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12.1 Introduction

Wastewater frequently contains toxic metals and other contaminants that can be
accumulated in the organisms that live in Mexico’s aquatic environments, which are
exploitable resources. Their consumption can transfer contaminants to the highest
trophic levels. Their effects on organisms result from direct contact with water, as
well as from consumption of contaminated prey. This is also valid for people.

In the world, 97% of the water is marine, and, therefore, freshwater constitutes
only a small portion, but it is very important as a potable water source and for other
uses (Prescott et al. 2000). Lately, water quality has been compromised by the emis-
sion of contaminants. In the marine environment, pollution has increased especially
in coastal areas. In continental areas, a variety of activities like mining, agriculture,
and industry dump their wastes in the aquatic ecosystems. These toxic compounds
have a direct impact on the aquatic organisms, and this depends on their chemical
composition. Their effects can be manifested at the short, medium, or large term,
which depends on their concentration, dispersion mechanisms, and toxicity level.
Effects include physiological and biochemical alterations of the organism functions,
increased susceptibility to illness (pathogen agents), as well as a decreased resis-
tance to environmental factors. Contaminants can influence reproductive capacity
and therefore species survival and, in severe situations, the result can be the exter-
mination of wildlife populations (Dillon and Lynch 1981; Ramade 1989). Water
pollution puts human beings at risk since their survival depends directly on water
quality, which can have direct effects on their health and on organisms in general
(Carabias and Landa 2006).
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Water pollution studies have become relevant due to the growing demand for this
resource, the economic activities that accompany human demographic growth, and
the growing shortage of this resource stemmed from climate changes. As a conse-
quence, there has been an increment in the exploration to create new wells for water
supply and to increase storage through dams (Schmitz 1995).

A serious and recurring problem is the entry to aquatic ecosystems of domestic
and industrial untreated wastewaters, which adds nutrients like phosphorus, nitro-
gen, and organic matter. All this modifies the ecological processes and may cause
dissolved oxygen depletion, pH alterations, and introduction of coliform bacteria,
among other consequences. Wastewaters frequently contain toxic metals and pesti-
cides that are deposited and accumulated in the receptor aquatic system (Valdez and
Vazquez 2003).

Toxic metals commonly found in aquatic ecosystems include lead, cadmium,
chromium, and copper. The first two are not essential, and their toxic effects can
hardly be compensated at the metabolic level. On the other hand, chromium and
copper are essential, cells require small quantities, and therefore, there is some tol-
erance toward them. However, above certain quantities, these too can be toxic.

Lead is used in paints, ceramics, printing, batteries, gasoline, and other products.
The main intake routes are pulmonary and gastrointestinal. It is distributed through
the erythrocytes in which it binds to hemoglobin; it is accumulated in bone, kidney,
liver, muscle, and brain tissues. Its toxic effects at the cellular level include the inhi-
bition of ATPase activity, DNA and RNA syntheses, cellular respiration, and neural
processes interference (Albert 2011).

Cadmium is used for alloys, welding, galvanizing, electroplating, paints, ceram-
ics, batteries, pesticides, and fertilizers. It is absorbed through the pulmonary route,
as well as gastrointestinal and dermal (Albert 2011). It is transported in the blood
bound to proteins like metallothioneins (MT), hemoglobin, and albumin. It is depos-
ited in the renal cortex, kidney, and testicles. Cd causes renal alterations, cellular
damage, and tumors. Its toxic effects include the inhibition of cellular respiration,
protein synthesis, and iron absorption; and it interferes the zinc and calcium metab-
olism. When Cd is incorporated into the cell, this stimulates the metallothioneins
synthesis (Mencias and Mayero 2000).

Chromium is an abundant element in the earth’s crust, and it is used to generate
stainless steel, metallic and plastic surface electrolytic covering, ceramic materi-
als manufacturing, food supplements, pesticides, and leather dyes, among other
things (Moreno 2003). Cr is absorbed through pulmonary, dermal, and oral routes.
It is transported in transferrins, hemoglobin, and metallothioneins. Some of the
effects that Cr can cause are gastrointestinal irritation and bleeding with nausea,
vomit, diarrhea, aerial track irritation, and dermatitis (Mencias and Mayero 2000;
Moreno 2003).

Copper is an essential nutrient widely distributed in nature. Humans use it to
manufacture utensils, nutrients, coins, fertilizers, and pesticides, among other
things. Cu is an important component of multiple enzymes, like oxidases which
play a fundamental part in the cell’s energy metabolisms. It also a part of the super-
oxide dismutase enzyme, responsible for the reduction of the superoxide radical to
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peroxide hydrogen, a detoxification process that protects the cell against oxidation.
Excess copper can cause an intoxication characterized by loss of function of the
previously mentioned enzymes, as well as necrosis and hepatic lesions. The main
absorption route is oral, and this metal is transported bound to albumin and metallo-
thioneins (Moreno 2003).

Quantification of water contaminant levels is fundamental in environmental
analysis, especially in those cases where there is legislation to protect aquatic and
terrestrial ecosystems; however, determination of pollutants concentrations in the
environment does not directly inform about the risks to populations in a particular
site, and therefore, it is necessary to know the contaminant’s effects on the organ-
isms that persist in the system. These effects can be evaluated through a series of
responses that as a group is known as biomarkers.

Biomarkers allow the estimation of early damage; they gather responses at dif-
ferent levels of organization, which permits a holistic vision of the toxic effects. The
information that they provide is beyond the simple quantification of environmental
concentrations (McCarthy et al. 1991). Biomarkers express in a quick, easy, and
cheap way the consequences of exposure to one or more toxic agents impacting an
environment and can be measured in the organisms (Zapata-Pérez et al. 2002; Gold-
Bouchot and Zapata-Pérez 2004). Biomarkers evaluation can be done at different
levels: biochemical and molecular (effects on enzymes, proteins, DNA, RNA, and
others), cellular (membrane changes and damages), and histological and individual
(effects on growth).

Biomarkers are classified into three categories:

(a) Exposure: these allow the detection and measurement of chemical compounds
and their metabolites, or register the interaction between a xenobiotic agent
with certain molecule or cell, and are evaluated in an organism compartment.

(b) Effect: these measure biochemical, physiological, and other modifications in
tissues or fluids, which can be recognized and related to possible alterations in
the health status of the organisms.

(c) Susceptibility: these indicate the loss or acquisition of capacities to respond to
changes caused by a specific toxic. These include genetic factors and changes
in the susceptibility to such exposure (Van der Oost et al. 2003).

Biomarkers responses are generally considered as an intermediate reaction between
the exposure to a xenobiotic and evident clinical effects in the individual. When
these compensatory effects are activated, the organism’ survival probability declines
and it will depend on its capability to adapt to environmental changes (Van Der Oost
et al. 2003).

