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A B S T R A C T

The Acacias River in Colombia receives large volumes of industrial effluents mostly derived from the oil industry.
To contribute to the study of the possible effects of industrial wastewaters on the aquatic environment and
particularly on fish populations, a native neotropical fish, Aequidens metae was used as a sentinel species. Wild
specimens of A. metae were caught at three different places of the Acacias River taking as reference the point of
discharge of an oil industry effluent; upstream, downstream, and at the vicinity of the discharge pipe. A fourth
sampling site was chosen as a reference site away from urban settlements. Samplings were performed twice,
during the rainy and dry seasons. After anesthesia animals were weighted and measured, and humanely sacri-
ficed. Livers were extracted, frozen on site and transported to the laboratory. Condition indices were calculated.
Total protein content and the detoxification 7-ethoxyresorufin-O-deethylase (EROD) enzyme activity were esti-
mated. Histopathological alterations were also evaluated. Water quality was estimated through the measurement
of several variables. Results obtained evidenced that the highest induction in EROD activity and the strongest
histological alterations in liver of the monitored fish appeared during the dry seasons at the discharge site and
downstream to this point.
1. Introduction

The Orinoquia region in Colombia shows a biological diversity and
ecological functionality of great importance. This region is also the main
contributor to the production of crude oil in the country. The effluents
generated by the processes of extraction of petroleum are regularly dis-
charged in rivers (Velasco-Santamaría et al., 2019) after primary treat-
ment processes such as mechanical evaporation (Mesa et al., 2018).
There is an enormous lack of knowledge about the effect of this waste-
water, known as produced water (PW), on the health of aquatic biota. In
Colombia, the Acacias River runs through a region with a very intense oil
extraction activity and receives significant PW loads.

PW contains a plethora of natural compounds that appeared along
millions of years during the process of oil formation. These substances
include inorganic salts, metals, radioisotopes, and a wide variety of
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organic chemicals, mainly polycyclic aromatic hydrocarbons (PAHs),
among others (Neff et al., 2011). PAHs are harmful persistent organic
pollutants, of which the United States Environmental Protection Agency
(USEPA) has included 16 as priority pollutants due to their potential
carcinogenicity for humans (Keith, 2015). Exposure to PAHs can induce
various toxic responses in fish (Cousin and Cachot, 2014). Many xeno-
biotic compounds are transformed by fish into water-soluble metabolites
following the reaction routes of phases I and II (Ikenaka et al., 2013).
These processes lead to a reduction of toxicity, but they can also result in
the bioactivation of chemicals that are transformed into more toxic
compounds (Incardona et al., 2006). These biotransformation processes
take place in the liver, which is one of the main target organs of PAHs
(Soltani et al., 2019). PW as a source of PAHs has been monitored in in
situ studies using exposed aquatic organisms (Tornero and Hanke, 2016).
However, information regarding the effect of wastewater from
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continental exploitations of the oil industry on native fish species is
scarce (Zabbey and Olsson, 2017). Dynamic ecosystems may respond
differently in in situ studies compared to experimental conditions.
Therefore, to understand the actual effects of exposure to PAHs, sampling
of the ecosystem components (e.g., water and fish) is required.

To provide information on the impact of pollution on aquatic or-
ganisms, our research group has proposed the native neotropical cichlid
fish Aequidens metae as a potential bioindicator, given its benthic and
detritivorous habits, and its abundance and adaptability to laboratory
conditions (Corredor-Santamaría et al., 2019; Corredor;Santamaría et al.,
2016).

Polyaromatic compounds internalized by organisms are detoxified
through oxidation and conjugation reactions catalyzed by enzymes such
as the cytochrome P450 oxidase superfamily. Among these, cytochrome
P4501A (CYP1A) has an important role in the metabolism of planar
compounds such as some PAHs (Zanger and Schwab, 2013). The induc-
tion of CYP1A can be evidenced by the measurement of a related activity
such as 7-ethoxy-resorufin-O-deethylase (EROD) activity (Petrulis et al.,
2001).

Likewise, histological studies in wild fish exposed to contaminated
water bodies provide complementary information about the pathological
processes triggered by contaminated effluents on the tissue morphology.
However, to understand histological findings in field studies, the
observed changes must be related to results from other biomarkers
(Liebel et al., 2013).

The aim of this study was to increase our knowledge about the impact
of PW on the Acacias River biota, particularly on fish, by evaluating
histopathological and biochemical biomarkers of exposure to petroleum
hydrocarbons in a native cichlid fish species, A. metae.

2. Materials and methods

2.1. Sampling sites

A discharge pipe from an oil extraction station was localized at the
Acacias River and used as a point of reference for fish and water sam-
plings. The neotropical cichlid fish A. metae was selected for this study.
Fish and water samples were collected at three different sites of the
Acacias River in Meta, Colombia: site 1, upstream of the discharge pipe
(3�57.4900 N 73�40.3450); site 2, in the vicinity of the discharging pipe
(3�57.2140 N 73�40.1000); site 3, downstream of the discharge pipe
(3�57.2680 N 73�39.8320). In addition, samplings were carried out at a
fourth location known as Ca~no Cuncia (4�03.1170 N 73�43.7800) chosen
as a reference site, considering that it is isolated from human activity and
shows a reduced likelihood to receive pollutants.

In each sampling event, temperature and dissolved oxygen were
measured with a HACH-5130 portable probe (Loveland, CO, USA).
Alkalinity, pH, nitrates, nitrites, and phosphates were determined
with an YSI 9300 photometer (YSI, Yellow Springs, OH, USA). Fish
and water samples were collected from each sampling site (n ¼ 3) at
the Acacias River and from the reference site during November 2018
and February 2019 (dry season), and April and May 2019 (rainy
season). At each sampling site, one water sample (500 mL) was
collected and sent to the Water Laboratory at the Universidad In-
dustrial de Santander (UIS) to establish the concentration of the 16
PAHs prioritized by the United States Environmental Protection
Agency (USEPA, 1986).

