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Abstract The Tubarão River rises in Santa Catarina, Brazil,
and has been historically affected by coal mining activities
around its springhead. To evaluate its water conditions, an
investigation regarding a possible decontamination gradient
associated with the increased river flow toward the estuary, as

well as the influence of seasonality over this gradient was
performed through a series of biomarkers (vitellogenin, comet
assay, lipid peroxidation, protein carbonylation, gluthatione,
gluthatione S-transferase, acetylcholinesterase, light micros-
copy in liver, and scanning electron microscopy in gills) and
chemical analysis (polycyclic aromatic hydrocarbons (PAHs)
in bile and metal analysis in sediment) in the cichlid
Geophagus brasiliensis. Two collections (summer and winter)
were made in four distinct sites along the river, while sedi-
ments were sampled between those seasons. As expected, the
contamination linked exclusively to mining activities was not
observed, possibly due to punctual inputs of contaminants.
The decontamination gradient was not observed, although
seasonality seemed to have a critical role in the
responses of biomarkers and availability of contami-
nants. In the summer, the fish presented higher histo-
pathological damages and lower concentrations of
PAHs, while in the winter they showed both higher
genetic damage and accumulation of PAHs. The
Tubarão suffers impacts from diverse activities, repre-
senting health risks for wild and human populations.
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Introduction

The rapid population growth together with the lack of effi-
cient urban planning and economic development has
brought about serious problems of environmental
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degradation. In particular, watersheds, natural reservoirs,
and rivers receive pollutants from the most diverse
human activities, limiting these resources and putting
them in the spotlight of international agencies (IAP
2005; UN 2012).

The Tubarão is an important river formed by the conflu-
ence of the Rocinha and Bonito rivers in the township of
Lauro Müller, Santa Catarina (LMCH 2012). It presents a
water flow that increases toward the estuary and a drainage
area of 4,728 km2, covering 120 km up to the Santo Antônio
lagoon (Fig. 1). The Tubarão River basin drains regions that
suffered from the exploitation and processing of coal for
over 50 years and which are still subject to the use of
pesticides in crops, waste from intensive pig farming, as
well as industrial and urban effluents (Amaral 1998;
Bortoluzzi 2009; Silva et al. 2011a, b). In order to under-
stand how the aquatic environments are impacted by anthro-
pogenic activities and to better support environmental
policies, constant water monitoring programs that associate
biotic and abiotic factors are essential, since they generate
precise answers about the presence and effects of contami-
nants (Van der Oost et al. 2003). Thus, to correlate both
factors, it is necessary to use organisms, or bioindicators, as

they constitute the main targets affected by imbalances in
the environment.

Bioindicators are organisms, populations, or communi-
ties whose vital functions are closely correlated with certain
environmental factors, being used as indicators in the eval-
uation of a particular ecosystem. Therefore, it is important
that bioindicators have, besides other characteristics, low
tolerance limits, i.e., sensitivity to small environmental
changes, local abundance and low mobility, easy identifica-
tion, and a well-known ecology (Powers 1989; Chovanec et
al. 2003). Geophagus brasiliensis is a species of fish of the
Cichlidae family with a distribution area that stretches from
the states of northeastern Brazil to bordering areas with
Uruguay. They are omnivorous fish with sexual dimor-
phism, reaching 15–30 cm in their natural habitats. This
species has good tolerance to variation in temperature (15–
30 °C), pH (5.5–8.0), and hypoxia, being a well-
consolidated bioindicator of neotropical ecosystems
(Wilhelm Filho et al. 2001; Paraguassu et al. 2005;
Mazzoni and da Costa 2007; Madi and Ueta 2009;
Clemente et al. 2010; Benincá et al. 2011).

Biomarkers are the measurable responses of the bioindica-
tors (e.g., molecular, genetic, biochemical, histopathological)

Fig. 1 Tubarão River basin and sampling sites: 1 Braço do Norte (BN); 2 Tubarão (T); 3 Capivari de Baixo (CB); 4 Laguna (L)
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used to integrate the biotic (bioindicators) and abiotic (envi-
ronmental characteristics) data, and to provide information on
the monitored ecosystems (Van der Oost et al. 2003). It is
known that a wide range of environmental pollutants such as
heavy metals, pesticides, and polycyclic aromatic hydrocar-
bons can compromise the organism’s homeostasis and induce
a series of damages (Bellassoued et al. 2012).

Vitellogenin (VTG) is a lipophosphoglycoprotein of high
molecular weight, synthesized by oviparous females in re-
productive season (Hiramatsu et al. 2005). Males also have
the VTG gene, but it is typically silent. The exposure to
compounds that exert estrogen activity is able to induce
VTG expression in sexually immature female or male indi-
viduals (Matozzo et al. 2008; Moura Costa et al. 2010),
which characterizes such an expression as a biomarker of
estrogen endocrine disruption.

Oxidative stress acts through the generation of reactive
oxygen species, which is commonly associated with cellular
injuries, especially due to alterations in macromolecules,
such as the DNA, lipids, and proteins. Several tests are
known to quantify damage in those molecules (e.g., comet
assay (CA) for DNA, lipid peroxidation (LPO) for mem-
branes, and protein carbonylation (PCO) for proteins), thus
having a high predictive value as biomarkers of this effect
(Livingstone 2003; Ferreira et al. 2005; Filipak Neto et al.
2007; Guilherme et al. 2008; Dogan et al. 2011; Liebel et al.
2011; Nogueira et al. 2011). Also, metabolic and antioxidant
enzymes, such as the reduced gluthatione and gluthatione S-
transferase activity (GST), have been suggested as bio-
markers of contaminant-mediated oxidative stress in a vari-
ety of organisms, and their induction reflects a specific
response to xenobiotics (Sun et al. 2006; Almroth et al.
2010; Modesto and Martinez 2010; Hellou et al. 2012).

