washed with ethanol:
chloroform:homogenization buffer (87:1:12), centrifuged again
(6000 g for 10min), and suspended in 300mL of 5mMTris-HCl
and 1mM EDTA (pH 7). The concentration of metallothionein
was estimated by the concentration of reduced glutathione
(GSH) [37] and quantified in a spectrophotometer using
Ellman’s reagent (2M NaCl, 5,50-dithio-bis-[2-nitrobenzoic
acid] in 0.43M and 0.2M phosphate buffer, pH 8.0) at 412 nm.

Cd location in gills and hepatopancreatic cells

Glass microscope slides were previously immersed in an
aquarium for 24 h to allow the formation of a biofilm and
improve cell adhesion. Subsequently, slides were washed in
running water and placed in an oven to dry for 24 h. Cells from
gills and hepatopancreas were separated and labeled with
FluoZin-3 AM as described in Cellular transport, placed on
slides with the aid of a Pasteur pipette, and covered with glass
coverslips. When the probe crossed the cellular membrane, it
became fluorescent (by esterification) in the presence of
Cd [38]. The preparation was incubated with 1mM CdCl2
solution and observed with a fluorescence microscope (Zeiss)
with excitation at 495 nm and emission at 525 nm. Photographs
were taken immediately before and after incubation with CdCl2,
by checking the fluorescence change in each organ studied, over
5min. Variation of the fluorescence was calculated through
analysis of each photograph by the program Image J, by
comparing the difference between the diffuse fluorescence that
occurred in the cytoplasm and the punctual fluorescence that
was observed in organelles. The photographs with clear images
are shown in Figures 1 and 2.

Statistical analysis

For the tests performed, we used parametric analysis
through analysis of variance (ANOVA), testing for normality
and equality of variance. For the metallothionein and lipid
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peroxidation analyses, we used the Tukey post hoc test. In
the experiment with phospholipids, we separated crabs from
field and crabs lab held to compare some physiological
differences that could appear during the acclimatization
processes, using ANOVA. Analyses were performed using
Sigma Stat

1

for Windows
1

Ver 3:10, with a significance
level of 0.05.

RESULTS

The concentration of Cd was measured in environmental
matrices (water and sediment) from polluted and unpolluted
mangrove areas, as described in Materials and Methods. In
sediment samples, we observed the presence of Cd in
contaminated areas. The sediment had 0.50� 0.02mg/g of
Cd, whereas for all the other samples, including water samples,
the concentrations were below the detection limit.

A significant fluorescence signal associated with higher Cd
transport (Figure 3) was observed only in the posterior gills of
animals from polluted areas compared to those from unpolluted
areas (ANOVA, p¼ 0.019 for maximum velocity and p¼ 0.035
for Michaelis constant). For hepatopancreatic cells (Figure 4),
resorptive, fibrillar, and embryonic cells of animals from
polluted areas showed a significant fluorescence increase and

higher transport of Cd (ANOVA p¼ 0.002, p¼ 0.008, and
p¼ 0.0001, respectively) compared to those from unpolluted
areas. Blister cells, however, showed the same Cd transport
between polluted and unpolluted areas.

In gill cells, only monounsaturated fatty acids of anterior
gills from crabs from field showed higher values compared to
animals from unpolluted areas (Figure 5; ANOVA, p¼ 0.009).
The posterior gills of crabs from field from polluted areas
showed a decrease of omega-6 compared to crabs from field
from unpolluted areas (Figure 6; ANOVA p¼ 0.018). And
anterior and posterior gills of crabs from field of polluted areas
showed a decrease in the sum of C20-22 n6 (long chains of fatty
acids; ANOVA p¼ 0.023 and p¼ 0.018). In crabs lab held, the
anterior gills of animals of polluted areas showed an increase in
the sum of C18 n6 fatty acids (long chains) compared with
animals from unpolluted mangrove areas (Figure 7; ANOVA
p¼ 0.03).

