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Abstract This study evaluated the histopatholo-
gical changes in gills and liver of Prochilodus
lineatus inhabiting the Salado River basin. Fish were
collected in four different sampling stations. The
histological lesions in the tissues were examined
under light microscopy and evaluated with quantita-
tive analyses. The morphometric analysis of the gills
showed a significant shortening of secondary lamel-
lae and a lower percentage of area for gas exchange
in fish from station 1 (an urban area, located near the
mouth of the Salado River) in comparison with fish
gills from the reference site (station 4, a relatively
pristine area). Moreover, a significantly higher area
occupied with necrotic foci and the occurrence of an
important inflammatory response were observed in
fish liver of station 1 than the samples caught from
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other stations. Thus, histopathological evidences
showed differences among sites, which could be
related to different environmental conditions.
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Introduction

Due to urban, industrial and agricultural activities,
freshwater sources are dumped with different kinds of
chemicals that affect the inhabiting biota. In order to
evaluate the adverse effects of these complex chem-
ical mixtures on aquatic organism, there is a world-
wide trend to complement chemical and physical
parameters with biomarkers in aquatic pollution
monitoring (van der Oost et al. 2003; Au 2004).

The use of histopathological markers has already
been tested and proposed as an efficient and sensitive
method to monitor fish health and environmental
pollution in natural water bodies (Au 2004; Ayas
et al. 2007; Camargo and Martinez 2007; Costa et al.
2009, 2011; Leonardi et al. 2009). Such biomarkers
might indicate acute or chronic exposure to contam-
inants and facilitate the detection of fish physiolog-
ical responses, thereby establishing a more realistic
diagnosis for evaluating environmental health (Silva
et al. 2009).

The assessment of morphological changes in target
organs is recommended as a useful tool to determine
the effect of pollution in fish (Bernet et al. 1999). The
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gills and the gut are the main entry routes for toxic
agents in teleost fish, which turns these organs
important targets for such chemicals. The large
respiratory surface of lamellae as well as the exten-
sive epithelium outlining the filaments represents an
important area of contact between animals and
ambient water. This facilitates an efficient gas and
ion respiratory exchange, but at the same time forms
a large and sensitive target area for toxicants
(Wendelaar Bonga and Lock 2008). Gills are highly
susceptible to adverse environmental conditions, and
damage in gill epithelia has been considered as a
good indicator of xenobiotics effects on fish (Oro-
pesa-Jiménez et al. 2005; Ballesteros et al. 2007,
Sensini et al. 2008; Korkmaz et al. 2009).

On the other hand, teleost liver is the primary organ
for biotransformation of organic xenobiotics, excretion
of harmful trace metals, food digestion and storage,
and metabolism of sex hormones (Health 1995; Hinton
et al. 2001). Liver is highly affected by environmental
pollution. As many toxic compounds tend to accumu-
late in this organ, the magnitude of liver exposure to
contaminants is greater than that of the environment, or
in other organs (Health 1995). Histo-cytopathological
changes in livers of fish exposed to a wide range of
organic compounds and heavy metals have been
reported (Rabitto et al. 2005; Sarkar et al. 2005, Roy
and Bhattacharya 2006; Mela et al. 2007).

The lower Salado River basin is a large area
subjected to various sources of anthropogenic distur-
bances, receiving agricultural, industrial and domes-
tic effluents. An eutrophication process and presence
of heavy metal (cadmium, copper, chromium, lead) in
water and sediment have been indicated for this basin
(Gallo et al. 2006; Gagneten et al. 2007; Marchese
et al. 2008).

Water quality of Salado River basin has been
recently assessed by using physico-chemical analyses
and multiple biomarkers (hematological, biochemical
and physiological parameters) in the native fish
Prochilodus lineatus (Cazenave et al. 2009).

According to this study, this river is characterized
by a high conductivity, sulfates, turbidity and signif-
icant amounts of total dissolved solid, as well as high
ammonia concentration in some sites. However,
water quality assessment did not show marked
differences among sampling sites, but biomarkers
responses were key to contribute to discrimination of
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sites (i.e., biomarkers showed a clear separation
among different studied areas) (Cazenave et al.
2009).

Prochilodus lineatus is a widely distributed neo-
tropical fish, which represents a large part of the total
ichthyomass of our aquatic systems (Bonetto et al.
1970). Its ecological characteristics (detritivorous),
economic value for local fisheries and availability
make it a sentinel species suitable for freshwater
contamination biomonitoring (Colombo et al. 2000,
2007a, b; Camargo and Martinez 2006; Cazenave
et al. 2009; Lombardi et al. 2010).

