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Abstract: In this study, we evaluated the bioaccumulation of mercury in zebrafish (Danio rerio)
exposed to mercury-contaminated food for 21 days and the depuration of mercury for a subsequent
post-exposure period of 28 days. Four tissues (muscle, liver, gills, and skin) were analyzed for mercury
content. Overall, data indicated that Hg accumulation in the liver is faster than in other tissues. Fur-
thermore, the liver is the tissue with the highest accumulation rate per day (0.021 ug Hg g_1 day_l),
followed by muscle, skin, and gills. Conversely, the Hg depuration rates in different tissues showed
the following order: gills > skin > muscle > liver. The bioaccumulation factor values of liver and
muscle increased linearly during the uptake period. The ratios between mercury concentration
in liver and muscle during the experiment also increased during the uptake period and remained
higher than 1 during the elimination period, suggesting that Danio rerio needed more than 4 weeks
of depuration. Finally, the distribution of Hg in the water column during the accumulation period
is Hg particulate > Hg dissolved, and during the depuration period it is the opposite, mercury
particulate < mercury dissolved. In conclusion, this study contributes to a better understanding of
the differences in Hg dynamics during the accumulation and depuration stages in a model fish, also
emphasizing the alterations on Hg available in the water column.

Keywords: mercury dietary intake; liver:muscle ratio; bioaccumulation factor; particulate mercury;
dissolved mercury

1. Introduction

Mercury (Hg) is one of the most toxic elements found in the environment due to its
persistence, bioaccumulation, and lack of biological functions [1,2]. In addition to these
characteristics, Hg has been recognized as deleterious to human and ecosystem health even
at low concentrations [3]. This trace element occurs naturally in the environment as a result
of natural processes of emission, including erosion of mineral deposits, volcanic emissions
and forest fires. However, Hg concentrations have greatly increased in the last decades
due to anthropogenic activities such as the discharge of industrial effluents, wastes from
mining activities, and combustion of fuels [4,5].

After the accident in Minamata and Niigata, Japan, Hg contamination and its effects
on the environment and humans became a real concern [6], especially in aquatic ecosys-
tems, as Hg bioaccumulates and biomagnifies throughout all levels of the food chain [7]. In
aquatic systems, Hg may be present in particulate (suspension or sediment in the bottom)
or dissolved forms, being constantly redistributed between these phases [8]. Hg can be
accumulated by fish and other aquatic organisms by different routes: water exposure
through gills or skin and dietary exposure through the ingestion of particulate matter
and/or contaminated food [9-11]. Dietary exposure to Hg can lead to its accumulation in
all fish tissues [12] and can affect its growth, reproduction, and neural function [13]. Differ-
ences in the accumulation levels in different organs of a fish can primarily be attributed
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to differences in the physiological role of each organ [14]. However, the accumulated
concentrations in fish depend on the amount and type of food ingested, the age, size, and
especially the trophic level [15,16]. Considerable variation in fish total Hg concentrations
can also occur in estuaries and other transitional habitats defined by complex biogeo-
chemical and ecological gradients [17]. Fish age is an important factor due to possible
changes in food choices, the time of exposure to Hg, and the decrease in the gross growth
efficiency [18]. Other biotic parameters such as the growth in biomass can lead to a decrease
in the Hg concentration, this effect known as growth dilution. Therefore, the exposure time
and the rate of metabolism or clearance of each tissue are biotic factors that need to be
considered [18]. Furthermore, some abiotic factors can influence the bioavailability and
bioaccumulation patterns of Hg in fish, as well as can increase biomethylation. Dissolved
organic carbon plays an important role in the transport and bioavailability of both organic
and inorganic Hg, with a positive correlation between the amount of dissolved organic
carbon available in the water column and the Hg accumulation in muscle frequently re-
ported [19]. Particulate matter in suspension also functions as a carrier of Hg as it binds to
inorganic and organic particles or biota such as bacteria, algae, and plankton [20].