An example of an exposure biomarker associated with the effects of metals is
metallothionein (MT). These are low molecular weight proteins that contain cyste-
ine; they can bind a variety of biological important metals like zinc and copper. MT
can also bind metals that do not have any known biological function; this is the case
of Cd, Pb, and Hg. The concentration of these proteins rises when the concentration
of metals increases in organs and tissues like the liver and muscle, among others.
That is why it is possible to establish a direct relationship between metal exposure
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and MT concentration, which in turn allows for the determination of exposure in
cases when there are no detectable metal levels in the tissues (Hamilton and Mehrle
1986; Dallinger et al. 1997).

The acetylcholinesterase enzyme activity is a biomarker of effect which is usu-
ally used to evaluate neurological effects of diverse toxins like pesticides and metals
like lead. This enzyme regulates nerve impulse transmission by hydrolyzing the
accumulated acetylcholine in the cholinergic synapsis (Brewer et al. 2000). The
inhibition of this enzyme can cause muscular paralysis, which in fish is manifested
as disorientation, erratic swimming, and reflex lethargy (Dembele et al. 2000),
which in turn causes hematomas due to the animal colliding with the rocks of the
aquatic environment.

The study of biomarkers is carried out in test organisms that can be laboratory
models (like the zebrafish), as well as in those that are found in contaminated sites
(biomonitors). Biomonitor organisms represent an important tool to evaluate the
consequences associated with the presence of toxins in the aquatic environment.
The accumulation of some toxins occurs in specific organs like lungs, kidneys, and
liver and in specific tissues like adipose, muscular, and bones. Pollutants accumula-
tion analysis in organisms is a good indicator of the biological impact since it auto-
matically takes into account their availability to living beings (Borgmann 2000;
Chapman 1996).

Biomonitors can be used at the individual, community, and ecosystem level,
while the damage they may present can be evaluated through biomarkers at the
biochemical, histological, physiological, anatomical, genetic, and reproductive
level (Cap6 2002; Rosenberg et al. 2008; Prat et al. 2009). Biomonitors should be
chosen carefully since the results of their investigation should allow inferring what
happens with most of the species that inhabit a specific ecosystem. This type of
analysis is denominated as ecotoxicological (Capé 2002). Tataruch and Kierdorf
(2003) proposed the following characteristics for a biomonitor species: it should be
distributed in one or more big areas so it can be considered representative; its col-
lections should not represent a big effort, its manipulation and identification should
be easily performed. Its population density should be high enough so that its sam-
pling does not represent a problem. Its size should be enough to perform the neces-
sary measurements and tissue and organ biopsies. It should be sensitive but at the
same time resistant to the contaminants of the environment, so that it can manifest
effects but without compromising its descendants. A long life cycle is convenient so
that it can accumulate the contaminant and show evident effects along the time. Its
importance as an exploitable resource will evidence if there is a risk for human
health. An aquatic biological indicator is an organism whose presence and abun-
dance signal a process or the state of the system in which it inhabits (Rolddn 1999).
Previous knowledge of the species function under normal circumstances is neces-
sary, including life cycle, seasonality, and its natural variations, in a way that it is
possible to compare before and after an environmental perturbation.

In Mexico, some species have the previously mentioned characteristics; such is
the case of mollusks and fish that live in different environments, particularly of the
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oyster Crassostrea virginica and the tilapia Oreochromis niloticus which are two
species that have been used as bioindicators.

The oyster Crassostrea virginica has demonstrated to be a good laboratory study
model, due to the changes it manifests when exposed to contaminants, like behav-
ioral, physiological, biochemical, and genetic modifications. C. virginica can be
considered a good biomonitor since it has a wide distribution, it is a benthic seden-
tary organism in adult life, it resists contaminants, and it can accumulate metals
(Baqueiro et al. 2007). Its role in the ecosystem includes the reduction of organic
matter. In Mexico, it is distributed in the Gulf of Mexico, where it is extracted and
has great commercial importance so that there are two close seasons per year estab-
lished for its protection in the nation’s laws: NOM-015-SAG/PESC-2016 (SEGOB
2016). The uptake of metals in C. virginica occurs through direct contact of the
animal with the metal in water, or through the oral route. This last route is more
important when there are solid particles in the media and these are contaminated
(Roesijadi 1996; Levine et al. 2006). Once inside the organism, the contaminated
particles can interfere with a variety of processes. Metals can be accumulated, but
in most benthic filtering organisms, like C. virginica, they hardly reach a dynamic
equilibrium, resulting in a long-term presence of the contaminant in its tissues (Mok
et al. 2015; Soto-Jiménez 2011). During stressful environmental conditions, the
closing of the valves can last many hours, which implies that the filtration process
is stopped. This represents a mechanism that minimizes the contact with the toxic.
Additionally, when the metal is already in the organism, there are detoxification
mechanisms like the induction of proteins specialized in the sequestering of metals,
known as metallothioneins (Lemus et al. 2016).

The tilapia O. niloticus is an organism that was introduced to Mexico, and despite
not being native, it has adapted itself to the conditions of the country, and it is an
important food resource nowadays. There are three species of the Oreochromis gen-
era in the territory: O. mossambicus, O. aureus, and O. niloticus (SAGARPA 2012).
Its life cycle consists of various stages: egg, fry, young, juvenile, and adult. It devel-
ops between 20 °C and 30 °C. Males mature sexually between 4 and 6 months,
while females do it between 3 and 5 months. When they are 6—12-month old, they
can weigh between 250 and 500 g, with a length of 12—15 cm. Tilapia is highly
accepted in the market due to its high nutritional value. Most commercialized fish
in Mexico weigh around 150 and 500 g, and for fillet and exportation around 800 g
to 1 kg (SAGARPA 2006, 2012; Saavedra 2006). A variety of toxic compounds
affects its quality as a food resource and represents a human health risk; such is the
case of Cd, Pb, Cr, and Cu. Tilapia is ideal to evaluate toxic effects because of its
accelerated growth rate, continuous reproductive periods, high fecundity, high resis-
tance to illnesses, its omnivore habits, as well as its tolerance to temperature varia-
tions, which is why it is distributed in semiwarm and warm waters. Like other fishes,
tilapia can bioaccumulate metals in target organs and muscle and will manifest
effects like morphometric, physiological, reproductive, and genetic modifications
(Ramirez and Mendoza 2008). Numerous toxicological and biological studies have
been performed in tilapia.



206 F. A. M. Guzman et al.

The objective of this chapter was to integrate information of effects caused by
some metals present in Mexican aquatic ecosystems, on two ecologically and com-
mercially important bioindicators, the oyster Crassostrea virginica (Gmelin 1791)
and tilapia Oreochromis niloticus (Linnaeus 1758).

12.2 Method

The collection of oysters was carried out in the Gulf of Mexico (Tecolutla River,
Veracruz, while tilapia was obtained from an artificial inland dam (Tenango,
Puebla). The procedures applied for each species are described below.

