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Abstract To assess environmental contamination, stud-
ies have been increasingly carried out using biomarkers to
diagnose the effects of toxic metal exposure, such as met-
allothionein (MT). In this context, the aims of the present
study were to determine Cd, Cu, Ni and Pb concentrations,
by ICP-MS, in liver samples from Mugil cephalus from
the municipality of Ilhéus, located in North-Southeastern
Brazil, in the state of Bahia, which has been increasingly
suffering from anthropogenic pressure, and to quantify
total MT in liver and gills. Among essential metals, cop-
per (199.2 pg g!) presented concentrations approxi-
mately 7 times higher than allowed by the World Health
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Organization (30 pg g~'). Liver samples showed higher
concentrations than gills. Metallothionein concentrations
indicate differential contamination along the study area.
The first sampling showed higher induction of MT synthe-
sis overall. Differences between liver and gill MT concen-
tration trends were relatively minor, which may indicate the
adequacy of analyzing gills in an environmental monitoring
context.

Keywords Metallothionein - Metals - Mugil cephalus -
Environmental contamination

Environmental pollution by solid waste and agricultural
activities is increasingly spreading through coastal munici-
palities, causing a series of adverse impacts to the eco-
system due to the dispersion of toxic metals, among oth-
ers (Martins and Wanderley 2009). Humans continuously
discharge contaminants to the aquatic environment, mak-
ing these a pathway for pollutants (Kehrig et al. 2009). The
exposure and bioaccumulation of high concentrations of
potentially toxic metals is harmful to living organisms and
are a major consequence of the introduction of these met-
als on aquatic systems (Yilmaz 2003). Fish, in particular
have an important role in aquatic ecosystems, due to their
high quality protein, high mobility and excellent digestibil-
ity (Naji et al. 2014). When contaminated, however, they
represent a risk to the human population, as it is well estab-
lished that food is one of the main routes of exposure to
toxic substances (Carrola et al. 2014).

The effects of chemical agents may be diagnosed
with simple and efficient methods, such as the incorpo-
ration of biomarker measurements in the assessment of
pollutant exposure effects in environmental monitoring
programs (Infante et al. 2006; Luo et al. 2014). Among
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these, metallothionein (MT) determinations are routinely
used to evaluate toxicity and bioaccumulation of metals.
These are cysteine-rich proteins, presenting thermal sta-
bility and metal binding capacity, participating in vari-
ous functions in the organisms, among them metal- bind-
ing, sequestering of free radicals (Gagné et al. 2013) and
functions against oxidative stress (Lavradas et al. 2014).
Due to the formation of thiol-metal complexes, increased
protein synthesis is induced by metal entry into the cells
(Hauser-Davis et al. 2012). The presence of the thiol
groups allows these proteins to bind to excess essen-
tial and non-essential metals, thus protecting organisms
from metal toxicity. This allows for these metalloproteins
to serve as biomarkers specific for metal contamination
(Mao et al. 2012).

Environmental impacts to the municipality of Ilhéus,
in the state of Bahia, have followed the trend of increased
pollution described above. Increased discharges of indus-
trial effluents, sewage, pesticides and local port construc-
tion have contributed to impacts along the coastal areas,
which can cause negative impacts on local aquatic eco-
systems (Mierzejewski et al. 2014). However, many fish,
crustaceans and mollusks are still harvested in the Pontal
Bay region of this municipality, providing basic food and
income for coastal communities (Ourives et al. 2011), lead-
ing to increasing concern regarding contamination of these
organisms. In particular, mullet (Mugil cephalus) are com-
monly consumed in the area. They are also considered ade-
quate sentinels for evaluating pollution in aquatic systems
(Carrola et al. 2014; Milinkovitch et al. 2013; Pereira et al.
2013), since they feed mainly on zooplankton and benthic
organisms and are distributed worldwide in coastal waters,
lakes, bays and estuaries (Shen et al. 2011). In this context,
the aims of the present were to determine Cd, Cu, Ni and
Pb concentrations in Mugil cephalus liver and gill samples;
to quantify MT levels in these samples; and to compare
metal and MT concentrations in fish from five sites in the
immediate area of Ilhéus.