Mercury tends to be accumulated in detoxification organs such as the liver and
kidney [21], although fish muscle is the most analyzed tissue to evaluate Hg accumulations
as it seems to function as a Hg reservoir in order to protect other organs [22], in addition to
being the main fish tissue consumed by humans [23]. Muscle has been reported to enhance
long-term bioaccumulation due to the increased capacity to accumulate Hg when compared
to the other organs. Conversely, the liver has the ability to metabolize large amounts of
Hg from the environment and also plays an important role in storage, redistribution, and
detoxification [24]. Gills and skin accumulate considerable levels of toxicants through
direct contact with contaminated water and through its respiratory, osmotic, and ionic
regulatory functions [25,26]. In spite of this, dietary mercury exposure usually only causes
sublethal toxic effects, even after prolonged feeding with highly contaminated foods [27].
In contrast with the bioaccumulation processes, elimination of Hg from fish tissues is
slow [28,29], which promotes Hg biomagnification throughout the food chain, ultimately
representing a risk for the human population [30,31]. Therefore, the presence of Hg in
seafood continues to pose a public health concern, with fish consumption as the major route
for Hg exposure in humans [32,33]. Zebrafish (Danio rerio) have been used as biological
model for environmental toxicology research due to the relatively small size of the adult
fish and the external fertilization and transparency during development, characteristics
that permit a large number of samples and simple laboratory management [21,34]. In the
context of the dietary Hg exposure assessment, the use of zebrafish is highly relevant due
to Danio rerio homologies to humans [21,34]; they have heart chambers that rhythmically
pump oxygen-carrying blood through the body, they have eyes with a retinal structure, a
liver, pancreas, kidneys and intestines, backbone, and more than 80% of their genes have
human counterparts [35]. The Hg accumulation and elimination dynamics in different
tissues due to dietary fish exposure could have a toxicological and /or nutritional approach
and purpose, emphasizing differences in physiological functions and among the main
organs’ role in these processes. The use of a zebrafish model is useful to compare effects
and mechanisms of toxicity and to elucidate the degree of specificity and differences in
Hg accumulation and elimination in different fish organs during the uptake period. The
present study aimed to evaluate Hg bioaccumulation dynamics in the muscle, liver, gills,
and skin of zebrafish during the contamination and depuration periods. More specificially,
the study aimed to (i) compare differences in the condition index and Hg accumulation
in the different tissues during the sampling periods; (ii) examine the Hg accumulation
during the uptake period and the Hg elimination during the elimination period in the
different tissues; and (iii) compare the Hg liver/muscle ratio between the uptake and
elimination periods.
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2. Materials and Methods
2.1. Experimental Conditions and Adult Fish Assay

Adult zebrafish Danio rerio (body weight: 278.6 mg ww; standard length 30.2 mm; and
n = 48) were obtained from the zebrafish facility established at the Biology Department of
the University of Aveiro (Portugal). Throughout the acclimation and experimental period,
temperature was maintained at 22 & 1 °C, pH 7.5 & 0.5, conductivity at 750 4- 50 uS cm ™!,
and a photoperiod of 16 h/8 h light/dark.

Based on OECD guideline number 305 [36], each fish was isolated in a tank (400 mL)
with permanently oxygenated water and were individually fed twice a day for 21 days
(uptake period) on ZM fish food 400 (Zebrafish Management Ltd., Winchester, UK) supple-
mented in the laboratory with mercuric chloride (5.7 ug Hg g 1), followed by an elimination
period (28 days) on ZM fish food 400 not Hg supplemented. All organisms were isolated
to provide equal amounts of food during the study and avoid food competition. The daily
amount of food corresponded approximately to 2% of the fish wet weight. Therefore,
each fish was weekly exposed to about 170 ng of Hg via food ingestion. Throughout the
experiment, a control group (Ctr) fed with uncontaminated food (ZM 400) was used.

Every 7 days (at 7, 14, 21, 28, 35, 42, and 49 days) six tanks were randomly selected
and the fish of each tank was removed and euthanized by decapitation under ice-cold
induced anesthesia. Each fish was dissected on ice and the skeletal muscle, liver, gills, and
skin were independently collected. All collected samples (muscle, liver, and gills) were
stored in individual Eppendorf tubes properly identified and stored at —20 °C for later Hg
quantification. In addition, the dissolved and particulate Hg in each tank sampled was
quantified. For this process, the water of each tank was filtered using Millipore filters of
0.45 um. Subsequently, filters were oven-dried at 35 °C overnight, weighed, and stored
until the Hg analysis. The filtrate was acidified with HNO3; (Merck, Hg-free) to obtain a
pH <2 and then stored at 4 °C until the dissolved Hg analysis.