Our present work is aimed at assessing histopa-
thological changes in gills and liver of P. lineatus
collected from four distinct stations of the Salado
River basin to establish the real health state of the
organisms, which could reflect the environmental
conditions of such aquatic system.

Materials and methods
Sampling stations and fish collection

Four stations were selected in the Salado River basin,
according to different land uses and the location of
potential sources of pollutants (Fig. 1). Station 1
(31°31'S, 60°45’0) is an urban area located in the city
of Santo Tomé, near the mouth of this river. Station 2
(31°22'S, 60°54’0) is located downstream of an
industrial area, next the city of Esperanza. Station 3
(30°44'S, 60°37'0), is located near the city of San
Justo, which is mainly an agricultural area. As
reference site we selected El Bonete lagoon (station
4) (29°23’, 60°33'W), located in the upper portion of
the basin, which is part of the Golondrinas—Calchaqui
system, a tributary of the Salado River. This last site
is a relatively pristine area, without industrial or
urban influences, being extensive livestock the main
activity of the region.

Two sampling of each station were carried out
during non-reproductive season and during a dry
hydrological season (May—August 2007). A total of
35 adult specimens (total length, 42.75 + 2.58 cm;
total weight, 1,207.29 £+ 171.57 g) of P. lineatus
were collected for histopathological analyses, using
gill nets.
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Fig. 1 Study area and location of sampling stations on the
Salado River basin (station 1: Santo Tomé; station 2:
Esperanza; station 3: San Justo; station 4: El Bonete lagoon)

Histological preparation and assessment

After collection, fish were anesthetized (Parma de
Croux 1990) and killed. Small pieces of livers and gills
were immediately removed and fixed in 10% formalin
fluid. Then, samples were washed with tap water and
dehydrated through a graded series of ethanol, cleared
in xylene, and embedded in paraffin. Paraffin sections
of tissues were cutinto 5 pum thickness and stained with
hematoxylin and eosin (H&E).

The histopathological lesions in the tissues were
examined in ten randomly selected sections of each
tissue from each fish. All samples were examined
under a light microscope (Nikon YS100), and photo-
micrographs were taken with a digital camera (Sony
Cyber-shot) at its highest resolution (6.0 megapixels).

Photomicrographs of gill tissue were taken at
random under medium-power magnification (100x)
in order to carry out the following morphometric
analysis: secondary lamellar length (SLL) and width
(SLW), interlamellar distance (ID), and basal epithe-
lial thickness (BET), according to Nero et al. (2006a).
The proportion of the secondary lamellae available
for gas exchange (PAGE) was averaged for each
filament of an individual and calculated according to
Nero et al. (2006a) as:

mean SLL
mean BET 4 mean SSL

PAGE(%) = 100 x

Photomicrographs of liver tissue were taken ran-
domly under 400x magnification. Areas exhibiting
melano-macrophage centers (MMCs), fibrosis and
necrosis in each field were calculated.

Morphometric measurements in both tissues (i.e.,
length, area) were taken using the free UTHSCSA
Image Tool program (developed at the University of
Texas Health Science Center at San Antonio). The
dimensions (in pixels) were calibrated using a
common microscope stage graticule.

Histopathological condition of the gills and liver
was estimated using a semiquantitative protocol
proposed by Bernet et al. (1999) Firstly, gill and
liver alterations were classified into four major
reaction patterns: circulatory disturbances, regressive
changes and progressive changes, and inflammation.
Circulatory disturbances result from a pathological
condition of blood and tissue fluid flow. Regressive
changes are processes that terminate in a functional
reduction or loss of an organ. Progressive changes are
processes that lead to an increased activity of cells or
tissues. Inflammatory changes are often associated
with processes belonging to other reactions patterns.

Then, reaction and organ indexes were calculated
based on two factors: the extension of a pathological
change (score value) and its pathological importance
(importance factor). Scores (1-6) were assigned
based on the percentage of tissue exhibiting a certain
alteration (occurrence for each alteration). For each
alteration, an importance factor (1-3) was assigned,
as proposed by Bernet et al. (1999), based on the
biological significance of the lesion for fish health.
The importance factor reflects the ability of the
alteration to be reversible following removal of the
stressor.

Reaction index of an organ was calculated by the
sum of the multiplied importance factors and score
values of the alteration of the corresponding reaction
patterns. The sum of the four reaction indices of an
organ is equivalent to the organ index (Iog).

