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ABSTRACT: Fish farming and artisanal fishing represent important
protein sources for riverside communities and populations of small
towns in the Amazon. In recent decades, the Amazon basin has been
the target of environmental contamination by mercury (Hg), which
warns of possible adverse effects of human exposure through food.
In this study, we evaluated the effect of mercury bioaccumulation in
juvenile tilapia exposed via dietary intake. The fish were fed
commercial feed supplemented with methylmercury chloride for a
period of 28 days. Hematological parameters (hemogram,
hematocrit (Hct), hemoglobin (Hgb), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC)) and genotoxic effects in blood
(micronucleus (MN), erythrocytic nuclear abnormalities (ENAs),
DNA damage) were analyzed. Total mercury (THg) was determined in muscle tissue and blood. Hg bioaccumulation increased 7-
fold in exposed fish, representing a body accumulation rate of 41%. No variation in growth performance or feeding habits was
observed. The following biomarkers Hgb, thrombocytes (Trb), MCH, MCHC, MN and ENAs showed variation as a function of
exposure time. Compensatory mechanisms of defense metabolism showed greater deficiency between 21 and 28 days.

1. INTRODUCTION
Aquaculture is one of the fastest growing food industries in the
world, accounting for around 50% of the fish consumed
globally; supporting fishery production since 1970, with the
introduction of Oreochromis sp. from Africa to several countries
with the aim of promoting food security, improving genetic
lines over time and thus their performance in high densities,
reduced spaces and even without affecting the behavior of the
fish, achieving its full zootechnical and economic potential.1−4

Tilapia farming is one of the main culture, consumption and
import items in Brazil, produced in intensive systems,
achieving in 2022 an increase of 29.05% in production
compared to the previous year, with Oreochromis sp being the
most produced species (99.38% of the total volume); however,
in the North region, there has been a boom in the
implementation of breeding of this species on fish farms;4−7

contributing significantly to the supply of proteins in riverside
communities and small towns in the Amazon region.

The expansion of tilapia culture in the Amazon, specifically
in the Tapajoś River basin, which is known for its long history
of water and sediment contamination with Hg released from
gold mining, forest deforestation and burning activities,8−11

points to the need for environmental monitoring and health
surveillance, as human exposure to mercurial contamination
through ingestion of contaminated fish has been treated as a
serious problem documented in recent decades in this region.
Mercury, once disposed of into soils or discharged in the

aquatic environment by mining activity, as well as its
availability through soil erosion resulting from deforestation,
becomes available to the biota in general through methylation
processes carried out by microorganisms, triggering bioaccu-
mulation and biomagnification processes in the food chain,
which leads to the accumulation of the metal in fish tissues,
posing risks to both human health and ecosystems.11−14

Many species of fish in the Amazon (mainly in piscivores,
although specific cases have been reported in species belonging
to lower trophic levels) presented mercury levels above the
safety limit established by the World Health Organization
(WHO) showing high hazard coefficients, recommending a
decrease in the daily consumption rate for these spe-
cies.12,14−17 Chronic exposure to mercury has been linked to
a number of health problems, including neurological, kidney,
intestinal damage, among others. In addition, genotoxicological
studies indicate that prolonged exposure to mercury can result
in DNA damage, increasing the risk of mutations.12,16,18
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Hematological biomarkers are widely used as indicators of
the general health of aquatic organisms, allowing the
assessment of environmental and toxicological impacts.
Hematological changes, such as variations in erythrocyte and
leukocyte counts in addition to cellular and nuclear
abnormalities in erythrocytes (genotoxicity), are frequently
observed in fish exposed to contaminants and heavy metals,
among them the Hg, due to membrane damage and the high
permeability of these toxins as the main causes of these
effects.19−25 The most widely used biomarkers of genotoxicity
in toxicity studies, as well as in environmental monitoring, are
the micronucleus test and erythrocyte nuclear anomalies
(ENAs), which, as the term MN test, has evolved into the
micronucleus cytome assay; besides, nuclear anomalies they
can be classified according to the degree and characteristic of
the deformation of the nuclear membrane or arrangement of
the chromatin within it, commonly identifying the forms:
binucleated (Bn), blebbed (Bl), bud (Bud), notched (Not),
lobbed (Lob); we also find single-cell electrophoresis known as
the comet assay (CA) evaluated mainly in fish erythrocytes but
not exclusively.26−31 In the present study we sought to
determine the possible effects on the blood count and the
genotoxic effects on the blood of fish exposed to a diet
enriched with mercury. Monitoring of fish health should be a
good practice in order to attain food security and resilience for
traditional riverine communities, in congruence with the
Global Sustainable Development Goals.32

2. RESULTS
2.1. Growth Performance Analysis. A slight weight gain

was observed in both experimental groups, without distinguish-
ing differences or negative effects due to mercury (0.5 mg
kg−1) as well as in the different growth performance variables
[weight gain (WG, g), daily weight gain (DWG, g day−1),
weight gain percent (WG %), specific growth rate (SGR) and
feed conversion ratio (FCR)] at 28 days of exposure did not

present differences between groups (ANOVA: 0.18; 0.07; 0.03;
0.06; 0.76 p > 0.05, respectively) (Table 1).

