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Abstract
Histopathologies are widely recognized as biomarkers of environmental pollution. In this sense, we evaluated the putative 
relationship of gill histopathologies and distinct ecological impacts in two regions of Todos os Santos Bay (BTS), Brazil, 
the largest bay in Northeastern Brazil, South Atlantic. We compared the presence and concentration of metals (Al, As, Ba, 
Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, V, and Zn) in water, sediments, and gills and gill histopathologies of a demersal fish 
(Diapterus rhombeus) and a benthic fish (Ogcocephalus vespertilio). As expected, fish and sediment samples from histori-
cally contaminated areas (Aratu) showed more remarkable traces of metals than apparently low-impact areas (Jaguaripe). 
Likewise, the DTC (degree of tissue change) index and the volume densities were higher in fish caught in Aratu. In addition, 
the Diapterus rhombeus species showed more potential than Ogcocephalus vespertilio for risk assessment as it showed more 
responses to the environment reflected on more histopathologies. These data support the effectiveness of incorporating func-
tional gill morphology to monitor impacts on estuarine biota that can be used as a reference to improve the management of 
ecosystems and prevent harm to human health.

Keywords  Estuarine pollution · Metal bioaccumulation · Functional fish gill morphology · Quantitatively gill analysis · 
Volume densities · Biomonitoring

Introduction

Water pollution in coastal areas is an actual global 
issue, especially in estuaries, recognized as biodiversity 
hotspots essential for spawning, growth, and feeding 
of many aquatic species [1–3]. Organic and metal 
pollutants reach the estuaries from distinct sources 

such as industry, mining, municipal wastewaters, port 
activities, and agriculture, making these areas more 
susceptible to effects of environmental contamination 
[4, 5]. Consequently, these contaminants can accumulate 
in sediments and marine biota, potentially impacting 
estuarine environments [6, 7]. Increasing concentrations 
of metals have caused the degradation of estuaries 
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worldwide, causing massive loss of habitat and mortality, 
affecting economic activities such as fishing and other 
ecological services and functions, and putting human 
health at risk [8–10]. Besides metal accumulation in 
marine organisms, they can also reach humans through 
biomagnification [11]. Although the analysis of metals 
in fishing resources is essential for risk assessment, 
evaluating their accumulation effects on biological 
systems is still necessary to infer the health of the 
local biota [5, 12]. Fish have been considered one of 
the most critical bioindicators for assessing trace metal 
pollution [13, 14]. Their gills have continuous contact 
with the environment exposing a large surface area and 
are sensitive to physical and chemical alterations of 
the aquatic medium, allowing many contaminants to 
accumulate in the tissue and cause histopathologies [5, 
11, 15].

Our study evaluated the impact of metals on fish 
gills in the Todos os Santos Bay (BTS), one of the 
largest estuaries in northeastern Brazil, highly affected 
by human activities [16]. The BTS plays a significant 
role in South Atlantic wildlife. Their aquatic resources 
are the primary source of protein and income to the 
region, inhabited by more than 3 million people 
[16]. The importance of BTS contrasts with the 
intensive degradation related to uncontrolled human 
occupation, untreated domestic eff luents, tourism, 
agriculture, petrochemical, and chemical industries 
that contribute to the contamination of this estuary 
by metals and other xenobiotics [16–18]. Thus, our 
study presents an applicable model in estuaries with 
similar problems. In this sense, our objective was to 
evaluate the contamination levels by trace metals in two 
fish species in two estuaries of Todos os Santos Bay 
through quantitative evaluation of gill histopathologies. 
Furthermore, we also comment on which could be 
considered the bioindicator species. Thus, we expect that 
an estuarine habitat with industrial and naval operations 
will have an ichthyofauna with higher densities, volume, 
and severity of gill histopathologies than an estuarine 
habitat with no history impact polluting activities. 
Therefore, we analyzed the gill histopathologies in 
Ogcocephalus vespertilio (Teleostei, Ogcocephalidae) 
and Diapterus rhombeus (Teleostei, Gerreidae). They are 
abundant in Brazilian estuaries; O. vespertilio is benthic, 
closely related to estuarine sediment, while D. rhombeus 
is demersal and feeds on invertebrates, vegetables, and 
to a small degree also on fish [19, 20]. Thus, these 
species might potentially bioaccumulate environmental 
contaminants, such as trace metals. Hence, we discussed 
the possibility of using these species for evaluation in 
monitoring programs due to their vast and frequent 
distribution in estuarine regions on the Brazilian coast.