Iorg = § E (aorg rpalt X Worgrp alt)
p

alt

where org = organ (constant); rp = reaction pattern;
alt = alteration; a = score value; and w = impor-
tance factor.
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Statistical analysis

All data are reported as mean = standard error.
Morphometric data and indexes values were first
tested for normality and homoscedasticity using
Shapiro-Wilk’s and Levene’s tests, respectively.
Comparison of each parameter among stations was
performed using ANOVA (P < 0.05). Tukey’s pos-
teriori test was used, where necessary, to distinguish
among stations. When variables could not be nor-
malized, the Kruskal-Wallis test was used.

Results
Gills

A number of histopathological differences were
observed among fish caught in the four sampling
stations. Prochilodus lineatus from station 1 had
significantly shorter and thinner secondary lamellae
than fish from other stations (Table 1). Secondary
lamellae of fish from stations 2 and 3 were also
shorter than lamellae of fish from reference site
(station 4). In addition, fish gills from station 1
showed also lower percentage of area for gas
exchange (PAGE) (Table 1).

The main histological alterations in gills of fish
caught in the sampling stations are shown in Fig. 2.
The observed pathological changes were classified
into three reaction patterns: circulatory disturbances
(hemorrhage, aneurysm, edema), regressive changes
(epithelial lifting, lamellar disorganization, rupture of
the pillar cells, bifurcation, desquamation) and pro-
gressive changes (hypertrophy of mucous cells and
hyperplasia in both epithelium and supporting tissue).

Table 1 Gill measurements

The commonest anomalies found in fish gills from
all sites were epithelial lifting, aneurysm and rupture
of the pillar cells. Alterations such as lamellar
disorganization, lamellar fusion and hyperplasia of
lamellae and filament showed a higher prevalence in
fish gills from stations 1, 2 and 3 (>80%) than those
from station 4 (<25%). Additionally, alterations such
as bifurcation were only detected in one fish from
station 1.

In general, gill histopathological lesions were
more frequent in fish collected from station 1, and
less frequent in those caught in station 4. Similarly,
total gill pathological index showed the same trend
(Fig. 3), but no statistically significant differences
were detected.

Liver

The main histopathological lesions recorded in the
liver of fish from the Salado River basin are shown in
Fig. 4. The observed changes were classified into
three reaction patterns: circulatory disturbances
(hemorrhage), regressive changes (plasma alterations,
deposits, vacuolar degeneration, nuclear alteration,
fibrosis, necrosis) and inflammatory processes (leu-
kocyte infiltration, activation of macrophages).

Liver tissue from all examined fish showed a high
prevalence of nuclear pyknosis (>70%) and vacuolar
fatty degeneration (>60%). A high prevalence of
necrosis (90%) was found in fish liver of station 1,
while a medium one was observed in those from sites
2 and 3 (50 and 40%, respectively) and the lowest in
station 4 (25%).

The area occupied with necrotic foci was signif-
icantly higher in fish livers from station 1 (Fig. 5).
Besides, the occurrence of an important inflammatory

Station 1 Station 2 Station 3 Station 4
SLL 92.61 £ 10.17° 134.43 + 13.91° 163.58 & 12.11° 215.20 + 16.90°
SLW 13.82 4+ 0.44* 16.82 + 0.60° 17.18 £+ 0.79° 17.97 + 1.43°
ID 22.02 + 1.65 21.79 4+ 2.42 20.94 + 1.48 21.27 + 1.11
BET 77.25 + 7.14 51.98 + 6.33 56.04 + 8.55 55.04 &+ 8.77
PAGE 53.71 + 4.75 70.88 + 4.08° 75.17 & 3.04° 79.70 £ 2.92°

Secondary lamellar length (SLL, micrometer) and width (SLW, micrometer), interlamellar distance (ID, micrometer), basal
epithelium thickness (BET, micrometer), and proportion of the secondary lamellae available for gas exchange (PAGE, %) of P.
lineatus from the four sampling stations on the Salado River basin. The values are expressed as mean £ SE. Different letters indicate

significant differences among stations (P < 0.05)
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Fig. 2 Cross-sections of gills of P. lineatus from the Salado
River basin. a Normal gill structure showing primary and
secondary lamellae without lesions; b hyperplasia of the
epithelial cells, showing total (arrow) and partial fusion (arrow

head) of gill lamellae; shortening of secondary lamellae is also
showed; ¢ hypertrophy of mucous cells (arrows); d epithelial
lifting; e lamellar aneurysm (arrows)
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Fig. 3 Total and categorical (circulatory, regressive, progressive) gill pathological indices (mean + SE) of P. lineatus from the four

sampling stations on the Salado River basin

response (leukocyte infiltration) was also observed in
90% of fish liver in this station. MMCs, normally
present in fish liver, occupied larger areas in fish from
sites 1, 2 and 3 than in site 4 (Fig. 5). On the other
hand, fibrosis was evident in a few individuals from
stations 1, 2 and 3 (prevalence of 10-40%), but it was
not detected in liver of fish from the reference station.
No significant differences of the calculated indices
among sites were found in liver (Fig. 6).