2.2. Determination of Total Mercury and Accumu-
lation Rate. The mean blood mercury concentration of the
control group did not vary significantly during the experiment
(t0 = 0.004 ± 0.002 mg kg−1; t28 = 0.001 ± 0.0002 mg kg−1).
However, an increase in the blood mercury concentration of
the exposed group was observed (t0 = 0.01 ± 0.009 mg kg−1;
t28 = 0.03 ± 0.005 mg kg−1). The variation in blood mercury
concentration was significant for both experimental groups at
the end of the experiment (ANOVA: 14.47; p < 0.001).
Likewise, mercury bioaccumulation in muscle tissue also varied
significantly between the two groups (KW = 11.36 p < 0.001),
with an increase of up to 7-fold in the exposed group, which
represents a body accumulation rate of 41% (Figure 1).

2.3. Hematological Biomarkers. There was no variation
in erythrocyte count (RBC), hematocrit (Hct) and mean
corpuscular volume (MCV), however, Hemoglobin (Hgb) had
mean values with significant variation between groups and
throughout the exposure time (ANOVA: 3.45 p < 0.01)
(Figure 2a,b,d,c, respectively). The highest Hgb values were
recorded at t21 (CG: 8.49 ± 2.27 g dL−1; EG: 8.89 ± 1.24 g
dL−1). Similarly, the MCH index showed a significant variation
between groups throughout the experiment (ANOVA: 4.68 p
< 0.001), with the control group registering an increase until
the end (t28), while the exposed group registered an increase
until t21 (MCH = 76.26 ± 11.12 pg) with a reduction in the
last sampling at t28 (MCH = 59.75 ± 18.07 pg). The variation
of the MCHC index showed a similar behavior to the MCH,
with an increase until t21 and a reduction at t28, in the exposed
group (ANOVA: 5.44 p < 0.001) (Figure 2f,e; Table S1). The
erythroblast count (Erb) did not vary between groups or
throughout the experiment (ANOVA: 2.08 p > 0.05) (Figure
3a); a similar result was observed in the leukocyte count or
white blood cell (WBC) (ANOVA: 0.6 p > 0.05) (Figure 3b).
On the other hand, the thrombocyte count (Trb) varied
significantly throughout the exposure (KW: 49.67 p < 0.001).
An increase in the thrombocyte count was observed between t0

Table 1. Effects of Methylmercury (0.5 mg kg−1) in the Diet for 28 days of Exposure on Growth Performance Variables of
Juvenile Tilapia

W (t0) W (t28) GW (g) DWG (g dia−1) WG % SGR FCR

CG 15.66 ± 5.45 19.59 ± 5.85 2.80 ± 1.44 20.40 ± 5.65 17.77 ± 12.41 0.58 ± 0.35 6.41 ± 3.10
EG 15.47 ± 4.66 18.96 ± 5.76 3.48 ± 1.37 18.11 ± 5.60 22.53 ± 8.20 0.72 ± 0.23 5.07 ± 1.88

Figure 1. Mercury concentration mg kg−1 in juvenile tilapia fed with a diet enriched with methylmercury (0.5 mg kg−1). THg concentration in
blood at 0, 7, 14, 21, and 28 days (line graph), THg concentration in muscle at day 28 (bar graph). Lowercase and uppercase superscript letters
indicate group differences in blood THg and muscle THg, respectively (p < 0.001). CG (■(green)), EG (■(purple)).
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and t7, followed by a reduction, which remained until the end
of the experiment (t28), whose pattern occurred in both
experimental groups (Figure 3c).

2.4. Biomarkers of Genotoxicity. 2.4.1. Micronucleus
Test and Nuclear Anomalies. The frequencies of MN and
ENA were recorded at t0 and t28. In the samples collected at t0,
there was no variation between the groups; however, at the end
of the experiment (t28), the exposed group showed an increase
in the frequency of the following biomarkers: MN %, Bud %, Bl
% and Not % (Table 2).

2.4.2. Comet Assay on Fish Erythrocytes. DNA damage,
assessed by intensity variation at the comet head, showed
variation over time and between groups (KW: 2832.99 p <
0.001). From the beginning of the experiment (CG 0:16.30 ±
13.36 px; EG 0:11.70 ± 7.67 px; CG 7:24.16 ± 14.20 px; EG
7:22.85 ± 14.16 px; CG 14:38.74 ± 15.26 px; EG 14:35.86 ±
16.22 px) until the 21st day of exposure, an increase in the
intensity of the head could be observed, although in the EG it
was smaller than the CG, except on day 21, when the increase
in the values of the exposed group was reached (CG 21 28.34
± 12.66 px; EG 21:35.01 ± 15.26 px) and then decreased. at
the end of the exposure bioassay (EG 28:15.98 ± 9.56 px)

while the CG increased to 38.93 ± 16.90 px. On the other
hand, it is worth noting that the EG had greater dispersion and
atypical values, indicating individual variations in response to
the toxicant (Figure 4).

2.5. Association between Variables. 2.5.1. Simple
Linear Regression. In order to understand the magnitude
and direction of the association between the different
biomarkers evaluated in response to the daily consumption
of food enriched with MeHg (0.5 mg kg−1) over 28 days. First,
the linear regression test was performed to determine the
dependence of each biomarker on blood Hg concentrations,
finding that growth performance, the different hematimetric
indices (MCH, MCV, MCHC) and Lob % and CA among the
genotoxic biomarkers presented a relatively weak relationship,
but nevertheless, among the variables that had a moderately
strong positive association are Hct, Hgb, RBC, WBC, MN and
the other ENAs, and the Erb count presented a relatively
strong positive association; on the other hand, the Trb
presented a moderately strong negative association (Table 3).

