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Abstract: Mercury is an element with potential risk to fish and those who consume it. Thus, this
study aimed to determine the levels of total mercury (THg), carry out a health risk assessment
related to the consumption of the freshwater stingrays Potamotrygon motoro, and determine the
physical and chemical properties of the water where stingrays occur. Stingrays of the species P. motoro
were obtained from the Amazon River, and samples of the animals” musculature were collected to
determine THg levels. Risk assessment was conducted using pre-established formulas of estimated
monthly intake (EMI), maximum monthly intake rate (IRmm), and hazard quotient (HQ). Three
population scenarios were evaluated, considering both sexes and differences between rural and urban
areas. There was no relationship between weight and THg concentration nor between total length and
THg concentration. Higher EMI values were observed in rural children; for the IRmm, male children
had the lowest consumption levels. For the hazard quotient, there was a similarity between the three
age groups when comparing the male and female sexes. In addition, the representatives of the rural
area always had lower values than the urban area. Freshwater stingrays, like other elasmobranchs,
can be crucial animal species because they act as sentinels in studies that assess harmful chemicals
like mercury.

Keywords: fish; riverine; elasmobranchs; metals; poisoning

Int. ]. Environ. Res. Public Health 2023, 20, 6990. https:/ /doi.org/10.3390/ijerph20216990

https:/ /www.mdpi.com/journal/ijerph


https://doi.org/10.3390/ijerph20216990
https://doi.org/10.3390/ijerph20216990
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0003-4988-9878
https://orcid.org/0000-0002-3544-2584
https://orcid.org/0000-0003-4191-2615
https://orcid.org/0000-0003-3148-0273
https://orcid.org/0000-0001-9752-5003
https://orcid.org/0000-0001-6133-5080
https://doi.org/10.3390/ijerph20216990
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph20216990?type=check_update&version=2

Int. |. Environ. Res. Public Health 2023, 20, 6990 20f12

1. Introduction

Mercury (Hg) is an elemental metal frequently released into the environment due
to human activities [1-3]. As a result of bioaccumulation and biomagnification along
the trophic chain, Hg has been shown to have increasingly harmful effects on animals
and humans [4,5]. As a result, Hg contamination impacts the income and food supply of
riverine communities in the Amazon, which rely on extractive industries [6].

The presence of Hg and other toxic metals in water resources is associated with several
factors, such as weathering, continental degassing, Hg leakage into water bodies, and
industrial activities [7]. In the Amazon biome, the anthropic activities most related to
contamination by toxic metals, including Hg, are deforestation, hydroelectric dams, and
mining [8]. These activities have intensified in recent years, allied to the reduction in the
performance of Brazilian environmental agencies [8].

Methylmercury (MeHg) is the most hazardous chemical form of mercury and has
the most significant capacity to accumulate in the body through food consumption and
adsorption on the skin [3]. Notably, the biota, the body’s predominant chemical species,
absorbs roughly 95% of the ingested MeHg [3]. Thus, eating contaminated fish is of great
concern, especially for riverside populations with high fish consumption. Furthermore,
human intoxication via food consumption can trigger short- and long-term effects on the
health of exposed people, causing neurological, reproductive, and immune damage [9].

In this sense, studies that evaluate Hg contamination levels are essential for health
promotion and assessing local economic survival since fish is the primary source of animal
protein of the population in the Amazon [10]. In the Amazon region, extractive activities
are fundamental for the maintenance and survival of the local population, with fishing
being the one that involves the most significant number of people [11]. This importance
is due to the high consumption of fish, one of the largest in the world [11], many inland
waters, and the increased diversity and abundance of fish in the region.

Traditionally, fish consumption in the Amazon is concentrated in teleost fish [11].
However, there has been an increasing interest in the meat of freshwater stingrays [12],
which belong to the group elasmobranchs. Aratjo [13] points out that, at the beginning
of the 2000s, in the Amazon basin, places where freshwater stingrays were used as a food
source were rare. However, in the second decade, Duncan, Inomata, and Fernandes [14]
described the capture and consumption of freshwater stingrays in Baia de Marajo, Para
state. In this change in profile since 2005, there is an increase mainly in the capture of
Paratrygon aiereba (Miiller and Henle, 1841), Potamotrygon motoro (Miiller and Henle, 1841),
and Plesiotrygon iwame (Rosa, Castello, and Thorson, 1987) stingrays in the lower Amazon
for commercial purposes [15], including food purposes.

The consolidation of freshwater stingray consumption in the last decade is due to the
size of the animals, the interest in feeding people in the states of the northeast and southeast
of Brazil, and as a way of reducing the natural stocks of fish species traditionally used as
foods [12]. De Andrade et al. [16] recently described stingrays classified as Potamotrygon spp.
sold in Amazon supermarkets; there is meat from the stingray P. aiereba, which is currently
a species threatened with extinction in Brazilian territory. However, despite this growing
interest in the consumption of freshwater stingray meat, information on levels of toxic
metals, including Hg, still needs to be determined.

Thus, evaluating the toxic elements in freshwater stingrays is essential to determine
the existing tissue content and how they may or may not harm human health. Therefore,
the present study aims to assess mercury levels and a health risk assessment related to the
consumption of freshwater stingrays P. motoro, as well as to determine the physical and
chemical properties of the water where the stingrays occur.

2. Materials and Methods

The capture and procedures for the processing of biological material were previ-
ously authorized by the Chico Mendes Institute for Biodiversity Conservation (ICMBIO,
State of Amazonas, Brazil, authorization no. 76.127-2), as well as authorization from the
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Ethics Commission in the Use of Animals (CEUA, Santa Catarina, Brazil, authorization
no. 2019/010.02.0905) of the Federal Institute of Education, Science, and Technology of
Amazonas (IFAM).

