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HIGHLIGHTS

e Hepatic changes in catfish bioindicator were effectiveness to indicate the ecosystem health.

¢ Human risk to resident fish population must monitored.

Abstract: The Cananéia-lguape Estuarine-Lagoon Complex (CIELC) is an area of low anthropogenic impact;
however, it is not completely isolated from human pressure, particularly in the northern sector. Considering
this scenario, this study aims to identify the health of two catfish species Cathorops spixii and Genidens
Genidens taking into account the hepatic pathological analysis and the accumulation of iron in the form of
hemosiderin considering a temporal approach. Biometric measurements were taken, and the condition factor
was obtained. The main liver alterations found in the two catfish species were necrosis, inflammation,
hemorrhage, cytoplasmatic vacuolization, and pyknosis nuclei. Necrosis (2014: 57%; 2017: 71 %; and 2018:
20%) and pyknosis nuclei (2014: 86%; 2017: 43%; and 2018: 40%) was the most frequent alteration.
However, cytoplasmatic vacuolization was the only change that was statistically significant over time.
Regarding hemosiderin, catfish livers mostly presented a minimum degree of accumulation, which represents
healthy results. Finally, histopathological observations in C. spixii and G. genidens catfish tissues are
confirmed to be an efficient tool to evaluate the health of these fish and the changes induced by environmental
conditions over the years. However, the absence of significant differences on the histopathological changes
over time can suggest a physiological equilibrium of these fish in the CIELC.

Keywords: Biomarker; Cathorops spixii; Genidens genidens; Biomonitoring; Cananéia.

INTRODUCTION

Estuaries are considered aquatic ecosystems in transition between freshwater and marine environments,
and they are characterized by great productivity and a diversity of species, as estuaries provide a high
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availability of nutrients, sunlight, and protection in addition to the heterogeneity of the habitat, which allows
the growth of numerous organisms. However, these environments are subject to different pressures from
human activities due to the growth of industrial, agricultural, and urban activities. The CIELC is an area
considered to be under low anthropogenic action, even though it is in the midst of regions of intense
environmental impact. In the northern area, there are already signs of impacts related to anthropogenic
activities and metal input [1, 2].

Estuarine regions are very heterogeneous environments covering a wide range of environmental
variables. The Cananéia-lguape Estuarine-Lagoon Complex (CIELC) is an area with low anthropogenic
influence; however, it is not completely isolated from human pressure, particularly in the northern sector. This
region is part of UNESCO’s Atlantic Forest reserve and was recently included in the Ramsar list of wetlands
that offer an international incentive for conservation and research initiatives (https://rsis.ramsar.org/ris/2310).
The CIELC is located between areas in which there is great risk of human impact. In the northern sector, this
is due to exposure to Ribeira de Iguape River valley activities, and in the southern sector, this is due to ship
movement in Paranagua Bay, which acts on the hydrological system. In the northern sector of the estuary,
some impacts have already been observed at higher altitudes such as silting, deforestation, and erosion of
the area due to agricultural activities related to the cultivation of tea and banana crops. The influence of the
urban centers of Iguape and Ilha Comprida, located in the lower valley of the Ribeira de Iguape River, is also
present in this area [1]. There is a long history of mining activities being conducted in the estuary; this has
contributed to the presence of lead in the water, which occurs in concentrations above those permitted by
the provisional sediment quality guidelines (ISQG) [2].

Histopathological data have been used in biomonitoring studies of the aquatic environment, and a higher
incidence of tissue changes is found in fish from areas with high anthropogenic influence [3, 4, 5]. Tissue
changes are the organism’s response to external stressors, and these changes, which can occur in several
organs, can be used to detect external stressors’ effects; livers are highly represented in the analysis of
histological lesions [6, 7]. Tissue changes may represent responses to chemical contaminants present in the
aguatic compartment, among which polycyclic aromatic hydrocarbons (PAHSs), polychlorinated biphenyls
(PCBs), dichloro-diphenyl-trichloroethane (DDT), dieldrin, and chlordane normally come from industrial
activities, harbors, agricultural activities, urban centers, and sewage discharges, all of which contribute to
water contamination [6]. In addition to these substances, trace metals such as lead, copper, and cadmium
are also promoting histopathological changes; they can bioaccumulate in the tissues of aguatic animals and
induce changes in metabolic functions [7, 8].