The inhibition of acetylcholinesterase (AChE) is widely
studied as an organophosphate- and carbamate-specific neu-
rotoxic biomarker, as well as heavy metals, organochlorines,
and polycyclic aromatic hydrocarbons (PAHs) (Payne et al.
1996; Martinez-Tabche et al. 1997; Sturm et al. 1999).

Most of these damages can be observed in tissues such as
the liver and gills and therefore be classified as histopatholog-
ical damages, which reflect problems of both acute and chro-
nological orders (e.g., inflammatory processes, necrosis of the
tissue, appearance of neoplastic cells) (Rabitto et al. 2005,
2011; Romão et al. 2006; Miranda et al. 2008; Katsumiti et al.
2009; Silva et al. 2011a, b, c; Brito et al. 2012).

A number of works have recently put the Santa Catarina
river basins in evidence, placing special emphasis on coal
mining activities and human health conditions (Silva et al.
2009, 2011a, b). However, little data are available on the
risks to biota or on the consequences to fishing activities in
this area. Thus, the aim of the current study was to evaluate
the water quality of the Tubarão river through a series of
biomarkers (molecular, genetic, biochemical, and

histopathological) and chemical analysis (polycyclic aro-
matic hydrocarbons) in the cichlid Neotropical freshwater
fish G. brasiliensis, as well as metal analysis in sediment. In
addition, we sought to investigate the presence of a possible
decontamination gradient associated with the increased river
flow toward the estuary and the influences of seasonality
over this gradient.

Materials and methods

Studied area

The Tubarão River basin is the largest in the state of Santa
Catarina (Southern Brazil), with an area of 4,728 km2. It is part
of the Atlantic drainage area RH9 and is limited by the fol-
lowing coordinates—27º48′00″North, 28°48′08″ South, 48°8′
18″ East, and 48º31′48″West. Since 1985, much has occurred
in the history of coal mining in the region, although no major
concerns about the impacts that these activities could
generate (from extraction and transport to storage and
processing) were raised. Nowadays, most of the mines
in the region are disabled, yet the undesirable effects of
these activities, e.g., piles of waste, acid drainages,
abandoned mines, and the acidification of water bodies,
remain in full view (LMCH 2012).

For water quality assessment, fish and sediment were
collected in four sites along the Tubarão River (Fig. 1).
The first site (BN) is located at the confluence of the
Tubarão River with the Braço do Norte river in a rural area
of 29,000 inhabitants, which has been impacted by agricul-
tural activities and the coal mining activity right upstream.
The second site (T) is located in the city of Tubarão (97,000
inhabitants, 18 km from the site 1), which is more affected
by urban pollution. The third site (CB) is located at the
confluence with the Capivari de Baixo river (20,000 inhab-
itants, 5 km far from the site 2), affected by thermoelectric
activity from the largest coal power plant in Latin America.
Finally, site 4 (L) (Laguna city, 51,000 inhabitants, 30 km
far from area 2) represents a complex of lagoons that are
connected to the Atlantic Ocean through the Santo Antonio
and Camacho lagoons. The water flow of the Tubarão River
increases along its extension, with flows of 73.44 m3/s in
BN, 76.24 m3/s in T, 110.07 m3/s in CB, and 110.33 m3/s in
L (BNCH 2012; TCH 2012; CBCH 2012; LCH 2012).

Fish and sediment sampling

G. brasiliensiswere sampled in the summer (December/2009)
and winter (June/2010) seasons at four sites along the Tubarão
River using fishing net throw (5–7 cm mesh) and fish traps.
Sediments were sampled in March/2010 at the same areas
alongside the river for determination of metals.
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Biomarkers

Fish from the Tubarão River were collected in the four sites,
stored in styrofoam boxes with local water and adequate
aeration, and transported to a laboratory located in the city
of Laguna. The journey from each collection site to the
laboratory lasted approximately 40 min from BN site,
25 min from T site, 20 min from CB site, and 5 min from
L site.

In the laboratory, 2 h after the fish were collected, they
were anesthetized with 0.02 % benzocaine in water,
weighed, and then measured. Blood was immediately sam-
pled for the VTG and CA analysis; liver was used for
biochemical (LPO, PCO, GSH, GST activity) and histopath-
ological (light microscopy) analysis, brain and muscle for
neurotoxic analysis (AChE activity), the second left gill arch
obtained for scanning electron microscopy (SEM) analysis,
and bile for PAH determination.