In the hepatopancreas, the percentages of saturated fatty
acids, monounsaturated fatty acids, and polyunsaturated fatty
acids in phospholipids from crabs from field and crabs lab held
belonging to polluted and unpolluted mangrove areas are
presented in Figure 8. Crabs from field of polluted areas showed
an increase in monounsaturated fatty acid (ANOVA p¼ 0.004)

Figure 1. Fluorescence variation in the cytoplasm in anterior gills, posterior gills, and hepatopancreatic embryonic and resorptive cells of animals from polluted
(Itanha�em) and unpolluted (Jur�eia) areas (A). Images show embryonic cells labeled with FluoZin 3 AM before (B) and after (C) addition of cadmium (1mM).
Arrows show the fluorescence variation in the cytoplasm of embryonic cells before (B) and after (C) addition of cadmium (1mM).Mean� standard error (n¼ 4).
*Significant differences between areas (p¼ 0.003). AG¼ anterior gills; E¼ embryonic cells; F¼fluorescence; PG¼ posterior gills; R¼ resorptive cells;
RFU¼ relative fluorescence unit.
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and a decrease in polyunsaturated fatty acid (C18 n3, short chain
of fatty acids; ANOVA p¼ 0.022) and n3 (omega 3; ANOVA
p¼ 0.001) compared to animals from unpolluted areas. In crabs
lab held, crabs from polluted areas presented a decrease in C18

n3 (short chain) in the hepatopancreas compared with animals
from unpolluted regions (ANOVA p¼ 0.014).

Higher lipid peroxidation levels were detected in anterior
gills from polluted areas compared with unpolluted ones

Figure 2. Fluorescence variation in the organelles in anterior gills, posterior gills, and hepatopancreatic embryonic and resorptive cells of animals from polluted
(Itanha�em) and unpolluted (Jur�eia) areas (A). Images show posterior gill cells labeled with FluoZin 3 AM before (B) and after (C) addition of cadmium (1mM).
Arrows show the fluorescence variation in the organelles of posterior gill cells before (B) and after (C) addition of cadmium (1mM). Mean� standard error
(n¼ 4). *Significant differences between areas (p¼ 0.003). AG¼ anterior gills; E¼ embryonic cells; F¼fluorescence; PG¼ posterior gills; R¼ resorptive
cells; RFU¼ relative fluorescence unit.

Figure 3. Cadmium transport from anterior and posterior gills from polluted and unpolluted areas (Itanha�em and Jur�eia, respectively; p¼ 0.019 for maximum
velocity and p¼ 0.035 for Michaelis constant). Mean� standard error (n¼ 3) for the total experiment. Cd¼ cadmium; Km¼Michaelis constant;
Vmax¼maximum velocity.
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Figure 4. Cadmium transport from hepatopancreatic cells (resorptive, fibrillar, embryonic, and blister cells) from polluted and unpolluted areas (Itanha�em
and Jur�eia, respectively). Mean� standard error (n¼ 3). *Significant difference in Michaelis constant or maximum velocity among groups. Different letters
mean significant differences among groups (p¼ 0.002, p¼ 0.008, and p¼ 0.0001, respectively). B¼ blister; Cd¼ cadmium; E¼ embryonic; F¼fibrillar;
Km¼Michaelis constant; R¼ resorptive; Vmax¼maximum velocity.

Figure 5. Percentage of fatty acids from phospholipids: saturated, monounsaturated, and polyunsaturated in anterior and posterior gills of crabs from field and
crabs lab held from polluted and unpolluted mangrove areas (Itanha�em and Jur�eia, respectively). Mean� standard error (n¼ 4). *Significant difference
between areas (p¼ 0.009). CF¼ crabs from field; CL¼ crabs lab held; MUFA¼monounsaturated fatty acid; PUFA¼ polyunsaturated fatty acid;
SFA¼ saturated fatty acid.
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(Figure 9). In addition, posterior gills showed the highest lipid
peroxidation in polluted compared with unpolluted areas. The
same was found for the hepatopancreas (ANOVA p¼ 0.0001
for anterior and posterior gills and hepatopancreas).