12.2.1 C. virginica as a Bioindicator of Metal Trophic
Transfer

Specimens of C. virginica were extracted from the Tecolutla estuary (20°28'48” N,
97°06'40” W), which is located in the state of Veracruz. This area has a beach
expanding 64 km?; the weather is warm and humid with rains during the summer,
the median annual temperature is 22 °C, and the average precipitation is 60 mm
(H. Ayuntamiento de Tecolutla 2016). The primary economic activities of the region
are agriculture, ranching, fishing, and tourism. The Tecolutla River provides most of
the organisms that are locally commercialized, including shrimp (Litopenaeus sp.),
fishes, crustaceans, and mollusks. The estuary is very important since it is associ-
ated with a mangrove forest that helps in the reproduction of the commercialized
organisms (INEGI 2016).

Organisms were obtained from the pier of the Tecolutla River (Fig. 12.1, Site 2).
In this site and other five located along the river, physicochemical parameters were
registered in situ: pH, dissolved oxygen (DO), and temperature with a HANNA
potentiometer (HI98128) and a YSI analog oximeter (model 54A). Salinity was
measured with an ATC hand refractometer. Additionally, superficial water samples
were taken at the same sites to analyze Cu and Cd concentrations.

Water samples were taken manually in 1 L plastic bottles previously washed with
10% HNO;. Samples were fixed to <2 pH with 0.5 mL of nitric acid (reagent grade)
and put in a cooler at 4 °C, to be transported to the Ecotoxicology Laboratory in
Mexico City where they were frozen to — 20 °C until metal analysis was performed.

Organisms were collected also manually, put in a black plastic bag, and trans-
ported to the laboratory in a cooler containing ice, where they were maintained in a
water system that mimics the characteristics of its habitat, until the experimental
phase.

When the organisms arrived at the laboratory, each oyster was washed under tap
water with the help of a brush with plastic bristles to remove sediment, organic matter,
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Fig. 12.1 Study Site: Tecolutla, Veracruz. Sampling sites: (1) Gutiérrez Zamora, (2) pier, (3) estu-
ary, (4) mouth, (5) sea, (6) oyster lagoon

and epibionts adhered to the shell; then, the oysters were submerged in a 70% alcohol
solution for 10 min and rinsed with artificial seawater.

The maintenance system contained 800 L of artificial seawater (Kent marine),
ripen a month in advance, that flowed continuously through 14 interconnected
aquariums (to guarantee aeration). The system had a physical filter for the removal
of particles, and an activated carbon filter, as well as a skimmer for the removal of
proteins. Physicochemical parameters (pH, DO, temperature, and salinity) were
evaluated every day. Initially, water salinity was prepared to be similar to that regis-
tered in the field, to avoid osmotic stress in the organisms. Later it was slowly
increased to 22 ups.

The study of the effects of the metals on the oyster was performed in two phases.
The first was to secure a Chlorella sp. culture to feed to the oysters as Cd- or
Cu-contaminated food. It was necessary to test the conditions in which the algae
could grow exposed to the metals, in order to generate the necessary cell concentra-
tion for feeding and, also, to guarantee metal accumulation. In the second phase, the
oysters were exposed to contaminated food to evaluate the biomarkers.

Chlorella culture was prepared in a mineral medium with a pH of 6 in artificial
seawater (5 ups, Kent marine). Cell concentration counts were done using a
Neubauer chamber and a Zeiss optical microscope. 0.01 mg of reagent grade
(J.T. Baker) copper or cadmium salts (CuSO, - SH,O and CdCl, - 2 1/2 H,O, respec-
tively) was added to the medium, which implied a Cu concentration of 0.0254 mg/L
or a Cd concentration of 0.0493 mg/L, as suggested by Cordero et al. (2005).
Chlorella population growth was monitored every 24 h, until the exponential phase
and a density of 30 x 10° cells per mL was reached (110 h). Culture media was
centrifuged 3 minutes at 500 RPM in a Solbat centrifuge to separate the cell from
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the mineral medium. The supernatant was eliminated, and the cells were stored in
50 mL Falcon tubes added with artificial salty water at 5 ups, without a mineral
medium, to feed the oysters.

Seventy-five organisms that had been fed every 24 h (30 x 10°¢ cells/mL) were
exposed either to clean food, Cu-contaminated food, or Cd-contaminated food.
Biomarkers (lysosomal membrane stability and metallothioneins) evaluation in oys-
ters was performed every 24 h for a 96 h period; for each time and concentration,
five organisms were selected using an aleatory numbers table to avoid bias; morpho-
metric data of each oyster were taken and its condition index calculated.

Lysosomal membrane stability was measured through the neutral red retention
technique (Lowe et al. 1995). Slides were previously prepared with 10 pL of a solu-
tion containing 15 pL of poly-L-lysine (SIGMA-Aldrich) and 135 pL of distilled
sterile filtered water, dried in a humid and dark chamber for 30 min. To extract
hemolymph of each animal, its valves were moved away leaving the visceral mass
exposed; then with a hypodermic needle containing 0.1 mL of saline physiological
solution 0.9 NaCl (PISA), 0.1 mL of hemolymph was extracted from the venous
sinus (heart). The needle was removed from the syringe, and the hemolymph was
transferred to a silicone Eppendorf tube containing poly-L-lysine. Later 40 pL of
the hemolymph and saline solution were dispensed over the slides to proceed to
30 min incubation in a wet chamber, to allow the cells to adhere to the slide. The
excess solution was dried with a paper towel, and 40 pL of neutral red solution was
added to each slide. The neutral red solution was prepared by diluting 20 mg of
neutral red in 1 mL dimethyl sulfoxide; then, 10 pL of this mixture was diluted with
990 mL of saline solution.

Slides were placed in a humid dark chamber, and to observe the coloration, a
cover glass was added before reviewing them under an optical microscope at 40x.
Observations were done every 15 min during the first hour and then every 30 min
for two more hours. To avoid the drying of the samples that can result in dye crystals
formation, observation lasted less than 1 min.

Metallothionein analysis (Scheuhammer and Cherian 1986) required the previ-
ous hemolysis of heparinized rabbit’s blood; to this end, 10 mL of blood with
20 mL of KCI 1.15% were centrifuged at 500G for 5 min at 10 °C to sediment
erythrocytes, which were resuspended with 20 mL of heparinized 1.15% KCI and
centrifuged again under the same conditions twice more. Erythrocytes lysis was
achieved by resuspending with 15 mL of a Tris 30 mM pH 8 buffer for 10 min. The
supernatant was recovered in 1 mL Eppendorf tubes, which were preserved at
—85 °C until their use.