Material and Methods

Study Area

We carried out the study in two regions along Todos os 
Santos Bay (BTS, Brazil), Aratu and Jaguaripe. Aratu 
is one of the most impacted regions of BTS by intense 
industrial activities [6] with traffic of heavy ships to Aratu, 
Cotegipe, Brasquem harbors, Brazilian Navy base, and 
dredging processes [21, 22], besides being close to Sal-
vador, the capital of State of Bahia, with nearly 3 million 
people. Jaguaripe is considered a relatively low-impacted 
environment, with large mangrove areas, free of nearby 
industrial activities, ports, and far from urban areas 
(Fig. 1) [16, 23].

Sampling Strategy and Studied Species

We sampled water, sediment, and fish at five sites in Jag-
uaripe and Aratu (Fig. 1). We collect the fish with seines 
(12 m × 2 m with 12-mm mesh) in shallow intertidal areas 
(< 2-m deep) and gill nets (100 m × 3 m with 15.30- and 
60-mm mesh) in permanently flooded areas with a depth 
greater than 2 m. Every 2 h, we removed the trawls to pre-
vent physical injury to the gills. After captured, we imme-
diately fixed the second and third gill arch of the right 
hemibranch of the Diapterus rhombeus (total length: 10 
to 13 cm; body mass: 15 to 19 g; N = 15 per estuary) and 
Ogcocephalus vespertilio (total length: 25 to 29 cm; body 
mass: 25 to 30 g; N = 15 per estuary) in 10% neutral buff-
ered formaldehyde. After 18 h, the arches were preserved in 
70% ethanol and sent to the Laboratory of Animal Physiol-
ogy (LAFISA), Federal University of Bahia (UFBA), for 
histopathological and chemical analyses. The local ethics 
committee approved these procedures on animal use (CEUA, 
IBIO, UFBA, 23/2015).

Environmental Analyses and Gill Treatments

The environmental parameters of the water (e.g., dissolved 
oxygen, temperature, salinity, and pH) were measured in situ 
using a Hanna® multiparameter. In each site, three water 
and sediment samples were placed in 500-ml plastic bottles, 
previously decontaminated with 10% nitric acid, and 15 gills 
(from 15 fish for each species) in each site to analyze trace 
metals. Stored samples were transported to the laboratory 
at 4 °C and subsequently dried at 60 °C for 48 h. The dry 
matter was crushed and sieved to obtain homogeneous dust. 
By wet decomposition in open systems, the samples were 
mineralized. The digested material was dissolved in HNO3 
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at 1.00 mol L−1 and stored at 4 °C to quantify the trace ele-
ments (Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, V, 
and Zn) in diluted solutions with different concentrations of 
metals were used to establish the analytical curves.

All elements were analyzed in triplicate using inductively 
coupled plasma optical emission spectrometry (Agilent 
Technologies 720 series ICP-OES). The values obtained 
for each metal in the water samples were compared to the 
Brazilian Environmental Council (CONAMA) [24], respec-
tively. The standard reference materials used were Stream 
Sediment Reference Material (STSD1) for sediment and 
Oyster Tissue 1566b for gills.

Light and Electron Microscopic Analyses

Each gill arch was sectioned into ten fragments in the labo-
ratory and kept in 70% ethanol until the histological pro-
cessing. Two fragment samples per animal were randomly 
chosen and dehydrated in methacrylate (Historesin; Leica 
Biosystems, Nussloch, Germany). The gills were sagittally 
sectioned with a thickness of 4 μm at random positions. 

Three random sections were mounted and stained with 
toluidine blue in four histological slides, totaling 12 sec-
tions for each animal. In each section, four lamellae were 
photographed in at least two distinct fields of vision with 
a 20 × (for histopathologies severity analyses) and 40 × (for 
volume densities analyses) enlarged lens using a light micro-
scope (Leica DM500) equipped with a digital camera (Leica 
DFC450).