Materials and Methods

Three samplings (April, June and November) were car-
ried out at five different sampling points at Pontal Bay,
located in the municipality of Ilhéus, in the southern
region of the state of Bahia, Brazil (Fig. 1; Table 1). The
Cachoeira River basin is the largest of the basins in the
East Atlantic hydrographic region, where it joins the
Itacanoeira and Santana Rivers, forming an estuary at
a location known as Coroa Grande, in the city of Ilhéus
(Pinto and Boehs 2008). It has a large population, com-
prising the main municipalities of this region. It presents
a striking diversity of agricultural areas distinguished by
different natural characteristics and anthropic occupation
dynamics. It has a drainage area of 4600 km2?, encom-
passing thirteen municipalities and an estimated popula-
tion of 600 thousand inhabitants (Trindade et al. 2010).

The fish were sacrificed by spinal severing, and liver
and gills were immediately removed and stored at —80°C.
Samples were subsequently lyophilized.

For the inductively coupled plasma mass spectrom-
etry (ICP-MS) analyses, approximately 100 mg of the
samples were acid-digested with 0.5 mL double distilled
nitric acid (Vetec, Rio de Janeiro, BR) and left to stand
overnight (Balcerzak 2002). Sample mineralization was

Table 1 Sampling sites analyzed in the present study

Fig. 1 Study area and sampling
points. Source: Google maps.
Accessed Jan. 2015

Sampling site Name Coordinates

P1 Santana river 14°81"73"41S and
39°042"48

P2 Cachoeira river 14°81'45"60S and
39°04'50"54

P3 Itacanoeira river (Funddo) 14°80'97"45S and
39°04'57"40

P4 Pontal bay 14°80"15"67S and
39°03'70"25

P5 Pontal bay 14°80'90"80S and
39°0323"45

P
3 5
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Table 2 Concentrations (ug g~

B . Sampling Elements  Sampling points
dry welght, d.\y.) of Cd, Cu., Ni, (ug g—l)
and Pb in Mugil cephalus liver P1 P2 P3 P4 P5
=3 S1 Cd 0.08 +£0.01 0.06+0.01 0.14+0.01 0.09+0.11 0.06+0.07
Cu 187.6+28.9 174.6 +£35.2 199.2+21.2 169.2+21.2 156.7+53.8
Ni 0.58+0.08 0.47+0.05 0.69+0.04 0.60+0.05 0.58+0.04
Pb 0.08 +£0.01 0.07+0.01 0.08 +£0.01 0.10+0.01 0.10+0.01
S2 Cd 0.16+0.01 0.18+0.03 0.05+0.005 0.13+0.01 0.21+£0.02
Cu 82.9+18.8 49.4+94 123+14.3 573+£79 60.7+10.8
Ni 0.34+0.04 0.43+0.03 0.34+0.03 0.45+0.01 0.47+0.04
Pb 0.05+0.005 0.10+0.01 0.04+£0.007 0.06 +0.005 0.35+0.04

P1 Salgado River, P2 Cachoeira River, P3 Itacanoeira River, P4 and P5 Pontal Bay

carried out in a water bath at 100°C for 5 h. After cool-
ing, the volume of each sample was adjusted to 5 mL with
ultrapure water. Appropriate dilutions were then prepared
for metal assessment by ICP-MS (ELAN DRC II model,
Perkin-Elmer Sciex, Norwalk, CT, USA). The ICP-MS
operational conditions were as follows: RF power of
1300 W, plasma gas flow rate 15.0 L min~!, auxiliary gas
flow rate 1.2 L min~', carrier gas flow rate 0.42 L min~!,
three replicate readings were taken with a reading time
of 45 s. Metals were introduced into the instrument by a
pneumatic nebulizer with a cyclonic spray chamber. Rho-
dium ('*Rh) was used as internal standard at a concen-
tration of 20 mg L™! (Lavradas et al. 2014). The analyzed
elements were Cd, Cu, Ni and Pb. The accuracy of the
method was evaluated by using DORM-3 certified refer-
ence material (dogfish muscle, NRC, Ottawa, Ontario,
CA).