MT analysis was performed in the digestive gland of the oysters, which was dis-
sected from each organism analyzed using plastic knives, previously washed with
10% HNO:;. The tissue samples were placed in Eppendorf tubes over ice. For each
wet gram of tissue, 4 mL of cold sucrose 0.25 M solution was added, followed by a
slow homogenization with Teflon pestle, to try to avoid bubble formation that could
oxidize the tissues. Later the tissue was centrifuged at 2000g for 20 min at 4 °C. The
supernatant was recovered and stored in 2 mL Eppendorf tubes. 375 pL of the super-
natant was mixed with 825 pL glycine buffer to obtain a final volume close to
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1200 pL. 500 pL of silver solution was added to each sample and incubated in dark-
ness for 20 min, followed by the addition of 200 pL of hemolyzed rabbit’s blood to
sweep along those metals not trapped by metallothioneins. Samples were then put in
a double boiler for 2 min to eliminate undesirable molecules; then they were centri-
fuged at 4000 RPM. The supernatant was recovered and centrifuged at 13,000 RPM
for 5 min. All samples were kept frozen at — 85 °C in a REVCO freezer until further
analysis. MT concentration (pg/g wet weight) was obtained through the detection of
silver (Ag) in atomic absorption spectroscopy with Varian AA20 equipment.

12.2.2 Q. niloticus as a Bioindicator of the Presence of Metals
in the Environment

The tilapia study took place in the Tenango dam (20°12'13” N y 97°5927" W)
which is located on the north mountain range of the State of Puebla, close to Tenango
de Las Flores town in the Huachinango municipality (Fig. 12.2). It is located 1472 m
ASL and it is part of the Necaxa River watershed. The dam belongs to the Necaxa
hydroelectric system and has two main water sources the Acatlan and the Nexapa
dams, which are connected through tunnels. In turn, the Tenango dam supplies
water to the Necaxa dam for the generation of hydroelectric energy (INE-UACH
2007). There are touristic activities in the Tenango dam, like boat rides, camping,
handicrafts, and ornate plants (chrysanthemums, gardenias, carnations, roses, poin-
settias, orchids, cempasuchil, etc.) cultures; these last require the use of chemical
fertilizers and pesticides. Among the fertilizers used are blue Nitrofosca, Chilean
Nitrate, Urea 94515, Triple 20, and Multi-npk. In regard to the pesticides,
Benomilo©, Folicure©, Talstar©, Tecto 60©, and Amistar are used to fight fungus,

0.5

e

Fig. 12.2 Tenango dam sampling sites
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while Furadan©, Dioxinon©, Foley©, and Compo®© are used to fight insects and
Nemacur© and Etoprop®© to fight nematodes. These pesticides are applied year
round, but Benomilo© and Furadan© are the most used in the area. There is also
raw wastewater deposition, coming from the homes located in the dam’s periphery;
this is due to the lack of a drainage system. Solid wastes (bottles, clothing, food
leftovers, and tires) are also deposited on the dam shores.

The study in Tenango took place along 1 year during which five field trips were
accomplished (January, April, June, September, and November) in 2015. Water
samples encompassed the whole dam; for metal quantification, APHA (1992) rec-
ommendations were applied: samples were taken in plastic bottles that were previ-
ously washed with Extran, followed by a 24 h soak in 10% HNO; and a distilled
water rinse. Samples pH was adjusted between 1 and 2 using a Hanna field pH
meter (model HI981) and analytic grade Fermont HNO;. Afterward, samples were
refrigerated at 4 °C and later transported in a cooler to the ecotoxicology laboratory
where they were preserved at —20 °C until further processing.

With regards to fish, 30 tilapias were captured with the help of fishermen and a
nylon monofilament net. Morphometric data (weight and length) of each specimen
were taken, and a visual inspection was performed checking eye and gills appear-
ance, wounds, lesions, hematomas, deformities and tumors presence, skin color,
and general appearance as described in SAGARPA’s production of tilapia manual
(2006), where quality standards for tilapia as a consumption product sold to restau-
rants and the general public are explained.

Muscle and liver samples were obtained from each specimen; one portion was
for metals quantification and another for metallothionein evaluation. These were cut
using plastic instruments to avoid metals traces contamination. Samples were placed
in separate glass containers preciously washed as explained before (APHA 1992;
Lozada-Zarate et al. 2006). Samples were transported in a cooler to the Ecotoxicology
laboratory where they were frozen to —20 °C until further analysis.

Water samples were analyzed for the presence of Pb, Cd, Cr, and Cu with a
Varian 220 FS atomic absorption spectrometer, following the technique explained
in NMX-AA-051-SCFI-2001 (Secretaria de Economia 2001). Metal concentrations
were compared with Mexican water quality criteria (QWC) for urban use and for
the protection of aquatic life (CONAGUA 2016).

In Pb, Cd, Cr, and Cu analysis in fish tissues, liver and muscle samples were
weighted and dried at 40 °C in a stove until constant weight was achieved. 0.5 g (dry
weight) of each sample was placed in a Teflon cup, and 5 mL of analytic grade
HNO; was added before digesting the sample in a CEM MARSXS microwave oven
at 170 °C for 20 min (EPA 1995). The resulting sample was diluted to a volume of
30 mL with deionized water and analyzed in a Varian 220 FS atomic absorption
spectrometer (Lozada-Zarate et al. 2006). Tissues metal levels were compared with
the maximum allowed concentrations in norm NOM-242-SSA1-2009 (Secretaria
de Salud 2011) and with Brazilian legislation for food for human consumption
(LBMP 2017).

Metallothionein production was evaluated with Scheuhammer and Cherian
(1986) technique previously described. In this case, tilapia tissues were homoge-
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nized with 4 volumes of 0.25 M sucrose (weight/volume = 1:4); the supernatant was
frozen at — 85 °C in a REVCO freezer until further analysis.

Results were statistically analyzed with IBM SPSS Statistics 23 and NCSS 2007
software; comparisons were examined with ANOVA or Kruskal-Wallis if data were
not normal (Kolmogorov-Smirnov test) and had no homoscedasticity (Levene test).
To analyze the variables relationships, Pearson and Spearman’s simple correlations
were used according to each case (Sokal and Rohlf 2012). The significant level
considered was P < 0.05 (Marques de Cantd 1991).

12.3 Results

12.3.1 Metal Trophic Transfer in C. virginica

The analyzed biomarkers responses indicated harmful effects due to Cu and Cd
exposure through ingestion of contaminated Chlorella.

Lysosomal stability was lost, which was observed through the reduction in neu-
tral red dye retention times (NRRT) in lysosomes (Fig. 12.3). Control organisms did
not show changes in NRRT throughout the essay with a maximum retention time of
210 min. Adverse effects were observed since the first 24 h. By 72 h, organisms fed
with Cu-contaminated cells presented a NRRT close to 24 min. By the end of the
assay, those oysters fed with Cd-contaminated algae showed a NRRT of 9 min.