For transmission electron microscopy (TEM), gill 
fragments were fixed in Karnovsky’s solution (2.5% 
glutaraldehyde and 2% paraformaldehyde in 0.1  M 
cacodylate buffer, pH 7.4) and post-fixed in 1% osmium 
tetroxide, 0.8% potassium ferrocyanide and 5  mM 
calcium chloride in 0.1 M sodium cacodylate buffer, pH 
7.4 for 1 h. Posteriorly, the gill fragments were washed 
three times for 10 min in the same buffer, dehydrated in 
a graded series of acetone, followed by three successive 
baths of 100% acetone and subsequent replacement 
with acetone and Polybed® resin (1:1) for 6 h. Ultra-
fine transverse sections of 80 nm were obtained using 
an automatic ultra-microtome (Leica EM UC7) and 
collected onto 200-mesh copper grids. The sections 

Fig. 1   Estuaries studied (Aratu and Jaguaripe) in Todos os Santos Bay (Bahia, Brazil), showing the sampling stations. Aratu Bay is characterized 
by intense naval/industrial activity
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were then treated with uranyl acetate and lead citrate 
to increase contrast. Photomicrographs were obtained 
using a TEM (JEOL 1230).

For scanning electron microscopy, gill samples were 
fixed as described above, and random gill fragments were 
processed, washed in a 0.1 M sodium cacodylate buffer, 
pH 7.4 baths, and post-fixed in 1% osmium tetroxide in 
0.1 M sodium cacodylate buffer for 1 h. Subsequently, the 
fragments were rewashed in sodium cacodylate buffer and 
dehydrated in an increasing ethanol series to pure ethanol, 
air-dried, glued to the stumps with silver glue, and coated 
with gold. Then, the fragments were analyzed with a JEOL 
JSM 639OLV SEM.

The Severity of Gill Histopathologies

The degree of tissue change (DTC) was calculated to esti-
mate the severity of gill histopathologies into three progres-
sive stages according to [25]. Stage I involves recoverable 
lesions once good environmental conditions are re-estab-
lished. Otherwise, under unaltered environmental condi-
tions, these injuries may persist. In the case of long-term 
exposure, the changes will likely progress to the second 
stage. Second-stage lesions are repairable if water quality 
improves, but if large areas of the gills are damaged, and the 
fish are exposed to chronic pollution, or increased pollution, 
or with deterioration in other environmental conditions (such 
as temperature, pH, and O2), changes can compromise gill 
functions and can lead to third-stage changes. When third-
stage changes occur, the restoration of the gill structure is 
no longer possible. Even with improved water quality or 
cessation of toxic exposure, injuries damage vital gills and 
even mortality.

Gill histopathologies were identified and quantified 
according to Abdel-Moneim et al. [26] and Monteiro et al. 
[27] and considered as stage I (dilation of the marginal chan-
nel, edema, epithelial lifting, fusion between lamellae of 
adjacent filaments, fusion lamellar complete, hypertrophy of 
the pavement cells, vasodilation, proliferation of the filamen-
tary epithelium, proliferation of the lamellar epithelium), 
stage II (lamellar aneurysm, rupture of epithelial cells with 
hemorrhage, rupture of the lamellar epithelium, rupture 
of pillar cells), and stage III (necrosis). A value of DTC 
was calculated for each specimen by the DTC index = (1.
SI) + (10.SII) + (100.SIII) where I, II, and III correspond to 
the number of alterations of stages I, II, and III, respectively. 
The DTC value obtained for each fish was used to calculate 
the average index for each sampling site. The associated 
effects are as follows 0–10 (functionally normal gills), 11–20 
(slightly to moderately damaged gills), 21–50 (moderately 
to heavily damaged gills), and > 100 (irreparably damaged 
gills) [25].

Volume Densities of the Gill Histopathologies

Quantitatively, histopathologies were also assessed based 
on their volume densities in five of the 15 animal samples 
per species. This method is estimated by point counting 
the anisotropic test system in which the areas associated 
with each point were known. The reference volume (Vref) 
and the volume of each histopathology (Vl) were esti-
mated as proposed by Cavalieri’s method [28]: V = T.a/p.
ΣPi, where T is the distance between sections, a/p is the 
relative area of one point, and Pi is the number of points 
on the structure to be estimated. The equation estimated 
histopathological volume densities or the volume ratio of 
the analyzed structure to the total volume of the organ 
(Vv): Vv = Vl/Vref, where Vl is the estimated volume for 
each histopathology, Vref is the reference volume.