Metallothionein extractions were carried out according
to Erk and collaborators (Erk et al. 2002). Approximately
25 mg of each sample was weighed and homogenized at
a 1:3 ratio (v/v) in a buffer containing 20 mM Tris-HCl,
pH 8.6, 0.5 mM phenylmethylsulfonyl fluoride as a pro-
tease inhibitor, and 0.01 % B-mercaptoethanol as a reduc-
ing agent. Samples were then centrifuged at 20,000xg
for 60 min at 4°C. The supernatants were carefully trans-
ferred to sterile 2 mL microtubes and heated at 70°C for
10 min, and centrifuged again under the same conditions
for 30 min. Subsequently, the supernatants was collected
and frozen at —80°C.

After the purification process, total protein content of
the samples was determined by the Lowry method modi-
fied by Peterson (1979), using bovine serum albumin
(BSA) as a standard, for later application in 1D SDS-gels.
The samples were homogenized with a sample buffer con-
taining 10% sodium dodecyl sulfate (SDS) (w/v), 10 mM
B-mercaptoethanol, 10% glycerol (v/v), 0.2 M Tris-HCI,
pH 6.8 % and 0.05 % bromophenol blue at a 1:1 ratio. Pro-
tein denaturation was carried out by heating the samples at
90°C for 5 min. Samples were then loaded onto 15% gels,

@ Springer

according to Laemmli (1970) and run at 10 mA for 15 min
and then 35 mA until the end of the run. The gels were sil-
ver stained (Heukeshoven and Dernick 1985) and scanned
via ImageScanner II (Amersham, Buckinghamshire, UK).
The molecular weights of the visualized protein bands were
determined by standards (Biorad Precision Plus Protein™,
Hercules, CA, USA).

Metallothionein quantification was carried out using the
spectrophotometric method described by Ellman (1959),
in which 5,5'-dithio-bis-(2-nitrobenzoic acid) is used to
quantify the thiol groups in the samples. The purified MT
extracts were, thus, treated with 1 M HCI containing 4 mM
EDTA, 2 M NaCl and 0.43 mM DTNB in 0.2 mM buffered
sodium phosphate, pH 8.0, and incubated for 30 min in the
dark. Sample absorbances were then measured at 412 nm in
a microplate reader (SpectraMax 190, Molecular Devices,
Sunnyvale, CA, USA). MT concentrations were estimated
using an analytical curve plotted with GSH as an external
standard because, although this method measures all solu-
ble acid thiols, glutathione represents more than 90% of
reactive thiol groups and is considered an adequate stand-
ard. MT content was estimated using 1 mol MT =20 mol
GSH, as described by Kagi (Kégi 1991).

A multivariate technique was applied to the data using
the Statistica® software package, version 7.0 (Tulsa, OK,
USA). A principal component analysis (PCA) was carried
out to observe the separation of data points with the forma-
tion of groups.

Results and Discussion

Regarding the accuracy evaluation of the adopted ana-
lytical method, no statistically significant differences were
observed between found and certified values for each ele-
ment in the certified reference material, with a confidence
level of 95 % using student’s ¢ test, indicating the adequacy
of the method for the selected elements using ICP-MS.
The certified values for Cd, Cu, Ni and Pb (0.29+0.02,
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15.540.63, 1.28+0.24 and 0.39+0.06 ug g ), respec-
tively, were in accordance to the observed values for Cd,
Cu, Ni and Pb (0.25+0.03, 15.0+4.87, 1.22+0.06 and
0.35+0.03 pg g~!). Table 2 presents the concentrations for
samplings 1 (S1-April) and 2 (S2-June) at the 5 sampling
points. Unfortunately, the fish from the third sampling
could not be analyzed by ICP-MS.