2.2. Sample procedure

Based on previous studies with the sea fish Yellowtail scad (Trachurus
novaezelandiae) and skipjack trevally (Pseudocaranx wrighti) and the
freshwater fish Black Bream (Acanthopagrus butcheri) (Gagnon and
Hodson, 2012; Gagnon and Rawson, 2016), twelve wild specimens of
A. metae, were caught at each monitoring site according to Espírito-Santo
et al. (2009). Immediately after capture, fish were anesthetized by
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immersion in a 300 mg/L solution of 2-phenoxyethanol (J. T. Baker,
Phillisburg, USA). Subsequently, the fish were desensitized by medullary
sectioning. Liver was removed and weighed (HOPEX Germany® digital
balance). A portion was fixed in 10% buffered formaldehyde for histo-
pathological analysis. The remaining tissue (~100 mg) was transported
in nitrogen vapors (Doble11 2001® series) to the laboratory and stored at
-70 �C until analysis of EROD activity. In addition, due to logistical as-
pects it was not possible to collect blood samples and therefore no he-
matological parameters were analyzed. The fish specimens were
registered in the collection of the Museum of Natural History of Unillanos
- Universidad de los Llanos. The number of male and female fish varied in
each sampling event.
2.3. Condition indices

Hepatosomatic index (HSI) and condition factor (CF) were calculated
according to the following equations: HSI ¼ (liver weight/total body
weight) � 100; CF ¼ (total body weight/total length3) �100.
2.4. Histological evaluation

Tissues were fixed in buffered formaldehyde (pH 7.2) for five days at
4 �C. Subsequently, they were dehydrated using increasing concentra-
tions of ethanol (70–100 %). The obtained tissues were mounted in
paraffin (MERCK, melting point 52–54 �C) and sectioned at 3 μm using a
CUT 5062 microtome (SLEE Medical GmbH, Germany). Finally, the
samples were stained with hematoxylin and eosin (H&E). Five sections of
each tissue from each fish were examined using an Eclipse-E100 optical
microscope (Nikon, Japan) coupled to a Nikon camera.

The occurrence of liver histopathological alterations was determined
semi-quantitatively, considering the degree of tissue change (DTC),
which was based on the severity of the lesions. Histopathological alter-
ations were classified as a score from 0 to 3, where 0 ¼ no alteration, 1¼
slight alteration, 2 ¼ moderate alteration and 3 ¼ severe alteration
(Taheri et al., 2016). Slight, moderate, and severe alterations in liver
were considered as follows according to Bernet et al. (1999). (I) Slight
alteration, implies changes that do not cause damage to the hepatic tis-
sue, considering that recovery of the liver can occur with the restoration
of normal environmental conditions. These changes are limited to small,
isolated pockets in the liver. (II) Moderate alteration implies changes that
are more severe and produce negative effects that could affect the
functioning of the organ. Although lesions are repairable, however, if
damaged areas increase or if tissues are chronically exposed to pollution,
they may derive into severe alterations. Moderate alterations can involve
more than half of the liver tissue. (III) In the severe alterations the
restoration of the architecture of the liver is not possible so that the
observed damage is irreversible.

A DTC value was calculated for each animal using the following
formula: DTC ¼ (1X SI) þ (10X SII) þ (100X SIII), where SI, SII and SIII
correspond to the sum of the number of alterations for each stage (n ¼ 6
fish). DTC values between 0 and 10 indicate normal organ functioning;
values between 11 and 20 indicate slight organ damage; between 21 and
50 indicate moderate organ changes; between 50 and 100 indicate severe
organ damage; and values above 100 indicate irreparable organ damage
(Poleksic and Mitrovic-Tutundzic, 1994).

2.5. Histometric evaluation

The diameters, area (μm) and number of hepatocyte nuclei (which
correspond to the number of hepatocytes in the observed photographic
field) were measured and counted in 30 photographic fields per fish
liver (n ¼ 6 per sampling event) using a region of interest (ROI) of
10,000 μm2. Results are presented as the mean and standard error for
each sampling site. ImageJ (NIH version 1.44, USA) was used for the
measurements.
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2.6. EROD activity assay

The procedure for the determination of EROD activity was selected
according to multiple scientific literature supporting the effectiveness of
the protocol (Lammel et al., 2015; Quesada-García et al., 2013, 2015;
Valdehita et al., 2012) and its reproducibility was standardized and
validated in preliminary assays with different PAHs and flavonoids such
as benzo[a]pyrene, pyrene and beta-naphthoflavone. EROD activity in
liver of A. metaewas determined in a S9 fraction according to the method
described by Valdehita et al. (2012) after standardization. Approximately
30 mg of liver was gently homogenized at 4 �C in 1 mL of homogeniza-
tion buffer (0–1 M Tris-HCl pH 7,0–25 mM sucrose, 150 mM KCl, 1 mM
EDTA, 1 mM DTT, 0–25 mM PMSF and 20% glycerol). The homogenized
material was centrifuged at 6000 g for 10 min. After centrifugation, the
pellet was discarded, and the resulting supernatant was centrifuged at 16
000 g for 60 min. The resulting pellet was suspended in 100 μL of ho-
mogenization buffer. Finally, EROD activity and protein content were
immediately measured as described by Burke and Mayer (1974). Fluo-
rescence measurements were made in a Cytation 3 spectrophotometer
(BioTek®, Winooski, VT, USA). EROD activity was normalized to the
protein content and measured with fluorescamine (Navas and Segner,
2000).

The biochemical and histological procedures were performed in the
Toxicology and Biotechnology Laboratory at the School of Animal Sci-
ence at the Universidad de los Llanos, Villavicencio, Meta, Colombia. All
procedures involving handling of animals were performed in accordance
with the standards and procedures for the use of laboratory animals
approved by the Bioethical Committee from the Universidad de los
Llanos.

2.7. Statistical analysis

Descriptive statistical analysis was performed expressing the data as
mean � standard error of the mean (SEM). Homogeneity of variance
(Levene's and Bartlett) and normal distribution of data (Kolmogorov-
Smirnov) tests were performed to verify these assumptions. To evaluate
the effect of different monitoring points on response variables, a two-way
analysis of variance (ANOVA) was performed followed by the Tukey test.
When the data did not fulfill the assumptions of normality and
Table 1. Physicochemical parameters and PAHs concentrations in waters samples fro

Water physicochemical parameters Upstream discharge Discharge

Dry Rainy Dry

Temperature �C 27.40 � 3.00 25.35 � 0.25 28.60 � 1.30

pH 7.28 � 0.27 6.88 � 0.28 7.90 � 0.10

Dissolved oxygen (mg/L) 7.00 � 1.30 8.42 � 2.28 6.12 � 0.82

Alkalinity (mg/L) 32.50 � 22.50 70.00 � 30.0 525.0 � 75.0#

Nitrites (mg/L) 0.33 � 0.10 0.10 � 0.04 0.52 � 0.43

Nitrates (mg/L) 2.99 � 0.37 3.54 � 0.94 3.74 � 1.26

Ammonia (mg/L) 0.00 � 0.00 0.15 � 0.03 1.07 � 0.94

Phosphates (mg/L) 9.30 � 2.0 15.45 � 7.65 15.65 � 11.85

Streamflow (m3/s) 0.35 � 0.25 1.75 � 0.95 0.13 � 0.03

PAHs analysis (ng/L)

Naphthalene � 130 250

2-Methylnaphtalene � 270 760

Acenaphthene � � <50*

Fluorene � � <50*

Phenanthrene � � 70

Pyrene � � <50*

Benz[a]anthracene � � <50*

Dry season (DS); rainy season (RS); # For alkalinity parameter a statistical difference
limit * Detected below limit of quantification. Detectable limit (DL): 50 ng/L. m3/s: c
depth of 50 cm in the water column.
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homogeneity of variance, we proceeded to transform them (log, square-
root, or arcsine transformations). If data did not meet in the end the
assumptions, then they were ranked. In all cases, a value of p < 0.05 was
used as the level to consider statistically significant differences. Statisti-
cal procedures were performed using SAS software for Windows version
9.02 (2002–2006, SAS Institute Inc., Cary, NC, USA) and GraphPad v 5.0.