Statistical Analysis

The T-test was used to compare the metal levels in gills 
(dependent variable) with the estuarine areas (independent 
variable). Normality and homoscedasticity were accessed 
through Shapiro–Wilk’s and Levene’s tests, respectively. 
A two-way permutational multivariate analysis of variance 
(PERMANOVA) [29, 30], using the Bray–Curtis similarity 
index, was applied to assess the differences in the volume 
density of the histopathologies for both species and studied 
areas. To compare the volume density between the histo-
pathologies, we use the PERMANOVA pairwise. We used 
PERMDISP to investigate the homogeneity of variances. 
T-tests were performed in the software STATISTICA® 
version 13.1. and PERMANOVA in PRIMER 6 version 
6.1.6®. For all statistical tests, we adopted an α-value 
of 0.05, and the results were quantitatively described as 
means ± standard deviations.

Results

Water and Sediment Analysis

The water temperature and dissolved oxygen were simi-
lar for both studied areas in BTS and varied between 
25.8–27.1 °C and 6.1–7.3 mg/l, respectively. The salinity 
varied between 26.6 and 34.3 in Jaguaripe and ranged from 
26.2 to 35.1 in Aratu. The pH ranged from 7.8 to 8.2 in 
both areas. In both studied areas, most metals presented 
concentration values below or close to the quantification 
limit. The only exceptions were Fe: 0.20 ± 0.04 mg/l and 
Mo: 0.11 ± 0.01 mg/l for Aratu and Al: 0.18 ± 0.08 mg/l; 
Cu: 0.01 ± 0.03  mg/l; Fe: 0.36 ± 0.15  mg/l; Mn: 
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0.01 ± 0.02  mg/l; Mo: 0.03 ± 0.01  mg/l and Zn: 
0.02 ± 0.04 mg/l for Jaguaripe. The number of trace met-
als recorded in water in both areas was low compared to 
the standards by [24].

In sediment samples, the mean concentrations of trace 
metals (mg/kg) in Aratu and Jaguaripe were low compared 
to TEL (concentration below which the probability of bio-
logical effect is low) and PEL (probable effect level: con-
centration above which the probability of biological effect 
is high values). However, the concentration of Ba in Aratu 
was higher than the determined limit by Chapman and Wang 
[31]. Al and Fe had the highest metal values in the two 
areas studied. In Aratu, Cu, Mn, and Zn were also increased 
(Table 1).

Gill Analyses

The Concentration of Metals in Gills

As for the mean concentration of trace metals in fish gills, 
the values were higher in Aratu. In both estuaries and both 
species, the highest concentrations (mg/kg) in fish gills 
were related to Al, Fe, and Zn. Significant differences in 
the levels of Al, Ba, Cr, Cu, Fe, Mn, Pb, and Zn (p < 0.05) 
in Diapterus rhombeus were observed between Aratu 
and Jaguaripe, with the highest values assigned to Aratu 
samples. Regarding Ogcocephalus vespertilio, significant 
differences between both studied areas to Al, Pb, and Zn 
(p < 0.05) were found (Fig. 2).

Histopathological Changes and Severity of Gill 
Histopathologies

The three types of microscopes were used to character-
ize histopathologies. We observed an intact gill structure 
(Fig. 3a) and gill with hypertrophy and hyperplasia of epi-
thelial cells in the secondary lamellae and gill filament, 
which shows epithelial desquamation (Fig. 3b). We also 
identified fusions between lamellae of adjacent gill arches 
(Fig. 4a) and lamellae located distally from the apex of the 
same gill arch (Fig. 4b).

In addition, we made an image composition to indicate 
the state of functional impairment of the gills, such as the 
rupture of the pillar system (Fig. 5). Externally, in the 
extension of the secondary lamellae, we observed points of 
swelling (Fig. 5a), which can commonly form a dilation of 
the marginal canal (Fig. 5b). With the loss of the structural 
characteristics of the pillar cells, the blood spaces are no 
longer involved and even disappear. As a result, edema 
with blood cells and plasma disperses into the marginal 
canal (Fig. 5c), causing further dilation and leading to an 
aneurysm.Ta
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The histopathologies were higher in fish caught from Aratu 
than in Jaguaripe, including more severe histopathologies. In 
Aratu samples, the DTC was 49.19 ± 4.12 for D. rhombeus 
and 50.67 ± 10.95 for O. vespertilio. According to the DTC 
index, the values presented in D. rhombeus and O. vesper-
tilio demonstrate moderate changes and necrosis (stage III) in 
gills. The histopathologies were more present in D. rhombeus 