Endocrine disrupter biomarker

In VTG, blood was collected from the caudal vein of fish
still alive, with heparinized syringe, and transferred to
microtubes containing an anti-proteolytic solution of
1 mM of PMSF, 1:100 ratio (v/v). The blood was centri-
fuged in 4 °C, 4,000×g for 30 min to obtain the plasma,
which was aliquoted and stored at −75 °C for further anal-
ysis. For a positive VTG expression control sample, 15 male
fish received an intraperitoneal injection of 10 mg of 17α-
ethinylestradiol (EE2 dissolved in canola oil) per kilogram
of fish. After 15 days of exposure, the blood was collected
as described above. To perform sample preparation, plasma
proteins concentration was determined through Bradford
(1976) method. Plasma proteins (100 μg) were prepared in
sample buffer (10 % glycerol and 0.02 % bromophenol blue
in 0.5 M Tris–HCl, pH 6.8) containing 0.1 % SDS (w/v) and
5 % β-mercaptoethanol (v/v), and heated at 100 °C for 5 min
before loading. Discontinuous polyacrylamide gel electro-
phoresis was carried out in slabs of 1.5 mm thick, using a
Mini Protean II (Bio-Rad). The resolving gel contained 8 %
acrylamide for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and the stacking gel
contained 4 % of the same solution. The SDS-PAGE-
separated proteins were transferred to nitrocellulose mem-
branes (100 V, 1 h, 0 °C). The membranes were incubated in
the blocking solution 5 % of non-fat dry milk in Tris-
buffered saline (TBS) with 0.5 % Tween-20 at room tem-
perature for 1 h. The membrane was then probed for VTG
with polyclonal anti-Rhamdia quelen vitellogenin polyclon-
al antibodies (1:4,000; provided by Cell Toxicology
Laboratory) in blocking solution, 4 °C, for 16 h. Bound
antibodies were detected with goat anti-rabbit antibodies
coupled to horseradish peroxidase (1:4,000) diluted in

TBS. The reaction was developed using the Pierce
chemiluminescent kit and detected with photograph
Hyperformance film.

Genetic biomarker

In the comet assay, blood was sampled and diluted in fetal
bovine serum and stored in ice (protected from light) for
24 h and then prepared for the comet assay (Singh et al.
1988; Ferraro et al. 2004). The microscope slides were
prepared with the cell suspension (10 μl) in low-melting-
point agarose (120 μl) at 37 °C followed by incubation in
lysis solution at 4 °C for 7 days. After lysis, the slides were
placed in solution of NaOH (10 M) and EDTA (200 mM),
pH>13 for 20 min for DNA denaturation. Electrophoresis
was carried out at 25 V and 300 mA for 25 min at 4 °C, and
slides were neutralized for 15 min with 0.4 M Tris, pH 7.5,
fixed in 95 % ethanol for 5 min, and stained with ethidium
bromide (0.02 μg/ml). DNA strand breaks were scored
using a Leica® epifluorescence microscope at a magnifica-
tion of ×400. For each fish, 100 nucleoids were visually
analyzed according to the method described by Ramsdorf et
al. (2009).

Biochemical biomarkers

Liver, brain, and muscle samples were frozen in dry ice and
stored at −76 °C. Then, they were kept on ice and homog-
enized in ice-cold potassium phosphate buffer (pH 6.5
(liver), pH 7.5 (brain and muscle)). Homogenates were
centrifuged at 10,000×g for 20 min at 4 °C. Aliquots of
the supernatant were kept for analysis of LPO, PCO, GSH,
GST activity, and AChE activity.

Lipid peroxidation (LPO) The 200 μl of supernatant (phos-
phate buffer for the blank) and 800 μl of reaction solution
(100 mM xylenol orange, 25 mM H2SO4, 4 mM BHT,
butylated hydroxytoluene, and 250 μM FeSO4/NH4, ammo-
nium ferrous sulfate in pure methanol) were added to 2-ml
tubes. Tubes were kept at room temperature for 20 min and
then centrifuged at 10,000×g for 10 min. Finally, 300 μl of
clean supernatants were added to a 96-well microplate, and
absorbances were measured at 570 nm. For determining the
hydroperoxide concentrations, the apparent molar extinction
coefficient for H2O2 and cumene hydroperoxide of 4.3×104

M−1cm−1 was utilized (Jiang et al. 1992).

Protein carbonylation (PCO) The 200 μl of supernatant
was mixed with 800 μl of 10 mM 2,4-dinitrophenylhydra-
zine in 2.0 M hydrochloric acid in tubes used in the reaction
and with 800 μl of 2.0 M hydrochloric acid (without DNPH)
in tubes used as blanks. Tubes were mixed in vortex for
5 min and kept at 30 °C for 1.5 h. Proteins were precipitated
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by addition of 1.0 ml of 28 % trichloroacetic acid and
centrifuged at 9,000×g for 10 min. Pelleted proteins were
washed three times by suspension in ethanol/ethyl acetate
(1:1), mixed in vortex, and centrifuged. Proteins were then
solubilized in 6.0 M guanidine hydrochloride, and tubes
were centrifuged at 9,000×g for 5 min to remove any trace
of insoluble material. The carbonyl content was spectropho-
tometrically determined at 360 nm using the molar absorp-
tion coefficient of 2.1×104M−1cm−1 for hydrazones (Levine
et al. 1990; Quinlan and Gutteridge 2000).

Glutathione (GSH) The 200 μl of supernatant (phosphate
buffer for the blank) were mixed with 50 μl of 50 %
trichloroacetic acid and centrifuged at 1,000×g for
15 min and 4 °C for protein precipitation. Then, 50 μl
of supernatant and 230 μl of Tris (0.4 M, pH 8.9) were
placed in a 96-well microplate, followed by the addition
of 20 μl of 2.5 mM DTNB [5,5′-dithiobis(2-nitroben-
zoic acid) in 25 % methanol]. The absorbance was
determined at 415 nm, and GSH concentration was
calculated by comparison with the standard curve for
GSH. Although referred to as GSHs, other minor non-
protein reduced thiols are also measured through this
method (Sedlak and Lindsay 1968).

Glutathione S-transferase (GST activity) The 50 μl of su-
pernatant (phosphate buffer for the blank) and reaction
medium (100 μl, 1.5 mM GSH, 2.0 mM CDNB, 0.1 M
potassium phosphate buffer, pH 6.5) were placed in a 96-
well microplate. Absorbance increase was immediately
measured at 340 nm at intervals of 12 s, and the molar
extinction coefficient for CDNB of 9.6 mM−1cm−1 was
utilized to calculate the enzymatic activity (Keen et al.
1976).