3. Results and discussion

This is a pioneering study for the dissemination of data concerning
the effect of pollution of the Acacias River on aquatic biota using a native
fish species as sentinel.

3.1. Physicochemical parameters

The increase in alkalinity at the PW discharge site has been associated
with the decarboxylation of some acids present in the effluent as acetate
and other short-chain aliphatic acids, which are an important source of
CO2 in these waters (AlAnezi et al., 2018). Likewise, alkalinity of PW can
be associated to the presence of dissolved bicarbonate and carbonate,
which neutralize acids, in addition to carbon dioxide, contributing to
reactions that modify the pH of natural waters (Neff et al., 2011). The
high concentration of phosphates at the discharge site and in down-
stream waters (Table 1) at different times of the year evidence the
dumping of high amounts of organic matter into the Acacias River, as
reported in other natural water bodies exposed to industrial (Sengupta
et al., 2015) and domestic (Trujillo-Gonz�alez et al., 2017) wastewater.
The observed concentrations clearly exceed the recommended concen-
tration of 0.02 mg/L for temperate continental waters. The mentioned
levels for temperate waters cannot be directly comparable with those
observed in tropical waters that naturally show a high content in phos-
phates (as it is the present case and it can be observed in waters upstream
of the discharge site and in the reference site, Table 1). However, they
can be contributing to eutrophication of rivers and lakes (Sengupta et al.,
2015). Water eutrophication can lead to lesions in fish gills such as
lamellar hyperplasia in a first attempt to increase gill surface area.
Paradoxically, hyperplasia can provoke laminar fusion leading to a
reduction of water space and of gas exchange capacity (Dalzochio et al.,
2017; Hassaninezhad et al., 2014). It must also be considered that river
m the Acacias River and reference site, Meta Department, Colombia.

Downstream discharge Reference

Rainy Dry Rainy Dry Rainy

29.30 � 0.50 31.00 � 2.40 26.55 � 0.55 27.75 � 1.05 24.95 � 1.05

7.40 � 0.60 7.60 � 0.40 6.83 � 0.02 7.30 � 0.70 6.68 � 0.67

6.46 � 1.14 7.86 � 1.47 8.89 � 1.61 7.02 � 1.52 7.88 � 1.52

550.0 � 50.0# 82.50 � 32.50 85.25 � 0.25 15.00 � 5.0 10.50 � 55.00

0.09 � 0.00 0.50 � 0.48 0.10 � 0.05 0.02 � 0.01 0.02 � 0.01

3.08 � 1.32 3.59 � 0.8s9 2.14 � 0.22 2.02 � 0.59 3.41 � 0.39

1.41 � 0.60 0.56 � 0.44 0.24 � 0.21 0.00 � 0.0 0.11 � 0.01

32.20 � 7.10 15.15 � 11.85 16.20 � 7.80 8.30 � 4.80 14.48 � 2.70

0.80 � 0.40 0.30 � 0.10 1.00 � 0.40 0.45 � 0.15 0.90 � 0.50

<50* <50* <50* <50* �
� <50* � <50* �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �

was observed among the monitoring sites for the same season � Below detection
ubic meters per second. Values for PAHs correspond to water samples taken at a
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water phosphate levels have shown a dramatic increase by a factor of
more than 10 over the past 20 years, mainly due to anthropogenic inputs
(Yang et al., 2008).
3.2. Water analyses

Colombian legislation regarding the discharge of wastewater from
mining activities (Resolution 0631/2015, Decree 1594/84) does not
establish maximum permitted levels of PAHs. Thus, the gap in environ-
mental regulations can generate risks to the organisms inhabiting aquatic
ecosystems.

The highest concentrations of naphthalene (250 ng/L), methylnaph-
thalene (760 ng/L), and phenanthrene (70 ng/L) appeared during the dry
season at the discharge site (Table 1). High concentrations of naphtha-
lene (130 ng/L) and 2-methylnaphthalene (270 ng/L) were also found
upstream of the discharge site. They can be attributed to biomass burning
(Etter et al., 2010). It should be noted that the PAHs levels found up-
stream may have contributed to the increased concentration at the
discharge site. Several studies carried out in water bodies receiving PW
showed much higher PAHs concentrations than those observed in the
present study with values of 538.43 ng/L for naphthalene, 28.22 mg/L
for methylnaphthalene and 28.42 mg/L for phenanthrene (Akinsanya
et al., 2018; Okpashi et al., 2017).

Concentrations detected in the present work may cause alterations on
the exposed fish. For instance, intraperitoneal injection of 50 μg/g of
naphthalene in rainbow trout (Oncorhynchus mykiss) provoked a decrease
in serotonin metabolism in hypothalamus, preoptic region, pituitary, and
brain stem (Gesto et al., 2006). In guppy (Poecilia vivipara), water
exposure to phenanthrene (200 μg/L) induced behavioral alterations
such as reduced swimming resistance and speed that led to reduced prey
capture rates (Torreiro-Melo et al., 2015). Intraperitoneal injection of 10
μg/g of phenanthrene in the Neotropical characidae Astyanax bimacula-
tus, generated genotoxic effects such as induction of micronuclei and
other nuclear abnormalities in peripheral erythrocytes (Corredor-santa-
maría et al., 2012). Similarly, in seabream (Acanthopagrus latus) intra-
peritoneal exposure to 20 and 40 μg/g of phenanthrene caused after 4
days immunosuppression with significant decreases in plasma levels of
immunoglobulin M, phagocytic activity, and respiratory burst. This
immunosuppressive effect was accompanied by an increase in the fre-
quency of micronuclei in erythrocytes and induced pathological alter-
ations in the spleen, including increased melanomacrophage centers
(MMC), destroyed red blood cells, and bleeding (Shirmohammadi et al.,
2017).