2.5.2. Spearman’s Correlation Coefficient. From bio-
markers with moderate and relatively strong dependence on
the accumulation of mercury in blood, and now with the

Figure 2. Erythrogram with hematimetric indices in juvenile tilapia with a diet enriched with methylmercury (0.5 mg kg−1). In the graph, the
rectangular box shows the range of the data divided by a segment that indicates the median, the x represents the mean, and the vertical bar shows
the dispersion of the data with the minimum and maximum values. Exposure time at 0, 7, 14, 21, and 28 days. CG (■(green)), EG (■(purple)).
(A) RBC (cell 106 μL−1), (B) Hct (%), (C) Hgb (g dL−1), (D) MCV (fL), (E) MCH (pg), (F) MCHC (g dL−1).
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purpose of determining the degree of association between two
variables, the Spearman correlation coefficient was applied,
which is a way of determining the fluctuation, oscillation or
covariance existing between two parameters, determining the

similarity in behavior, cause and consequences of one on the
other. In general, a high correlation between biomarkers
indicates that they have similar origins and/or analogous
metabolic behaviors.

Figure 3. Leukocyte, erythroblast and thrombocyte counts of tilapia over time, exposed to methylmercury (0.5 mg kg−1). In the graph, the
rectangular box shows the range of the data divided by a segment that indicates the median, the x represents the mean, and the vertical bar shows
the dispersion of the data with the minimum and maximum values. Exposure time at 0, 7, 14, 21, and 28 days. CG (■(green)), EG (■(purple)).
(A) Erb (cell 104 μL−1), (B) WBC (cell 104 μL−1), (C) Trb (cell 109 L−1).

Table 2. Frequency of Micronuclei (MN) and Erythrocyte Nuclear Abnormalities (ENA) in Erythrocytes of Juvenile Tilapia
Exposed to a Diet Enriched with Methylmercury (0.5 mg kg−1)

t0 t28

CG EG CG EG

% MN 0 0 0.083 ± 0.11 0.2 ± 0.14***
% Bn 0 ± 0.015 0 0 ± 0.09 0 ± 0.08
% Bud 0.025 ± 0.07 0.05 ± 0.04 0.4 ± 0.44 0.9 ± 0.35***
% Bl 0.05 ± 0.04 0.07 ± 0.08 0.15 ± 0.11 0.65 ± 0.43***
% Not 0 ± 0.04 0.025 ± 0.05 0.8 ± 1.00 1.18 ± 1.13***
% Lob 0 ± 0.1 0.05 ± 0.05 0.1 ± 0.25 0.65 ± 0.77

*** (highly significant difference).

Figure 4. Comet head intensity in erythrocytes of juvenile tilapia over time exposed to methylmercury 0.5 mg kg-1. In the graph, the rectangular
box shows the range of the data divided by a segment that indicates the median, the x represents the mean, and the vertical bar shows the dispersion
of the data with the minimum and maximum values. Exposure time at 0, 7, 14, 21, and 28 days. CG (■(green)), EG (■(purple)).
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Eight sets of positive associations were established between
Hgb and RBC, Erb and WBC; RBC with Erb and WBC, as
well as between Erb and WBC; Hct was related to RBC and %
Bn. On the other hand, relationships were found between the
different genotoxicity biomarkers, MN with Bn %, Bud %, Bl
%, and Not %; between Bn % and Bud % with Bl % and Not %;
as well as a relationship between %Bl and Not %. In addition to
these associations, negative relationships were also found
between Trb and MN, Bud %, Bl %, and Not % (Tab. S2).

2.5.3. Principal Component Analysis (PCA). The PCA
ordering test revealed that the first two components explain
78.36% of the data variability; the first component presents the
largest variation, explaining 41.76% including positive
correlations between THg, ENA, MN and negative with Trb;
the second component represented by positive correlations
between THg with Erb, RBC and WBC, and an explanatory
variation of 36.60%. In Figure 5 (Table S3) it can be detailed
how the organisms exposed on the 28th day were spatially
grouped and differentiated by THg vector, contrasting with
CG and EG at the experiment beginning (t0), where no
influence by MeHg could be detected.

3. DISCUSSION
Mercury is considered one of the most toxic trace metals due
to its ability to bioaccumulate and biomagnify in the food
chain. The consumption of fish contaminated with mercury
represents a serious public health problem in regions where
fish is the main source of protein in the population’s diet,
which is the case in several regions of the Amazon
basin.12,15,33−37 In this study, using a model of daily
consumption of food contaminated with methylmercury (0.5

mg kg−1) for 28 days, which is the maximum concentration
established by the FDA, EPA (for the consumption of small
fish, piscivorous or not) (UNEP; WHO, 2008), the possible
effects on growth performance, hematological parameters and
genotoxicity were evaluated.

Mercury exposure can affect the growth and general health
of fish, the effect of which can be modulated by the time and
dose of exposure.19,38 In addition, it is important to consider
additive effects due to bioaccumulation and/or biomagnifica-
tion processes, which depend on the species or trophic level of
the fish.19,39−41 In this study, the growth of tilapia juveniles was
not affected after 28 days of exposure to a diet supplemented
with MeHg (0.5 mg kg−1). However, a longer exposure (60
days) using the same concentration was sufficient to decrease
the weight and length of the animals.19 A similar result was
obtained in juvenile of Stizostedion vitreum exposed for 6
months to MeHg (1.0 mg kg−1)38 and in the work carried out
by Pratrap (2016),24 HgI concentrations of 0.01, 0.05, and
0.10 mg·L−1 were used for up to 35 days of exposure in water,
affecting appetite, absorption rate and growth of tilapia with
greater accumulation of Hg in gills than in muscle.