2.1. Study Area

The capture of the animals occurred in Andiroba Lake (Figure 1), located in the
municipality of Manaquiri, Amazonas, which is part of the metropolitan region of Manaus
and is bathed by the waters of the Amazon River. This lake is highly representative of
the fishing activity in the area due to the diversity and abundance of fish and freshwater
stingrays. Floodplain lakes in the Amazon region have mining activities that increase
turbidity and promote mercury contamination and methylation, posing a direct threat
to the lake’s ecological health [17]. The collections took place in August 2022 during the
high-water period of the lower Amazon River.

Eaneino

Legend Sirgas A
— Study Area [ 1 Hydrographic Mass 2000

3¢ Sample Location [ Municipal Boundary 0 2 500 5 000 km

Figure 1. Andiroba Lake is in Manaquiri, lower Amazon River, Amazonas, Brazil. Collection point
(3°33.398’ S, 60°28.503" W).

2.2. Capture and Identification of the Animals

A total of 16 stingrays of the species Potamotrygon motoro (12 juveniles and 4 neonates)
were captured with lures and fishing nets in activities that occurred during the night.
The identification of the stingray species followed the identification key proposed by
Lasso et al. [18]. The fish were classified according to the stage of ontogenic development,
which was based on the disc width (DW, cm) and was determined with the use of a tape
measure (neonates, DW < 14.0 cm; young, 14.1 < DW < 35.0 cm; subadults 35 < DW < 40;
and adults, DW > 40.0 cm); the classification followed the recommendations of Aratjo [13].
Oliveira et al. [19] discussed the handling and confinement protocols used to measure the
stingrays’ body weight using a portable scale.

After capture, the animals were anesthetized with eugenol (1 mg-L™!). They were
killed via neural tube rupture [20], which consists of inserting a perforating cutting instru-
ment at the base of the nervous system, allowing the gradual lethargy of the animal until
sacrifice. Then, it was dissected by removing fillet portions for subsequent quantification of
mercury (Hg) levels in relation to wet weight.
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2.3. Mercury Quantification (Hg)

Blank values were always confirmed with values lower than 0.001 Hg (ng) before each
sample analysis. The samples were then moved to the quartz trays and sterilized at 650 °C
for 5 min in a muffle oven.

The THg present in P. motoro muscles was measured using atomic absorption spec-
trometry in a direct mercury analyzer (DMA-80, Milestone, Bergamo, Italy) after the
previous calibration using a Hg solution (Sigma-Aldrich, Sao Paulo, Brazil). The cali-
bration curve was composed of ten points (0.0, 0.5, 1.0, 2.0, 3.0, 5.0, 10.0, 20.0, 50.0, and
100.0 ng.g~1; 0-100ng.g~!; y = 22.085 x 0.3217; 12 = 0.9999). The quality controls for
the THg included blanks, replicates, and the reference material ERM-CE101-Trout mus-
cle. Analytical parameter optimization was performed using the limit of quantification
(LOQ) and limit of detection (LOD). The formulas were “LOD = (3 x SD)/slope” and
“LOQ = (10 x SD)/slope”, where “SD” stands for the standard deviation of at least ten
duplicates of the blank of the samples measured along this same curve divided by the slope
of the corresponding calibration curve utilized in the analytical method. The calculated
value was 0.0223 + 0.0015, while the certified value was 0.02 £ 0.002, making the THg
recovery value of accredited reference material 100%.

Three samples totaling 0.2517 & 0.0010 g of muscle were weighed using a Shimadzu
ATX224 analytical balance. The samples were placed in quartz trays and exposed to streams
of oxygen heated to 160 °C for 1 min, 650 °C for 2 min, and 650 °C once more for 1 min
at 3.1 atm. After drying, a gold amalgam trap was used to dissolve the Hg vapor, which
was then heated and read. The detection was carried out at 253.7 nm, and the outcomes
were provided in mg-kg~!. The manufacturer’s guidelines were used as the basis for the
analysis (Milestone application note for mercury determination, Bergamo, Italy).

2.4. Risk Assessment Calculation

The pre-established formulas listed below were used to calculate the values of es-
timated monthly intake (EMI) (Equation (1)), maximum monthly ingestion rate (IRmm)
(Equation (2)), and hazard quotient (HQ) (Equation (3)).

C x IR
EMI = 1
M B 1)
IR — PTMI x BW o)
C
EF x ED x IR x C
HQ = 3)

RfD x BW x TA

EMI stands for “estimated monthly intake”, “IRmm” for “maximum monthly inges-
tion rate”, “IR” for “ingestion rate”, “C” for “mercury concentration”, or “mg-kg 1", and
“BW” for “body weight”. The IR values were 3.41 kg per month in the urban area and
12.02 kg per month in the rural area. HQ: hazard quotient; PTMI: inadequate tolerated
monthly intake (0.017 mg-kg~! month™!). RfD: an estimate of a safe oral exposure level
(Hg = 0.0001 mg-kg~!-day~!) [21]; TA: average exposure time for non-carcinogenic chemi-
cals (EF x ED); ED: exposure duration (12 or 24 or 54 years); EF: exposure frequency (urban
48 days year ! and rural 144 days-year!).

The Joint Expert Committee on Food Additives (JECFA) set a monthly maximum intake
limit, and the EMI calculation was used to confirm that this limit exceeded the average
concentration of THg found in the ingested freshwater stingrays [22]. The weekly value of
the provisional tolerable week intake (PTWI) (0.004 mg-kg’l -week 1) was converted to the
provisional tolerated monthly intake (PTMI) (0.017 mg-kgfl -month~1). The IRmm specifies
how many freshwater stingrays can be consumed simultaneously without exceeding the
PTMI’s enforced cap. Subsequently, these data were used to calculate the hazard quotient
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(HQ) (Equation (3)). In the HQ equation, values above 1.0 represent potential harm to
consumer health.

We conducted calculations based on the average weight of three age groups: children
aged 12 years (boys 42 kg and girls 46 kg), young adults aged 24 years (men 72 kg and
women 59 kg), and adults aged 54 years (men 78 kg and women 66 kg) to obtain a risk
assessment for various age groups while also taking into account the differences between
men and women. Furthermore, a distinction between urban and rural populations was
made because, in the Amazon region, the riverine population consumes fish often and in
great abundance [23].