Regarding acenaphthene, fluorene, pyrene, and benzo[a]anthracene
concentrations, they were below the limit of quantification, i.e., close to
the concentration of 50 ng/L. For the other PAHs, concentrations were
below the limit of detection (Table 1).
3.3. Condition indices

Liver average weight was 182.35 � 17.49 mg. Responses to envi-
ronmental stress were reflected in the HSI (Table 2). The highest values
of HSI correspond to fish captured at the discharge site during the dry
Table 2. Hepatosomatic index and condition factor (mean � SEM) of wild A. metae ca
rainy seasons.

Monitoring Site Hepatosomatic Index (%)

Dry Rainy

Upstream discharge 2,06 � 0,15def 1,36 �
Discharge 3,83 � 0,21g 1,80 �
Downstream discharge 2,39 � 0,23ef 1,11 �
Reference 1,54 � 0,15abcd 0,96 �
abcdef Significant comparisons between seasons (rainy and dry) and among monitorin
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season. They are similar to those reported by Araújo et al. (2017), who
observed in the freshwater catfish Pimelodus maculatus higher HSI values
related with higher EROD induction at contaminated sites in comparison
with a reference site. High values of HSI could have resulted from
exposure to PAHs and other pollutants, which cause liver hypertrophy.

Condition factor values are shown in Table 2. The highest CF values
were observed in fish caught upstream of the discharge site in the dry
season. The CF is a parameter describing the health status of the fish,
considering that the heaviest fish of a given length are in a better physio-
logical condition (Jisr et al., 2018). Likewise, the CF evidence recent
physical and biological alterations since it is strongly influenced by biotic
and abiotic environmental factors. CF changes in response to the interaction
between eating habits, parasitic load, and physiological condition of fish
(Maceda-Veiga et al., 2017). It can be used to compare the welfare of fish
from similar or different habitats and serves as an index to assess the status
of the aquatic ecosystems in which fish are present (Hook et al., 2014).
3.4. Histopathological analysis

Liver architecture of A. metae exhibited polygonal hepatocytes with
granular cytoplasm, central rounded nuclei, and evident nucleoli
(Figure 1A). In this species, hepatocytes did not show the characteristic
disposition in filaments bordering the sinusoids as observed in other fish
species. Vacuolization and displaced nuclei were observed in the pe-
riphery of hepatocytes (Figure 1D, E and F) of the liver of fish caught in
the discharge and downstream of the discharge sites (Figure 1D, E and F).

Calculated values for DTC appear in Table 3. Stage I DTC is charac-
terized by reversible changes such as deformation of the nuclear contour,
nuclear displacement to the cell periphery, vacuolated cytoplasm,
irregular shape of the hepatocytes and nuclei, and lateral position of the
nucleus. Stage I DTC were observed at all sites in the Acacias River, with
greater intensity in the dry season, Livers under Stage II DTC exhibited
nuclear degeneration (Figure 1D) that was higher in fish captured at the
discharge place and downstream in both seasons. -Stage III DTC features
(necrosis), constituting an irreparable tissue injury, were rarely observed,
and only appeared in fish caught at the discharge site and downstream in
the dry season. The observed liver lesions are probably related with the
key role played by this organ in the metabolism and excretion of toxic
substances, so that morphological changes associated to detoxification
processes occur normally and are exacerbated by increases in the con-
centration of pollutants.

An increased frequency of histological alterations can indicate dys-
functions induced by toxic agents with a reduction of metabolically
active areas, leading to a possible reduction in the overall functioning of
this organ (Kosti�c et al., 2017; Van der Oost et al., 2003)., DTC values
observed in livers of A. metae were below 50 corresponding to Stages I
and II, being classified as repairable (Table 3). Other studies evaluating
the impact of wastewater discharges on native fish (Astyanax bimaculatus,
Capoeta capoeta, Carassius auratus, Zacco platypus, and Zacco koreanus)
living in contaminated rivers (Ocoa-Colombia, Karasu-Turkey,
Eungcheon, Mihocheon, and Busocheon-Korea, respectively) (Dane and
Şişman, 2015; Samanta et al., 2018; Velasco-Santamaría et al., 2019)
reported similar effects.
ught at three places of the Acacias River and in a reference water body in dry and

Condition Factor

Dry Rainy

0,13ab 2,60 � 0,08de 2,20 � 0,05abc

0,14bde 2,06 � 0,09ab 2,24 � 0,06abcd

0,15a 2,03 � 0,10a 2,33 � 0,07abcd

0,10abc 2,11 � 0,07abc 2,27 � 0,12abcd

g sites are shown with different superscript letters (Tukey's test; p < 0.05).



Figure 1. Alterations in hepatic tissue of A. metae
caught at the Acacias River and in a reference
water body in different precipitation seasons. A.
Liver of reference site captured fish showing
normal morphology. Hepatocytes exhibit central
regular size nuclei and concentric nucleolus
(black arrow). Erythrocytes (yellow circle)-
Endothelial cells (black circle). Sinusoid (white
arrow). B. Liver from fish captured upstream of
the discharge site. C-D. Liver from fish captured
at the discharge site. E- F. Downstream to the
discharge site. Hyperemia (yellow asterisk),
nuclei degeneration (red circle), cytoplasmic
degeneration (red arrow), can be observed in B to
F. Note in C–F the hepatocellular and nuclear
pleomorphism, with enlarged hepatocytes exhib-
iting loose granular cytoplasm. Hematoxylin and
eosin staining.
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Slight morphological alterations in livers of fish captured upstream of
the discharge site and in the reference, site was found as physiologically
tolerable although they were indicative of exposure to xenobiotics as it
has been reported in a study previously published by our group (Velas-
co-Santamaría et al., 2019). In turn, although alterations evidenced on
the hepatic architecture of fish captured at the discharge site and
downstream are classified as reversible, they may have a notable impact
on detoxification of PAHs and water pollutants (Camargo and Martinez,
2007).

A. metae specimens caught in the Acacias River showed cytoplasmic
and nuclear degeneration and slight areas of focal necrosis, which could
be associated with energy depletion, microtubule separation, and inhi-
bition of protein synthesis, which could induce fragmentation of cyto-
plasmic and nuclear material (Van Dyk et al., 2007). Consequently,
necrotic foci derived from hypoxia could be evidenced in the presence of
hyperemia (Maharajan et al., 2016).

Regarding histometric evaluation, nuclei diameter and hepatocyte
area were higher in A. metae caught at the discharge site and downstream
(p < 0.05) than in fish caught upstream and at the reference site in both
Table 3. Degree of tissue change (DTC) in hepatic tissue, area, diameter, and number
Meta, Colombia, during the dry and rainy seasons. (n ¼ 6).