The fish of the Ariidae family, namely Cathorops spixii (C. spixii) and Genidens genidens (G. genidens),
have been used as bioindicators of contamination in several studies in recent years [2, 6, 9, 10, 11, 12]. The
works involving these fish conduct analyses of biochemical biomarkers; tissue lesions in different tissues,
such as gills and livers [6]; genotoxicity biomarkers [3]; and bioaccumulation of metals in the muscles [13].
The anomalies normally occur in anthropized environments close to urban centers and industrial activities,
and contamination at different levels takes the form, in general, of substances from pesticides, fertilizers [6],
minerals, and oil products [13]. Studies demonstrate that the use of these fish as bioindicator species has
been effective in quantitative and qualitative analyses; thus, these fish are appropriate bioindicators of
environmental quality [3, 4, 9, 12, 13]. C. spixii (Agassiz 1829) and G. genidens (Valenciennes 1839) show
a wide distribution on the Brazilian coast in places such as estuaries and estuarine lagoons, usually occurring
in bays with a biogenic bottom and low depths [14, 15]. They have a feeding habitat in the benthic zone and
can be found in shallow waters with muddy or sandy bottoms [14, 16, 17, 18].

Considering the importance of the CIELC as a Ramsar site, this is, a priority area for conservation, the
goal of this study is to identify and categorize the histopathological changes in livers of the bioindicators
estuarine catfish C. spixii and G. genidens (Siluriformes, Ariidae) as primary and secondary responses to
human influence in this aquatic system and its effect on the native biota. The pathological alterations in the
hepatic tissues of the catfishes will be analyses over time. In addition, metabolic responses with respect to
process of iron accumulation, as hemosiderin, will be also evaluated in the bioindicators catfishes.

MATERIAL AND METHODS

Sampling sites, fish collection, and biometric data

This study was carried out within the scope of the environmental monitoring and diagnosis research
project entitled “Impact of xenobiotics on the estuarine teleost metabolism”, which has been carried out since
2004 with bioindicator catfish in the CIELC [4, 8, 9, 11, 12, 19, 20, 21, 22]. 135 C. spixii and 50 G. genidens
specimens were collected in August (winter period) of 2014 (C. spixii — n = 43; G. genidens — n = 22), 2017
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(C. spixii —n = 41; G. genidens — n = 7), and 2018 (C. spixii — n = 51; G. genidens — n = 21) in the CIELC
(Figure 1) and analyzed regarding pathological changes in the hepatic tissue of the fish. The sampling sites
were properly georeferenced using a GPS device (vessel).
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Figure 1. Map of the Cananéia-lguape Estuarine-Lagoon Complex (CIELC), indicating the sites where the fish were
collected in the northern and southern areas.

Site 1 represents an area with a greater maritime influence, while Site 2 represents the innermost area
of the estuary. The salinity of the water decreases towards the interior of the complex, reaching its lowest
value at the mouth of the Valo Grande channel and its highest value in Cananéia [1]. Regarding mud
distribution in the CIELC, was observed points to higher granulometry in the northern region of the estuary
near the urban centers of Iguape, in the Mar Pequeno, while in the Cananéia region, the sludge is of low and
medium character, and thus characteristic of the sandy sediment in this region [1, 2]. There are higher levels
of metals such as copper, zinc, and lead in the region around the urban center of Iguape, and low levels in
the southern region of the estuary [2]. The pH in the CIELC presents a decreasing gradient towards the
interior of the estuary: it is higher at Site 1, which has a greater maritime influence, and lower at Site 2, which
is located further inside the estuarine complex [19]. The levels of organic matter and dissolved oxygen in the
water show low variation along the estuary [23]. The predominant species of fish observed in the region is C.
spixii followed by the species Stellifer rastrifer, Notarius luniscutis, Chloroscombrus chrysurus, Isopisthus
parvipinnis, Cynoscion leiarchus, and Symphurus tesselatus [24, 25]. Regarding the Ariidae family, the main
species present at the site are Cathorops spixii, Netuma barba, Genidens genidens, Sciadeichthys luniscutis,
Bagre marinus, Bagre bagre, and Notarius grandicassis [24, 26].