MT analysis in oyster’s digestive gland also showed deleterious effects after 24 h
exposure to contaminated algae food. In the Cu assay, there was an increase in MT
production with a subsequent reduction after 48 h. For Cd, the increase happened
after 24 h of exposure and reached a maximum value at 72 h followed by a decrease
at 96 h. Control oysters presented concentrations close to 60.0 pgMT/g tissue
throughout the assay, except at 48 h where there was a significant increase
(88.5 pgMT/g tissue, P < 0.05, Kruskal-Wallis test). Even when this concentration
was higher than those obtained in the other days, the experimental groups (Fig. 12.4;
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Fig. 12.3 Neutral red dye lysosomal retention time in C. virginica fed with metal-exposed
Chlorella
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Fig. 12.4 Metallothionein average induction in oyster C. virginica fed with Cu- and
Cd-contaminated algae

Table 12.1) showed significant differences between them and controls; the MT were
manifested in Cu-exposed animals after 24 h (115.6 pgMT/g tissue), and in
Cd-exposed oysters, bigger concentration was at 72 h (115.6 pgMT/g tissue).

Other different values were not significantly different from controls. The absence
of difference between exposed and control organisms may be due to wide data dis-
persion, which may mask the possible differences (Fig. 12.5). Standard deviations
were always higher in exposed organisms, except at 96 h. In spite of not been able
to demonstrate differences, the maximum values registered at 24 h indicate an
important induction in oysters exposed to both metals, since they reached their high-
est values: 172.0 pgMT/g tissue for Cu, and 202.8 pgMT/g tissue for Cd, while the
control only reached 107.4 pgMT/g tissue at 96 h.

Water metal pollution in Tenango dam showed significant differences among all
collections (Table 12.2).

According to Mexican laws, Pb was the metal that exceeded in more occasions
the WQC which occurred in four out of the five collections (January, April, June,
and September) (Fig. 12.6). Cr exceeded the WQC in January, April, and September.
Cu and Cd had similar behavior, exceeding the WQC for urban use and aquatic life
protection in the month of June, while in November they only exceeded the WQC
for aquatic life protection.

A total of 150 specimens of O. niloticus from the Tenango dam was analyzed; the
morphological attributes considered for the visual quality inspection were fulfilled
by all organisms, so they were suitable for commercialization (SAGARPA 2006).
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Table 12.1 Metallothionein quantitation (pgMT/g tissue) in C. virginica digestive gland

Hours Control Con Cu Con Cd

0 x+=SD 63.7+5.0 652 +11.7 64.4+7.8
Min-Max 57.8-68.0 51.8-77.5 56.5-74.0

24 x+=SD 66.0 = 18.6 115.6 £ 31.8* 124.0£51.6
Min-Max 51.5-97.0 97.3-172.0 68.9-202.8

48 x+=SD 88.5+3.2 117.2 £32.7 108.4 £23.6
Min-Max 85.3-93.7 81.8-170.3 78.9-139.8

72 x+=SD 60.8 +26.7 109 +41.3 141.2 +£34.3*
Min-Max 19.0-88.9 60.0-167.9 110.6-194.9

96 x+=SD 60.2 = 30.0 83.8 £28.8 109.5 £ 14.0
Min-Max 35.5-107.4 56.2-114.8 93.8-128.3

X + SD average and standard deviation, Min minimum, Max maximum
*Significant differences (P < 0.05)
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Fig. 12.5 Metallothionein expression in oysters fed with Cu- and Cd-contaminated Chlorella cells
for 96 h. Metals present in O. niloticus and their possible relationship with morphological param-
eters and biomarkers. Different letters indicate statistically significant differences (P < 0.05)
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Table 12.2 Tenango dam water average metal concentrations (mg/L) and standard deviations

January April June September November Limit
Pb 1320105 2.93+1.50 0.40 +£0.15 | 0.04+0.03 0.03 +£0.02 | 0.05*
0.03%
*Cr 0.42+0.13 | 0.16 +0.11 0.01 £0.01 |0.11x0.06 0.02£0.01 |0.05*
*Cu | <0.01 <0.01 £0.00 |1.37+0.62 | <0.01 0.25 +0.03 | 1.00*
0.05*
*Cd 00 0+0 0.13+0.05 |<0.01 0.01 £0.01 |0.01*
0.004°

*Statistically different between collections (P < 0.01)
“Maximum limit allowed for urban use
"Maximum limit allowed for the protection of aquatic life (CONAGUA 2016)
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Fig. 12.6 Metals average concentrations for each sampling. WQC (a) for urban use, 0.05 mgCr/L,
and (b) for protection of aquatic life, 0.03 mgPb/L, 0.05 mgCr/L, 0.05 mgCu/L, 0.004 mgCd/L
(CONAGUA 2016)

That is, eyes had black pupils and a crystalline cornea and were convex; gills were
bright, pelvic and pectoral fins were present, and the animals did not show cuts,
lesions, deformations, or mucus over the body; flesh was firm and elastic and finger
pressure did not leave imprints; skin was red, gray, or black or combined as expected;
scales loss was less than 15% on the body’s surface. Only in January and April, 4%
of the specimens presented hematomas.

There were significant differences in length among collections, and in April and
November, Tilapia size was less than acceptable for commercialization. Weight did
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Table 12.3 Morphometry and liver and muscle metal concentrations in O. niloticus from Tenango
dam (average and standard deviation)

Ideal
Morphometry | January April June September | November | values
“Total length | 18.7+2.7 | 15.6+1.4 | 184+22 | 184+1.1 |164+4.1 |18-25"
(cm)
Weight (g) 120 + 42 101 + 21 122 + 45 112 +33 112 27 | 150-300°
Concentration MAL
(mg/kg)
“Pb — Liver 11.12+3.63 | 11.13 +0.42|0.11 +£0.04 | 0.13 +0.02 | 0.08 +0.01 |0.5¢
“Pb—Muscle | 6.82+4.18 | 3.68 +£1.06 10.10+0.04 0.13x0.02 | 0.09 =0.02 | 0.5¢
*Cd — Liver 1.62+0.98 | 1.26 +0.51 |0.01 +0.00 |0.01 +0.002 | 0.01 + 0.008 | 0.5¢
“Cd—Muscle | 1.89 £0.89 | 2.06 +0.47 | 0.01 +0.00 0.008 = 0.00 | 0.01 +0.001 | 0.5¢
“Cr — Liver 149+0.76 | 1.34+0.10 | 0.07 +£0.02| 0.08 +0.05 | 0.06 +0.02 |0.1¢
*Cr—Muscle | 0.89+0.43 | 0.53+0.02 | 0.06+0.01| 0.06 +0.04 | 0.06 +0.01 |0.1¢
*Cu — Liver 0.45+0.06 | 0.16+0.02 |0.18 £0.04 | 4.01 £0.04 | 0.35+0.11 |30
“Cu—Muscle | 0.17 +0.04 | 0.13+0.03 |0.12+0.02| 0.03+0.02 | 0.32+0.11 |30¢

MAL maximum allowable limit

*Statistically different between collections (P < 0.01)

“Total length interval for sale to the public and restaurants (SAGARPA 2006)

®Ideal weight interval for sale to the public and restaurants (SAGARPA 2006)

‘MAL for fresh, refrigerated, and frozen fishery products NOM-242-SSA1-2009 (Secretaria de
Salud 2011)

YMAL for food intended for human consumption (LBMP 2017)

not present significant differences; however, in all samplings, the organisms pre-
sented lower than acceptable values (Table 12.3). Metal concentrations in the liver
and muscle presented significant differences among collections.