Acetylcholinesterase (AChE activity) Supernatant of the
brain and muscle were diluted (1:10, or 10 % v/v) in
0.1 M phosphate buffer, pH 7.5. After dilution, 50 μl were
placed in a 96-well microplate, followed by 200 μl of
DTNB (5,5-dithio-bis-benzoate 2nitro) and 50 μl of ACT
(acetylthiocholine iodide). Absorbance was immediately
measured at 415 nm at intervals of 5 s by the method of
Ellman et al. (1961) modified for microplate by Silva de
Assis (1998).

Protein content Total protein content was quantified accord-
ing to Bradford (1976). Briefly, 10 μl of supernatants and
250 μl of Bradford reagent (BioRad®) were added to a 96-
well microplate. Then, the absorbance was measured at
595 nm for protein determination through comparison with
standard bovine serum albumin curve. All absorbances
above were spectrophotometrically measured (SUNRISE-
TECAN).

Histopathological biomarkers

Light microscopy Liver samples were fixed in ALFAC so-
lution (70 % ethanol, 4 % formaldehyde, 5 % glacial acetic
acid) for 16 h, dehydrated in a graded series of ethanol,
diaphanized in xylene, and embedded in Paraplast-Plus
(Sigma®). Sections of 5 μm were obtained, stained with
hematoxylin/eosin, and observed under light microscope for
histopathological analyses according to Bernet et al. (1999).

Scanning electron microscopy (SEM) The second left gill
arch was fixed with 3 % glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4), dehydrated in a graded series of
ethanol (Merck®), and with liquid CO2, then metalized with
gold for further analysis in a scanning electron microscope
(JEOL JSM-6360LV).

Chemical analysis

Polycyclic aromatic hydrocarbons (PAHs) Bile samples
were diluted (1:300) in 48 % methanol, and PAHs were
detected through different excitation/emission wavelengths
(288/330, 267/309, 334/376, 364/406, and 380/422)
corresponding to the number of rings of each PAH (2, 3, 4,
5, and 6 rings, respectively) in spectrophotometer (SUNRISE-
TECAN). For quantification, a PAH mix (Cod. 47930-U,
SUPELCO) was utilized to establish a PAH standard curve.

Metal analysis Solid samples were stored in 500-ml poly-
ethylene bottles. Samples were stored in closed plastic bags
and transported to the laboratory soon after the collection, in
order to prevent mineralogical changes. Samples were air-
dried and split for multi-element geochemical composition
analysis by inductively coupled plasma mass spectrometry
(ICP-MS) and inductively coupled plasma atomic-emission
spectrometry (ICP-AES). All samples were acid-digested
following a two-step digestion method devised to retain
volatile elements in coal dissolution. Then, the resulting
solution was analyzed by ICP-AES for major and selected
trace elements and by ICP-MS for most trace elements. The
digestion of international reference materials (SARM 19)
and blanks was prepared following the same procedure.
Analytical errors were estimated at <3 % for most of the
elements and around 10 % for Cd and Mo. Hg analyses were
made directly on solid samples using a LECO AMA 254
gold amalgam atomic absorption spectrometer (Smith et al.
2000; Querol et al. 1997, 2008).

Statistical analysis

Categorical data biomarkers CA and histopathological index
(light microscopy) were reported as median±min and max
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values, while continuous data biomarkers (LPO, PCO, GSH,
GST activity, AChE activity) and PAHs concentration were
reported as the mean±standard deviation of the mean. All
data were checked for normality and homoscedasticity be-
fore performing one-way analys is of var iance .
Nonparametric Kruskal–Wallis one-way analysis, followed
by Dunn’s post hoc test, with a level of significance of 0.05
was performed. All field data biomarkers were analyzed
with a multivariated statistical approach. A cluster analysis
(single linkage rule, Bray–Curtis similarity measure) of the
different collection sites, on the basis of the average bio-
marker values for each collection site, was also conducted
and followed by a non-metric multidimensional scaling
(nMDS) analysis conducted on the matrix obtained. A visual
representation of the patterns of similarity among collection
sites was provided by Cluster and nMDS. VTG, SEM, and
metal analysis were reported descriptively.

Biomarkers were analyzed, and the average of their
results was utilized to build a similarity matrix (Bray–
Curtis index) intended to perform the cluster analysis (sin-
gle-linkage) (Fig. 2). The cluster analysis showed the total
similarity between the responses of biomarkers for all sam-
pling sites. In order to achieve greater relevance and corre-
late them with the impacting sources, the sites were then
referred to according to their predominant economic activity
or characteristic. BN was referred to as Agr (standing for
agriculture); T and CB were grouped into a single area and
referred to as Urb (standing for urban) due to high similarity

in the cluster analysis, economic characteristics, and dis-
tance between points. L was referred to as Est (standing
for estuary). From this new grouping, biomarkers data were
compared again with nonparametric Kruskal–Wallis one-
way analysis, followed by Dunn’s post hoc test, with a
significance level of 0.05 (Figs. 3 and 4).

Results

Seasonality was noticeably observed through physical
parameters of temperature and rainfall (Table 1). The sum-
mer had high temperatures with low rainfall, which main-
tained the level of the river in normal conditions. In the
winter, the low temperatures and the unusually high rainfall
for this season made the river level rise and present one of
the highest floods of its history. A total of 139 male and
female fish were collected, 85 in the summer and 54 in the
winter (Table 2).