The fish were collected on board the research boat Albacora of the Oceanographic Institute of Sdo Paulo
University using a bottom otter trawl (1.6” mesh wall, 1.2” mesh cod end, and 11 m length) in sampling periods
lasting 10 minutes each, and trawling at a mean depth of 6 m at 3 mph. Catfish were separated from the
other fish, and immediately taken to the laboratory so that biometric data could be taken (total length=TL,
total weight=TW, and body weight=BW) and for dissection, so that the livers and gills could be extracted and
fixed for histopathological procedures. Using the biometric data, the isometric condition factor (CFiso) was
calculated using the expression CFis,.=TW)/TL3*100 [26]. In the laboratory, the catfish were identified [14, 27],
considering the main characteristics of the occipital process of the cranium and dentition. Since the catfish
use all estuary along their lifetime [28, 29], G. genidens and C. spixii collected in sites 1 and 2 were grouped
e analyzed with respect effects on the estuarine system.

All collected and analyzed C. spixii and G. genidens specimens were authorized by ICMBIio (Instituto
Chico Mendes de Conservagao da Biodiversidade [Sisbio processes n® 20398-1; 63087-1]) following the
recommendations of the Animal Ethics Committee of the Federal University of S&o Paulo (CEUA-Unifesp, n°
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2438280618). The voucher specimens MZUSP-48529 and MZUSP-49319 are deposited in the ichthyological
collection of the Museu de Zoologia da USP.

Histological procedures

Liver samples were processed and stained for routine histology. Still in the field, immediately after fish
sampling and dissection, the obtained liver sections were preserved in ALFAC fixative solution (80% ethanol,
37-40% formaldehyde, and glacial acetic acid) for 16 h and stored in 70% ethanol for future procedures in
the laboratory. They were dehydrated in a graded series of ethanol baths, embedded in Paraplast-Plus resin
(Sigma®), and two slides with five-micrometer-thick sections were obtained.

For general histological examinations, one slide of each fish was stained with Harris Hematoxylin-Eosin.
For hemosiderin analysis, the duplicate slide was stained with Perls (Prussian blue). Subsets of slides were
scored independently to check for observer bias. The slides were also processed in batches containing
controls and treatments to eliminate staining artefacts. All qualitative and semi-quantitative analyses were
made under an optical microscope (200x and 400x magnification) and photographs were taken using
ZEN2011 software in the Zeiss-Axiophot photomicroscope.

The hepatic lesion index was calculated considering the importance and extension of the observed
pathologies [6]. For the diagnosis of histopathological lesions, four grades of lesions were established: no
anomaly detected (0), minimal (1), moderate (2), and marked pathological importance (3), which indicated
that more than 75% of the tissue was taken over by the injury. Besides the lesion’s extent, three levels of
pathological importance (importance factor) were considered: minimum (1), moderate (2), and great
pathological importance (3). Based on the scores, median values were calculated per sampling site following

the expression:
Iorg = Zprz alt (a X w)

where log = organ lesion index; pr = reaction pattern; alt = change; a = change score; and w = importance
factor.

The semi-quantitative analysis of hemosiderin in the liver tissues was conducted by viewing the degree
of blue color extension in relation to total hepatic tissue area as an indication of the iron distribution within it.
This varied from 0 to 3: not detected (0); minimum, up to 25% of the tissue (1); moderate, between 25 and
75% (2); and larger extension deposition, greater than 75% (3). Each tissue was analyzed for the entire
length of the permanent slide.

To avoid false positive histological data and, therefore, to ensure the reliability of the analysis considering
the different steps taken in the procedures to obtain the permanent slides, only samples without artifacts were
used. Thus, slides with artifacts that would compromise the results were discarded.

Statistical analysis

Biometric data and the isometric condition factor (CFis) are expressed in mean values and standard
deviation. The normality of the data was checked using the Shapiro-Wilk test. Since no normal distribution
was observed, nonparametric analysis of variance (ANOVA) was applied. Therefore, the Kruskal-Wallis test
with Dunn’s multiple comparisons was used to check differences concerning the biometric data and CFis
between years and catfish species.