Discussion

It is well known that biomarkers in fish may reflect
the integrated effects of all impacts on water body,
and can be used to compare relative changes in water
quality from site to site, or over a time period
(Friedrich et al. 1992). In the present study, histo-
logical biomarkers have been used to assess the
health state of Prochilodus lineatus inhabiting the
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Fig. 4 Cross-sections of the liver of P. lineatus from the
Salado River basin. a Normal hepatic tissue; b MMCs (black
arrow) and some pycnotic nuclei (white arrows); ¢ leukocyte

4
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0 ]
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Fig. 5 Percentage of liver area occupied by necrosis, fibrosis
and melano-macrophage centers in Prochilodus lineatus from
the four sampling stations on the Salado River basin. Asterisk
indicates significant differences among stations (P < 0.05)

Salado River basin, which could reflect environmen-
tal conditions of the four sampling stations.

This river is characterized by hard waters, with
high conductivity and suspended material. In addi-
tion, heavy metals (Cu, Cd, Cr, Pb) in water and
sediments have been reported in areas next to
Esperanza (station 2) and San Justo (station 3) (Gallo
et al. 2006; Gagneten et al. 2007; Marchese et al.
2008). In a previous work, Cazenave et al. (2009)
reported that most of physical and chemical
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infiltration (arrow); d vacuolar fatty degeneration (arrows);
e necrosis area (arrow); f fibrosis (arrow)

parameters measured were within normal ranges
reported for freshwater systems throughout the stud-
ied basin. However, parameters such as conductivity,
sulfates, turbidity and dissolved solids showed values
not optimal for aquatic life preservation. Besides,
water samples at stations 1-3 showed also higher
ammonia concentrations.

On the other hand, water quality of the Salado
River basin was assessed using a set of biomarkers in
P. lineatus, which included hematological and bio-
chemical parameters, as well as detoxication and
oxidative stress markers (Cazenave et al. 2009).
Based on the biomarker responses, which were
related to functions such as metabolism (glucose,
total protein), defense (white blood cells, antioxidant
enzymes) and detoxification (glutathione S-transfer-
ase) as well as evident oxidative damage (lipid
peroxidation) in both gill and liver, it was possible to
establish that fish at site 1 were living under stress. It
was also evident that the health status of fish
inhabiting stations 2 and 3 was rather different
(worse) than that corresponding to station 4.

In line with these findings, our current results
indicate that fish inhabiting the Salado River basin,
mainly station 1 fish, can be negatively affected at
tissue level by pollution.
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Fig. 6 Total and categorical (circulatory, regressive, inflammatory) liver pathological indices (mean + SE) of P. lineatus from the

four sampling stations on the Salado River basin

The morphometric analysis of the gills showed a
significant shortening of secondary lamellae in fish
from stations 1, 2 and 3, in comparison with fish gills
from the reference site (station 4). In addition, station
1 fish also showed a decreased gill surface area
(PAGE, 26% reduction compared to the reference
station) (Table 1), which would inevitably impair the
normal physiological functions. Similar findings were
observed in fish exposed to oil sands, naphthenic
acids and endosulfan (Nero et al. 2006a, b; Ballest-
eros et al. 2007).

Moreover, a higher prevalence of lamellar disor-
ganization, hyperplasia and lamellar fusion was
observed in gills of stations 1, 2 and 3 fish, than in
those from station 4. There were some cases where
the hyperplasia was more severe, resulting in the
complete fusion of some secondary lamellae
(Fig. 2b). This response has been frequently observed
in field studies (Evans et al. 2000; Cerqueira and
Fernandes 2002; Triebskorn et al. 2002; Moissenko
et al. 2005; Camargo and Martinez 2007) and after
exposure to different toxicants (Guimardes et al.
2006; Mishra and Mohanty 2008; Alvarez-Muiioz
et al. 2009; Korkmaz et al. 2009). Despite an
uncontrolled hyperplasia of the gill lamellae and
filaments increases the diffusion distance between the
respiratory blood and waterborne xenobiotics, it also
increases the respiratory blood—dissolved oxygen
distance for gaseous exchange due to the decreased
surface area of the secondary lamellae (Banerjee
2007). Therefore, these defense responses can take
place in detriment of the respiratory efficiency, which

eventually will outweigh any protective effect against
the uptake of pollutants (Cengiz 2006).