than O. vespertilio showing epithelial lifting, dilation of the 
marginal channel, lamellar fusion (stage I), lamellar aneu-
rysm, and rupture of pillar cells (stage II) (p < 0.01, PER-
MANOVA). The estimated gill DTC values presented in sam-
ples from Jaguaripe were 14.13 ± 2.04 and 17.24 ± 2.51 for D. 
rhombeus and O. vespertilio, respectively, indicating that the 
gills showed slight injuries of Stage I.

Fig. 2   Mean concentration and standard deviation of trace metals in gills fish (mg/kg) between estuaries and species. *Indicate the significant 
difference based on the T-test. The metal concentration of As was not shown due to the below-detected limit of the method

Fig. 3   Scanning electron 
micrograph of Ogcocechalus 
vespertilio giils. a Gill arch 
showing filament (F) and lamel-
lae (L) without histopathologies 
(bar = 100 μm). b Gill arch 
showing the filament with epi-
thelial desquamation (asterisk) 
and secondary lamellae with 
hypertrophy and hyperplasia 
of epithelial cells (arrows); 
bar = 50 μm
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Volume Densities of Gill Histopathologies

The volume density of gills histopathologies differed 
significantly among collection sites and species, with 
the highest values found in samples from Aratu (both 
with p < 0.01, PERMANOVA) mainly in Diapterus 
rhombeus. Jaguaripe samples presented the highest vol-
ume density encompassed non-injured areas in both D. 
rhombeus and O. vespertilio. Analysis from both species 
collected in Aratu revealed a lower volume of lamella 
density without histopathologies than the total histopa-
thology density (Fig. 6). Four of the six most frequent 
histopathologies (i.e., lamellar aneurysm, epithelial lift-
ing of the lamellae, necrosis, and hypertrophy of the 
gill epithelium) found in O. vespertilio were higher in 
specimens from Aratu; likewise, the nine most frequent 
histopathologies observed in D. rhombeus were also 
higher in Aratu (Table 2).

Discussion

Although Aratu has a history of metal contamination, we 
will not establish causal relations between metal and gill 
histopathologies to avoid a reductionist approach because 
multiple sources of contamination and a mixture of xeno-
biotics can influence toxicity [31–33]. Exposure to metals, 
pesticides, polycyclic aromatic hydrocarbons [34, 35], or 
even the combination of these xenobiotics [36, 37] can 
cause the same types of gill lesions. However, metal-con-
taminated environments expose fish through direct absorp-
tion of contaminated water and food. Due to the large sur-
face and exposure to the external environment, gills are 
susceptible to physical and chemical lesions by metals, 
being the primary target of xenobiotics and metal accu-
mulation [38]. The first signs of gills damage induced by 
exposure to metal might reflect the degree of contamina-
tion by trace metals [39]. In this sense, in our study, once 

Fig. 4   Ogcocechalus vespertilio 
gills. a Light photomicrograph 
of gill stained with toluidine 
blue showing fusions between 
lamellae of adjacent filaments 
(arrowheads); bar = 100 μm. b 
Scanning electron micrograph 
showing proliferation of lamel-
lar epithelial (arrowheads) and 
fusions of lamellae located dis-
tally from the apex of the same 
gill arch (arrow); bar = 50 μm

Fig. 5   Composite image of Ogcocephalus vespertilio gills indicating 
the formation of an aneurysm. a Externally, in the extension of the 
secondary lamellae were evidenced points of swelling (arrowheads); 
bar = 20 μm. b In light photomicrography, it was observed the dila-

tion of the marginal channel (arrowheads); bar = 50 μm. c Aneurysm 
formation with breakdown and disappearance of the pillar cell and 
dispersion of blood cells (asterisks) and plasma in the marginal chan-
nel. Epithelial cell nucleus (arrow); bar = 0.5 μm
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we determined metal concentrations in the environment 
and the gills, followed by quantitative morphofunctional 
analyses, we found possible evidence to discuss the asso-
ciation between environmental metal concentration and 
gill histopathology.