Concerning the histopathological confidence, all observations of the permanent slides were analyzed
three times, with a minimum interval of 30 days each. From these results, the error was calculated using the

formula:
fo—io
E= ( , ) % 100
Lo

where E = error calculation; io = initial observation; and fo = final observation. Considering the proposed
formula, only results with an error of less than 20% were used in the analyses.

The liver and gill pathology and hemosiderin data are shown in occurrence tables for each, regarding
catfish species and year. The statistical differences were tested using the Chi-square (x?) and Mann-Whitney
test using Sigma plot 12.0 and Past 4.02 software. The confidence interval used for all tests was 95% (p <
0.05).
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RESULTS

The 2014, 2017, and 2018 samples revealed the distinct environmental properties in the northern
(Iguape) and southern (Cananéia) sections of the CIELC, with intermediate conditions present in the center
of the system. The northern section presented the lowest values of salinity (0 — 15.6), while the southern
section presented the highest values of salinity (22.5 — 30.6); this is due to freshwater input from the Ribeira
de Iguape River and the more expressive seawater movement resulting from the tides, respectively. There
were no significant differences between the TL and TW measures in individual C. spixii catfish from 2014 and
2017. The smallest and lightest individuals were sampled in 2014 (TL =17 £ 4 cm; TW =53 + 47 g) and 2017
(TL=18+ 4 cm; TW =68 £ 71 g), while the largest and heaviest individuals were sampled in 2018 (TL = 28
+ 8 cm; TW = 259 + 181 g), showing a statistically significant difference between the other years (p < 0.001).
Regarding the CF of the C. spixii individuals, 2017 was the only year with a significant difference (p < 0.001);
that is, a higher value than the other years (CFz014= 0.86 £ 0.11; CF2017 = 1.01 £ 0.24; CF2015= 0.92 + 0.16)
(Table 1). With respect to G. genidens, the TL of these individuals was significantly different in all the years
(p < 0.001), with the smallest individuals found in 2017 (TL = 13 £ 1 cm), followed by individuals from 2014
(TL =17 + 2 cm). The largest individuals were found in 2018 (TL = 23 + 4 cm). Regarding weight, there was
no significant difference between the years 2014 (TW =37 £ 13 g) and 2017 (TW = 20 £ 6 g), while individuals
with the highest weights (TW= 110 + 62 g) were caught in 2018, showing a significant difference between
the years (p < 0.001). Regarding the CFis, of G. genidens, there was only a statistically significant difference
between the years 2014 and 2017 (p < 0.001); that is, a greater value in 2017 (CF2014= 0.76 + 0.05; CF2017=
0.87 + 0.08; CF2013= 0.80 + 0.09) (Table 1). Regarding the areas, no statistically significant difference was
observed for both C. spixii and G. genidens (p>0.05).

Table 1. Biometric data (mean + standard deviation) of the two catfish species (Cathorops spixii and Genidens
genidens) in the Cananéia-lguape Estuarine-Lagoon Complex (CIELC).

Species Year TL (cm) TW (9) CFiso
2014 17 £+ 42 54 + 472 0.86 + 0.11°
C. spixii 2017 18 + 42 68 + 712 1.01 £ 0.24¢
2018 28 £ 8P 259 + 18P 0.92 + 0.16°¢
2014 17 £ 22 37+132 0.76 £ 0.052
G. genidens 2017 13+ 1b 20 + 62 0.87 + 0.08°
2018 23 + 4¢ 110 + 6P 0.80 + 0.092
Species Sector TL (cm) TW (9) CFiso
C. spixii Northern 17 £ 62 65 + 832 0.84 £ 0.12b
Southern 23 + 8 58 + 1652 0.96 + 0.19b¢c
G. genidens Northern 19 + 52 65 + 562 0.79 + 0.08?

(TL) Total length; (TW) total weight; (CFiso) isometric condition factor. Different letters indicate statistically significant
differences with respect to the same biological parameter (ANOVA, Kruskal-Wallis, p < 0.05). *Considering the sampling
periods, no G. genidens were found in the southern sector.