2.5. Water Analysis

A multiparameter device (Orion Five Star, A329, United States) was used to analyze
the water at the stingray capture locations and to measure the dissolved oxygen levels, pH,
and temperature. A Secchi disk was also used to measure transparency. Using an enzymatic
colorimetric kit (Alfakit, Acquacombo 1560, Brazil), the tales of alkalinity, hardness, nitrite,
and nitrate were chosen.

2.6. Statistical Analyses

The Shapiro-Wilk normality test was used to evaluate the normal distribution of the
data. To assess differences between mercury levels in neonates and juveniles, a Student’s
t-test was used. Linear regression was employed to determine whether disc width and
body weight influence mercury concentrations in freshwater stingrays. The program was R
(R Core Team 2022%), and a significance level of 0.05 was adopted for assessments.

3. Results

Table 1 presents the biometric values of the captured Potamotrygon motoro specimens.
No statistical differences were found between the concentration of THg in neonates and
juveniles (Figure 2). There was no relationship between weight and THg concentration
(Figure 3A, p = 0.721) nor between total length and THg concentration (Figure 3B, p = 0.872).

Table 1. Mean and standard deviation of the biometrics of the freshwater stingray Potamotrygon
motoro from the lower Amazon River, Amazonas, Brazil.

Developmental Stage Disc Width (DW, cm) Weight (g)
Neonates 12.50 + 0.91 115.00 + 12.91
Young 2242 +6.23 673.85 + 565.67
0.40 .
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=
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Figure 2. Box-plot representing comparative of THg concentration (mg-kg ™) in Potamotrygon motoro
neonates and young in the Andiroba Lake, Amazon River, Amazonas, Brazil. The dot is a comparative
analysis between stingray life stages.



Int. |. Environ. Res. Public Health 2023, 20, 6990 60f12

0.90 0.90 -
0.80 - 0.80 - .
e R= 0.097 E
. J R-0.044
g o p=0.111 g o p=0.872
o o
E 080 E o060
5 s
5 050 £ 0504
€ €
g 040 3 040
5 5
S o301 . © g30d * * -
o s  « = @ -
I - I - ]
F o20] ™. e* . - " 020 e, % . *
- -
010 T T T T T T T 0.10 T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 10 15 20 25 30 35
Weigth (g) Disk width (cm)

Figure 3. (A,B) Linear regressions between the biometric parameters and THg concentration in
Potamotrygon motoro stingrays. (A) Regression between body weight and THg concentration. (B) Re-
gression between disk width and THg concentration.

Higher EMI values were observed in children from rural areas compared to children
from urban areas, with values about three times lower (Table 2). THg levels were lower
than those recommended by the Brazilian regulatory agency (ANVISA) and international
guidelines (Table 3). For the IRmm, male children presented the lowest consumption levels,
with about half the value indicated for adult men (Table 3).

Table 2. Estimated monthly intake (EMI) for Potamotrygon motoro freshwater stingrays from the
Amazon River in Manaquiri, Amazonas, Brazil.

EMI (mg-kg—1 Month)

Children Young Adult

Species Male Female Male Female Male Female

U R U R U R U R U R U R

— I~ — = o 0 N 0 o o = o

(] INY o — N (9] o [19) — — <t [N

Potamotrygon motoro A 5 IS 5 b= S b= o) b= = b= =
S S S =} =} =} =} S S S S =

Body weight—Children (12 years): 42 kg male and 46 kg female; Young (24 years): 72 kg male and 59 kg female;

Adults (54 years): 78 kg male and 66 kg female; U: Urban, R: Rural.

Table 3. Maximum monthly ingestion rate (IRmm) and total mercury (THg) for Potamotrygon motoro
freshwater stingrays from the Amazon River in Manaquiri, Amazonas, Brazil.

IRmm (kg-month—1)

Children Young Adult
. ko1 w-
Species Male Female Male Female Male Female THg (mg-kg™1 w-w)
U R U R U R U R U R U R
Potamotrygon 5 ¢3 2.88 451 3.60 488 413 0.272 + 0.054
motoro

Body weight—Children (12 years): 42 kg male and 46 kg female; Young (24 years): 72 kg male and 59 kg female;
Adults (54 years): 78 kg male and 66 kg female; U: Urban; R: Rural.

For the hazard quotient, there was a similarity between the three age groups when
comparing the male and female sex (Table 4). In addition, the representatives of the rural
area always had lower values than the urban area (Table 4).

The parameters of the water of the stingray capture sites, low dissolved oxygen values,
and neutral pH were observed (Table 5). In addition, there were temperature aspects similar
to those depicted in the waters of the Amazonian rivers and suitable visibility of the water
in Andiroba Lake (Table 5).



Int. |. Environ. Res. Public Health 2023, 20, 6990 7 of 12

Table 4. Results of the hazard quotient (HQ) evaluation in the three age groups of the consumers of
freshwater stingrays sampled from the Amazon River, Manaquiri, Amazon, Brazil.

HQ
Children Young Adults
Species Male Female Male Female Male Female
U R U R U R U R U R U R
P Otfﬂ";‘t’é%g"” 551 1943 503 1774 322 1134 392 1383 297 1046 351 1237

Children (12 years); Young (24 years); Adult (54 years); U, urban; R, rural.

Table 5. Mean and standard deviation of the physical and chemical parameters of the water at the
capture sites of Potamotrygon motoro stingrays in the lower Amazon River, Amazonas, Brazil.

Variable Value
Dissolved oxygen (mg/L) 390+ 0.72
pH 6.29 +0.15
Temperature (°C) 30.58 £+ 1.86
Transparency (m) 1.80 £ 0.15
Alkalinity (mg/L) 47.50 £9.57
Hardness (mg/L) 35.0 + 5.77
Nitrite (mg/L) 0.01 £ 0.01
Nitrate (mg/L) 0.10 + 0.00

4. Discussion

In addition to the physical and chemical properties of water, like pH, dissolved organic
carbon, and the availability of potential methylation sites, environmental factors like animal
size, life stage, trophic position in the food chain, and preferred substrate for habitat have
also been linked to the dynamics of Hg in aquatic ecosystems [3,24].