Pb presented the highest concentration in liver and muscle in January and April;
these values exceeded the acceptable concentration in fishing products for human
consumption, in accordance with Mexican law NOM-242-SSA1-2009 (Fig. 12.7).
Cd presented the second highest concentrations and behavior similar to that of Pb,
with higher concentrations in January and April and unacceptable values for human
consumption. Cr also presented high values, exceeding the 0.1 mg/kg acceptable
level for human consumption, also in January and April. Since Mexican laws don’t
include Cu limits, Brazil’s regulation was used to evaluate its presence in fish tis-
sues. It’s worth mentioning that neither FAO’s CODEX Alimentarius nor the
European Union include Cu as a substance worth controlling in fishing products for
human consumption. Cu was present in small concentrations, below the 30 mg/kg
acceptable limit.

Metallothionein concentrations in liver and muscle showed significant differ-
ences among collections. The highest concentrations of these proteins were observed
in livers extracted in January, September, and November. The muscle MT concen-
trations presented a similar pattern with higher values in the previously mentioned
months; however, these values were smaller than those in the liver, except for
November where they were similar (Table 12.4).
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Fig. 12.7 Metal concentrations in tilapia liver and muscle for each sampling. (a) Maximum limit
(0.5 mg/kg) for fishery products; (b) maximum limit (0.1 mg/kg) for fishery products according to
NOM-242-SSA1-2009 (Secretaria de Salud 2011)

Table 12.4 Metallothioneins in the liver and muscle of O. niloticus (average and standard
deviations)

Concentration (ugMT/g tissue) | January | April June September | November

“Liver 125.43 80.46 79.26 108.26 106.35
+48.04| =x11.45| =6.18 +36.88 +46.37

“Muscle 79.31 40.56 6.59 68.80 102.24
+44.65 +7.90| £2.05 +34.9 +47.25

*Statistically different between collections (P < 0.01)

O. niloticus weight and length had a significant correlation (P < 0.05) with tissue
metal concentration; that is, the higher the size and weight, the higher the liver and
muscle metal concentration. Likewise, MT levels and tissue metal concentration
had a positive correlation, which implies that the higher the metal concentration in
liver and muscle, the higher their MT concentrations. This was confirmed in all
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Table 12.5 Correlation between metal concentrations in tissues and morphometric variables and
metallothionein concentrations

Liver Muscle
Pb |Cd |Cr [Cu |[Pb [Cd (Cr |Cu

Morphometric variables

January Weight 0.84 0.97 0.96 0.93 0.91 0.94 0.81
Length 0.79 0.94 0.9 0.87 0.83 0.88 0.77

April Weight 0.93 0.77
Length 0.82 0.7

June Weight | 0.82 0.96 0.84 0.95 0.82 0.95 0.84 0.97
Length 0.76 0.89 0.77 0.85 0.79 0.89 0.77 0.89

September | Weight | 0.9 0.9 0.9 0.91 0.89 0.87 0.86 091
Length 0.92 0.97 0.91 0.78 0.89 0.9 0.96 0.79

November Weight | 0.86 0.9 0.91 0.89 0.83 0.84 0.92
Length 0.71 0.83 0.8 0.65

Metallothioneins in the liver

January 0.9 0.95 0.96 0.9

April

June 0.89 0.97 0.89 0.9

September 0.95 0.98 091 0.78

November 0.77 0.66 0.92 0.87

Metallothioneins in the muscle

January 0.88 0.51 0.94 0.76

April 0.85 0.67

June 0.92 0.98 0.83 0.94

September 0.87 0.95 0.97 0.86

November 0.89 0.6 0.75

collections, except for April, where only muscle Pb and Cr had a positive correla-
tion with MT (Table 12.5).

12.4 Discussion

Mexico has legislation to limit toxic substances concentrations, including some
metals, in fresh and refrigerated fish that will be consumed by humans: NOM-242-
SSA1-2009 (Secretaria de Salud 2011), and water quality criteria for various uses,
including the protection of aquatic life (CONAGUA 2016). In spite of this, the
degradation observed in many aquatic ecosystems demonstrates that these laws are
not enforced. This situation includes freshwater bodies, as well as estuarine sys-
tems, where alimentary resources like Tilapia and oysters are found and caught.
Metals presence in water is a determinant factor in their bioaccumulation, but the
trophic transfer has not been analyzed in depth.
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In the present study, trophic transfer of Cu and Cd in the oyster C. virginica
resulted in deleterious effects on the evaluated biomarkers. Even though lysosomal
stability is considered a nonspecific biomarker, because the lysosomal membrane
can be affected by a variety of toxics, the results of this study demonstrate that the
decrease in NRRT is related with the ingestion of contaminated Chlorella cells,
which was evident after 24 h of exposure. This biomarker has been evaluated in dif-
ferent mollusk species. Matozzo et al. (2001) exposed Tapes philippinarum to Cu
and Cd and observed that their highest concentrations (110 pgCu/L and 450 pgCd/L)
resulted in the lowest NRRT, which were close to 5 min compared to 60 min in
controls; even their lowest concentration (60 pg/l) reduced the NRRT to 30 min.

On the other hand, studies with C. angulata have shown that as Cu concentration
increases, the digestive gland can eliminate the excess metal, when its uptake is
through the trophic route. This is because this organ’s lysosomes sequester, neutral-
ize, and eliminate contaminants (Rodriguez de la Rua et al. 2005). Lysosomes are the
main cell organelle in charge of receiving and eliminating materials, either foreign or
metals transported by MT for sequestering and elimination (Petrovic et al. 2001).

The differences in NRRT observed in the present study in C. virginica can be
attributed to the type of metal (essential vs. nonessential). Cu is an essential metal
that once inside the organism activates diverse processes related to homeostasis in
the cells. In adequate amounts, it helps with the immune system maintenance, the
generation of oxide-reduction enzymes, and the formation of molecules associated
with genetic expression’s regulatory mechanisms (ATSDR 2016). However, excess
Cu (in the food provided in the present study) causes a loss of balance and toxic
effects appear in the lysosomes; which in this study were measured as a decrease in
NRRT after 48 h. A similar effect was observed after 24 h in the Cd exposure.
Lysosomal stability loss in this last experiment was due to the fact that Cd is not
essential and is bioaccumulated rapidly, which damages the lysosomes during the
first 24 h of exposure. Reduction in retention time has been linked to high levels of
metal accumulation in the lysosomes which can cause oxidative stress and lead to
an inhibition of the proton pump, in charge of maintaining acid in the internal lyso-
somal environment (Nassiri et al. 2000).

Metallothioneins are considered exposure biomarkers and according to Capd
(2002), they offer a fast answer to detect metal pollution in disturbed environments,
which makes them very useful for environmental analysis. These proteins constitute
a primary defense mechanism to avoid damage on the cell components in the pres-
ence of metals like enzyme-specific sites, structural proteins, lipid membranes, and
even DNA (Giguére et al. 2003). They also comprise protection against oxidation
and free radicals (Coyle et al. 2002).

