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Abstract: Aquaculture products are important parts of human nutrition due to their healthy compo-
nents; however, they may contain elements that are potentially toxic to consumers. The aim of the
study was to detect the concentration of As, Cd, Hg, and Pb by inductively coupled plasma optical
emission spectroscopy in rainbow trout (Oncorhynchus mykiss) originated from an aquaculture farm
in Italy. The amount of As was 1.65 & 0.49 mg/kg; however, the total As cannot be evaluated due to
the absence of official regulation. The calculated EDI and THQ for the inorganic As content were
below the reference values. The level of Cd was higher than the regulated limit in 30% of the samples;
however, its EDI and THQ were below the recommended limit. The concentration of Hg was below
the regulated maximum limit in all the samples. The detected amount of Pb was above the maximum
limit in 10% of the samples; however, EDI and THQ were below the reference dose and recommended
value. Despite higher concentrations of Cd and Pb than the official regulated limit, HI was below
1 for adults; thus, the consumption of the investigated rainbow trout is safe, but it was above the
official regulated limit for children, resulting in a slight risk, particularly during long-term intake.

Keywords: freshwater fish; heavy metals; arsenic; risk assessment; public health; estimated daily
intake; target hazard quotient; hazard index

Key Contribution: Fish and fishery products are healthy to human consumers based on their natural
components (e.g., proteins, essential amino acids); however, they can contain different chemical
contaminants (e.g., heavy metals) originated from the environment or during the housing and

nutrition of the animals.

1. Introduction

Basically, 75% of the world’s most valuable marine fish stocks are either overfished
or have already reached the maximum quantity of fish that can be harvested ecologically,
which can influence or disturb the given ecosystem, so the annual catch/capture cannot
be increased any further. World fish consumption increased from 45 to 75 million tons
between 1973 and 2000, and FAO estimates that an additional 40 million tons of fish will be
needed by 2030 to maintain current food levels [1].

The global fish production in 2020 was 178 million tons, which was below the 179 mil-
lion tons of 2018. Finfish (freshwater, diadromous, and marine fish) had a share of 76 percent
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of the total in 2020, 51% of the total sourced from capture production, and 49% from aqua-
culture production [2]. Per capita fish consumption was estimated at 20.5 kg in 2018, which
meant a 3.1% increase from 1960 to 2017 [3]. Generally, half of the fish consumed by the
population is farmed, but this proportion was only 9% in 1980 [4].

Aquaculture production is developing rapidly in all parts of the world, due to the
increasing demand for fishery products and the scarcity of marine fish stocks. However,
the producers must comply with the increasingly strict community and national standards
regarding product quality, environmental protection, and animal health [5,6].

The procedures used in aquaculture systems (e.g., fishpond management, flow-
through or recirculation systems, caged fish rearing in natural waters, e.g., lake, river
or its estuary, sea, etc.) must be energy-efficient and efficient in terms of water and waste
management. On the other hand, the consumer must be provided with safe food (fish
species, fishery products), and the given system should not cause a decrease in the quality
of the fish meat, but it is expected that the taste, composition, and nutritional value of the
fish meat will improve in the various aquaculture systems [7-9].

Rainbow trout (O. mykiss) is one of the most common farmed freshwater species in
Europe; approximately 1000 million individuals are kept for meat production, representing
1.6% of the total value of internationally traded fish products in 2018 [10].

Salmonids are commonly farmed in concrete basins or ponds with flow-through
aquaculture systems, where water passes through the system, and after the treating process,
it is finally discharged back to the aquatic environment. In this system, water supplies the
oxygen and transports waste out of the system. Farms can be connected to a river as a
chain, using the former farm outflowing water as incoming supply [11].

It was found in different species (European carp [Cyprinus carpio], bighead carp [Hy-
pophthalmichthys nobilis]) that the feeding diet has a higher impact on the sensory and
chemical characteristics of fish flesh than other breeding or husbandry factors. Furthermore,
the composition and control of the feed used in fish production is of particular importance,
since, in addition to possible water pollution, fish can absorb chemical pollutants through
the feed [11].

Protein content is a crucial nutrient in fish compound feed, as fish species require
a higher protein level in feed compared to other farm animals, partly because most fish
species live and feed as predators, and—as a special characteristic of fish—they use amino
acids as a source of energy [12].

Since feed quality greatly influences fish meat appearance and its nutritive value, it is
recommended that feed producers take necessary measures to ensure nutritional quality
and protect feedstuff from contamination [13].