At the beginning of the experiment, the mercury
concentrations of the fish from both groups showed values
between 0.004 and 0.01 mg kg−1, which although low, indicate
a possible source of entry of the metal into the culture medium
from which the organisms were acquired, corroborating natural
sources in the soil, which are made available by anthropic
activities, which in this particular case are possibly:
deforestation, removal of land for the creation of culture
ponds, in addition to the possible influences of leaching

Table 3. Associations between THg Concentration in Blood and the Different Biomarkers Evaluated

Hct Hgb RBC Mn Bud Bl Not Bn Erb WBC Trb

cc 0.74 0.73 0.72 0.72 0.78 0.84 0.80 0.71 0.92 0.60 −0.64
Β 846.46 130.03 26.87 4.85 10.80 30.29 58.27 4.75 3.41 861916.0 −2715.8
R2 (%) 55.96 53.14 51.59 51.87 60.37 70.80 64.23 49.73 84.49 36.45 41.35

Figure 5. Principal component analysis between variables associated with mercury bioaccumulation in the blood of Tilapia Juveniles up to 28 days
of exposure. CG (●(green)), EG t0 (■(green)), EG t28 (■(purple)).
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processes in rainy seasons; as reported by Oestreicher et al.
(2017).8

Mercury bioaccumulation was observed in blood and muscle
samples. The body accumulation rate of 41% observed in
tilapia juveniles can be explained by the 28 day exposure time.
Friedmann et al. (1996)38 observed body accumulation rates at
the different concentrations tested of 68 and 88% after 6
months of exposure. Berntssen et al. (2004)40 reported an
accumulation of 83% in Atlantic salmon exposed for 4 months,
with the highest accumulation rate occurring in the blood,
followed by intestine, kidney and muscle. Studies of the kinetic
distribution of MeHg via food in Salvelinus alpinus showed that
the transfer of mercury between the intestine and the blood is
slow, taking 27 days for 95% transfer, while for peripheral
organs it lasts around 48 days.42 In Ictalurus punctatus, MeHg
uptake in the intestinal epithelia occurs through passive and
active processes, and/or through the energy-dependent neutral
amino acid transporter, depending on the MeHg complexes.43

It is coherent to hypothesize that a longer exposure of tilapia
fingerlings, under a dose of 0.5 mg kg−1, can induce a higher
percentage of body accumulation and a reduction in growth
performance and feeding habits.

Other research has shown that under long-term dietary
exposure to MeHg, the bioaccumulation pattern tends to
decrease the faster the fish grow. When exposed to high
concentrations (e.g., 13.5 mg kg−1), mercury presents an
accelerated bioaccumulation rate of up to 21 days and then
decreases, affecting muscle fibers, suggesting adverse effects on
the respiratory chain and mitochondrial distribution.44 In Nile
tilapia exposed to concentrations of 0.5 to 2 mg kg−1 of MeHg
for 30 days of exposure, the following were observed: greater
aggressiveness, decreased swimming capacity by decreasing the
activity of acetylcholinesterase and the immune system,
reflecting in increases in molecules involved in the redox
cycle (lysozyme, NO, SOD, MDA), affecting GSH concen-
trations implying greater oxidative stress.39

In humans, studies have demonstrated an association
between mercury bioaccumulation and the consumption of
fish with high health risks in riverside locations and/or near
mining activities, as well as with cytogenetic damage in
lymphocytes.12,33,37,45−47 Therefore, when one of the main
sources of entry into the body is through food ingestion, the
digestive system plays a crucial role, presenting high rates of
intestinal absorption to then be transferred to the bloodstream
and stored and/or purified in the different organs.40,43

Hematological parameters are frequently used in ecotoxicity
studies, as one of the first tools to assess general health in
fish.7,20,22,48−52 The hemogram, a set of biomarkers analyzed to
determine the different components of the blood, divided into
three categories: erythrogram, leukogram and thrombogram. In
the erythrogram we can evaluate the erythrocyte count (RBC),
the hemoglobin content in the blood (Hgb), the hematocrit
percentage (Hct), as well as the hematimetric indices helping
us to determine the size and color of the red blood cells
present in the body’s blood and informing their condition,
being able to identify and/or classify anemias; Among these
indexes we find the mean corpuscular volume (MCV)
indicating the size of the red blood cells; the mean corpuscular
hemoglobin (MCH) and mean corpuscular hemoglobin
concentration (MCHC) used as indicators of the coloration
of the red blood cells as hypochromic and normochromic. The
leukogram can be evaluated with the relative and/or absolute

count of the different leukocytes and the thrombogram implies
the count of thrombocytes in blood.51−53