From all the individuals collected in the Tubarão River,
only those from Urb area showed vitellogenin expression
(Fig. 3). It was observed that two females (20 %) and five
males (50 %) presented the VTG in the plasma (Table 3).
These individuals demonstrated a lower concentration of
this protein when compared with individuals exposed to
10 mg EE2 (positive control).

DNA damage was higher in fish from all the areas sam-
pled during the winter in comparison with the summer
collection (Fig. 4a). Lipid peroxidation was lower in Est
(summer and winter) when compared with Agr and Urb
(summer and winter). No seasonal differences between the
areas were observed (Fig. 4b). Protein carbonylation was
higher in Urb (summer) in comparison with Est (summer)
and higher in Urb (winter) when compared with Agr and Est
(winter). There were no seasonal differences between the
areas (Fig. 4c). Glutathione concentration was significantly
higher in Est (summer) compared with Agr and Urb
(summer). No seasonal differences were observed for this

Fig. 2 Cluster analysis of all sampling sites based on a Bray–Curtis
similarity matrix calculated from the average of the biomarkers
responses with a 20 % Bray–Curtis similarity threshold. BN Braço do
Norte; T Tubarão; CB Capivari de Baixo; L Laguna

Fig. 3 VTG expression in G. brasiliensis from the urban area. F=
female, M=male, C=positive control (10 mg EE2), MM=molecular
weight marker
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biomarker (Fig. 4d). GST activity was higher in Agr
(summer) in comparison with Urb and Est (summer) and
Agr (winter) (Fig. 4e).

AChE activity in the brain did not present any differences
while its activity in the muscle was lower in Urb (winter)
when compared with Est (winter). In regard to the seasonal
comparison, its activity was lower in Est (summer) in com-
parison with Est (winter) (Fig. 4f).

Fig. 4 Genetic and biochemical biomarkers in G. brasiliensis from the
Tubarão River. a Score of genetic damage in blood cells (Kruskal–
Wallis=48.00). b Lipid peroxidation, LPO (Kruskal–Wallis=47.10). c
Protein carbonylation, PCO (Kruskal–Wallis=33.58). d Glutathione,
GSH (Kruskal–Wallis=20.61). e Glutathione S-transferase, GST activ-
ity (Kruskal–Wallis=66.54). f Acetytlcholinesterase, AChE activity in

brain (Kruska–Wallis=6.09), and in muscle (Kruskal–Wallis=31.14).
Comparisons between the areas are represented by Latin letters (a, b)
for the summer and by Greek letters (α, β) for the winter. Numbers (1,
2) were utilized for comparisons between seasons (summer versus
winter) in the same sampling area. Agr agriculture area; Urb urban
area; Est estuary area

Table 1 Meteorological data from the Tubarão River studied area

Data Summer Winter

T min (°C) 22.2 16.8

T max (°C) 23 17.5

Pluviosity (mm) 116.6 229.0

Environ Sci Pollut Res (2014) 21:9145–9160 9151



The histopathological index of the liver (Table 4 and
Fig. 5) was significantly higher in Urb and Est (summer)
compared with Urb and Est (winter). Figure 5 shows the
relevant histopathological alterations such as necrosis, in-
flammatory processes, neoplastic cells, and parasites
(Fig. 6). Gills present the primary and secondary lamellas
as described for teleosts. The secondary lamellas are later-
ally disposed on both sides of the primary lamella and have
the surface area for gas exchange (Fig. 7a1). For both
samplings, the Agr areas showed incidence of necrosis in
the cells of the secondary lamella (Fig. 7a, b). Epithelial
cells discharged from primary lamella surface were visible
and common in the majority of fish (Fig. 7c, d). The Urb
areas had large regions of cellular disarrangement of prima-
ry lamella followed by epithelial cells discharges (Fig. 8a,
e). Hyperplasic regions were observed in primary lamella
(Fig. 8b) as well as some pre-neoplastic-like lesions with
tissue disarrangement (Fig. 8d). The secondary lamella of
fish from this area presented large damaged regions
(Fig. 8c), with the presence of parasites (Fig. 8f). Gills of
fish from the Est areas presented regions of necrosis with
cellular disarrangements in the primary lamella (Fig. 9b) and
aspects of hyperplasic process in the secondary lamella with
posterior lamellar fusions (Fig. 9d).

PAH determination (Table 5) showed that two-ringed
PAH concentration was higher in Urb (summer) than Est
(summer) and in Est (winter) than Urb (winter) and Est
(summer). Three-ringed PAHs did not show differences
between the areas or seasonal effects. Four- and five-

ringed PAHs concentration was significantly higher in Est
(winter) than Est (summer). Six-ringed PAHs were signifi-
cantly higher in Urb and Est (winter) in comparison with
Urb and Est (summer), respectively, and in Urb (winter)
than Agr (winter).

Metals (As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Se, V, Zn) in
sediment did not reveal themselves to be of primordial
importance since metals concentration was lower than or
very close to the prevention values established by CETESB
resolution nº 195-2005-E (Table 6) except for Se in the Urb
area.

An nMDS ordination of data of these three areas was
made (Fig. 10) obeying the same previous parameters.
Areas grouped on the left-hand side of the ordination graph
account for the summer and represent areas with higher
histopathological damage and lower DNA damage, whereas
the sites grouped on the right-hand side, regarding the
winter, had higher DNA damage and lower histopathologi-
cal index, corresponding to the biomarkers data observed.