MT role in the cells is to mobilize essential metals, regulating and directing them
to the lysosome for deposition or elimination; therefore, a detoxification role is also
attributed to them (Tanguy et al. 2001; Moulis 2010). Due to MT affinity to metals,
when organisms are exposed to high concentrations, these proteins can be increased.
In bivalve mollusks like C. virginica and C. gigas and other invertebrates, MT have
been proven to help transport, regulate, and control Cu and Zn levels, which are
essential elements, but also Cd that is not essential (Ettajani et al. 2001). Many of
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these investigations evaluate MT levels associated with metal concentrations in the
water where these mollusks inhabit. In a study with Mytilus edulis, MT induction
was observed in the digestive gland when exposed to low Cu concentrations for
short periods of time; under these conditions, MT support metal transport. However,
when Cu concentrations are raised (above 10 pg/L), or the exposure is prolonged,
these proteins concentration gradually decreases, which prevents them to fulfill
their functions (Peri¢ et al. 2017). Research with Mytilus (Brown et al. 2004;
Pytharopoulou et al. 2011; Marfa and Bebianno 2011) demonstrated that under
acute Cu exposure (50-100 pg/L), this metal is accumulated in the digestive gland,
while MT induction is reduced. In this work, MT induction through metal trophic
transfer was evident after 24 h and in the case of Cu, there was a significant reduc-
tion after 72 h. Serafim and Bebianno (2009) have related a MT reduction with a
break in the MT/Cu complex, which indicates that when there is depuration, MT
decrease. In the case of MT induction due to Cd-contaminated food, the highest
concentrations were observed after 72 h (with a 141.2 pgMT/g tissue average and a
maximum of 194.9 pgMT/g tissue). Decrease after 96 h (average of 109.5 ngMT/g
tissue) did not reach levels as low as those associated with Cu feeding (average
83.8 pgMT/g tissue) and even less than those of controls (60.2 ngMT/g tissue).
Amiard et al. (2006) and Ivanina et al. (2008) demonstrated that MT are expressed
under stress conditions caused by Cd in C. virginica. When this metal is incorpo-
rated through trophic route, it is captured by the digestive gland, where MT act with
other proteins, to capture and detoxify this metal. This is why MT can be expressed
in a short time in exposed organisms; and, when Cd decreases in the individuals,
MT are also reduced (Peri¢ et al. 2017). Unlike these previously mentioned studies,
in the present work, MT Cd induction occurred later than that of Cu.

MT response in different tissues is not the same; their induction is faster when
exposure is through the gills since this organ is sensitive to environmental changes
(Coyle et al. 2002). MT are more active in the gill than in the digestive gland
(Serafim and Bebianno 2009). On the other hand, the digestive gland is an organ
that under normal circumstances is in constant renewal of its functional units (Coyle
et al. 2002). Barrera (2006) documented MT concentrations in C. virginica up to
471 pgMT/g tissue in digestive gland and 275 pgMT/g tissue in gills on oysters
exposed to 110 pg/L and 211 pg/L of Cd. This is almost double than the levels
detected in gills. In another work (Ivanina et al. 2008), where oysters were exposed
to Cd, digestive gland MT levels after 4 h were double than the concentrations
found in the gills. While Cd concentration increases in the medium, MT in the
digestive gland are very effective at capturing most metal molecules; therefore,
depuration is considered effective, and as a consequence gills MT report lower con-
centrations. Blackmore and Wang (2004) pointed out that once a particle moves in
the digestive gland, intra- and extracellular digestion takes place in the tubules, so
an excess of metallic particles can damage this organ compromising its function.
Petrovic et al. (2001) mentioned that when metals are incorporated into the cell, MT
spring into action, particularly if metal concentrations are high. In this case, the
detoxification process is carried out by sequestration and transport of metals to the
digestive gland lysosomes. These processes explain the obtained results since there
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was a MT increment in the digestive gland of C. virginica, more evident after 24 h
of exposure for both metals, and highest after 72 h for Cd. In addition, NRRT
decreased after 24 h and continued diminishing until the end of the experiment
(96 h), which indicates that lysosomes were destabilized. Regardless of the metal
type (essential or not essential), when MT transport metals to the lysosomes, these
organelles’ integrity is compromised.

C. virginica is a species that lives in brackish environments, where metals tend to
precipitate, and therefore, its uptake through particle matter is possible, as well as
through trophic transfer; in contrast, freshwater species are more exposed to dis-
solved metals. O. niloticus is very well adapted to Mexican environments, and due
to the lack of control over wastewater discharges to dams and other aquatic systems,
it is convenient to find out if this fishing resource is affected by pollution.

To study in O. niloticus the relationship between morphological parameters and
biomarkers in the presence of metals, monitoring was carried out in the Tenango
dam during an annual cycle.

Metal concentrations in the Tenango dam appeared to be related to the manage-
ment of the water that is allowed to enter and exit the system. The increase in Pb and
Cr in January and April may be explained assuming that during these months the
dam received water from the Nexapa dam when gates were open as a precautionary
measure to lower the water level in this last dam after a period of intense rains, reg-
istered in the area during the samplings. This could have dragged metallic traces,
detected as higher concentrations in these months. Cd and Cu presented higher con-
centrations in June, which is when rains started, and they probably dragged materials
from the tourism and agricultural areas that border the dam. These activities discard
batteries, tires, plastic bottles, fertilizer, and pesticide containers that may contain
metallic traces in their manufacturing (Moreno 2003). Combined with the former,
there are entries of residual waste water from the houses located in the periphery of
the study site. These are characterized by their high metal content (Gonzélez-
Ramirez et al. 2009), so these discharges also contribute to the pollution of the site.

High water metal concentrations vary along the samplings and could have caused
a variety of toxic effects on the local fishes, including O. niloticus. Pb reached an
average of 3.2 mg/L and 2.9 mg/L in January and April, respectively. These concen-
trations are 100 times higher than the Mexican WQC for the protection of aquatic
life. These values may cause deleterious effects like reduction in the fishes move-
ment ability, oxidative stress, and erythrocyte damage, as has been demonstrated in
previous studies of lead toxicity in tilapia and other fish species, at exposure con-
centrations of 0.8—1.6 mg/L (El-Badawi 2005; Ercal et al. 2001; Hou et al. 2011).
Cr also presented elevated concentrations (eight times above the WQC) in the same
months, 0.42 mg/L in January and 0.16 mg/L in April. Exposure to this metal may
cause excess mucus secretion, respiratory and osmoregulatory capacity reduction,
blood vessel congestion, and spermatozoid hypertrophy, as has been demonstrated
in studies where tilapia and trout have been exposed to Cr concentrations of 0.01,
0.10, and 0.35 mg/L (Ackermann 2008; Arillo and Melodio 1988). Tilapia biocon-
centration reflected the observed Pb and Cr increment, since their muscle concentra-
tions were the highest in January and April (6.82mgPb/kg, 3.68 mgPb/kg, 0.89 mgCr/
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kg and 0.53 mgCr/kg). These were 14 and 9 times higher than the acceptable limits
for Pb and Cr, respectively. It is necessary to emphasize that fish consumption with
Pb concentrations like the ones found in this work has been associated with intoxi-
cations characterized by a decrease in protoporphyrins, erythrocyte pigmentation,
abdominal pain, headaches, constipation, and nausea (Valle 2000). The registered
Cr concentrations can be linked to gastrointestinal irritation, abdominal pain, vomit,
and diarrhea (Mencias and Mayero 2000).