The effects of heavy metal toxicity such as MeHg on red
blood cells can manifest as plasma membrane instability,
increased oxidative stress, altered antioxidant response, lip-
operoxidation, variation in hematimetric indices, presence of
anemia, increased changes in cellular and nuclear morphology,
damage to genomic material, triggering necrosis and cell
death.19,27,48,50 The hematological biomarkers evaluated in this
study demonstrated that the erythrogram indices (RBC, Hct
and MCV) and leukocyte, erythroblast and thrombocyte
counts were not altered by the consumption of mercury-
contaminated feed (0.5 mg kg−1) over time (up to 28 days).
However, even in the absence of significant differences
between the groups, the mean RBC was always higher in the
exposed group, possibly associated with a subtle increase in
erythropoiesis manifested with a slight increase in Erb counts.
On the other hand, the variations in Hgb, MCHC and Trb
appear to be associated with physiological behaviors. In the EG
it was possible to detail that the Hgb, MCHC and Trb indexes
showed a greater dispersion of data with a tendency for a
reduction in values. The MCH index clearly showed a response
to the negative effect of mercury from 21 days of exposure,
reflecting a hypochromic anemia in the exposed organisms
when compared with the CG.

Some authors have reported that the different parameters
that make up fish hematology could be influenced by
environmental and/or seasonal factors such as temperature,
pH, population density, culture modality, as well as
physiological growth factors, between species and even by
stress associated with the blood sample collection proce-
dure.22,49,54 Berntssen et al. (2016)20 reported seasonal
variations with increases in erythrocytes and hematocrits
during winter and summer, and among leukocyte differ-
entiation, they presented a greater number of lymphocytes and
neutrophils specific to the species. On the other hand, studies
by Dal’Bo ́ et al. (2015)7 demonstrated variations between
species in hematological parameters and, in the case of tilapia,
presented low amplitude in the values of Hgb, Hct, RBC and
MCHC.

Short-term exposures (e.g., up to 28 days) with low
concentration doses of MeHg are sufficient and appear to
have an effect on the variation of hematological indices, as
observed in the present study with tilapia juveniles. Seriani et
al. (2015)50 observed a significant reduction in RBC and WBC
indices between 3 and 14 days in tilapia exposed to 0.08 mg
L−1 of HgCl2 diluted in aquarium water and Pratap (2016)24

report an increase of MCV but decreased of RBC, Hgb, PCV
(Hct), MCHC and MCV. Longer exposures, regardless of the
concentration administered, resulted in severe changes in
hematological parameters, including RBC, Hgb and Hct
indices.19,40

Additionally, genotoxicity parameters in juvenile tilapia were
also affected by exposure to MeHg. Erytrocytic nuclear
alterations (ENA) and micronuclei (MN) reached a maximum
frequency of 1.18% (Not) in the exposed group, followed by
Bud > Bl > Lob > Mn > Bn, with significant differences at the
end of the experiment, which may demonstrate a clear increase
in the formation of different alterations in response to daily
ingestion of food contaminated with MeHg (0.5 mg kg−1).

The formation of micronuclei has been explained by events
of missegregation of an entire chromosome or a fragment
thereof during mitosis, being excluded from the nucleus in the
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daughter cell.55 Such events can be stimulated by a variety of
causes, including: genetic defects in proteins involved in
mitosis and its checkpoints,56 high exposure to chemical
genotoxins and endogenous ones generated by metabolic stress
processes, deficiency of micronutrients essential for DNA
replication and repair.26,56,57 Morphonuclear alterations have
been hypothetically considered as prior events until the
formation of MN.56−58 Cytogenotoxicity studies evaluating
the frequencies of morphonuclear alterations with the blockade
of cytokinesis with cytochalasin B (Cyt-B) have shown that
after cell division, these alterations tend to manifest in the
nucleus of daughter cells or the presence of MN in them, and
in addition, it is suggested that Bud and Lob are the product of
broken nuclear bridges.26,57,59 The increase in the frequency of
MN and ENAs has been related to developmental defects,
cancer, accelerated aging in humans. In addition, there is
evidence that the DNA present in MN can be recognized by
the innate immune system, triggering inflammatory processes
through cyclic GMP-AMP synthase (cGAS) and activating the
stimulator of interferon genes (STING).57

Several authors have reported a clear association between a
variety of mutagenic agents, such as monocrotophos
insecticides (MCP), γ-radiation, environments with polluted
water, and the increased frequency of MN and ENA.26,27,60

The effect of exposure to mercury leading to an increase in the
frequency of MN and ENAs has been previously demonstrated,
both in experimental bioassays,50 and in environments where
high concentrations of mercury were found in fish muscle
compared to reference sites.18,30,61 On the other hand, some
studies of exposure to various toxins such as pesticides or even
MeHg did not demonstrate an effect of exposure on the
frequency of MN and ENAs or dose−response relationship,
which possibly occurs due to the chemical and kinetic nature
of the test substance,31 or in the case of MeHg, due to high
concentrations in a short exposure time.62

The genotoxic effect of MeHg on juvenile tilapia was also
manifested by increased DNA damage, as evidenced by the
comet assay. There was a clear decrease in comet head
intensity in the exposed group, suggesting cumulative DNA
damage during the exposure period. In EG, the high dispersion
of data and greater number of atypical values over time could
indicate that some of the organisms are more resistant or
susceptible to MeHg damage, responding with greater or lesser
magnitude of repair mechanisms. Notably, up to the 21st day, a
positive compensatory response in the repair of damage was
still observed, which decreased drastically until the end of the
experiment on the 28th day, corroborating the changes
reflected in the increase in the frequencies of MN and
ENAs, and in the hematological biomarkers MCH and Hgb,
leading to the hypochromic condition at the end of the
exposure time. The effects of damage to genetic material found
in the present study could be compared to the data reported by
Fatima et al. (2015)28 and Hussain et al. (2018),30 which
showed an increase in genotoxic damage in fish from rivers
contaminated by heavy metals including mercury.