Monitoring Site DTC Number of nuclei

Dry Rainy Dry Rainy

Upstream discharge 12,78 � 0,42abc 13,85 � 0,57bc 23,60 � 0,84bc 23,19

Discharge 34,83 � 0,69def 33,58 � 1,23de 29,78 � 0,97ef 31,99

Downstream discharge 32,04 � 0,65d 33,94 � 0,84def 24,84 � 0,70bcd 34,53

Reference 11,93 � 0,53a 12,24 � 0,61ab 27,00 � 0,64de 18,68

abcdef Significant comparisons between seasons (rainy and dry) and among monitorin
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seasons (Table 3). Variations in hepatocyte nuclei size are associatedwith
a response to a stressful stimulus and can point out to the activation of
liver function as an outcome of increased metabolic activity against
adverse conditions (Figueiredo-Fernandes et al., 2007; Wolf and
Wheeler, 2018). Similarly, the hypertrophy of hepatocytes found in
A. metae caught at the discharge site and downstream t can be associated
with structural changes related to increased metabolic activity.

A higher number of hepatocyte nuclei were observed in A. metae
caught in all sites of Acacias River compared to fish captured in reference
site (p < 0.05) (Table 3).

In the present study, the increase of hepatocyte nuclei (i.e., the
increase of cells in the observed microscope fields) and the presence of
necrosis in the parenchyma could be associated to the release of sub-
stances that induce cell proliferation to replace dead cells and restore
liver structural and functional architecture (Wolf and Wolfe, 2005).
This signal reflects the induction of the cell cycle that takes place in
parallel to alterations caused on liver function by PAHs during detox-
ification processes (Chramostov�a et al., 2004; Figueiredo-Fernandes
et al., 2007).
of hepatocytes in Aequidens metae caught at the Acacias River and reference site,

Area (μm2) Diameter (μm)

Dry Rainy Dry Rainy

� 0,75b 17,64 � 0,16bc 17,62 � 0,15bc 5,19 � 0,02bcd 5,18 � 0,02bcd

� 1,09efg 23,90 � 0,20d 20,25 � 0,14d 5,98 � 0,02e 5,35 � 0,02e

� 0,76g 17,31 � 0,08b 18,81 � 0,10d 5,14 � 0,01bc 5,13 � 0,01b

� 0,48a 16,21 � 0,12a 20,41 � 0,13d 4,91 � 0,02a 5,45 � 0,03e

g sites are shown with different superscript letters (Tukey's test; p < 0.05).



Figure 2. Hepatic EROD activity �standard error of the mean (n ¼ 12) in livers
of wild A. metae captured on two seasons (dry and rainy) in three different
places (discharge, downstream and upstream of the discharge site) of the Aca-
cias River, Colombia, and in a reference water body with lower probability of
pollution. * Indicates significant differences with respect to the site upstream of
the discharge place, for the same season. # Indicates significant differences with
respect to the reference site, for the same season. & Indicates significant dif-
ferences with respect to the same site at different season. Two-way ANOVA and
Tukey's post hoc test (p < 0.05).
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3.5. EROD activity and total protein concentration

The higher EROD activity observed in fish caught at the discharge site
and downstream (Figure 2), suggests that the Acacias River waters can
have high levels of xenobiotics. This effect could be linked to the pres-
ence of PAHs and other pollutants that are also inducers of this activity.
Increased EROD activity has been reported in fish exposed to a wide
range of pollutants, such as PAHs, polychlorinated biphenyls, and
tetrachlorodibenzo-p-dioxin (Basu et al., 2004; Gagnon and Rawson,
2016; Lindberg et al., 2017). In a series of in vitro studies, an increase of
EROD activity has been described and characterized in a rainbow trout
liver derived cell line exposed to the water accommodated fraction
(WAF) of oil samples collected from an oil spill (Prestige oil spill, in the
North-West of Spain) (Navas et al., 2006). Such results suggest that this
enzyme activity is an appropriate biomarker for detecting effects of oil
spills or oil derivatives in wild fish. Among different biomarkers evalu-
ated in several studies, EROD activity appears as the most specific for
PAHs exposure. Strong responses occur in PAHs exposed fish regardless
of habitat or route of exposure, indicating that EROD activity is a robust
biomarker suitable for a variety of fish species and experimental sce-
narios (Santana et al., 2018). However, information on differences in
EROD activities in wild fish exposed to pollutants from PW is limited in
the Colombian Orinoco region.

Regarding the influence of environmental variables, it has been re-
ported that high water temperature can contribute to the induction of
CYP1A (EROD) liver activity in juvenile Atlantic cod (Gadus morhua)
exposed to the WAF and the chemically enhanced (or dispersed) WAF of
crude oil (Lyons et al., 2011). Similarly, in the present study the highest
EROD activity was seen in fish caught at the sites that recorded the
highest temperatures.

Regarding the effect of pH, it has been observed that exposure of
Oreochromis mossambicus to low concentrations of naphthalene (6 mg/L),
led to an increase in EROD activity with increasing water pH (Amutha
and Subramanian, 2010). In the present work, higher EROD activity was
observed in liver of fish captured in sampling sites with higher pH values.

In this study, the dry season had a more noticeable effect on HSI,
EROD activity and on the presence of significant morphological changes,
which could be associated with a higher concentration of pollutants in
the water column, such as naphthalene, 2-methylnaphthalene, and
6

phenanthrene. A similar effect was reported in other in situ studies. For
instance, in the Bay of Paranagu�a in southern Brazil, which has been
affected by urban, industrial, agricultural, port activities, and oil spill
accidents, chemical analysis of the bile of the neotropical native fish
Atherinella brasiliensis showed a continuous bioavailability of PAHs.
Simultaneously, a considerable incidence of severe histopathological
alterations in the liver and gills were observed, which were associated to
biochemical alterations and genetic damage with greater prevalence
during spring (Ribeiro et al., 2013). Similarly, Corredor-Santamaría et al.
(2019), found higher incidence of liver morphological alterations and
inflammatory lesions in specimens of the native fish A. metae and
A. bimaculatus, caught during the rainy season in places of the Ocoa River
(Colombia) with higher domestic and industrial wastewater discharge. In
environmental monitoring studies evaluating the impact of xenobiotics
on aquatic organisms, the influence of the dynamics of water bodies on
the availability of oxygen and pollutants must be considered. In the
present study, the Acacias River flow is reduced at the wastewater
discharge site so that there is a higher exposure of fish to PAHs and a
lower oxygen availability, while the increase in phosphate concentration
may indicate increased organic matter degradation (Table 1).