In the Amazon, because there are at least three types of waters that have different
physical and chemical properties, as well as the existence of environments that form in
inland water bodies, such as floodplains and igap6s, which cause differences in the diversity
and abundance of fish for human consumption, the assessment of possible Hg poisoning
should be conducted per basin, per season, and per fish species [25].

In a study conducted by Azevedo-Silva et al. [26] in which the level of mercury
biomagnification and the trophic structure of the ichthyofauna of a remote lake in the
Brazilian Amazon was evaluated, changes were observed according to trophic position,
which was also correlated with biometric variables. However, in the present study, no
statistical differences were observed between the two stages of development sampled
(Figure 2) and neither in the biometric relationship with THg (Figure 3).

In freshwater stingrays, there is no difference in diet according to the stage of develop-
ment [27], which is different from what is observed in other Amazonian fish, such as the
tambaqui Colossoma macropomum (Cuvier, 1816), whose diet varies according to its stage of
development [28]. However, freshwater stingrays of a larger size and weight may have
higher values of THg than those observed in the present study. The disc width and body
weight are factors of a more significant relationship with THg due to the growth of these
freshwater elasmobranchs being of the positive allometric type [29].

Elasmobranchs are primarily predators, and many occupy top places in their respective
food chains. Thus, contamination by toxic metals, including Hg, will be higher [29]. In this
sense, the biomagnification of pollutants, such as Hg, in ingested prey is one of the reasons
that predators tend to accumulate higher concentrations than other fish [30]. Elasmobranchs
are also susceptible to the progressive accumulation of pollutants in various tissues of their
bodies throughout their lives via processes of bioaccumulation and bioconcentration [30].

According to Shibuya [27], Potamotrygon motoro has a diet that ranges from insec-
tivorous (insects) and carpophagous (decapods and fish) to generalist (mollusks, insects,
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and fish). When evaluating the stingray specimens following Shibuya [24], the animals in
the present study had a diet that may vary from carcinomatous to generalist, including
piscivorous and predatory fish. Bastos et al. [31] evaluated mercury levels in fish that
are part of the stingray diet and observed values between 0.90 and 0.01 mg-kg~! Hg for
predatory fish and between 1.1 and 0.2 mg-kg ! Hg for piscivores.

Elasmobranchs, including freshwater stingrays, are long-living animals; therefore,
over decades and centuries, they have been susceptible to accumulating pollutants in
the ecosystem [32]. On the other hand, some species of elasmobranch, such as Prionace
glauca (Linnaeus 1758) and Manta birostris (Walbaum, 1792) [33], have a wider distribution
and may not indicate the environmental characteristic of their capture site. Furthermore,
freshwater stingrays have the attributes of being sedentary animals [19,20]; moreover, they
have the biological aspect of burying themselves in the substrate [19,20], which is the
central place of accumulation of Hg and, thus, may acquire more significant contamination
by this element. In this way, these animals support the claim of being adequate bioindicator
organisms, following the example of their marine relatives, sharks and rays [34].

The formation and accumulation of methylmercury have already been verified in
tropical floodplain systems [35]. These aspects favor the bio-expansion and contamination
of riverine populations in the Amazon, for which fish are the primary source of protein [35].
Furthermore, the place of capture of the stingrays used in the present study was a lake
formed in floodplain areas. Due to the fluctuation in water levels, there may be an increase
in Hg concentration through the environment itself.

The concentrations of THg detected in the investigated animals had lower values
(Table 2) when compared to non-predatory animals (0.5 mg-kg ! Hg) and top predators
of the food chain (1.0 mg-kg ! Hg) according to the Brazilian regulatory body [36] and
international guidelines (0.5 mg-kg*1 Hg). Therefore, the contamination found in freshwa-
ter stingrays must come from contact with the substrate, and the contamination must be
caused by mining activity in the Amazon, which has been intensifying in recent years [8].

The consumption of freshwater stingrays has yet to be common practice in the Amazon
region [14]; however, Santos [12] indicates an increasing consumption trend of these
elasmobranchs. In children of both sexes, it was observed that those from rural areas
present EMI with values approximately three times higher than those found in children
from urban areas. However, the EMI values were lower for young people and adults than
those seen in children. In addition, values were about three times higher among residents
in the rural area compared to those in the urban area.

In all scenarios evaluated, all rural and urban children, men, and women presented
values above the maximum indicated PTMI (PTMI = 0.017 mg-kg~! month~!). In addition,
both men and women showed values above the maximum PTMI shown among the young
and adults. Thus, only juveniles and adults in the urban area would be within the food
security range to consume freshwater stingrays.

In this sense, due to biomagnification and bioaccumulation of Hg, consuming contam-
inated aquatic organisms is the main route of mercury exposure for traditional Amazon
populations [37]. Thus, at all three levels evaluated, the riverine population demonstrates a
dependence on fish from extractive activity.

Several studies in the Amazon region have shown that the fish consumed have higher
Hg values than recommended, such as the works of Souza-Araujo et al. [38], Lino et al. [39],
Vasconcelos et al. [40], and Vasconcelos et al. [41], in which these authors demonstrate that
the basins of the Madeira River and the Tapajos River are of most significant concern due
to mining activity in the area.

While evaluating health risks attributed to consuming fish contaminated with mercury
in the Branco River basin in the Amazon, differences were observed between the urban
and rural populations. The rural population presents higher doses of ingested Hg than the
urban population [41], similar to the results obtained in the present study. The increased
consumption of fish in the Amazon region (3.41 kg per month in the urban area and 12.02 kg
per month in the rural area), especially for the riverine population and the values found
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for Hg concentrations, the consumption of freshwater stingray meat from the Amazon
River requires attention and should not be consumed routinely, especially by children
(males = 2.63 kg month~!; females = 2.86 kg month1).