Discussion

The current study investigated if the history of neglected
environmental impact still appears in areas downstream
Lauro Müller, since local biodiversity of small and medium
streams can be considerably affected by coal mining activ-
ities (Gray and Delaney 2008; Ostrofsky and Schworm
2011). It also sought to observe if there would be some sort
of decontamination gradient associated with the increased
river flow toward the estuary, as well as the influence of
seasonality over this gradient. From these assumptions, it is
expected that the Agr areas are the most impacted, given
that they have experienced a long period of mining activities
right upstream, while both Urb and Est areas have a health-
ier status in relation to coal damage.

Endocrine disturbances were evaluated by the expression
of vitellogenin in males of G. brasiliensis and were only
observed in the Urb area. The dumping of municipal sewage
without proper treatment in urbanized centers is common,
increasing the variety of compounds available for the aquat-
ic organisms as well as the potential of estrogenic activity.

Table 2 Biometric parameter in G. brasiliensis collected in the summer and winter from studied areas of the Tubarão River

Summer Winter

Agr Urb Est Agr Urb Est

n 22 47 16 13 24 17

Weight (g) 49.01±30.55 92.84±68.15 59.19±16.51 60.80±33.96 169.5±96.22 31.93±13.80

Total length (cm) 13.72±1.92 16.94±3.34 15.25±1.45 16.15±2.87 21.28±5.63 12.52±1.86

Agr agriculture area, Urb urban area, Est estuary area

Table 3 Individuals collected in the Tubarão River with the absence or
presence of VTG in the plasma

Area VTG absence VTG expression

Agr ♀ 7 (100 %) 0 (0 %)

Agr ♂ 5 (100 %) 0 (0 %)

Urb ♀ 6 (80 %) 2 (20 %)

Urb ♂ 10 (50 %) 5 (50 %)

Est ♀ 8 (100 %) 0 (0 %)

Est ♂ 4 (100 %) 0 (0 %)

Agr agriculture area, Urb urban area, Est estuary area
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VTG expression in male fish represents strong evidence that
this area has substances able to act as endocrine disrupters
with estrogenic activity, such as the EE2. This compound is
vastly produced by the pharmaceutical industry and induces
VTG expression in fish (Henry et al. 2009; Strömqvist et al.
2010). Some studies show that VTG expression is dose-
dependent (Pait and Nelson 2003; Moura Costa et al.
2010), and exposure to concentrations as low as 5 ng/l of
EE2 in the water is still able to induce VTG expression
(Allner et al. 1999; Rose et al. 2002). Even though VTG
was not expressed in Agr and Est areas, we cannot state that
those areas are free of such compounds.

In the summer, the low rainfall and high atmospheric
temperature registered for the period contributed to lowering
the depth of the river. In this season, the fish generally
presented higher histopathological index (particularly due
to parasitism and inflammatory processes) and lower con-
centrations of PAHs in bile. These data indicate that the
contaminants, especially PAHs, may be present in the

environment and bioavailable to fish exposure, despite be-
ing less concentrated in the organism in comparison with the
winter collection.

Agr and Urb areas had similar responses for all bio-
markers except for GST. GST activity was higher in Agr,
which means increased cell demand for antioxidant or con-
jugation activities. The histopathological alterations and
high GST activity can be partially explained by oxidative
stress (supported by LPO and PCO responses) and the PAH
exposure. Necroses were the most evident alteration, though
leukocyte infiltration and macrophage grouping also have
important implications. Inflammatory responses, in particu-
lar, those potentiated by macrophages recruitment and acti-
vation, can lead to extensive hepatic damage through
oxidative burst (Forlenza et al. 2008) and release of pro-
teases that damage membrane lipids, proteins, and DNA,
ultimately leading to cell death by necrosis. This hypothesis
is corroborated by the increase of LPO, which means dam-
ages in biological membranes, whereas the decrease of PCO
leads to the activation of proteasome and autophagic pro-
cesses which, in turn, remove irreversibly damaged proteins
(Strahler et al. 2007). In addition, the bioactivation of PAHs
by phase I enzymes, such as cytochrome P450, can lead to
the generation of reactive metabolites and oxygen species
that damage cell biomolecules (Fasulo et al. 2010; Wessel et
al. 2010).

The Est area (summer) presented the lowest occurrence
of necrosis, despite the presence of five- and six-ringed
PAHs and other histopathological alterations, which shows
that cell defense mechanisms such as GSH are being effec-
tive in avoiding cell death in the presence of such xeno-
biotics. In addition, it is possible that the constant dilution of
contaminants found in the lagoons directly connected with
the open sea has led to better health conditions of the fish in
this area than the ones upstream.

The second part of the study was developed during the
winter, with low atmospheric temperatures and an atypically
rainy season, characterized by one of the biggest floods in
the history of the Tubarão River. Fish collected during this
season presented higher levels of biological impact,

Table 4 Occurrence (n) of histopathological alterations in the liver of fish

Lesion Nec IR Vac CI Neo MMC Api Nem Aca Tot Par

Summer Agr (21) 14 11 2 2 2 17 11 2 2 15

Urb (31) 13 27 7 1 3 28 26 12 12 50

Est (11) 3 9 1 3 3 11 8 0 1 9

Winter Agr (9) 1 0 2 0 0 7 0 2 1 3

Urb (18) 5 7 3 0 1 18 0 9 2 11

Est (12) 2 6 0 0 0 12 0 3 1 4

Nec necrosis, IR inflammatory responses, Vac vacuolizations, CI cytoplam inclusions, Neo neoplasia, MMC melanomacrophage centers, Api
apicomplexa, Nem nematode, Aca acantocephala, Tot Par total parasites, Agr agriculture area, Urb urban area, Est estuary area