Regarding total protein concentration in the liver of A. metae, no
significant statistical differences were found. This allows inferring that
the protein concentration did not influence the result of the EROD
activity.

Finally, the evaluation of histological and EROD activity biomarkers
in the native fish A. metaewere found to be useful as biomonitoring tools
for assessing the in situ effects of environmental pollutants.

4. Conclusion

Based on the results of increased EROD activity and the DTC analysis,
the discharge site and places downstream of the discharge of PW showed
evident signs of environmental quality degradation that could lead to an
ecological threat. Additionally, considering the low concentrations of
PAHs found in the water column, it can be inferred those other pollutants
alongside with PAHs, including other hydrocarbons not considered in our
work (see for instance Gonz�alez-Doncel et al., 2008), may exert negative
effects on the organisms monitored at these sites in the Acacias River.
Therefore, additional studies are necessary for an appropriate and ac-
curate assessment of the minimum concentrations that should be allowed
for the discharge of wastewater from oil activities by environmental
legislation in Colombia. A better knowledge of the effects induced by
PAHs pollution in freshwater will allow environmental managers and
policy makers to implement appropriate legislative actions.
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Dane, H., Şişman, T., 2015. Histopathological changes in gill and liver of Capoeta capoeta
living in the Karasu River, Erzurum. Environ. Toxicol. 30 (8), 904–917.

Espírito-Santo, H.M.V., Magnusson, W.E., Zuanon, J., Mendoça, F.P., Landeiro, V.L., 2009.
Seasonal variation in the composition of fish assemblages in small Amazonian forest
streams: evidence for predictable changes. Freshwater Biol. 54 (3), 536–548.

Etter, A., Sarmiento, A., Romero, M., 2010. Land use changes (1970–2020) and carbon
emissions in the Colombian Llanos. In: Ecosystem Function in Savannas. CRC Press,
pp. 383–402.

Figueiredo-Fernandes, A., Ferreira-Cardoso, J.V., Garcia-Santos, S., Monteiro, S.M.,
Carrola, J., Matos, P., Fontaínhas-Fernandes, A., 2007. Histopathological changes in
liver and gill epithelium of Nile tilapia, Oreochromis niloticus, exposed to waterborne
copper. Pesquisa Veterin�aria Brasileira 27 (3), 103–109.
7

Gagnon, M.M., Hodson, P.V., 2012. Field studies using fish biomarkers – how many fish
are enough? Marine Poll. Bull. 64 (12), 2871–2876.

Gagnon, M.M., Rawson, C.A., 2016. Integrating multiple biomarkers of fish health: a case
study of fish health in ports. Arch. Environ. Contamin. Toxicol. 70 (2), 192–203.

Gesto, M., Tintos, A., Soengas, J.L., Míguez, J.M., 2006. Effects of acute and prolonged
naphthalene exposure on brain monoaminergic neurotransmitters in rainbow trout
(Oncorhynchus mykiss). Comp. Biochem. Physiol. Part C: Toxicol. Pharmacol. 144
(2), 173–183.

Gonz�alez-Doncel, M., Gonz�alez, L., Fen�andez-Torija, C., Navas, J., Tarazona, J., 2008.
Toxic effects of an oil spill on fish early life stages may not be exclusively associated
to PAHs: studies with Prestige oil and medaka (Oryzias latipes). Aquatic Toxicol. 87
(4), 280–288.

Hassaninezhad, L., Safahieh, A., Salamat, N., Savari, A., Majd, N.E., 2014. Assessment of
gill pathological responses in the tropical fish yellowfin seabream of Persian Gulf
under mercury exposure. Toxicol. Reports 1, 621–628.

Hook, S.E., Gallagher, E.P., Batley, G.E., 2014. The role of biomarkers in the assessment of
aquatic ecosystem health. Integ. Environ. Ass. Manag. 10 (3), 327–341.

Ikenaka, Y., Oguri, M., Saengtienchai, A., Nakayama, S.M.M., Ijiri, S., Ishizuka, M., 2013.
Characterization of phase-II conjugation reaction of polycyclic aromatic
hydrocarbons in fish species: unique pyrene metabolism and species specificity
observed in fish species. Environ. Toxicol. Pharmacol. 36 (2), 567–578.

Incardona, J.P., Day, H.L., Collier, T.K., Scholz, N.L., 2006. Developmental toxicity of 4-
ring polycyclic aromatic hydrocarbons in zebrafish is differentially dependent on AH
receptor isoforms and hepatic cytochrome P4501A metabolism. Toxicol. Appl.
Pharmacol. 217 (3), 308–321.

Jisr, N., Younes, G., Sukhn, C., El-Dakdouki, M.H., 2018. Length-weight relationships and
relative condition factor of fish inhabiting the marine area of the Eastern
Mediterranean city, Tripoli-Lebanon. Egypt. J. Aqu. Res. 44 (4), 299–305.

Keith, L.H., 2015. The source of U.S. EPA’s sixteen PAH priority pollutants. Polycycl.
Arom. Comp. 35 (2–4), 147–160.

Kosti�c, J., Kolarevi�c, S., Kra�cun-Kolarevi�c, M., Aborgiba, M., Ga�ci�c, Z., Paunovi�c, M.,
Vi�snji�c-Jefti�c, �Z., Ra�skovi�c, B., Poleksi�c, V., Lenhardt, M., Vukovi�c-Ga�ci�c, B., 2017.
The impact of multiple stressors on the biomarkers response in gills and liver
of freshwater breams during different seasons. Sci. Total Environ. 601–602,
1670–1681.

Lammel, T., Boisseaux, P., Navas, J.M., 2015. Potentiating effect of graphene
nanomaterials on aromatic environmental pollutant-induced cytochrome P450 1A
expression in the topminnow fish hepatoma cell line PLHC-1. Environ. Toxicol. 30
(10), 1192–1204.

Liebel, S., Tomotake, M.E.M., Oliveira-ribeiro, C.A., 2013. Fish histopathology as
biomarker to evaluate water quality. Ecotoxicol. Environ. Contamin. 8 (2), 9–15.

Lindberg, C.D., Jayasundara, N., Kozal, J.S., Leuthner, T.C., Di Giulio, R.T., 2017.
Resistance to polycyclic aromatic hydrocarbon toxicity and associated bioenergetic
consequences in a population of Fundulus heteroclitus. Ecotoxicol. 26 (3), 435–448.

Lyons, M.C., Wong, D.K.H., Mulder, I., Lee, K., Burridge, L.E., 2011. The influence of
water temperature on induced liver EROD activity in Atlantic cod (Gadus morhua)
exposed to crude oil and oil dispersants. Ecotoxicol. Environ. Saf. 74 (4), 904–910.