The highest concentration of metallothioneins in relation
to GSH (Figure 10) was detected in the hepatopancreas

compared with gills (0.24� 0.05mmol GSHmg protein�1

against 0.13� 0.01mmol GSHmg protein�1; ANOVA
p¼ 0.0001). There was also a significant difference between
crabs from unpolluted and polluted mangrove areas for both
tissues (p¼ 0.007 for anterior gills, p¼ 0.022 for posterior gills,
and p¼ 0.007 for hepatopancreas). When we compared the

Figure 6. Percentage of omega 3 (n3) and omega 6 (n6) fatty acids from phospholipids in anterior and posterior gills of crabs from field and crab lab held from
polluted and unpolluted mangrove areas (Itanha�em and Jur�eia, respectively). Mean� standard error (n¼ 4). *Significant difference between areas (p¼ 0.018).
CF¼ crabs from field; CL¼ crabs lab held.

Figure 7. Percentage of fatty acids of phospholipids in anterior and posterior gills of crabs from field and crabs lab held from polluted and unpolluted mangrove
areas (Itanha�em and Jur�eia, respectively). Mean� standard error (n¼ 4). *Significant difference between areas (p¼ 0.023, p¼ 0.018, and p¼ 0.03,
respectively). C18n3¼ sum of C18 n3 fatty acids; C20-22n3¼ sum of C20 and C22 n3 fatty acids; C18n6¼ sum of C18 n6 fatty acids; C20-22n6¼ sum of C20
and C22 n6 fatty acids; CF¼ crabs from field; CL¼ crabs lab held.
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variation of fluorescence in the cytoplasm and organelles before
and after incubation with 1mM of CdCl2, we detected higher
fluorescence in organelles of the posterior gills of animals from
polluted mangrove areas than those from unpolluted ones
(Figures 1 and 2; ANOVA p¼ 0.003).

DISCUSSION

Organisms are known to display physiological and biochem-
ical mechanisms of tolerance to environmental chronic
contamination [1,39,40]. Therefore, our first approach to study

populations of U. cordatus from polluted and unpolluted
environments was the measurement of Cd transport in gills
and the hepatopancreas. Surprisingly, in animals from
polluted regions, the cells of the posterior gills transported
and accumulated more intracellular Cd than the same cells
found in crabs from unpolluted areas. Similarly, the same
occurs in the embryonic, resorptive, and fibrillar cells from
the hepatopancreas. The gill epithelia of crustaceans is
particularly rich in Naþ/Kþ-ATPase, which is a key enzyme
that provides energy for ionic transport processes. In studies
with Callinectes danae, increased activity of this enzyme was

Figure 8. Percentage of fatty acids from polar fraction of hepatopancreatic phospholipids: (A,B) saturated fatty acids, monounsaturated fatty acids, and
polyunsaturated fatty acids; (C,D) omega 3 (n3) and omega 6 (n6) polyunsaturated fatty acids; (E,F) C18n3, C20-22n3, C18n6, and C20-22n6. Crabs from field
and crab lab held from polluted and unpolluted mangrove areas (Itanha�em and Jur�eia, respectively). Mean� standard error (n¼ 4). *Significant difference
between areas (p¼ 0.004, p¼ 0.022, p¼ 0.001, and p¼ 0.014, respectively). C18n3¼ sum of C18 n3 fatty acids; C20-22n3¼ sum of C20 and C22 n3 fatty
acids; C18n6¼ sum of C18 n6 fatty acids; C20-22n6¼ sum of C20 and C22 n6 fatty acids; CF¼ crabs from field; CL¼ crabs lab held;
MUFA¼monounsaturated fatty acid; PUFA¼ polyunsaturated fatty acid; SFA¼ saturated fatty acid.
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found in gills of animals from polluted areas compared with
nonpolluted areas [1]. In studies with Eriocheir sinensis
submitted to acute and chronic Cd exposure, there was a
decrease of the Naþ/Kþ-ATPase activity during acute exposure
and no effect in chronic exposure [41,42]. In fish, an increase
of Naþ/Kþ-ATPase was confirmed when some species
were exposed chronically to Cu (e.g., trout, Oncorhynchus
mykiss) [43] or in chronically contaminated environments (e.g.,
black fin, Goodea atripinnis) [44].