Fig. 5 Histopathological index in the liver of G. brasiliensis (Kruskal–
Wallis=29.53). Comparisons between the areas are represented by
Latin letters (a, b) for the summer and by Greek letters (α, β) for the
winter. Numbers (1, 2) were utilized for comparisons between seasons
(summer versus winter) in the same sampling area. Agr agriculture
area; Urb urban area; Est estuary area
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observed in the genetic biomarker responses as well as in the
chemical analysis. The Agr area (winter) presented a mis-
balance of oxidative conditions in hepatic cells, and high
numbers of macrophages centers were found. As previously
stated, the increased incidence of DNA lesion may be due to
mutagenic PAHs, particularly five- and six-ringed, or to the
insufficient detoxifying activity of GST of the PAHs metab-
olites, associated with insufficient DNA repair.

The Urb area (winter) presented the worst health condi-
tion to G. brasiliensis. The three groups of biomolecules
(lipids, proteins, and DNA) were affected by chemical
stress, exceeding cell defense mechanisms, and organisms’
physiological accommodation capacity. Almroth et al.
(2008) observed similar responses in rainbow trout exposed
to sewage with high levels of PAHs. The particularly im-
portant high PCO, compared with the other sites in the
winter, indicated the accumulation of degradation-resistant
protein aggregates, whereas the high DNA damage may be

related to the high exposure of five- and six-ringed PAHs
associated with unaltered GSH concentration. Yet, the pres-
ence of large necrotic areas and high incidence of macro-
phage centers and parasites reinforce the high potential of
aquatic environmental degradation by urban and industrial
discharges (Violante-Gonzalez et al. 2007; Takemoto et al.
2009; Ryan 2010; Barugahare et al. 2011).

Unexpectedly, Est area (winter) presented the highest
concentrations of PAHs in fish, combined with unaltered
histopathological index, LPO, and GST. It is possible that
the cells’ defenses mechanisms such as GSH might be
protecting membrane lipids from chemical stress, but PAH
bioactivation continued to damage DNA (Calliani et al.
2009). Also, the accumulation of PAHs in fish from this
area could be explained by the increase in the river flow
recurrent from the high rainfall of the season. The rain could
be acting both as a leaching agent, carrying PAHs from the
soil to the water, and as a mobilizing agent, increasing the

Fig. 6 Histopathological
findings in the liver of G.
brasiliensis. a Normal aspect of
the tissue; arrows show
pancreatic tissues. In detail
(a1), healthy hepatocytes are
observed. b The arrows point a
large necrosis area. In detail
(b1), vacuolization within
hepatocyte cytoplasms is
observed. c Pre-neoplastic area
(black arrow) surrounded by a
leucocitary infiltration (white
arrow). d Apicomplexa-type
parasites. e Nematode-type
parasites (white arrow)
surrounded by a large
melanomacrophage center
(black arrow). f
Acanthocephala-type parasite
(black arrow) and a large area
of pancreatic tissue damage
(white arrows). Scale bar=
50 μm. Hematoxilin and eosin
stains
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Fig. 7 Morphological
alterations in the gills of G.
brasiliensis from the Agr areas.
a1 Normal aspect of gill,
primary lamella (L1), and
secondary lamella (L2). Scale
bar=20 μm. a Necrotic
processes of epithelial cells
(arrows). Scale bar=100 μm. b
Necrosis areas (arrows) of
secondary lamellas without
reposition of cells. Scale bar=
50 μm. c Microridges on
epithelial cells surface with
arrows showing cell discharges.
Scale bar=10 μm. d Area
lacking in reposition (arrows)
after cells discharges
(arrowhead). Scale bar=10 μm

Fig. 8 Morphological
alterations in the gills of G.
brasiliensis of the Urb areas.
a Area showing cellular
disarrangement of primary
lamella with epithelial cells
discharges. Scale bar=20 μm.
b Observe areas of hyperplasia
in the primary lamella. Scale
bar=20 μm. c Damaged areas
of the secondary lamella. Scale
bar=20 μm. d A preneoplastic-
like damage with
disarrangement of the gill
tissue. Scale bar=50 μm.
e Cellular death with cells
discharges. Scale bar=20 μm.
f Fixation point of an
ectoparasite in the secondary
lamella. Scale bar=20 μm
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river flow which, in turn, mobilizes the bottom sediment of
the river, bringing the PAHs back to the flowing water, and
making them bioavailable to re-enter the food chain.

Concerning the neurotoxic parameters, the activity of
AChE in the muscle is generally higher than in the
brain (Üner et al. 2006; Golombieski et al. 2008;
Modesto and Martinez 2010; Rodrigues et al. 2012),
and according to Durieux et al. (2010), the AChE
activity is usually higher in hotter than in colder waters.
The maintenance of the cerebral activity of AChE dur-
ing both seasons and the decrease observed in the

muscle during the summer collection, especially in the
Est area, may be an indicative of pollutants effects on
this tissue. Presumably, some of these pollutants are
unable to reach the brain tissue due to the blood–brain
barrier (Adedeji 2011; Eliceiri et al. 2011).