Maceda-Veiga, A., Baselga, A., Sousa, R., Vil�a, M., Doadrio, I., de Sostoa, A., 2017. Fine-
scale determinants of conservation value of river reaches in a hotspot of native and
non-native species diversity. Sci. Total Environ. 574, 455–466.

Maharajan, A., Kitto, M.R., Paruruckumani, P.S., Ganapiriya, V., 2016. Histopathology
biomarker responses in Asian sea bass, Lates calcarifer (Bloch) exposed to copper.
J. Basi. Appl. Zool. 77, 21–30.

Mesa, S.L., Orjuela, J.M., Ortega Ramírez, A.T., Sandoval, J.-A., 2018. Revisi�on del
panorama actual del manejo de agua de producci�on en la industria petrolera
colombiana. Gesti�on y Ambiente 21 (1), 87–98.

Navas, J.M., Segner, H., 2000. Antiestrogenicity of b-naphthoflavone and PAHs in
cultured rainbow trout hepatocytes: evidence for a role of the aryl hydrocarbon
receptor. Aquat. Toxicol. 51, 79–92.

Navas, J.M., Babín, M., Casado, S., Fern�andez, C., Tarazona, J.V., 2006. The Prestige oil
spill: a laboratory study about the toxicity of the water-soluble fraction of the fuel oil.
Marine Environ. Res. 62, S352–S355.

Neff, J., Lee, K., DeBlois, E.M., 2011. Produced water: overview of composition, fates, and
effects. In: Produced Water. Springer, New York, pp. 3–54.

Okpashi, V.E., Ogugua, V.N., Ubani, S.C., Ujah, I.I., Ozioko, J.N., 2017. Estimation of
residual polycyclic aromatic hydrocarbons concentration in fish species: implication
in reciprocal corollary. Cogent Environ. Sci. 3 (1).

Petrulis, J.R., Chen, G., Benn, S., LaMarre, J., Bunce, N.J., 2001. Application of the
ethoxyresorufin-O-deethylase (EROD) assay to mixtures of halogenated aromatic
compounds. Environ. Toxicol. 16 (2), 177–184.

Poleksic, V., Mitrovic-Tutundzic, V., 1994. Fish Gills as a Monitor of Sublethal and
Chronic Effects of Pollution. In: Muller, R., Lloyd, R. (Eds.), Sublethal and
Chronic Effects of Pollutants on Freshwater Fish. Fishing News Books, Oxford,
pp. 339–352.

Quesada-García, A., Valdehita, A., del Olmo, I., G�omez, M.J., Navas, J.M., 2015. Detection
of effects caused by very low levels of contaminants in riverine sediments through a
combination of chemical analysis, in vitro bioassays, and farmed fish as sentinel.
Arch. Environ. Contamin. Toxicol. 68 (4), 663–677.

Quesada-García, A., Valdehita, A., Torrent, F., Villarroel, M., Hernando, M.D.,
Navas, J.M., 2013. Use of fish farms to assess river contamination: combining
biomarker responses, active biomonitoring, and chemical analysis. Aquat. Toxicol.
140–141, 439–448.

Ribeiro, de O.C.A., Katsumiti, A., França, P., Maschio, J., Zandon�a, E., Cestari, M.M.,
Vicari, T., Roche, H., Assis, de H.C.S., Filipak Neto, F., 2013. Biomarkers responses in
fish (Atherinella brasiliensis) of paranagu�a bay, southern Brazil, for assessment of
pollutant effects. Braz. J. Oceanograph. 61 (1), 1–11.

http://refhub.elsevier.com/S2405-8440(21)01561-9/sref1
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref1
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref1
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref1
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref2
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref2
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref2
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref2
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref3
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref3
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref3
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref3
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref4
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref4
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref4
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref4
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref4
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref4
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref5
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref5
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref5
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref6
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref6
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref6
http://refhub.elsevier.com/S2405-8440(21)01561-9/optpb0lYLzlBS
http://refhub.elsevier.com/S2405-8440(21)01561-9/optpb0lYLzlBS
http://refhub.elsevier.com/S2405-8440(21)01561-9/optpb0lYLzlBS
http://refhub.elsevier.com/S2405-8440(21)01561-9/optpb0lYLzlBS
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref8
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref8
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref8
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref9
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref10
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref10
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref10
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref10
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref10
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref10
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref10
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref11
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref11
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref11
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref11
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref11
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref12
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref12
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref12
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref12
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref12
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref13
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref13
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref13
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref13
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref13
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref13
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref14
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref14
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref14
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref14
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref14
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref14
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref15
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref15
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref15
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref15
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref15
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref16
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref16
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref16
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref16
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref17
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref17
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref17
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref17
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref17
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref18
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref18
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref18
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref18
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref18
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref18
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref19
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref19
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref19
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref19
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref20
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref20
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref20
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref21
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref21
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref21
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref21
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref21
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref22
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref22
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref22
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref22
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref22
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref22
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref22
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref22
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref23
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref23
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref23
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref23
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref24
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref24
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref24
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref25
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref25
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref25
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref25
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref25
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref26
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref26
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref26
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref26
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref26
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref27
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref27
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref27
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref27
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref28
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref28
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref28
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref28
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref29
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref30
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref30
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref30
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref30
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref30
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref31
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref31
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref31
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref32
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref32
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref32
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref32
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref33
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref33
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref33
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref33
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref34
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref34
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref34
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref34
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref34
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref35
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref35
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref35
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref35
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref36
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref36
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref36
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref36
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref36
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref36
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref36
http://refhub.elsevier.com/S2405-8440(21)01561-9/optv8CHsuBkIp
http://refhub.elsevier.com/S2405-8440(21)01561-9/optv8CHsuBkIp
http://refhub.elsevier.com/S2405-8440(21)01561-9/optv8CHsuBkIp
http://refhub.elsevier.com/S2405-8440(21)01561-9/optv8CHsuBkIp
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref37
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref37
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref37
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref37
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref37
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref38
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref38
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref38
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref39
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref39
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref39
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref40
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref40
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref40
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref40
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref41
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref41
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref41
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref41
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref41
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref42
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref42
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref42
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref42
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref42
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref42
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref43
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref43
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref43
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref43
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref43
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref43
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref44
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref44
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref44
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref44
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref44
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref44
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref44


W. Corredor-Santamaría et al. Heliyon 7 (2021) e07458
Samanta, P., Im, H., Na, J., Jung, J., 2018. Ecological risk assessment of a contaminated
stream using multi-level integrated biomarker response in Carassius auratus. Environ.
Poll. 233, 429–438.