Our results suggest that a greater transport of Cd in posterior
gills could be linked to an increased activity of Naþ/Kþ-ATPase
in animals from polluted areas, favoring a higher Cd entry.
Other studies [45] reveal an altered Cd2þ influx by changing the
membrane potential across the gills, caused by the addition of
Naþ-free solution in perfused gills ofC. maenas. In a study with
U. cordatus [3], ouabain, anNaþ/Kþ-ATPase inhibitor, affected
Cd transport in the anterior and posterior gills. According to
these authors, a change in Naþ equilibrium could alter the

exchanger Cd2þ/Ca2þ (Naþ) and increase the influx of Cd2þ.
Therefore, in regions highly polluted with Cd, an increase of
Cd2þ influx could be linked to a change in cell membrane
potential and the activity of Naþ/Kþ-ATPase.

After this, we investigated how Cd accumulates in gill and
hepatopancreatic cells intracellularly. When the Cd probe
crosses the cellular membrane, the cell becomes fluorescent (by
esterification) in the presence of Cd [38].We verified the diffuse
fluorescence variation (cytoplasm) and punctual fluorescence
variation (organelles or vacuoles) in each photograph, compar-
ing control (without Cd) and experimental (Cd-incubated),
using Image J. Cadmium accumulation occurred mainly in
organelles, vacuoles, and granules of posterior gill cells. In
general, metal detoxification in cells is confirmed by metal-
lothionein presence in cytoplasm. Alternatively, in studies using
X-ray microprobe analysis, toxic metals can also be stored in
vacuoles of different types: A (phosphate and Zn), B (sulfur
groups, binding Cd, Cu, mercury, and Ag), C (iron through
ferritin groups), and D, which is extracellular and filled with Ca
concretions [46]. In addition, these authors noted that metals
could accumulate in lysosomes, endoplasmic reticulum, and/or
mitochondria, before elimination through the feces. Thus, one
may suggest that the organelles and vacuoles present in
posterior gills have a significant role in the detoxification of
toxic metals such as Cd, suggesting that the metal could have
accumulated in these structures. Alternatively, vacuoles and/or
granules apparently did not accumulate Cd in hepatopancreatic
cells, as observed in the present study. This fact suggests the
importance of metallothionein in the hepatopancreas cytoplasm
as the main site for detoxification of toxic metals, unlike gill
cells [13,47]. Interestingly, the metal handling strategy for
Anodonta woodiana, a bivalve found in contaminated sites, was
different for each organ: Cd was found mainly in the cytoplasm,
bound to metallothioneins in the digestive gland, whereas for
gills the metal was found in granules [13], similar to our results.

Environmental contamination may also influence biological
membranes, especially in organs having direct contact with the

Figure 9. Lipid peroxidation in gills (anterior and posterior) and hepatopancreas of crabs from polluted and unpolluted mangrove areas (Itanha�em and Jur�eia,
respectively). Mean� standard error (n¼ 4). Different letters mean significant differences among groups (p¼ 0.0001 for anterior and posterior gills and for
hepatopancreas). CHP¼ cumene hydroperoxide.