With respect to histological assay and validation, the error of the observations was obtained, as this
study is a qualitative and semi-quantitative analysis. The mean error between the analyses performed for the
liver and gill tissues was 18% and 19%, respectively. Regarding the hemosiderin analyses, the error between
the analyses was 15%. This value was lower than that proposed in the methodology (20%) to ensure that the
subjective nature of the analyses did not impact the data obtained.

The main histopathological changes observed in liver of the ariids are shown in Figure 2. The most
frequent pathological changes found in the livers of C. spixii (n = 93) and G. genidens (n = 26) were necrosis
(C. spixii: 57%; G. genidens: 54%), inflammation (C. spixii: 12%; G. genidens: 31%), hemorrhage (C. spixii:
8%; G. genidens: 4%), cytoplasmatic vacuolization (C. spixii: 18%; G. genidens: 15%), and pyknosis nuclei
(C. spixii: 3%; G. genidens: 65%). The data on the occurrence of the main liver changes observed in C. spixii
and G. genidens can be seen in Table 2.

For the three years in which this species was collected, necrosis had the highest occurrence (2014: 67%;
2017: 53%; and 2018: 54%). There was a statistically significant difference in the presence of hemorrhage
between the three years (x?= 6.645; p = 0.036); the greatest values were in fish collected in 2014 (19%). The
change in the cytoplasmatic vacuolization type was also statistically significant (x2= 14.783; p = 0.001); this
increased over the years and reached its highest value in 2018 (42%). Changes such as necrosis,
inflammation, and the presence of pyknosis nuclei did not show statistically significant differences between
the years of collection. The data on the occurrence of the main liver changes observed in G. genidens can
be seen in Table 2. Regarding this species, for the three years of collection, the most frequent changes were
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necrosis (2014: 57%; 2017: 71 %; and 2018: 20%) and pyknosis nuclei (2014: 86%; 2017: 43%; and 2018:
40%). Changes in the type of hemorrhage were only detected in 2018 (20%), and there was no statistically
significant difference between the three years. The change in inflammation was not statistically significant
between the years (2014: 36%; 2017: 43%; and 2018: 0%). Finally, cytoplasmatic vacuolization was the only
change that was statistically significant between the three years of collection (x?=9,649; p=0.008); the highest
values were recorded in fish from 2018 (60%).

Table 2. Occurrence (%) of the main liver changes observed in Cathorops spixii and Genidens genidens in the
Cananéia-lguape Estuarine-Lagoon Complex (CIELC).

Species Year Necrosis Inflammation Hemorrhage Vacuolization Pyknosis nuclei
2014 672 15b 190 4d 4d
- 2017 53 8¢ 3¢ 13¢ 5d
C. spixi 2018 54ab 15b 4e 420 0
2014 572 362 0 7d 862
. 2017 712 432 0 0 43¢
G.genidens  5n18 20¢ 0 202 602 40°
Species Sector Necrosis  Inflammation Hemorrhage Vacuolization Pyknosis nuclei
C. spixii Northern  502b 20 253 0 0
- SP Southern 632 220 302 0 3¢
G. genidens Northern  54ab 502 232 0 62P

To the same pathology, different letters indicate statistical differences (Chi-square, p <0.05). *Considering the sampling
periods, no G. genidens were found in the southern sector.
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Figure 2. Cross section of the liver tissue of Cathorops spixii and Genidens genidens collected in the CIELC. Normal liver area (a) and hepatic histopathological
changes (b-d), besides hemosiderin grades (e: undetected; f: minimum; g: moderate, h: large). vacuolization (A); pyknosis nuclei (=#); necrotic area ();
melanomacrophage ((C});inflammatory cell infiltrate (/_}); and blood vessel with hemorrhagic (=). 200x magnification.