The observed gill histopathological changes in fish
from the Salado River basin are, in general, respon-
sive but non-specific to pollutant exposure. The
literature indicates that a variety of toxicants (orga-
nochlorates, polycyclic aromatic hydrocarbons, orga-
nophosphate compounds, carbamates, miscellaneous
herbicides, acidification, nitrogenous compounds and
heavy metal salts) in the aquatic environment can
affect gill structure and function (Metcalfe 1998;
Wood 2001; Elahee and Bhagwant 2007; Sensini
et al. 2008). Gill pathologies can result in the
suppression or inhibition of physiological function,
irrespective of whether the pathologies are caused by
chemical, physical or secondary parasitic irritation
(Schlacher et al. 2007). So, respiratory, osmoregula-
tory and excretory impairments are possible conse-
quences, particularly if the reaction is diffuse,
affecting the entire gill (Ferguson 1989).

On the other hand, the main hepatic lesions
observed in the present study were nuclear pyknosis,
fatty degeneration, leukocyte infiltration, necrosis and
fibrosis. Some of these pathologies were mainly
observed in stations 1, 2 and 3 fish livers. Particu-
larly, a high incidence of necrosis (estimated by both
prevalence and occupied area) was observed in fish
from station 1. The incidence of necrosis in the liver
is generally typical in multiple-contaminant expo-
sure, as described by other researchers in this field
(Evans et al. 2000; Oliveira Ribeiro et al. 2002; Au
2004; Moissenko et al. 2005; Miranda et al. 2008;
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Korkmaz et al. 2009; Costa et al. 2011). According to
some authors, the occurrence of necrosis is strongly
associated with oxidative stress (Li et al. 2000; Avci
et al. 2005) and is also a consequence of enzymatic
inhibition, damages in the cellular membrane integ-
rity and disturbances in the synthesis of proteins and
carbohydrate metabolism (Mela et al. 2007). In line
with these studies, Cazenave et al. (2009) reported a
significant induction of hepatic oxidative stress
markers as well as high levels of plasmatic protein
and glucose mainly in P. lineatus from station 1,
which could be associated with the high incidence of
necrosis and a hepatic metabolic disorder, respec-
tively. Additionally, a significant higher white blood
cell count in P. lineatus from site 1 was reported
(Cazenave et al. 2009), which may be attributed to an
increased leukocyte mobilization to protect the body
against infection in necrotic tissues.

In some areas, damaged tissue was accompanied
by leukocyte infiltration and proliferation of connec-
tive tissue (fibrosis). Similar findings have been
reported in field and laboratory studies (Takashima
and Hibiya 1995; Moissenko et al. 2005; Rios et al.
2007; Miranda et al. 2008).

Furthermore, fish livers from stations 1, 2 and 3
showed an increased area occupied with MMCs. A
higher presence of MMCs, as observed in the livers
of fishes in other studies (Pacheco and Santos 2002;
Camargo and Martinez 2007; Rios et al. 2007; Costa
et al. 2011), is generally related to important hepatic
lesion, such as degenerative and necrotic processes.
The function of the MMCs in the liver of fishes
remains uncertain, but some studies have suggested
that it is related to destruction, detoxification or
recycling of endogenous and exogenous compounds
(Haaparanta et al. 1996).

Since liver is the primary organ for metabolism,
detoxification of xenobiotics and excretion of harmful
substances, unfavorable consequences to liver phys-
iology may be expected in fish from the sampling
stations.

It should be emphasized that all the histopatholo-
gical lesions observed in gill and liver of P. lineatus are
responsive to a variety of stressors (at least more than
one) and are therefore only indicative of the general
quality of the environment rather than specific types of
pollutants (Au 2004). In biomonitoring programs,
the integrated analysis of both histopathological and
biochemical endpoints facilitate the observation of the
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physiological response in individuals, thereby estab-
lishing a more realistic diagnosis for evaluating
environmental health (Akaishi et al. 2004; Ayas
et al. 2007). Histopathological analyses of liver and
gills of P. lineatus corroborate with the previous
findings on biochemical markers (Cazenave et al.
2009), which revealed differences in the health state of
fish among stations with clear signs of stress and
pathology. According to both previous and present
results, P. lineatus inhabiting station 1 may be clearly
unhealthy. So, both histopathological and biochemical
markers in P. lineatus should indicate that station 1 of
Salado River shows the worse environmental condi-
tions for fish health, while stations 2 and 3 are rather
worse than the corresponding reference site (station 4).
Thus, the use of biochemical markers together with
histological parameters is a very realistic approach that
was successfully applied in the Salado River basin for
environmental monitoring.
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