Copper concentrations were higher than the other deter-
mined metals at all sampling points, and also higher than
levels recommended by FAO/WHO (1997), of 30 pg g™ ..
Copper is considered an essential metal, but can cause
serious problems if present in high concentrations. In the
present study, the highest concentrations were observed
at point 3, Itacanoeira River (S1=199.2 pg g~! d.w. and
S2=123 ug g~! d.w.), allowing for the inference of poten-
tial contamination by this element due to anthropic activi-
ties, as these levels are extremely high compared to other
anthropogenically disturbed areas.

Cadmium, Pb and Ni, however, are toxic and do not
show vital functions in the organism, as stated by Viana
et al. (2012) who investigated these metals in muscle tis-
sue. These were found in lower concentrations than those
established by FAO/WHO, of 1.0, 2.0 and 5.0 ug g~!
(FAO/WHO 1997). Other studies, such as that by Viana
et al. (2012), observed Cu concentrations in Mugil ceph-
alus (159.5 pg g' d.w.) almost 6 times higher than
the maximum permissible limit in muscle, while Atli
and Canli (2008) also found extremely high Cu lev-
els (169.2+35.6 ug g7!) in the liver of another sentinel

(a) (b)

species, Oreochromis niloticus, although the author did not
state whether this concentration was based on dry or wet
weight. Another study, by Hauser-Davis et al. (2014), con-
ducted in the extremely contaminated area of the Guana-
bara Bay (BR), reported Cu concentrations several orders
of magnitude lower in both gills and liver than the levels
observed in the present study. This seems to confirm sig-
nificant Cu contamination in the study area of Pontal Bay,
which is further corroborated by the fact that Mugil sp. is a
planktivore fish that feeds on plankton and should not pre-
sent high concentrations of inorganic species, since it feeds
on the lowest trophic level (Sanches Filho et al. 2013).
Thus, the high concentrations observed herein are probably
indicative of exogenous sources of contamination.

Data from a full matrix were processed using a principal
component analysis (PCA) to examine possible relation-
ships between samples. The obtained PCA is displayed in
Fig. 2a, b, indicating the loading and scores, respectively.

In Fig. 2a, a weight chart shows that it was possible to
separate the variables Pb and Cd, with negative weights,
and C u and Ni with positive weights in PC1. On PC2, it
was possible to separate Cu, Ni, Pb and Cd, with negative
weights. A graph generated by the analysis of the main
components of fish samples and their respective codes
allowed for the visualization of several groupings according
to location. A graphical analysis of the scores allowed con-
firmation of sample separations into two groups. A compar-
ison of Fig. 2a, b indicates that Cu and Ni were present in
higher concentrations in both samples (S1 and S2) at each

30
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Fig. 2 Graphs representing the relationship between the variables (a) “loading” and (b) “scores”
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point, however sample 1 (S1-April) had higher concentra-
tions, probably because months January to April are rainy
periods in the Bay of Pontal/Ilheus, causing an increase in
laminar erosion processes in that period, which enables the
entrainment of these elements to water bodies. In sampling
2 (S2-June) higher Pb concentrations were recorded in Sec-
tion 5 (S2P5-Bay of Pontal) that may be explained by PC1.
The weights and scores of the graph analysis indicate that
the two components explained 82.91 % of the data variance.

Metallothionein is used as a biomarker of exposure
to metals, since synthesis is induced by the presence of
increased metal concentrations. This metalloprotein can
bind up to 7 metal ions, as it is composed of two domains:
the alpha domain, which can bind to four metals, and the
beta domain to three metals. Due to the presence of high

B C D EFGH I J

o

=

g
P>

Fig. 3 Metallothionein bands in the range of 14 kDa liver sam-
ple after purification by heat treatment. Lane a shows the molecular
weight standard
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amounts of thiol groups, that bind to metals, MT plays a
central role in essential trace element homoeostasis and
detoxification of toxic metals (Hauser-Davis et al. 2014).