Brazilian Archives of Biology and Technology. Vol.67: 24230134, 2024 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Coelho Goes, V.; et al. 8

Based on the identification of the most significant changes in the liver tissue of C. spixii and G. genidens
catfish, the injury index was calculated according to Bernet and coauthors (1999) [6]. In general, the liver
injury index for C. spixii remained the same among the sample years (ILver 2014: n = 27, Mdn = 3, Q4= 0,
Q3/4: 4; ILiver 2017: n = 40, Mdn = 3, Q1/4= O, Q3/4= 3.7; ILiver 2018: n = 26, Mdn = 3, Q1/4= 0.7, Q3/4= 4), with
a median of 3 and no statistically significant temporal differences (Kruskal-Wallis H = 1.683; p = 0.431). In
turn, for G. genidens catfish, higher injury index values were observed for fish collected in 2014 (lpiver 2014:
n =14, X = 71 + 3.79), with a reduction for the years of 2017 and 2018 (lLiver 2017: n = 7, X= 4.14 + 0.9; lLiver
2018: n = 5, X = 3.60 * 4.50). The liver injury index for the species G. genidens for 2014 was the only one
that showed a statistically significant difference in relation to the other years of collection (ANOVA p = 0.033;
Duncan’s method p < 0.05) (Figure 3).

Cathorops spixii Genidens genidens
20 A) 20+ (B)
n=14
154 154
. T
- 5
o =
2 . — . =45
= 10 . — 10 n=>3
n=27 n=26
n=40 n=17
5 T S -
0 — 0
2014 2017 2018 2014 2017 2018

Figure 3. Boxplot indicating the values of the liver injury index in C. spixii (A) and G. genidens (B). The data are
presented in boxes with limits that indicate the first and third quartiles; the inner line marks the median value; the
mustache strands above and below indicate the upper and lower limits; outliers are shown as black dots; n = sample
number.

Regarding the liver injury index among the fish species collected in the CIELC, without considering the
temporal variation, the species C. spixii (n = 93, Mdn = 3, Qu2= 0, Qs = 4) showed lower values compared
to the species G. genidens (n = 26, Mdn = 5.5, Qus = 3.7, Qzz = 9). There were statistically significant
differences in relation to the rate of liver injury between catfish species (Mann-Whitney T= 2246; p < 0.001).
Despite the low sample number, G. genidens from the northern area of the CIELC shown more hepatic
damage than C. spixii from both northern and southern sector (Figure 4). However, statistically significant
differences were no found (p>0.05).
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Figure 4. Boxplot of the liver injury index in C. spixii and G. genidens collected in the northern and southern areas of
the CIELC. The data are presented in boxes with limits that indicate the first and third quartiles; the inner line marks the
median value; the mustache strands above and below indicate the upper and lower limits; outliers are shown as black
dots.

A semi-quantitative analysis of the hemosiderin accumulation in the liver tissues of C. spixii and G.
genidens fish was performed using the samples submitted to Perls staining. The hemosiderin observed in
the livers of C. spixii and G. genidens indicates the four levels of hemosiderin analyzed in the tissue; these
range from O (undetected) to grade 3 (large extent, with the presence of hemosiderin in more than 75% of
the tissue).

Regarding the hemosiderin analyses (Table 3), C. spixii from 2017 showed more minimum (43%) and
moderate (40%) hemosiderosis. However. C. fish collected in 2018 had less hemosiderosis (minimum grade
= 64%). The same profile was observed to G. genidens, since catfish caught in both 2017 and 2018 had a
major occurrence of minimum hemosiderosis (2017 = 57%, and 2018 = 50%). No statistically significant
differences between the years were found (C. spixii - Mann-Whitney T = 1264; p = 0.162; G. genidens -
Mann-Whitney T = 51.50; p = 0.181).

Table 3. Occurrence (%) of hemosiderin grade in the liver tissue of Cathorops spixii and Genidens genidens catfish
species in the Cananéia-lguape Estuarine-Lagoon Complex (CIELC).

year 0 (undetected) 1 (minimum) 2 (moderate) 3 (large)
C. spixii 2017 5 43 40 13
2018 3 64 25 8
G. genidens 2017 29 57 0 14
2018 0 50 33 17
DISCUSSION

Biomonitoring studies of the aquatic environment are useful for assessing environmental quality; such
studies implement strategies that use biological parameters to obtain environmental information. The CF is
a practical quantitative measure of fish welfare that reveals recent feeding conditions; the results suggest
that in 2017 environmental feeding conditions were better utilized by the catfish species [26]. In the years
2014 and 2017, C. spixii fish did not show differences in their biometric parameters; however, when analyzing
the CF, it was noted that in the year 2017 the value was higher. In 2018, although C. spixii fish obtained
higher biometric values compared to previous years, the CF was lower, which indicates the lower availability
of resources or less use of the environment by these fish. The CF for G. genidens also increased in 2017,
but the biometric values of these fish decreased in that year and increased in 2018, when they reached the
highest value. For both species of fish, the year 2017 promoted greater well-being (CF), indicating greater
use of environmental resources by these fish compared to other years. The values referring to the CF of all
the years in the present study were higher than that found by other authors studying fish of polluted estuarine
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region [30]. It is possible that the presence of contaminants at the site may have interfered with the biometric
factors; however, these CF values may be due to differences between the species examined in their study.