The gills are organs involved in key parameters for a
good development and health of the fish, such as gas ex-
change, acid/base balance, osmoregulation processes, excre-
tion of nitrogenous compounds, and sensorial function.
Alterations in these structures can cause imbalances in vital
functions, compromising the survival and development of

Fig. 9 Morphological
alterations in the gills of G.
brasiliensis of the Est areas. a
Normal aspect of gill, primary
lamella (L1), and secondary
lamella (L2). Scale bar=
100 μm. b Necrosis area
(arrowhead) with cellular
disarrangements (arrows).
Scale bar=20 μm. c Normal
aspect of gill, primary lamella
(L1), and secondary lamella
(L2). Scale bar=100 μm. d
Areas of epithelial damage
regarding hyperplastic
processes and lamellar fusion.
Scale bar=20 μm

Table 5 Concentration of PAHs (micromoles per milligram protein) in the bile of G. brasiliensis from the Tubarão River

PAHs Summer Winter

Agr Urb Est Agr Urb Est

Two-ringed 13.92±2.56 (a b) 18.79±6.60 (a) 11.72±1.16 (1 b) 16.66±4.41 (α β) 13.12±6.82 (α) 22.01±5.82 (2 β)

Three-ringed 0.88±0.60 2.25±1.19 0.77±0.94 1.32±0.76 1.70±0.97 2.47±1.18

Four-ringed 4.00±1.91 4.50±2.78 3.38±2.79 (1) 3.90±0.88 4.98±1.85 8.76±3.29 (2)

Five-ringed 5.42±2.12 5.78±3.17 4.37±2.64 (1) 5.90±1.63 7.39±2.39 9.47±3.78 (2)

Six-ringed 4.16±1.37 2.66±1.25 (1) 2.65±1.71 (1) 2.96±1.17 (α) 5.78±1.22 (2 β) 5.60±2.07 (2 α β)

Kruskal–Wallis: two-ringed (Kruskal–Wallis=20.91), three-ringed (Kruskal–Wallis=14.96), four-ringed (Kruskal–Wallis=15.88), five-ringed
(Kruskal–Wallis=12.39), six-ringed (Kruskal–Wallis=31.99). Comparisons between the areas are represented by Latin letters (a, b) for the summer
and by Greek letters (α, β) for the winter. Numbers (1, 2) were utilized for comparisons between seasons (summer versus winter) in the same
sampling area

Agr agriculture area, Urb urban area, Est estuary area
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the organism (Hughes 1984; Evans 1987). Fish from all
studied areas presented lesions or alterations in gills, which
shows that this tissue is a primary target of water contami-
nation. Hyperplasia can cause disarrangements of secondary
lamellae and lead to lamellar fusions which hamper gas
exchange, while necrosis and neoplastic processes jeopar-
dize most of the functions of the organ (Nero et al. 2006;
Oliveia Ribeiro et al. 2000, 2005). The presence of parasites
may be related to an inefficient immune defense and con-
tributes to the impairment of gill function. These findings
are an important indicative of severe disturbances in fish
from the Tubarão River and seem to have correlation with
acute and chronic intoxication (Rabitto et al. 2011; Brito et
al. 2012; Silva et al. 2011a).

Conclusions

According to the biomarker responses, the three areas stud-
ied in the Tubarão River are impacted by chemicals in
concentrations/associations enough to affect health condi-
tions of G. brasiliensis. However, it does not seem to be
related with the historical coal mining activity or other
specific factor of the region. Future studies considering
different conditions of exposure such as in situ exposure
of caged fish would be of great value to understand the real
impact of human activities in the river.

Considering the hypothesis of the pollution gradient, the
results show that the Agr and Urb areas present similar
conditions of impacts. The consequences of the high influx

Table 6 Metals in sediment (parts per million) along the Tubarão River and reference values from CETESB resolution nº 195-2005-E (CETESB 2005)

Site/metal As Cd Co Cr Cu Hg Mo Ni Pb Se V Zn

Agr 3.9 <0.8 6.5 39.35 30.5 0.0089 0.1 11.15 18.7 3.9 15.05 51.65

Urb 3.15 <0.8 5.85 11.7 35.85 0.0254 1.6 9.95 18.25 5.3 32.95 109.4

Urb 5.5 <0.8 10.95 12.05 17.7 0.0642 1.9 9.1 32.3 6.55 44.6 115.3

Est 8.6 0.9 16.9 16.7 42.8 0.0435 2.65 19.55 29.85 5.4 47.65 141.9

CETESBQ 3.5 <0.5 13 40 35 0.05 <4 13 17 0.25 275 60

CETESBP 15 1.3 25 75 60 0.5 30 30 72 5 300

Agr agriculture area, Urb urban area, Est estuary area, CETESBQ-CETESB quality reference values, CETESBP-CETESB prevention reference
values

Fig. 10 nMDS ordination of
sampling areas using data of all
biomarkers based on a Bray–
Curtis similarity matrix. Agr
agriculture area; Urb urban
area; Est estuary area
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of untreated urban and industrial effluents must be better
investigated, mainly because the Urb area was the only one
to present the occurrence of endocrine disruptor agents.
Notably, adaptative processes seemed to buffer biomarkers
responses in the fish from the Est areas. In conclusion,
punctual influx of contaminants in all three areas studied
might be responsible for the absence of a pollution gradient.

In regard to seasonality, the winter season could be re-
sponsible for a higher input of PAHs in the atmosphere,
since it is a colder period, and thus, a larger amount of
energy is spent in house heating and lighting. In order to
obtain this energy, the thermoelectric power plant in the Urb
area might be consuming more coal to produce additional
energy, and, in consequence, more PAHs are generated from
its burning. From this high influx of PAHs, the heavy rain in
this period could help these contaminants to enter the aquat-
ic system, which explains why their concentration is higher
in the Urb and Est areas (downstream the power plant) but
not in the Agr area (upstream).
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