The SDS-PAGE analyses were conducted as a first-step
to verify the adequacy of the MT purification procedure
(Fig. 3). After analysis of the gels, the thermal purification
procedure was indeed deemed adequate, since very few
protein bands appeared, while the appearance of 14 kDa
bands was observed, characteristic of MT, which can pre-
sent itself in the form of a dimer in fish (Hauser-Davis
et al. 2014). Hauser-Davis (2012), when analyzing tilapia,
also observed the appearance of 14 kDa MT bands, while
further confirming their identify by other analytical tech-
niques. Thus, MT identification was confirmed, the purifi-
cation was considered adequate and the MT samples were
then determined by UV-Vis spectrophotometry.

Figure 4a presents the MT concentrations in gills from
the 5 sampling sites at Pontal Bay. Samples from P2-Cach-
oeira River and P3-Itacanoeira River were higher during
the first sampling. Figure 4b presents MT concentrations in
livers from the 5 sites. Points P1-Santana River, P2-Cach-
oeira River and P3-Itacanoeira River presented higher MT
concentrations compared to points P4 and P5.

MT has been increasingly used as a biomarker to
assess the biological effects of exposure to metals
(Hauser-Davis et al. 2014) in situations of environmen-
tal contamination, because of the direct relationship
between metal levels in the environment and metal con-
centrations found in aquatic animals tissues. Herein, MT
concentrations in liver were higher than in the gills, as
expected since the liver is a storage organ responsible for
detoxification of toxic metals in the body (Labarrere et al.
2012). This corroborates other studies, in which MT con-
centrations were higher in the liver compared to gills in

0.6+

—_~
=3
~

MT (umol g)

EE S3 (November)

Fig. 4 Total metallothionein in (a) gills and (b) liver in the Mugil cephalus. P1-Santana River, P2-Cachoeira River, P3-Itacanoeira River and
P4 and P5-Pontal Bay. Data is displayed as means + standard deviation (which were extremely low and thus, do not appear clearly in the graph)
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Mozambique tilapia (Oreochromis mossambicus) (Naji
et al. 2014). The analysis of gills, however, is also inter-
esting, since they are in direct contact with pollutants that
are present in the water. In this case, differences were
observed when comparing both tissues. Liver and P4
showed higher MT concentrations in liver at S1, whereas
the opposite occurred in gills. This may denote higher
susceptibility to induced MT synthesis in liver. However,
this difference was relatively minor, which may indicate
the adequacy of analyzing gills in environmental moni-
toring regarding metal exposure. In addition, gill MT
concentrations in the first sampling at P2 and P3 where
significantly higher than the second sampling, compared
to liver, indicating induced MT synthesis in these cases.
This may be due to the fact that Cu concentrations were
significantly higher during the first sampling, since Cu
has been shown to significantly induce MT synthesis in
fish. The first sampling showed higher induction of MT
synthesis, probably related to the higher metal concentra-
tions observed in most of the sampling locations.

High Cu concentrations in liver were observed, with
Point 3, Itacanoeira River (sampling 1-S1P3) showing
the highest concentration of this metal (199.2 pg g7,
approximately 7 times higher than the concentration of
30 ug g~! allowed by the WHO. Cadmium, Ni and Pb
concentrations, on the other hand, were below the maxi-
mum permissible WHO levels. Groupings were observed
by the PCA analysis, with sampling 1 explained by PCl1
and sampling 2 by PC2. One sampling point showed dif-
ferent data results compared to the others (S2P5-Pontal
Bay), being separated by PC1. This may be related to an
increase of domestic sewage discharge, indicated by high
Pb concentrations.

MT concentrations were higher in liver, as expected,
since this is the main storage and detoxification organ for
metals. MT showed differential expression in both sam-
plings and all 5 locations, in which gill MT levels in the
first sampling at P2 and P3 were significantly higher than
the second sampling, compared to liver. This was possi-
bly due to the fact that Cu concentrations were signifi-
cantly higher in the first sampling. The first sampling also
showed higher induction of MT synthesis overall, proba-
bly related to the higher metal concentrations observed at
most of the sampling locations. Differences between liver
and gill MT concentration trends were relatively minor,
which may indicate the adequacy of analyzing gills in an
environmental monitoring context.
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