As the gills suffer injuries, their multifunctionality can be 
affected, resulting in impaired gas exchange and gas sensi-
bility, osmoregulation, ion balance, pH regulation, nitrogen 
balance, and neural, hormonal, and paracrine control [40, 
41]. In addition, the gills can accumulate metals dissolved in 
water through the ion-exchange process. Their surfaces func-
tion as metallic binders so that bioaccumulation can occur 
due to positively charged metallic species in the water with 
negatively charged sites in the gills. Thus, as metabolically 
active organs, gills have a solid tendency to store high levels 
of metals [42, 43].

This study revealed that fish health is negatively affected 
in populations from highly impacted areas with a high con-
centration of trace metals (Al, Ba, Cu, Fe, Mg, and Zn). The 
number and extension of gill histopathologies in Diapterus 
rhombeus and Ogcocephalus vespertilio from Aratu were 
higher than in Jaguaripe, a relatively well-conserved region. 
Indeed, previous studies revealed high levels of metallic 
xenobiotics in sediment, water, and biota from Aratu [6, 44, 
45], putatively related to the intensified port and industrial 
activities [6]. Similarly, a high incidence of pathologies in 
fish from contaminated regions by trace metals worldwide 
has been reported [11, 26, 38, 46]. Moreover, even though 
Jaguaripe has no history of environmental contamination, 
as one of the less impacted areas in BTS [16], some metals 
were present and correlated to a certain degree of gill histo-
pathologies in fish samples in this region.

Fig. 6   Volume density of the 
rupture of epithelial cells (REC) 
with hemorrhage, lamellar 
aneurysm (LA), rupture of pillar 
cells (RPC), epithelial lifting 
(EL), dilation of the marginal 
channel (DMC), edema (ED), 
fusion between lamellae of adja-
cent filaments (FLA), lamellar 
fusion (LF), necrosis (NE), pro-
liferation of the filamentary epi-
thelium (PFE), proliferation of 
the lamellar epithelium (PLE), 
rupture of the lamellar epithe-
lium (RLE), hypertrophy of the 
pavement cells (HPC), vasodila-
tation (VS), and no lesions (NL) 
regions of Diapterus rhombeus 
and Ogcocephalus vespertilio 
gills exposed to sites Aratu and 
Jaguaripe
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Our results reinforce histopathological analyzes as a 
helpful biomarker, indicating that xenobiotics, even in 
trace concentrations, can affect organisms by bioaccumu-
lation and biomagnification, leading to physiological dis-
orders, as pointed by [1, 47]. Thus, gill histopathologies 
can recommend approaches to evaluate the effects of water 
pollution by both essential (Cu, Zn, Se, Mn, Fe) and non-
essential (Al, As, Cd, Cr, Pb) trace metals [11, 48–50]. 
Although these metals may have a natural origin and the 
apparent lack of environmental degradation in Jaguaripe, 
metallic xenobiotics might have increased in this area from 
other sources such as the agricultural activities in the Jag-
uaripe river basin [23, 44].

Alterations in the external and internal gill morphol-
ogy characterized the histopathologies severity stages 
reflecting the progressive impairment levels, changes in 
the organization of blood flow can lead to the formation 
of aneurysms, causing cell disruption and pillar system 
collapse, and epithelial cell rupture with hemorrhage that 
culminates in cell death [26, 51–53].

However, there is the possibility of functional recov-
ery of the gills. Histopathologies such as epithelial lifting, 
hyperplasia, and hypertrophy of epithelial cells could have 
a defense function, as they increase the distance that water 
xenobiotics must diffuse to reach the bloodstream. On the 
other hand, lamellar fusions could reduce the vulnerable area 
of the gill surface [15].

Even in environments with less frequent and less severe 
histopathologies, the gill structure can suffer damage and 
compromise its organic functions. A decrease in the oxygen 
consumption rate may occur due to the increase in the water/
blood diffusion distance [47], changes in the ammonia excre-
tion rate, and bioaccumulation, thus affecting the energy 

metabolism to adapt to the metal exposure stress influenc-
ing the survival [39].