Fish is a type of food with high nutritional value that is due to its high protein content.
In addition, many fish species are rich in minerals, vitamins, and polyunsaturated fatty
acids that contribute to maintaining suitable health by preventing cardiovascular and neu-
rological diseases [42]. However, despite the evidence of the benefits associated with fish
consumption, the increasing contamination of the aquatic systems of the Amazon by mer-
cury used in gold mining has led to discussions about the advantages and disadvantages
of a diet rich in this type of animal protein.

An HQ > 1.0 indicates a risk to food health, so all groups evaluated in this study
indicate a threat to human health, especially for children of either sex and young and adult
women. For example, in a study that evaluated HQ in shark muscle, values of 1.7 were
observed [43]. Therefore, it has also been recommended that humans avoid consuming
shark meat (specifically muscle tissue), thus causing a health risk [43].

Alcala-Orozco et al. [44] performed biomonitoring of mercury in 14 species of fish of the
Colombian Amazon and found an HQ above those allowed in 13 species. Their study ranged
from 1.29 in Leporinus agassizii (Steindachner, 1876) to 24.13 in Pseudoplatystoma tigrinum (Va-
lenciennes, 1840). Olivero-Verbel et al. [45] evaluated the human exposure and risks associated
with mercury pollution in the Caqueta River in the Colombian Amazon and observed that all
the fish species considered (N = 11) presented HQ values higher than recommended, with the
species Mylosoma duriventre (Cuvier, 1818; HQ = 2.96) and Cichla ocellaris (Bloch and Schneider,
1801; HQ = 47.31) presenting lower and higher values, respectively.

For the parameters of the water of Andiroba Lake, which is bathed by the waters
of the Amazon River, the dissolved oxygen values are low and following the studies
conducted by Oliveira et al. [19], who evaluated waters of occurrence of three species of
freshwater stingrays. The pH values demonstrate a water neutrality pattern characteristic
of the whitewater of the Amazonian rivers [14]. The importance of the temperature and
transparency of the water found in the present study indicates aspects similar to those
portrayed for igap6s and Amazonian lakes [19]. The colorimetric evaluations of alkalinity,
hardness, nitrite, and nitrate found in the present study agree with the results described by
Silva et al. [46], who evaluated the waters of the Amazon River.

5. Conclusions

The Hg levels found in the P. motoro stingray indicate values within the limits es-
tablished for aquatic organisms. The EMI and IRmm values were considered adequate.
However, the HQ showed values above ideal, indicating a risk for the Amazon population.
These findings are caused by the high fish consumption rate in the region, especially by
the people in rural areas. In this sense, evaluating Hg levels in aquatic organisms when
considering HQ must be cautiously assessed since the values found may be within the
established limits. Still, the HQ is above the permitted values. Therefore, Hg levels and
high local fish consumption are equally important and must be considered.

Therefore, it is crucial to routine biomonitoring freshwater stingrays, as mining activity
in the Amazon region has increased. It concluded that freshwater stingrays should be
restricted, especially for people living in rural areas who rely mainly on fish for their animal
protein. This will help prevent human health problems caused by mercury poisoning.
Additionally, freshwater stingrays, like other elasmobranchs, are crucial animal species
because they act as sentinels in studies evaluating harmful chemicals like mercury.

Author Contributions: A.T.d.O.: Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Software, Writing—original draft. P.d.A.R.: Methodology, Data curation,
Writing—review and editing. A.M.R.E.: Methodology, Writing—review and editing. M.F.d.S.G.:
Methodology, Writing—review and editing. A.R.d.S.L.: Conceptualization, Formal analysis, Inves-
tigation, Methodology, Software, Writing—original draft. ].V.d.P.: Methodology, Writing—review



Int. |. Environ. Res. Public Health 2023, 20, 6990 10 of 12

and editing. PH.R.A.: Review and editing. C.A.C.-].: Supervision, Writing—review and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: The Fundacao de Amparo a Pesquisa funded this study do Estado do Amazonas (FAPEAM)
through the Biodiversity Project (Call 007/21, process 01.02.016301.03250/2021-78). In addition, Adri-
ano Teixeira de Oliveira (grant number 315713/2020-8 and 102455/2022-8), Ariany Rabello da Silva
Liebl (grant number 313567 /2022-0), and Carlos Adam Conte-Junior (grant number 213129 /2020-1)
are recipients of research grants from Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
(CNPq). The Fundagao de Amparo a Pesquisa do Estado do Rio de Janeiro (FAPER]) Brazil (grant
number E-26/200.891/2021). In addition, Maria Fernanda da Silva Gomes and Julia Vianna de
Pinho received post-graduate grants from Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES), and Paloma de Almeida Rodrigues received post-doctoral funding from FAPER]
(grant number E-26/200/0.77 /2022).

Institutional Review Board Statement: Chico Mendes Institute for Biodiversity Conservation (ICM-
BIO, authorization no. 76.127-2), as well as authorization from the Ethics Commission in the Use of
Animals (CEUA, authorization no. 2019/010.02.0905) of the Federal Institute of Education, Science,
and Technology of Amazonas (IFAM).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated during the analysis of this study are included in
this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

11.

12.

13.

Caicedo-Rivas, G.; Salas-Moreno, M.; Marrugo-Negrete, ]. Health Risk Assessment for Human Exposure to Heavy Metals via
Food Consumption in Inhabitants of Middle Basin of the Atrato River in the Colombian Pacific. Int. J. Environ. Res. Public Health
2023, 20, 435. [CrossRef] [PubMed]

Bello, T.C.S,; Buralli, R.J.; Cunha, M.P.L.; Dérea, J.G.; Diaz-Quijano, F.A.; Guimaraes, ].R.D.; Marques, R.C. Mercury Exposure
in Women of Reproductive Age in Rondoénia State, Amazon Region, Brazil. Int. |. Environ. Res. Public Health 2023, 20, 5225.
[CrossRef] [PubMed]

Rodrigues, P.A.; Ferrari, R.G.; Alves, R.; Kaic, D.; Hauser-Davis, R.A.; Neves, S.L.; Conte-Junior, C.A. Mercurial contamination:
A consumer health risk assessment concerning seafood from a eutrophic estuary in Southeastern Brazil. Front. Mar. Sci. 2022,
9,765323. [CrossRef]