2.2. Mercury Quantification

Mercury quantification was performed using the Advanced Mercury Analyzer (AMA-
254, made by ALTEC and distributed by LECO). This technique of Hg quantification does
not require previous sample digestion [37]. The procedure is based on a pyrolysis process
of the sample using a combustion tube heated at 750 °C under an oxygen atmosphere.
The released Hg is then trapped in a gold amalgamator and subsequently detected and
quantified by atomic absorption spectrometry. The detection limit of the AMA-LECO
254 analyzer is 0.01 ng Hg. The entire analytical procedure was validated by analyzing
three standard biological reference materials, namely DORM-3 (Fish Protein Certified
Reference Material for Trace Metals, National Research Council of Canada, Ottawa, ON,
Canada), DOLT-3 (Dogfish Liver Certified Reference Material for Trace Metals, National
Research Council of Canada, Ottawa, ON, Canada), and TORT-2 (Lobster Hepatopancreas
Reference Material for Trace Metals, National Research Council of Canada, Ottawa, ON,
Canada) at the beginning and end of each set, ensuring that the instrument remained
calibrated throughout the study. The obtained data (0.4 + 0.02 pug g ! of Hg for DORM-
3,3.31 4+ 0.09 ug g~ ! of Hg for DOLT-3, and 0.31 4 0.01 pg g~ ! of Hg for TORT-2) and
reference values of Hg (0.38 + 0.06 ug g~ ! for DORM-3, 3.37 4 0.14 ug g~ ! for DOLT-3,
and 0.27 £ 0.06 pg g_l for TORT-2) were not statistically different (p > 0.05).

2.3. Bioaccumulation Factor

The bioaccumulation factor (BAF) was calculated as the ratio of Hg concentration in
the fish tissue divided by the Hg concentration provided in the diet [38]. If BAF > 1, it
indicates that the organism /tissue has the potential to accumulate the metal [39]. The BAF
was calculated according to Viana et al. [40] using the equation:

[Hg] in fish tissue

BAF = [Hg] in provided food

)
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2.4. Statistical Analysis

Data normality was verified through the Kolmogorov-Smirnov test. Data followed a
normal distribution, thus, the parametric statistical test of one-way ANOVA was used. A
pairwise multiple comparison procedure (Dunnett’s test) was used to compare differences
in the condition index and the Hg accumulation in the different tissues at different sampling
times. In addition, linear regressions were used to examine the Hg accumulation during the
uptake period and the Hg elimination during the elimination period in the different tissues.
A t-test was used for the comparison of the Hg liver /muscle ratio between the uptake and
elimination periods. Statistical analyses were performed using GraphPad Prism (version
6.01). Statistical significance was defined as p < 0.05. Hg concentration data are presented
as mean value + standard error value (mean =+ SE).

3. Results and Discussion

The weight-length relationship is a practical index widely used for the evaluation
of the fish condition under experimental conditions [41]. According to Morgan [42], a
poor condition index (CI) is usually associated with deficient feeding and/or inadequate
environmental conditions, thus, potentially increasing mortality rates. The CI obtained for
Danio rerio individuals used in this study (Figure 1) shows that the organisms were well
adapted to the experimental conditions, as no significant differences (p > 0.05) in CI during
the trial period were observed.
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Figure 1. Condition index (CI) of Danio rerio organisms through the experimental period.

Considering the Hg accumulation in the different tissues (Figure 2), it was observed
that Hg accumulated differently between liver, muscle, gills, and skin. During the exposure
period, liver (Figure 2a) showed a time and dose-dependent increase in Hg content, which
agrees with previous studies [22,43]. For instance, Oliveira Ribeiro et al. [22] observed this
relationship in the skeletal muscle of Danio rerio after 7, 21, and 63 days of dietary exposure
(13.5 ug g~ 1) and James et al. [43] observed this relationship in catfish (Heteropneustes fossilis)
exposed to two Hg concentrations (0.01 and 0.03 pg g 1) during 9 days. Moreover, at day
21 (last week of the uptake period), the levels of Hg present in the liver of fish fed with a
Hg-enriched diet (0.45 4 0.08 . g~ 1) were significantly higher (p < 0.05) when compared to
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the levels of Hg (0.25 + 0.02 it g~ !) present in the liver of fish from the control treatment
(not Hg supplemented diet). Regarding the first week of depuration (day 28), the Hg
present in the liver (0.24 £ 0.03 p gfl) decreased to levels close to those found in the control
treatment fish (0.25 + 0.02 1 g~1). This reduction in Hg content in the liver reflects the
dietary shift from Hg-enriched food to non-enriched food. Regarding the Hg accumulation
in the muscle (Figure 2b), it is possible to observe a slight (and non-significant) increase
with time during the uptake period. Interestingly, the maximum accumulation of Hg in
the muscle was observed after the end of the exposure period, more precisely one week
later (day 28). At this sampling point, the Hg concentration in the muscle of exposed
fish was significantly higher than that observed in the muscle of the control treatment
(047 +0.05 p g~ and 0.25 4 0.03 1 g~ !, respectively).
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Figure 2. Evaluation of the Hg concentration (ng gfl ww) in the: (a) liver, (b) muscle, (c) gills, and
(d) skin of Danio rerio during the experimental period. An asterisk (*) denotes a significant difference