The associations between Hg bioaccumulation and the
different hematological and genotoxic biomarkers evaluated in
this food exposure bioassay demonstrate that up to 28 days the
concentration used does not directly influence behavior or
variation in growth performance, but affects hematological and
genotoxic biomarkers. The bioaccumulation process demon-
strated in this study influenced the moderate and relatively
strong positive associations with most of the parameters

evaluated, except for thrombocytes, which had negative
associations. In addition to these associations with MeHg,
significant associations were demonstrated between the various
hematological components and between them and Hgb;
between Hct and RBC and Bn; as well as between MN and
ENAs and relationships between the various ENAs. Notably,
the frequency of ENAs and MN increases with mercury
bioaccumulation, which in turn influences the increase in
erythroblasts. It was expected that there would be associations
between Erb with MN and ENAs, however, there was no
correlation. A possible explanation would be that the
bioaccumulation of Hg observed in the blood affected
erythropoiesis activation mechanisms, manifesting itself in
the increase of Erb associated with WBC and RBC, possibly as
a vital response mechanism to the damage caused to cell
membranes and genomic material, which could be proven by
the notable increase in the frequencies of hematological (Hct,
Hgb, RBC) and genotoxic (Bl, Bud, Not, MN) parameters.

According to the results observed in the MeHg dietary
exposure test, we can suggest a hypothesis about the
mechanism of origin of the morphonuclear alterations. Initially,
the process of bioaccumulation of mercury in the blood
directly influences the production of Erb, reflecting in the
increase of Hct, possibly as a compensatory mechanism to the
increase in the frequency of nuclear anomalies (Bud, Bl as
previous stages), which during the following mitosis process
can lead to the formation of MN in one of the daughter cells;
and in the case of Not, in a smaller proportion, it could even
lead to the formation of binucleated cells (represented with a
lower frequency of Bn at the end of the exposure), considering
that the cell membrane of the red blood cells did not show
signs of future cytokinesis, understanding the principle that
some change occurred in the process of cell division; according
to the works done by Anbumani and Mohankumar (2011),26

Fenech (2020),57 Shimizu (2000),58 Shimizu et al. (1998)56

and Kwon et al. (2020)63 where they reported the study of
MN and ENAs with the blockade of cytokinesis. On the other
hand, the negative influence or association on thrombocyte
counts with the bioaccumulation of MeHg over time may be
due to the thiol−disulfide groups in the intrinsic proteins in
the cellular membrane that can form bonds with Hg, altering
the cellular redox state as well as their function and
integrity64−66 (Tables 3, S5, Figure 5, Table S6).

4. CONCLUSIONS
Juvenile tilapia exposed to MeHg through dietary intake for 28
days exhibited significant mercury bioaccumulation and
alterations in hematological and genotoxic parameters. as
well as the negative association with Trb, were a direct
consequence of MeHg exposure. Hematological parameters
such as Erb, RBC, and WBC likely represent secondary and/or
compensatory effects of metabolic responses to mercury
exposure. The greatest variations between the control group
and the exposed group occurred between days 21 and 28, a
period in which the organisms defense response may have
broken down to compensate for the constant entry and
accumulation of the toxic substance in the bloodstream.
Monitoring genotoxicity associated with mercury exposure is
important to ensure adequate management of fish health and
food security for riverside populations in the Amazon region.
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5. METHODS
5.1. Substance and Organism Tests. To induce

exposure to Hg via food intake was provided with a
commercial feed (Supravit Juvenil 46, 1.7 mm), which was
impregnated with a methylmercury chloride solution
(CH3HgCl2), according to procedures adapted from Alam et
al. (2021)19 and Berntssen et al. (2004).40 From a stock
solution of CH3HgCl2 1 mg mL−1 of absolute ethanol, the
desired concentration (Hg 0.5 mg kg−1 of feed) was prepared
and completed to 10 mL with absolute ethanol. A batch with
130 g of feed was separated and placed in a tray to be sprayed
with the methylmercury solution with constant stirring to
ensure impregnation of the grains. This procedure was carried
out inside the exhaust hood and allowed to evaporate for 24 h
(h). A sample of the impregnated food grains was examined
with a Direct Mercury Analyzer DMA-80 to quantify the
incorporated mercury content. The final mercury concen-
tration in food was calculated with the desired exposure
concentration, in triplicate, and then aliquots were made in
quantities corresponding to daily doses equivalent to 2% of the
body mass of each fish. The aliquots for the daily meal were
stored in airtight bags and kept in the freezer at −20 °C.

The test organisms, 20 healthy juvenile tilapias (Oreochromis
sp.) were obtained commercially from a fish farming company
located on Highway PA-457, Alter do Chão, Santareḿ-PA.
The fish acclimated to laboratory conditions for 15 days, with a
photoperiod of 12 h light/12 h dark, with constant aeration;
pH 6.96 ± 0.2; EC 0.13 ± 0.02 μS cm-1; TDS 0.06 ± 0.01;
temperature of 25.05 ± 1 °C, and were monitored daily with a
multiparameter probe meter (Hanna instruments Inc., HI
9811-5, Woonsocket, USA).