Mussy, M.H.; Almeida, R.; Carvalho, D.P,; Lautgartte, L.C.; Holanda, I.B.B.; Almeida, M.G.; Souza-Filho, L.LF.,; Rezende, C.E.; Mal,
O.; Bastos, W.R. Evaluating total mercury and methylmercury biomagnification using stable isotopes of carbon and nitrogen in
fish from the Madeira River basin, Brazilian Amazon. Environ. Sci. Pollut. Res. 2023, 30, 33543-33554. [CrossRef]

Azevedo, L.S.; Pestana, I.A.; Nascimento, L.; Oliveira, R.C.; Bastos, W.R.; Di Benedetto, A.P.M. Risk of exposure to Hg and
pesticides residues in a traditional fishing community in the Amazon: A probabilistic approach based on the dietary pattern.
Environ. Sci. Pollut. Res. 2022, 29, 34164-34173. [CrossRef]

Beltran-Pedreros, S.; Zuanon, J.; Leite, R.G.; Peleja, ].R.P.; Mendonga, A.B.; Forsberg, B.R. Mercury bioaccumulation in fish of
commercial importance from different trophic categories in an Amazon floodplain lake. Neotr. Ichth. 2011, 9, 901-908. [CrossRef]
Harayashiki, C.A.Y.; Reichelt-Brushett, A.; Cowden, K.; Benkendorff, K. Effects of Oral Exposure to Inorganic Mercury on the
Feeding Behavior and Biochemical Markers in Yellowfin Bream (Acanthopagrus australis). Mar. Environ. Res. 2018, 134, 1-15.
[CrossRef]

Villen-Perez, S.; Anaya, L.F,; Cruz, D.C.; Fearnside, PM. Mining threatens isolated indigenous peoples in the Brazilian Amazon.
Global Environ. Change Hum. Policy Dimens. 2022, 72, 102398. [CrossRef]

Meadows-Oliver, M. Environmental Toxicants: Lead and Mercury. J. Pediatric. Health Care 2012, 26, 213-215. [CrossRef]

Hacon, S.S.; Dorea, J.G.; Fonseca, M.F,; Oliveira, B.A.; Mourao, D.S.; Ruiz, C.M.V.; Bastos, W.R. The influence of changes in
lifestyle and mercury exposure in riverine populations of the Madeira river (Amazon basin) near a hydroelectric project. Intern. .
Environ. Res. Public Health 2014, 11, 2437-2455. [CrossRef]

Sirén, A.; Valbo-Jergensen, J. Quantifying fish catches and fish consumption in the Amazon Basin. Aquat. Ecosyst. Health Manag.
2022, 25, 59-71. [CrossRef]

Santos, E.L.Q.V. A Pesca Comercial de Raias para Consumo Alimentar no Eixo Fluvial Solimoes-Amazonas; Dissertacdao de Mestrado do
Programa de P6s Graduacao em Ciéncia Animal e Recursos Pesqueiros; Universidade Federal do Amazonas: Manaus, Brazil,
2022; 47p.

Aratjo, M.L. Plano de Monitoramento de Arraias de Agua Doce-Rio Negro, Estado do Amazonas; Relatorio Final do IBAMA; IBAMA:
Manaus, Brazil, 2005; 100p.


https://doi.org/10.3390/ijerph20010435
https://www.ncbi.nlm.nih.gov/pubmed/36612759
https://doi.org/10.3390/ijerph20065225
https://www.ncbi.nlm.nih.gov/pubmed/36982134
https://doi.org/10.3389/fmars.2022.765323
https://doi.org/10.1007/s11356-022-24235-7
https://doi.org/10.1007/s11356-021-18409-y
https://doi.org/10.1590/S1679-62252011000400022
https://doi.org/10.1016/j.marenvres.2017.12.018
https://doi.org/10.1016/j.gloenvcha.2021.102398
https://doi.org/10.1016/j.pedhc.2012.02.005
https://doi.org/10.3390/ijerph110302437
https://doi.org/10.14321/aehm.025.01.59

Int. |. Environ. Res. Public Health 2023, 20, 6990 11 of 12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Duncan, W.P; Inomata, S.0.; Fernandes, M.N. Comércio de raias de agua doce na Regido do Médio Rio Negro, estado do
Amazonas, Brasil. Rev. Brasil. Eng. Pesca 2010, 5, XIII-XXIL

Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis IBAMA). Instrugio Normativa; N 204; IBAMA: Manaus,
Brazil, 2008.

Andrade, J.C,; Oliveira, A.T.; Amazonas, M.G.EM.; Galvan, D.; Tessaro, L.; Conte-Junior, C.A. Fingerprinting based on spectral
reflectance and chemometrics—An analytical approach aimed at combating the illegal trade of stingray meat in the Amazon.
Food Chem. 2023, 436, 137637. [CrossRef] [PubMed]

Melack, J.H.; Kasper, D.; Amaral, ] H.F,; Barbosa, PM.; Forsber, B.R. Limnological perspectives on conservation of floodplain
lakes in the Amazon basin. Aquat. Conserv. Mar. Freshw. Ecosyst. 2021, 31, 1041-1055. [CrossRef]

LasPso, C.A.; Rosa, R.S.; Sanchez-Duarte, P.; Morales-Betancourt, M. A.; Agudelo-Cérdoba, E.; Lasso, C.A.; Rosa, R.S.; Sanchez-
Duarte, P.; Morales-Betancourt, M.A.; Agudelo-Cérdoba, E. Rayas de Agua Dulce (Potamotrygonidae) de Suramérica. Parte I. Colombia,
Venezuela, Ecuador, Perii, Brasil, Guyana, Surinam y Guayana Francesa: Diversidad, Bioecologia, Uso y Conservacion; Serie Recursos
Hidrobiologicos y Pesqueros Continentales de Colombia, IX; Instituto de Investigacion de Recursos Biologicos Alexander von
Humboldt: Bogota, Colombia, 2013; 368p.