The investigation of histological changes is an effective tool that allows access to the health status of
fish, and it serves as an advance warning of the possible environmental risks these fish are subject to; thus,
histological changes can predict long-term adverse effects, allowing preventive measures to be taken before
the effects become irreversible [31]. Necrosis is a serious change taking the form of an irreversible lesion
that can be caused by several abiotic factors in addition to the presence of chemical, pesticide, and metal
contaminants in the water [5]. The data from the present study suggests that the high prevalence of this
lesion (60%) in C. spixii and G. genidens fish is like that found in places with great environmental impacts [4,
30, 32]. The occurrence of necrosis in C. spixii fish in the present study did not vary between years, fluctuating
at rates of around 60% in the analyzed fish. Azevedo and coauthors [4] obtained similar results for the
occurrence of necrosis as the results of the present work: the authors used C. spixii fish to assess the
influence of anthropogenic activities in Santos (SP), Brazil, a region in which port, industrial, and tourism
activities take place; it is also home to urban centers that contribute to the entry of contaminants into the site.
The data suggesting the occurrence of necrosis in the fish in the present study could be explained by
exposure to contaminants in the CIELC aquatic compartment; for example, the levels of metals such as lead
- which occurs in concentrations of approximately 80 mg Kg* in the northernmost regions - in the sediment
of the estuary [2]. However, the distribution of trace metals in sediments is not homogeneous: the distribution
is greater in the northern sector of the CIELC due to the historical presence of mining in the highlands of the
Ribeira de Iguape River valley, but it does not reach toxic levels [33].

Inflammation, besides representing a bodily defense mechanism, can also be associated with necrosis,
since phagocytes remove dead cells from tissue. This may explain the occurrence of inflammation in G.
genidens fish, whose values for inflammation were slightly below those for the occurrence of necrosis.
However, the same is not the case with C. spixii fish, whose inflammation prevalence values were far below
those for necrosis. Hemorrhage, on the other hand, is a lesion that is usually associated with necrosis, as the
extravasation of red blood cells can occur near blood vessels. The highest occurrence of hemorrhage found
for C. spixii fish was in 2014 (19%); however, the values found for both species in this study were low
compared to those in a study by Katsumiti and coauthors [3], in which the authors collected C. spixii catfish
after the accident involving the Vicufa oil tanker in Paranagua Bay (PR), Brazil, in 2004. This suggests that
the high rates of hemorrhage in their study were the result of the area being contaminated with pollutants
after the accident.

There were high values for the occurrence of cytoplasmic vacuolization in both species in 2018 (C. spixii:
42%; G.genidens: 60%). These values are like those found by other authors that investigated the lesions in
the livers of Labrisomus philippii fish collected in the Bay of S&o Jorge, Chile, a place characterized by high
levels of trace metals and metalloids (copper, zinc, cadmium, and arsenic) from port activities and sewage
discharges [32]. However, similar values for the occurrence of cytoplasmic vacuolization were found in the
livers of C. spixii in the control group of the study carried out by Katsumiti and coauthors [3] in Paranagua
Bay (PR), Brazil. The CIELC is an area characterized by significant differences in salinity: the northern
regions are subject to great fluvial influence - with salinity between 0 and 5 ppm close to Site 2, while there
are regions with great maritime influence - with salinities reaching values of up to 35 ppm [1]. This great
variability in salinity can induce physiological stress in fish subject to these variations, causing imbalances
that may be related to the formation of cytoplasmic vacuoles in the liver [34]. Thus, the higher occurrence of
vacuolization in the livers of the fish in 2018 may be associated with the greater availability of contaminants
in the water in this particular year as well as with variations in homeostatic balance resulting from variations
in salinity. For C. spixii fish, the prevalence of this change increases over the years of collection.