5.2. Experimental Design. The fish were divided into two
experimental groups (n = 10/group, weight: 15.57 ± 5.06 g,
CT: 9.99 ± 1.06 cm); the exposed group (EG) received food
added with methylmercury (0.5 mg kg−1 diet) and the control
group (CG) received the mercury-free Supravit Juvenil 46
food, at the same daily dosage equivalent to 2% of body mass
(weekly adjusted). The fish were kept exposed to mercury for
28 days in glass aquariums with a capacity of 20 L with a
density of 5 fish per aquarium in an approximate ratio of 1 g of
fish per L of water, which received daily siphoning aspiration to
clean them and avoid contamination by ingestion of feces, and
every 2 days 50% of the water volume was replaced19,39−41

(Figure S1). At the end of the experiment, photographs, size
and weight data of the fish were taken for analysis of growth
performance; the organisms were cryo-anesthetized/euthan-
ized and immediately submitted for extraction of blood and
target tissues for the research, according to a procedure
approved by the Ethics Committee for Research with Animals
of the Federal University of Western Para ́ (CEUA no.
0520230254) (Figure S2) and SISBIO protocol no. 86173-1
(Figure S3). Approximately 0.5 g of white muscle was removed
from each fish, placed in microtubes and stored at −20 °C for
later analysis of the total mercury (THg) concentration.

5.3. Growth Performance Analysis. To evaluate this
parameter, the body weights of the fish were determined from
the beginning of the experiment until the end of the study (28
days) at weekly intervals, to determine the fish’s feed intake.19

Determining at the end of the study (28 days) the final body
weight. Weight gain (WG, g), daily weight gain (DWG, g
day−1), specific growth rate (SGR) and feed conversion ratio
(FCR) were determined using the following formulas

=WG final weight initial weight

=DWG (final weight initial weight/28 number of days

in the feeding period)

= [ ]

×

WG % (final weight initial weight)/initial weight

100

= × [

]

SGR 100 (ln final weight ln initial weight)

/no. of experimental days

=FCR total feed intake (g)/WG (g)

5.4. Determination of Total Mercury. Method 7473
recommended by the United States Environmental Protection
Agency (EPA) was used to determine Total Hg (THg), which
consists of directly determining it (inorganic and organic)
without sample preparation. The tissue samples were
previously thawed and weighed, and analyzed in duplicate by
atomic absorption spectrophotometry using the DMA-80
apparatus (Milestone Srl, Sorisole, Italy), whose detection
limit is 0.0015 ng.67 Part of blood samples (0.05−0.10 g)
collected throughout the experiment every 7 days were
analyzed and grouped into pools according to time (t0, t7,
t14, t21, t28 days) and the control and exposed group; muscle
tissue samples (0.10−0.30 g) were analyzed at the end of the
experiment (28 days). Mercury concentration was expressed as
mg kg−1.

5.5. Body Accumulation Rate. From the Hg concen-
trations in the muscles of the fish in both groups (CG and EG)
it was possible to calculate the amount of accumulated metal
using the following formula

= ×acumulation (Hg Hg /Hg ) 100E BK F

where HgE is the average Hg content/exposed fish; HgBK is the
average Hg content/control fish and HgF is the amount of
THg consumed by fish over time (28 days).38

5.6. Hematological Biomarkers. The juveniles were
sampled weekly according to times (t0, t7, t14, t21, t28 days),
between 0.2 and 0.3 mL of blood was collected from a caudal
vein with heparinized syringe (heparin solution 100 IU).53 The
hemoglobin (Hgb) and thrombocyte (Trb) counts were
processed on the same day of blood collection using an
automated method following protocols adapted from Romão
et al., (2006)54 and Rodrigues et al., (2010).68 The erythrocyte
or red blood cell (RBC) counts was performed immediately
diluting in a physiologic solution (0.65%) with a Neubauer’s
hemocytometer. Leukocyte or white blood cell (WBC) counts
was performed up to a month later by the indirect method
manually from the May Grünwald Giemsa Wright (MGGW)
stained smears (permanently monted) by the erythrocyte/
leucocyte ratio.53 The hematocrit (Hct %) was obtained by the
microhematocrit technique with centrifugation at 14,000g for 5
min. Mean corpuscular volume (MCV) was calculated as
follows: MCV = [(Hematocrit) × 100]/(total red blood cell
count). Mean corpuscular hemoglobin (MCH) was calculated
as follows MCH = Hgb × 10/RBC. Mean corpuscular
hemoglobin concentration (MCHC) was calculated as
described.51,53,54

5.7. Biomarkers of Genotoxicity. 5.7.1. Micronucleus
(MN) and Erythrocytic Nuclear Anomalies (ENAs) Testing of
Fish. Blood smears were made in duplicate for each individual
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and allowed to dry at room temperature for 24 h. The slides
were stained with MGGW stain for 3 min and then diluted in
phosphate buffer pH 6.8 for 11 min, then washed with running
water and dried at room temperature. The slides were analyzed
under an optical microscope under 1000× magnification, with
2000 erythrocytes counted per individual.53 To identify the
micronucleus, it was considered as a nonrefracting round
structure, with approximately 1/10−1/30 of the area of the
nucleus and separated from the erythrocyte nucleus.55 The
ENAs were also recorded on the same slides prepared for
micronucleus analysis, being classified into categories accord-
ing to Carrasco et al. (1990)31 and Anbumani & Mohankumar
(2011).26 The frequency of micronuclei and ENAs were
calculated using the following formula