Oliveira, A.T.; Santos, M.Q.C.; Araujo, M.L.G.; Lemos, J.R.G.; Sales, R.S.A.; Pantoja-Lima, J.; Tavares-Dias, M.; Marcon, J.L.
Hematological parameters of three freshwater stingray species (Chondrichthyes: Potamotrygonidae) in the middle Rio Negro,
Amazonas state. Biochem. Syst. Ecol. 2016, 69, 33-40. [CrossRef]

Oliveira, A.T.; Lemos, J.R.G.; Santos, M.Q.C.; Sales, R.S.A.; Pantoja-Lima, J.; Aride, PH.R.; Araujo, M.L.G.; Tavares-Dias, M.
Morphological, cytochemical and ultrastructural aspects of blood cells in freshwater stingray species in the middle Rio Negro
basin of Amazonian Brazil. Sci. Rep. 2021, 11, 15685. [CrossRef]

United States Environmental Protection Agency (US-EPA). Guidance for Assessing Chemical Contamination Data for Use in Fish
Adpvisories. In Risk Assessment and Fish Consumption Limits EPA/823-B94-004; United States Environmental Protection Agency:
Washington DC, USA, 2000; Volume II.

Food and Agriculture Organization of the United Nations (FAO). Evaluations of Certain Contaminants in Food: Seventy-Second Report
of the Joint FAO/WHO Expert Committee on Food Additives; Food and Agriculture Organization/WHO: Rome, Italy, 2011; 115p.
Instituto Brasileiro de Geografia e Estatistica (IBGE). Pesquisa de Orcamentos Familiares 2017-2018 em Andlise do Consumo Alimentar
Pessoal No Brasil; IBGE, Coordenacao de Trabalho e Rendimento: Rio de Janeiro, Brazil, 2020; 147p.

Targino, FJ.; Ribeiro, ].D.d.N.; Sim&es, ].S.; Carneiro, C.S.; Lazzarini, S.M.; Souza, A.R; Ferreira, M.d.S.; Mano, S.B.; Marsico, E.T.
Total Mercury Content in the Tissues of Freshwater Chelonium (Podocnemis expansa) and a Human Health Risk Assessment for
the Amazon Population in Brazil. Int. J. Environ. Res. Public Health 2023, 20, 6489. [CrossRef]

Kasper, D.; Forsberg, B.R.; Amaral, ] H.F; Py-Daniel, S.S.; Bastos, W.R.; Malm, O. Methylmercury Modulation in Amazon Rivers
Linked to Basin Characteristics and Seasonal Flood-Pulse. Environ. Sci. Technol. 2017, 51, 14182-14191. [CrossRef]
Azevedo-Silva, C.E.; Almeida, R.; Carvalho, D.P.; Ometto, ].PH.B.; Camargo, P.B.; Dorneles, PR.; Azeredo, A.; Bastos, W.R.; Malm,
O.; Torres, ].P.M. Mercury biomagnification and the trophic structure of the ichthyofauna from a remote lake in the Brazilian
Amazon. Environ. Res. 2016, 151, 286-296. [CrossRef]

Shibuya, A. A review of the ecological role of the Neotropical freshwater stingrays (Chondrichthyes: Potamotrygoninae). Food
Webs 2022, 32, €00244. [CrossRef]

Liebl, A.R.S.; Cao, M.A.; Nascimento, M.S.; Castro, P.D.S.; Duncan, W.L.P; Pantoja-Lima, J.; Aride, PH.R.; Bussons, M.R.EM.;
Furuya, WM.; Faggio, C.; et al. Dietary lysine requirements of Colossoma macropomum (Cuvier 1818) based on growth performance,
hepatic and intestinal morphophysiology and hematology. Vet. Res. Commun. 2022, 46, 1-17. [CrossRef]

Amazonas, M.A; Olentino, D.; Furtado, C.L.C.; Yamamoto, K.C.; Duncan, W.L.P. Length-weight relationship for Potamotrygon
wallacei (Carvalho, Rosa and Aratjo, 2016) caught in the middle Negro River, Barcelos, Brazilian Amazon. Braz. ]. Biol. 2022,
84,e253497. [CrossRef] [PubMed]

Taffer, A K.; Staudinger, M.D.; Taylor, D.L.; Juanes, F. Trophic influences on mercury accumulation in top pelagic predators from
offshore New England waters of the northwest Atlantic Ocean. Mar. Environ. Res. 2014, 101, 124-134. [CrossRef] [PubMed]
Bastos, W.R.; Dérea, ].G.; Bernardi, ].V.E.; Lauthartte, L.C.; Mussy, M.H.; Lacerda, L.D.; Malm, O. Mercury in fish of the Madeira
river (temporal and spatial assessment), Brazilian Amazon. Environ. Res. 2015, 140, 191-197. [CrossRef] [PubMed]

Nielsen, J.; Hedeholm, R.B.; Heinemeier, J.; Bushnell, P.G.; Christiansen, ].S.; Olsen, J.; Ramsey, C.B.; Brill, RW.; Simon, M.;
Steffensen, K.F.; et al. Eye lens radiocarbon reveals centuries of longevity in the Greenland shark (Sommniosus microcephalus). Science
2016, 353, 702-704. [CrossRef]

Graham, R.T,; Witt, M.].; Castellanos, D.W.; Remolina, F.; Maxwell, S.; Godley, B.].; Hawkes, L.A. Satellite tracking of manta rays
highlights challenges to their conservation. PLoS ONE 2012, 7, e36834. [CrossRef]

Alves, LM.F; Marco, EL.; Lemos, H.C.; Sara, C.N. Elasmobranchs as bioindicators of pollution in the marine environment. Mar.
Pollut. Bull. 2022, 176, 113418. [CrossRef]

Achd, D.; Pabén, C.A.; Hintelmann, H. Mercury methylation and hydrogen sulfide production among unexpected strains isolated
from periphyton of two macrophytes of the Amazon. FEMS Microb. Ecol. 2012, 80, 637—645. [CrossRef]