Ultrastructurally, we recorded the already ruptured pillar 
cell and the accumulation of blood cells that will form an 
aneurysm in the marginal channel of the secondary lamella. 
Along with epithelial changes, the disorganization of lamel-
lar blood spaces can occur due to the degeneration of pillar 
cells [1, 54] that organize and separate the blood sinuses 
below the epithelium. The alteration of these pillar cells 
that direct blood flow turns gas exchange difficult and leads 
to the appearance of aneurysms. These changes in the gills 
impair gas exchange, resulting in insufficient oxygen extrac-
tion and ultimately causing fish death [54, 55]. Along with 
this degeneration, hypertrophy and hyperplasia of chloride 
cells and mucous cells can increase mucus secretion at the 
base of the gill filaments and secondary lamellae, interfering 
with ionic exchange [51].

Following the tendency observed for the concentration of 
trace metals, the degree of tissue change (DTC index) was 
higher in fish gills from samples collected in Aratu. In other 
studies, the DTC index has been validated in the Sincheon 
stream (South Korea), the effects of two effluent discharges, 
predominantly from sewage and wastewater treatment plants, 
on the gills of Carassius auratus. The DTC for upstream 
(reference site) of the gill samples of Carassius auratus was 
16.83 ± 4.21, indicating mild damage (mainly stage I altera-
tions). In contrast, the DTC values at the two downstream sites 
were 35.50 ± 3.89 and 27.33 ± 4.84, respectively, indicating 
moderate damage to the gills (predominantly stage II changes 
along with stage I lesions) [56]. Our study verified less fre-
quent and less severe histopathologies in Jaguaripe samples, 
ratifying the estimated gill DTC values presented in samples 
from this site, which indicated slight gill injuries, probably, 

Table 2   Results of pairwise 
PERMANOVA analyses 
comparing volume density of 
primary lesions that presented 
significant differences for both 
species

Groups—Ogcocephalus vespertilio (Aratu × Jaguaripe) T P (perm) Perms

Lamellar aneurysm 13.78  < 0.01 9876
Epithelial lifting of the lamellae 15.99  < 0.001 9978
Lamellar disorganization 9.87  < 0.01 9871
Necrosis 14.82  < 0.001 9987
Rupture of the lamellar epithelium 19.21  < 0.001 9949
Hypertrophy of the gill epithelium 9.71  < 0.01 9499
Groups—Diapterus rhombeus (Aratu × Jaguaripe) T P (perm) Perms
Rupture of epithelial cells with hemorrhage 17.65  < 0.0001 9972
Lamellar aneurysm 8.76 0.02 9979
Rupture of pillar cells 7.93 0.03 9882
Epithelial lifting of the lamellae 13.87  < 0.01 9599
Dilation of the marginal channel 10.98  < 0.01 9931
Lamellar fusion 19.82  < 0.001 9982
Necrosis 23.76  < 0.0001 9871
Rupture of the lamellar epithelium 24.99  < 0.0001 9999
Hypertrophy of the gill epithelium 27.99  < 0.0001 9992
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due to the relatively low values of metals found in the fish 
gills caught in this location. The volume density of gill his-
topathologies also differed between the collection sites. Fish 
samples from Aratu showed the highest percentage of lamellar 
lesions and the least functional tissue, reinforcing the morpho-
functional approach in understanding the effects of xenobiot-
ics, as demonstrated using the volume density in Oreochromis 
niloticus gills after exposure to copper [27]. Differences in the 
severity and density of the volume of gill lesions among the 
studied species also indicate that the possible effects of metal 
concentration on gill histopathology may be species specific. 
In this sense, between the two species, Diapterus rhombeus 
is considered an important fishing resource for local human 
communities and showed more sensitivity to the presence of 
metals. However, a state that would be a bioindicator species 
capable of revealing differences between low and positively 
impacted environments in BTS could be early.

As final considerations, we emphasize the validity of gill 
histopathologies as biomarkers in fish. As seen, the histo-
pathologies indicate progressive stages, with effects consid-
ered protective in their initial stage, but which can originate 
degenerative processes and physiological compromises, cul-
minating in mortality. Thus, aquatic biota health depends 
on actions that would promote the reduction of polluting 
sources and increase the recovery of aquatic environments. 
We further emphasize that although histopathologies are 
effective biomarkers, it is also advisable to use multilevel 
integrated biomarker responses (e.g., behavioral, biochemi-
cal, molecular) to draw more decisive conclusions. In this 
context, encouraging risk assessment and monitoring envi-
ronmental quality are fundamental processes and must be 
part of public policies to conserve aquatic environments.
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