compared with the control treatment (Ctr).

Regarding Hg accumulation in the gills (Figure 2d), no significant differences (p < 0.05)
were found between the Hg levels found during the uptake period and the Hg levels
from the control treatment. Nevertheless, a peak of Hg was observed at the beginning of
the depuration period (day 28). This increase was statistically significant (p < 0.05) when
compared with the levels of Hg present in the gills of fish from the control treatment.
Similarly, the skin tissue also showed the same pattern of Hg accumulation observed in
muscle and gills, reaching a maximum concentration of 0.59 4- 0.08 g~ ! at day 28.

Considering the uptake period from day 7 to day 21, overall data indicate that Hg
accumulation differs from tissue to tissue. Liver showed the highest accumulation rate,
0.021 pug Hg g~! day~! ([Hg] = 0.0212X + 0.0123, R? = 0.871), followed by muscle at
0.008 ug Hg g~ day~! ([Hg] = 0.008X + 0.118, R? = 0.835) and then the skin with an
accumulation rate of 0.004 pug Hg g~! day~! ([Hg] = 0.004X + 0.041, R? = 0.762), whereas
the gills presented the lowest value of 0.003 ug Hg g~ ! day~!, ([Hg] = 0.003X + 0.1002,
R? = 0.577). The variation in the Hg accumulation between these tissues can be supported
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by differences in their physiological functions [44]. For example, the liver experiences
high metabolic activity [45,46], playing a crucial role in the redistribution, detoxification,
and transformation of Hg [24], and therefore is the organ that first reflects environmental
contamination [47]. In contrast, the muscle tissue has a low metal detoxification capac-
ity [48] and is known to reflect a long-time exposure to pollutants [49]. Thus, the observed
late Hg accumulation in muscle, gills, and skin in relation to the liver is not surprising.
Indeed, previous studies also revealed a delay in the accumulation of dietary Hg in muscle
of amberjack (Seriola dumerili) [38] and zebrafish (Danio rerio) [50,51]. According to Van
Walleghen et al. [52], this may be related to the fact that the Hg accumulating in the muscle
may have been transferred from the liver.

When considering the sampling time between day 35 and day 49 (elimination period),
it is possible to observe that the liver and muscle (Figure 2a,b, respectively) presented a Hg
concentration significantly higher (p < 0.05) than the gills (Figure 2c) and skin (Figure 2d).
Oliveira Ribeiro et al. [53] justifies the possibility of continuing to observe higher levels of
Hg in the liver even after the exposure period as a result of a Hg redistribution from blood
and other tissues. As stated above, the higher levels of Hg observed in the muscle may
be related to the muscles” low metal-scavenging capacity. Contrary to what was observed
for the accumulation phase, the skin and gills are the tissues with the highest elimination
rate (—0.02 ng Hg g ! day ! and —0.017 ug Hg g~ ! day !, respectively). According to
Abreu et al. [54], considering the skin is in direct contact with the environment, it can
play an important role in the elimination of heavy metals, acting as an excretory organ.
James et al. [43] suggests that Hg can be lost from gill tissues faster than from other tissues,
possibly through direct contact with the ambient medium.

In this study, no correlation between muscle and liver Hg levels was found during
the uptake period (R? = 0.06; p > 0.05) or in the elimination period (R? = 0.01; p > 0.05).
During the uptake period, an increase in the Hg liver/muscle ratio was observed with the
experiment time (Figure 3). Despite this, no significant differences (p > 0.05) were found
between sampling days. In contrast, during the elimination period, the values obtained
for the liver/muscle ratio are similar; however, there seems to be a tendency to decrease
over time. Nevertheless, looking at the liver/muscle ratio of Hg concentration from all
individuals sampled in the uptake period and elimination period, significant differences
between those periods were detected (p < 0.05), with values of 1.30 & 0.23 and 0.95 & 0.09,
respectively.