= ×MN % frequence
number of MN

2000
100

5.7.2. Comet Assay on Fish Erythrocytes (CA). The alkaline
assay was used as described by Silva, (2007)69 with
modifications in the staining steps. The cells adhered to the
agarose layer were incubated in lysis buffer (2.5 M NaCl; 100
mM EDTA; 10 mM TRIS, added with 1% Triton X-100 e 10%
DMSO immediately before lysis procedure) for at least 3 h,
under refrigeration. The electrophoresis conditions were 25 V,
300 mA, 100 W for 20 min, with the electrophoresis tank
cooled to avoid overheating of the buffer. After electrophoresis,
the slides were washed 3x with neutralizing buffer (0.4 M Tris
Hydroxymethane-HCl) for 5 min, washed 2x with ice-cold
distilled water, and fixed with ice-cold ethanol for 10 min, and
dried for 2 h in an oven at 37 °C. The fixed slides were stored
in the refrigerator until subsequent staining with 0.002 mg
mL−1 DAPI (Diamidino phenylindole) and H-1000 fluores-
cence mounting medium (Vectashield, Vector Laboratories
Inc. Burlingame, CA)70 and analysis on a Nikon Eclipse Ci-S
fluorescence microscope (Nikon Corporation, Tokyo, Japan)
under 100× magnification.

For the analysis, 5 photographs of each slide were captured,
with approximately 100 cells per slide. The evaluation of
cellular damage was performed semiautomatically, with the aid
of the free software ImageJ and Open Comet plugin. The PNG
images were processed and each comet was manually checked,
excluding invalid or outliers. The comet head intensity
parameter (px) was used to perform cell damage calculations,
understanding that the lower the intensity values, the greater
the damage to the genetic material.71

5.8. Statistical Analysis. The normality of the data of the
different variables was assessed using the Kolgomorov−
Smirnov test. Statistical analyses of the differences between
groups over the exposure time were performed using the one-
way ANOVA (blood Hg, WG, DWG, WG %, SGR, FCR, Hct,
Hgb, RBC, MCH, MCHC, WBC) and nonparametric
Kruskal−Wallis’s test (muscle Hg, Trb, MCV, MN and
ENA, CA) with a posteriori correction using Tukey’s HSD
multiple comparison test. The association between blood
mercury concentration in the exposed group and the various
biomarkers evaluated was first performed using linear
regression for each variable, followed by Spearman correlation
analysis To evaluate the association of Hg bioaccumulation
and multiple biomarkers we done a principal component
analysis (PCA) through the measurements observed at the
beginning (t0) and at the end of the experiment (t28); the ENA
values were represented by the sum of the frequencies of Bn +
Bud + Bl + Not, and considering the variables that best explain

the variation (THg, RBC, Erb, WBC, Trb, MN and ENA),
standardized data matrix for removing the scale effect of
measurements (x-mean)/SD and thus be able to graph the
analysis; using the statistical package STATGRAPHICS 16.0.
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toxicoloǵica. Genet́ica na Escola 2007, 2 (2), 30−33.
(70) Gichner, T.; Mukherjee, A.; Velemínsky,́ J. DNA Staining with

the Fluorochromes EtBr, DAPI and YOYO-1 in the Comet Assay with
Tobacco Plants after Treatment with Ethyl Methanesulphonate,
Hyperthermia and DNase-I. Mutat. Res., Genet. Toxicol. Environ.
Mutagen. 2006, 605 (1−2), 17−21.
(71) Gyori, B. M.; Venkatachalam, G.; Thiagarajan, P. S.; Hsu, D.;

Clement, M.-V. OpenComet: An Automated Tool for Comet Assay
Image Analysis. Redox Biol. 2014, 2, 457−465.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c09749
ACS Omega 2025, 10, 8190−8201

8201

https://doi.org/10.1016/S0027-5107(00)00003-8
https://doi.org/10.1016/S0027-5107(00)00003-8
https://doi.org/10.1016/S0027-5107(00)00003-8
https://doi.org/10.1038/nprot.2007.77
https://doi.org/10.1016/j.ecoenv.2023.114670
https://doi.org/10.1016/j.ecoenv.2023.114670
https://doi.org/10.1038/s12276-020-00529-z
https://doi.org/10.1038/s12276-020-00529-z
https://doi.org/10.1016/j.ccr.2020.213343
https://doi.org/10.1016/j.ccr.2020.213343
https://doi.org/10.1089/ars.2008.2322
https://doi.org/10.3389/fneur.2017.00517
https://doi.org/10.3389/fneur.2017.00517
https://doi.org/10.1016/j.microc.2015.03.005
https://doi.org/10.1016/j.microc.2015.03.005
https://doi.org/10.1016/j.microc.2015.03.005
https://doi.org/10.1016/j.microc.2015.03.005
https://doi.org/10.55838/1980-3540.ge.2007.45
https://doi.org/10.55838/1980-3540.ge.2007.45
https://doi.org/10.1016/j.mrgentox.2006.01.005
https://doi.org/10.1016/j.mrgentox.2006.01.005
https://doi.org/10.1016/j.mrgentox.2006.01.005
https://doi.org/10.1016/j.mrgentox.2006.01.005
https://doi.org/10.1016/j.redox.2013.12.020
https://doi.org/10.1016/j.redox.2013.12.020
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