Figure 10. Concentration levels of metallothionein for hepatopancreas and
gill tissues from animals collected from polluted and unpolluted regions.
*Significant differences between polluted and unpolluted regions in each
tissue. GSH¼ reduced glutathione.
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environment [20]. With regard to gills, a higher percentage of
monounsaturated fatty acid was found in anterior gills of crabs
from polluted areas compared with nonpolluted ones. Accord-
ing to the literature, monounsaturated fatty acids can be used as
an energy source for physiological repair processes [20,48]. In
vertebrates, studies show the action of an enzyme, stearoyl-
coenzyme A D9 desaturase, which adds an unsaturation
between carbons 9 and 10, converting them into monounsatu-
rated forms [49]. A hypothesis for the higher presence of
monounsaturated fatty acids in the anterior gills of U. cordatus
from contaminated regions would be the presence of a similar
desaturase enzyme to provide more energy for physiological
processes such as respiration, which is carried out mainly in the
anterior gills of this species [29,50]. For crabs from field
from polluted areas, our results showed a decrease in the
long chain fatty acids C18 n3 and C20-22 n6 in anterior and
posterior gills. This fact contributes to an increased membrane
fluidity [51–53], important for osmoregulatory mechanisms. In
addition, there was lower polyunsaturated fatty acid in the
plasma membrane of hepatopancreatic cells of crabs from
polluted areas, which decrease membrane fluidity, a possible
physiological mechanism to decrease the impact caused by
environmental pollution.

An increase in lipid peroxidation was observed in
hepatopancreas and gills, especially in animals from polluted
regions. In gills, there is a specific region for cellular respiration,
usually with higher oxygen concentration, that can produce free
radicals and therefore increase the lipid peroxidation pro-
cess [17,54]. The hepatopancreas, in turn, is an organ for
detoxification. This process occurs to decrease the concentration
of toxic metals. With the accumulation of metals, there is a
stimulus for the formation of hydroxyl radicals, which could
cause oxidative stress by their reaction with macromolecules,
ultimately leading to cell damage, such as apoptosis and lipid
peroxidation [54]. Therefore, an increase in lipid peroxidation in
gills and hepatopancreas leads to a decrease in polyunsaturated
fatty acid (C18 n3 and C20-22 n6) and an increase in
monounsaturated fatty acid.

We found larger amounts of metallothionein in hepatopan-
creas and gills of animals from unpolluted regions. Comparison
between crabs from field and crabs lab held did not show a
statistically significant difference. It is possible that the
acclimatization process did not affect the metallothionein
levels. Studies with invertebrates showed that metallothionein
has an important role in detoxification as a fast process when
animals are exposed to metals and is also critical in cellular
homeostasis [13,47]. The induction of metallothionein depends
not only on high levels of metals but also on which metal is
present in the environment, changes in salinity, the species
involved, and their physiological processes. Thus, animals from
polluted environments may exhibit low levels of metal-
lothionein, as well as an inverse pattern [13,47]. For example,
in oysters translocated from an unpolluted region to a polluted
one [55], the researchers verified lower levels of metal-
lothionein than in specimens from more contaminated
areas [13]. One hypothesis would be that animals from polluted
regions could present physiological modifications that permit
their survival in a contaminated environment and that an
increase in the production of metallothionein would be
unnecessary. Also, there are tissue-related variations in metal-
lothionein concentrations that reflect their physiological role in
metal handling strategies. In addition, the influence of
contamination factors limits the possibility of using metal-
lothionein concentration as a biomarker of metal exposure [13].

CONCLUSIONS

It was observed for the first time that crabs living in polluted
environments had higher gill and hepatopancreatic Cd transport.
Also, they displayed increased monounsaturated fatty acid,
decreased polyunsaturated fatty acid, and higher lipid peroxi-
dation in both gills and hepatopancreas. Animals from
nonpolluted environments, on the other hand, had a higher
percentage of polyunsaturated fatty acid, together with greater
amounts of metallothionein. These data corroborate the
hypothesis that crabs from polluted environments have different
physiological mechanisms to deal with chronic metal exposure:
accumulating more metal intracellularly and increasing
lipid oxidative stress. The detoxification mechanisms for Cd
differed between organs: the gills accumulated Cd in
intracellular organelles, whereas for the hepatopancreas, Cd
binds to metallothionein present in the cell cytoplasm.
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