Cd concentrations in water were 30 times higher than WQC in June (0.13 mg/L
average). Exposures to 0.1 mg Cd/L cause blood vessel congestion, hemoglobin
concentration reduction, and cellular inflammation in tilapia (Dyk et al. 2007). Cu
water concentrations were also 30 times higher than QWC in June (1.37 mg/L aver-
age). 0.02 mg Cu/L causes variation in methionine, histidine, and cysteine concen-
trations in the aquatic organism, due to the generation of oxygen reactive species
(Harris and Githlin 1996; Grosell and Wood 2002). High Cd concentrations in tila-
pia did not coincide with high water concentrations; in contrast, Pb and Cr did
match. High concentrations of Cd were observed in January and April (average
1.89 mg/kg and 2.06 mg/kg, respectively) and were four times higher than muscle
acceptable levels. Concentrations like these have been related to renal tube small
alterations in fish consumers (Pérez and Azcona 2012). In contrast, Cu concentra-
tions did not exceed the limits defined by the criteria.

Except for Cd, metal concentrations were higher in the liver than in the muscle
in O. niloticus, which coincides with Abdulali et al. (2012) results.

Regarding tilapia quality, the morphological characteristics required for their sell
did not show evident imperfections; therefore, from this point of view, tilapia has
good quality for commercialization and consumption in the Tenango dam. The only
characteristics out of criteria were length and weight, which were lower than
desired. This may be a consequence of an excessive fishing effort on this resource
that does not allow its recovery. Small size implies that young specimens are
extracted. However, other studies point out that having a small size may be due to
the deleterious effects of the presence of metals like Cd, Cr, and Cu, since growth
and development problems have been reported in fish exposed to these metals
(Shiau and Ning 2003; Abbas et al. 2007; Reid 2011).

Even though Cu concentrations exceeded WQC in June, tilapia’s levels did not
surpass the criteria for their consumption in any specimen.

With regard to the observed statistical relationships, metal concentration-weight
and metal concentration-length coincide with Authman’s study (2008), where tila-
pia metal uptake occurs gradually; so, bigger organisms tend to present the highest
metal concentrations. This was the case even for Cu, which was not bioaccumulated
in high concentrations. In addition, authors like Canli and Atli (2003) and Evans
et al. (1993) stated that metal uptake in fish is favored by feeding and respiration,
and in some cases metabolic regulation decreases as animals grow old and there-
fore, they tend to accumulate more metals.

Many metals can induce MT synthesis to regulate the concentrations of these
molecules inside the organism; and, the higher the metal concentration, the higher
MT concentration Atli and Canli 2003; Roesijadi 1992; Hamilton and Mehrle
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1986). This was also observed in the present study since a direct relationship was
found, indicating that MT were induced by the presence and the concentration of
the metals. The highest metals and MT concentrations were found in the liver, which
resembles the results of Giiliizar and Canli (2008), Hauser-Davis et al. (2014), Lim
etal. (1998), Chatterjee et al. (2016), and Chandrasekera et al. (2008). In these stud-
ies, the liver accumulated more metals, and more MT were induced, with respect to
other tissues.

At the international level, O. niloticus has been used in numerous studies to ana-
lyze human health risks due to fish consumption; to accomplish this, metal concen-
trations were quantified in fish muscle (Adazabra et al. 2014; Authman 2008; Cleoni
Dos Santos et al. 2012; Muhammad et al. 2013; Mohamed and Osman 2014; Mulu
and Mehari 2013; Pezo et al. 1992; Taweel et al. 2011; Yilmaz 2009).

In Mexico, tilapia (O. niloticus) has been analyzed in many studies. It was used
as a biomonitor in the Metztitlan lagoon (Hidalgo State) to quantify metal concen-
trations (Lozada-Zarate et al. 2006); fish from the Fernando Hirirart Balderrama
dam (also in Hidalgo State) were used to evaluate arsenic toxicity (Bdez 2001). In
the State of Tamaulipas, metals were quantified in specimens from the Laguito de
Nuevo Laredo (Ramos et al. 2004); and in Chiapas State, metals and their effects
were evaluated through biomarkers (Gold-Bouchot et al. 2006).

The importance of biomarkers studies in mollusks and fish from Mexican aquatic
ecosystems relies on the fact that they are considered good-quality foods. If bad
quality is demonstrated, even when morphological characteristics are acceptable,
their consumption may imply a health risk. These types of studies are scarce in
Mexico, which shows the importance of continuous monitoring in aquatic ecosys-
tems to guarantee food quality and the ecosystem’s health, which today is not done.

12.5 Conclusions

Metal trophic transfer cause damages in the oyster C. virginica similar to those
caused by water exposure.

The observed lysosomal membrane destabilization in the oyster indicated that
there was oxidative stress related to trophic exposure to both metals after 24 h.
Similarly, MT were expressed in the same period, in higher quantities in those
organisms exposed to Cd. We propose that the higher activity of these proteins
caused the rapid degradation of the lysosomes.

Metal water concentrations in the Tenango dam may be due to the entry of water
from other dams that are connected to this study site; they can contribute with metal
traces. Pb and Cr increases support this statement.

Cd and Cu increases in the dam’s water were related to potential runoffs, caused
by rains, from the agricultural areas that may contain metal traces from fertilizers
and pesticides.

Metal concentrations in the water of the Tenango dam prevent its exploitation for
urban use and represent a risk for aquatic life.
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The tilapia O. niloticus was a good biomonitor since it bioaccumulated the met-
als present in the dam’s water, but also it exhibited the deleterious effects expected
from metals exposure.

Visually, tilapia fulfilled the quality specifications for its sale to the public; how-
ever, metal concentrations in the muscle tissue make it undesirable for human con-
sumption. It is probable that the effects of the water metal concentrations are the
reason for the fish small size and weight.

Pb and Cu are the metals that represent the highest risk for tilapia in the dam,
since they contribute to the reduction of its quality as a food resource; in the future
it could affect the fishermen’s economy.

The biomarkers evaluated in both species work out adequately and showed the
exposure and effect associated with exposure to metals, either through trophic trans-
fer or through contact with the contaminated water.

This study points to fact that the evaluated fishing resources are at risk due to
metal exposure, and suggests that this may be the case of other Mexican aquatic
ecosystems.
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