Agéncia Nacional de Vigilancia Sanitaria (ANVISA), Ministério da Saude. RDC N° 42, 29 de Agosto de 2013. In Dispéde sobre
o0 Regulamento Técnico Mercosul sobre Limites Mdximos de Contaminantes Inorganicos em Alimentos; Didrio Oficial da Republica
Federativa do Brasil: Brasilia, DF, Brazil.


https://doi.org/10.1016/j.foodchem.2023.137637
https://www.ncbi.nlm.nih.gov/pubmed/37832414
https://doi.org/10.1002/aqc.3556
https://doi.org/10.1016/j.bse.2016.07.002
https://doi.org/10.1038/s41598-021-95183-4
https://doi.org/10.3390/ijerph20156489
https://doi.org/10.1021/acs.est.7b04374
https://doi.org/10.1016/j.envres.2016.07.035
https://doi.org/10.1016/j.fooweb.2022.e00244
https://doi.org/10.1007/s11259-021-09872-6
https://doi.org/10.1590/1519-6984.253497
https://www.ncbi.nlm.nih.gov/pubmed/35043834
https://doi.org/10.1016/j.marenvres.2014.09.008
https://www.ncbi.nlm.nih.gov/pubmed/25440782
https://doi.org/10.1016/j.envres.2015.03.029
https://www.ncbi.nlm.nih.gov/pubmed/25863592
https://doi.org/10.1126/science.aaf1703
https://doi.org/10.1371/journal.pone.0036834
https://doi.org/10.1016/j.marpolbul.2022.113418
https://doi.org/10.1111/j.1574-6941.2012.01333.x

Int. |. Environ. Res. Public Health 2023, 20, 6990 12 of 12

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Passos, C.J.; Mergler, D. Human mercury exposure and adverse health effects in the Amazon: A review. Cad. Saiide Piiblica 2008,
24, s503-s520. [CrossRef]

Souza-Araujo, J.; Giarrizzo, T.; Lima, M.O.; Souza, M.B.G. Mercury and methyl mercury in fishes from Bacaja River (Brazilian
Amazon): Evidence for bioaccumulation and biomagnification. J. Fish Biol. 2016, 89, 249-263. [CrossRef]

Lino, A.S.; Kasper, D.; Guida, Y.S.; Thomaz, ].R.; Malm, O. Mercury and selenium in fishes from the Tapajos River in the Brazilian
Amazon: An evaluation of human exposure. . Trace Elem. Med. Biol. 2018, 48, 196-201. [CrossRef] [PubMed]

Vasconcellos, A.C.S.D.; Hallwass, G.; Bezerra, ].G.; Aciole, A.N.S.; Meneses, HN.D.M.; Lima, M.D.O.; Jesus, LM.D.; Hacon, S.D.S.;
Basta, P.C. Health Risk Assessment of Mercury Exposure from Fish Consumption in Munduruku Indigenous Communities in the
Brazilian Amazon. Int. |. Environ. Res. Public Health 2021, 18, 7940. [CrossRef]

Vasconcellos, A.C.S.; Ferreira, S.R.B.; De Sousa, C.C.; De Oliveira, M.W.; Oliveira Lima, M.; Basta, P.C. Health Risk Assessment
Attributed to Consumption of Fish Contaminated with Mercury in the Rio Branco Basin, Roraima, Amazon, Brazil. Toxics 2022,
10, 516. [CrossRef] [PubMed]

Barai, A.A.; Souza, A.FL.; Viana, A.P,; Inhamuns, A.J. Seasonal influence on centesimal composition and yield of Amazonian fish.
Ciéncia Tecnol. Aliment. 2021, 42, 1-5. [CrossRef]

Tiktak, G.P.; Butcherb, D.; Lawrence, PJ.; Norreya, J.; Bradley, L.; Shawa, K.; Preziosi, R.; Megsona, D. Are concentrations
of pollutants in sharks, rays, and skates (Elasmobranchii) a cause for concern? A systematic review. Mar. Pollut. Bull. 2020,
160, 111701. [CrossRef]

Alcala-Orozco, M.; Caballero-Gallardo, K.; Olivero-Verbel, J. Biomonitoring of Mercury, Cadmium, and Selenium in Fish and the
Population of Puerto Narifio, at the Southern Corner of the Colombian Amazon. Arch. Environ. Contam. Toxicol. 2020, 79, 354-370.
[CrossRef]

Olivero-Verbel, ].; Carranza-Lopez, L.; Caballero-Gallardo, K.; Ripoll-Arboleda, A.; Mufioz-Sosa, D. Human exposure and risk
assessment associated with mercury pollution in the Caqueta River, Colombian Amazon. Environ. Sci. Pollut. Res. 2016, 23, 1-11.
[CrossRef]

Silva, M.S.; Rios-Villamizar, E.A.; Miranda, S.AF; Ferreira, S.J.E; Bringel, S.R.B.; Gomes, N.A.; Silva, L.M.; Pascoaloto, D.; Santana,
G.P; Cunha, H.B. Contribution to the hydrochemistry and water typology of the Amazon river and its tributaries. Geogr. Path
2019, 20, 360-374. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1590/S0102-311X2008001600004
https://doi.org/10.1111/jfb.13027
https://doi.org/10.1016/j.jtemb.2018.04.012
https://www.ncbi.nlm.nih.gov/pubmed/29773181
https://doi.org/10.3390/ijerph18157940
https://doi.org/10.3390/toxics10090516
https://www.ncbi.nlm.nih.gov/pubmed/36136481
https://doi.org/10.1590/fst.55320
https://doi.org/10.1016/j.marpolbul.2020.111701
https://doi.org/10.1007/s00244-020-00761-8
https://doi.org/10.1007/s11356-016-7255-3
https://doi.org/10.14393/RCG207246295

	Introduction 
	Materials and Methods 
	Study Area 
	Capture and Identification of the Animals 
	Mercury Quantification (Hg) 
	Risk Assessment Calculation 
	Water Analysis 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