Santana, M.S., Sandrini-Neto, L., Filipak Neto, F., Oliveira Ribeiro, C.A., Di Domenico, M.,
Prodocimo, M.M., 2018. Biomarker responses in fish exposed to polycyclic aromatic
hydrocarbons (PAHs): systematic review and meta-analysis. Environ. Poll. 242,
449–461.

Sengupta, S., Nawaz, T., Beaudry, J., 2015. Nitrogen and phosphorus recovery from
wastewater. Curr. Poll. Rep. 1 (3), 155–166.

Shirmohammadi, M., Salamat, N., Taghi Ronagh, M., Movahedinia, A., Hamidian, G.,
2017. Effect of phenanthrene on the tissue structure of liver and aminotransferase
enzymes in yellowfin seabream (Acanthopagrus latus). Iran. J. Toxicol. 11 (4), 33–41.

Soltani, T., Safahieh, A., Zolgharnien, H., Matroodi, S., 2019. Interactions of oxidative
DNA damage and CYP1A gene expression with the liver enzymes in Klunzinger’s
mullet exposed to benzo[a]pyrene. Toxicol. Rep. 6, 1097–1103.

Taheri, R., Salamat, N., Movahedinia, A., 2016. Evaluation of lymphoid tissue structure in
Sole (Euryglossa orientalis) and Yellowfin Seabream (Acanthopagus latus) affected by
environmental contaminants in the Persian Gulf. J. Immunotoxicol. 13 (3), 301–313.

Tornero, V., Hanke, G., 2016. Chemical contaminants entering the marine environment
from sea-based sources: a review with a focus on European seas. Marine Poll. Bull.
112 (1–2), 17–38.

Torreiro-Melo, A.G.A.G., Silva, J.S., Bianchini, A., Zanardi-Lamardo, E., Carvalho
de, P.S.M., 2015. Bioconcentration of phenanthrene and metabolites in bile and
behavioral alterations in the tropical estuarine guppy Poecilia vivipara. Chemosphere
132, 17–23.

Trujillo-Gonz�alez, J., Mahecha-Pulido, J., Torres-Mora, M., Brevik, E., Keesstra, S.,
Jim�enez-Ballesta, R., 2017. Impact of potentially contaminated river water on
agricultural irrigated soils in an equatorial climate. Agriculture 7 (7), 52.
8

USEPA, 1986. United States Environmental Protection Agency Superfund Public Health
Evaluation Manual, EPA/5401/1-86/060.

Valdehita, A., Fern�andez-Cruz, M.L., Torrent, F., Sericano, J.L., Navas, J.M., 2012.
Differences in the induction of cyp1A and related genes in cultured rainbow trout
Oncorhynchus mykiss. Additional considerations for the use of EROD activity as a
biomarker. J. Fish Biol. 81 (1), 270–287.

Van der Oost, R., Beyer, J., Vermeulen, N.P., 2003. Fish bioaccumulation and biomarkers
in environmental risk assessment: a review. Environ. Toxicol. Pharmacol. 13 (2),
57–149.

Van Dyk, J.C., Pieterse, G.M., Van Vuren, J.H.J., 2007. Histological changes in the liver of
Oreochromis mossambicus (Cichlidae) after exposure to cadmium and zinc. Environ.
Toxicol. Pharmacol. 66 (3), 432–440.

Velasco-Santamaría, Y.M., Corredor-Santamaría, W., Torres-Tabares, A., 2019.
Environmental Pollution by Hydrocarbons in Colombia and its Impact on the Health
of Aquatic Ecosystems. In Pollution of Water Bodies in Latin America. Springer
Nature, Switzerland AG, pp. 229–254.

Wolf, J.C., Wheeler, J.R., 2018. A critical review of histopathological findings associated
with endocrine and non-endocrine hepatic toxicity in fish models. Aquatic Toxicol.
197, 60–78.

Wolf, J.C., Wolfe, M.J., 2005. A brief overview of nonneoplastic hepatic toxicity in fish.
Toxicol. Pathol. 33 (1), 75–85.

Yang, X., Wu, X., Hao, H., He, Z., 2008. Mechanisms and assessment of water
eutrophication. J. Zhejiang University Science B 9 (3), 197–209.

Zabbey, N., Olsson, G., 2017. Conflicts - oil exploration and water. Global Challenges 1
(5), 1600015.

Zanger, U.M., Schwab, M., 2013. Cytochrome P450 enzymes in drug metabolism:
regulation of gene expression, enzyme activities, and impact of genetic variation.
Pharmacol. Therap. 138 (1), 103–141.

http://refhub.elsevier.com/S2405-8440(21)01561-9/sref45
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref45
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref45
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref45
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref46
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref46
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref46
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref46
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref46
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref47
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref47
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref47
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref48
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref48
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref48
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref48
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref49
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref49
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref49
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref49
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref50
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref50
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref50
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref50
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref51
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref51
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref51
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref51
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref51
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref52
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref52
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref52
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref52
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref52
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref53
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref53
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref53
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref53
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref53
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref54
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref54
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref55
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref55
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref55
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref55
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref55
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref55
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref56
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref56
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref56
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref56
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref57
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref57
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref57
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref57
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref58
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref58
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref58
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref58
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref58
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref59
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref59
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref59
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref59
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref60
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref60
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref60
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref61
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref61
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref61
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref62
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref62
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref63
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref63
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref63
http://refhub.elsevier.com/S2405-8440(21)01561-9/sref63

	Liver biomarkers response of the neotropical fish Aequidens metae to environmental stressors associated with the oil industry
	1. Introduction
	2. Materials and methods
	2.1. Sampling sites
	2.2. Sample procedure
	2.3. Condition indices
	2.4. Histological evaluation
	2.5. Histometric evaluation
	2.6. EROD activity assay
	2.7. Statistical analysis

	3. Results and discussion
	3.1. Physicochemical parameters
	3.2. Water analyses
	3.3. Condition indices
	3.4. Histopathological analysis
	3.5. EROD activity and total protein concentration

	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