The ratio between the Hg levels observed in the liver and muscle can indicate the
exposure history of fish. For instance, a ratio is expected to be lower than 1 in fish with
long-term exposure, while in fish with recent exposure, it should be higher than 1 [55].
Data from the literature indicate that the liver/muscle ratio of Hg concentrations in fish
from contaminated areas (recent and higher Hg exposure) is higher than the liver:muscle
ratio in fish from uncontaminated areas [1,24,56].

Considering the bioaccumulation factor (BAF) values calculated for the different
tissues (Table 1), liver and muscle presented higher values than those calculated for the
gills and skin in both periods of the experiment. The exception is on day 28 (first week of
the elimination period), during which the gills and skin showed high BAF values and were
in line with what was observed in Figure 2.
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Figure 3. Ratio between the Hg concentration in the liver and muscle in the sampling periods (uptake
and elimination period).

Table 1. Bioaccumulation factors of different tissues at different sampling periods of the uptake period.

Uptake Period
Tissue
Day 7 Day 14 Day 21
Liver 0.89 +0.38 1.88 £ 0.51 2.67 £0.28
Muscle 1.25 £ 0.01 1.34 £ 0.05 1.62 £ 0.17
Skin 0.61 £ 0.02 0.59 +0.10 0.74 + 0.02
Gills 0.61 +0.01 0.46 +0.03 0.55 + 0.05

In this study, we do not have physiological evidence to support the theory that the
difference in the accumulation levels in different organs of a fish can primarily be attributed
to the differences in the physiological role of each organ [14]. Nevertheless, the observed
differences between tissues are in line with Karlsson et al. [57] who concluded that BAF
values depend on which parts or tissues of the organism are examined.

Regarding the concentrations of dissolved and particulate Hg measured in the water
column of the experimental tanks (Figure 4), the results demonstrate a significant increase
(p < 0.05) in the amount of Hg in the particulate fraction during the sampling times of the
uptake phase compared to the control treatment. The increase in the Hg load observed
during the uptake period in the particulate fraction is likely to be related to the presence of
Hg-enriched food that was rejected by the fish and by the presence of feces. It is possible
that part of the accumulated Hg can be incorporated into feces [58]. This possibility has
already been supported by other studies with marine species such as Nigro et al. [59] who
estimated that the amount of Hg eliminated through feces by bottlenose dolphins varied
between 34% and 48% of the dietary intake. King and Davies [60] also demonstrated that
the increase in Hg concentration observed in the sediments may be related to the particles
excreted by the mussels (pseudo-feces). Conversely, during the elimination period there
was a decrease in the amount of Hg associated with the particulate fraction and an increase
in the amount of Hg associated with the dissolved fraction. The distribution of Hg in
the water column in the uptake period was particulate Hg > dissolved Hg. During the
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depuration period, this relationship had been reversed to particulate Hg < dissolved Hg.
This shift likely occurred because fish in the elimination period were fed with non-Hg-
supplemented food. Furthermore, the elimination of Hg accumulated during the uptake
period to the water column by the gills may also be contributing to a greater amount of Hg
in the dissolved fraction. According to Garnero et al. [48], gills can play an important role
in Hg elimination.

100+ Dissolved mercury
mm Particulate mercury

80- ' Uptake period Elimination period

60+

Hg (ng)
-

40-

20+ L

& o
© ,\&?ﬁ SN % o
N\ o R o oW
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Figure 4. Comparison between the quantities of dissolved Hg and particulate Hg in the water column
during the uptake period (21 days) and elimination period (from 28 to 49-day), and the control (Ctr).

4. Conclusions

The present study highlights that the liver is the organ that first reflects the environ-
mental contamination, presenting the highest rates of accumulation during the uptake
period. However, the elimination period showed that Danio rerio liver’s ability to elimi-
nate Hg is slow. In addition, this study showed that for a 3-week exposure to mercury,
Danio rerio needs more than 4 weeks of depuration. The analysis of the Hg partitioning
in the water column also suggests indirect evidence for the role of thr gills and skin as
possible routes of Hg depuration. Furthermore, the Hg accumulation pattern observed in
the different tissues studied suggest differences in the physiological functions and degree
of organ specificity. Nevertheless, further studies focusing on cellular alterations caused by
Hg accumulation and depuration are needed to clarify these raised questions.
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