The occurrence of pycnotic nuclei was considerably higher in G. genidens than in C. spixii. The
occurrence value of pyknosis found for C. spixii fish was lower than found when studying the same fish
collected in Santos (SP), Brazil, a location with great anthropogenic interference [4]. This anomaly may be
associated with an increase in the metabolic activity of fish cells upon exposure to stressors; however, it can
also be observed in the liver tissue of females during the reproductive period. This last explanation is
discarded since the fish were collected outside the reproductive period, which occurs between spring and
autumn [18].

The lesion index is configured as a quantitative approach to the histopathological changes observed
qualitatively; this allows for an understanding to be gained of the severity of the changes regarding their
pathological importance and dimensions within the analyzed tissue. The values found for the injury index in
C. spixii fish did not vary between the years of collection. These results were lower than those found in a
study carried out in Paranagué Bay (PR), Brazil, in which they used the same species of fish to assess the
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anthropogenic impact on this region [35], which is characterized mainly by port and industrial activities and
where urban waste represents a great source of water contamination. This value is also like the value found
in C. spixii fish in the Santos-S&o Vicente Estuary - more specifically, in Santos Bay - which is a location less
impacted by industrial activities but with intense marine hydrodynamic influence [4]. This suggests that the
CIELC fish were under more severe stress in 2014 because of anthropogenic pressures or natural
environmental stressors such as marine hydrodynamics. In subsequent years, the liver injury index values
for G. genidens fish were lower and similar to the levels found in C. spixii fish.

Without considering the temporal analysis, the lesion indexes of the two species show higher values for
G. genidens compared to C. spixii. In the northern sector of the CIELC, local sediments contain trace metals
such as zinc, copper, and lead due to local anthropogenic influences and the presence of urban centers [2].
Thus, the higher rate of injury found in G. genidens fish can be explained by the restriction of this species to
regions further north of the estuary, which have higher levels of contaminants in the water [2]. However, this
result should be interpreted carefully, because due to the low sample size of the G. genidens species (n =
26), this result may not reflect the true condition of the population in the CIELC.

Concerning the hemosiderin found in the livers of C. spixii and G. genidens, the minimum values for iron
distribution were found in 2017 and 2018; these values represent healthy results because hemosiderin, under
normal conditions, is found in small amounts in this organ. However, moderate occurrences were also found
in C. spixii fish in two years of collection (2017: 40%; 2018: 25%) and in G. genidens fish in 2018 (33%),
indicating that some fish showed a greater accumulation of hemosiderin in their livers, with no difference
between the years of collection. The accumulation of hemosiderin in the livers of fish may be related to the
occurrence of vacuolization in C. spixii fish in 2017 (13%) and 2018 (42%) and in G. genidens fish in 2018
(60%).

Histological changes in fish livers have been found in studies showing a strong relationship between the
presence of contaminants and the occurrence of pathologies [5, 36]. Therefore, the occurrence of serious
injuries such as necrosis - as found in catfish livers in the present study—may be related to the presence of
contaminants, xenobiotic metabolism, and the presence of trace metals such as zinc, copper, and lead in the
CIELC [4]. Both vacuolization and pycnotic nuclei can be the result of an increase in metabolic expenditure
resulting from an accentuated hydrodynamic process in the estuary, which is subject to a semi-diurnal tide
regime; thus, this increased stress may be due to natural environmental stressors such as variations in
salinity.

Catfishes from the CIELC show evidence of histopathological damage in their livers, and the examination
of this damage is an efficient tool by which to reveal the health of these animals. However, no significant
differences were observed concerning the temporal approach. The reversible changes observed in the livers
(i.e., vacuolization) of both catfishes’ species may be related to anthropogenic disturbances of the estuary,
such as salinity inputs or metals contents mainly in the norther area [2, 19, 33]. However, we reinforce the
importance of chemical analysis in catfishes from CIELC to corroborate it. Concerning hemosiderin, since it
was found at mostly minimal and moderate levels, its presence may be related to the occurrence of some
reversible lesions in the liver tissue.
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