Contamination of feedstuff or overdosing mineral mix in fish feed can be a source of
toxic effects, even in the case of essential dietary ingredients. Some raw materials tend
to be a high source of heavy metals, typically fish meal or krill meal. Using alternative
protein sources, heavy metal burden can be reduced in fish diet and fish muscle as well [14].
Glencross et al. (2020) also found that using alternative protein sources in feed formulations
can lead to a decreased level of heavy metals in fish and fish muscle [14].

Investigating commercially available fish meal products in southwest Nigeria, Bernard
and Adetola (2022) were highly concerned about cadmium concentration in fish meal.
Regarding the heavy metal bioaccumulation capacity of fish, the authors that recommend
feed producers pay more attention to the monitoring program on raw materials [15].

A study in Iran found that the accumulation of heavy metals in rainbow trout
(O. mykiss) was influenced by water, feed, and sediment. Regarding water, factors like
solubility and water temperature should also be considered. It was also found that the
concentration of heavy metals in fish and their diet are closely related, and deep sediments
contain large amounts of heavy metals; thus, benthos is the largest source of heavy metals,
especially for benthivore species [16].

The quality of water has an impact on the quality of fish. As water supply for fish
farming is usually derived from the rivers or canals of the area, their contamination
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by hazardous chemicals or trace elements can have an impact on fish quality. For this
reason, changing water continuously is recommended to prevent increasing levels of trace
elements and their settling in the sediments. Furthermore, trace elements can derive
from feed produced using raw materials contaminated with undesirable substances, such
as heavy metals. Basically, fish can uptake metals, including potentially toxic elements,
through ingestion, their gills, or skin from the environment [17-20], i.e., from the water;
these elements may be dissolved, suspended, and emulsified in it, or even present as solid
particles [21-23], and bioaccumulate in the muscle tissue, posing a potential risk for human
consumption. As the bioaccumulation capacity of a fish is correlated with its ability to
digest feed ingredients, fish in early life stage contain less trace metals in their tissues [24].

However, manganese, strontium, and zinc levels may be higher in the muscle of
juveniles [25], iron in the flesh and the gills, and the mercury, strontium, and zinc in the
liver [26].

1.1. Legislation

The European Green Deal and the Farm to Fork Strategy declare the importance
of farmed seafood production as a major source of protein for food and feed and for
reducing carbon footprint. The European Green Deal also emphasizes the fight against
water pollution as a fundamental challenge for a high-quality and healthy seafood supply.
Inland aquaculture is regarded as a sustainable form of food production in the case of
species such as common carp (C. carpio), rainbow trout (O. mykiss), and emerging species
such as European catfish (Silurus glanis) and pikeperch (Sander lucioperca) [27].

Based on the Commission Regulation No 2023/915, the maximum level for lead and
cadmium is 0.3 and 0.05 mg/kg wet weight (ww) in the muscle meat of fish, and for
mercury it is 0.3 mg/kg ww in Salmo and Oncorhynchus species (except Salmo trutta) and
0.5 mg/kg ww in fishery product [28].

Toxic effects and toxic levels of essential elements or contaminants, such as heavy
metals, are highly dependent on their chemical form. The most important and hazardous
non-essential metals for animal health and food safety are arsenic, cadmium, lead, and
mercury. Legislative maximum levels usually define the total concentration of the element.
While the organic form of arsenic (e.g., arsenobetain) in finfish is non-toxic, unlike its
inorganic form, organic mercury (e.g., methylmercury), having the highest concern of
heavy metal compounds, is more toxic than its inorganic chemical form [14].

1.2. Heavy Metals as Environmental Pollutants

Potentially toxic elements pose particularly high risk for the environment, as they are
not degraded or eliminated from the ecosystem and finally can be accumulated in living
organisms and metabolized mostly to more toxic, rarely to less toxic, chemical forms [29,30].
Regarding the aquatic ecosystem, sediments have an outstanding role in the bioaccumu-
lation of pollutants [31,32]. Fish, as sentinels for biomonitoring, are one of the generally
used species for water pollution, not only because of the risk they pose to humans as food
originating from water, but also as a delicate organism; they can respond to even a low level
of water pollution as well [33-35]. Since toxic elements have hematological, biochemical,
and ionoregulatory effects, changing of these parameters can be used in environmental
biomonitoring systems [29,33,36,37]. In aquatic ecosystems, heavy metals are one of the
most significant pollutants in terms of persistence [36]. Heavy metal residues in the flesh
of fish can originate both from natural and anthropogenic sources. Heavy metals or other
elements can finally bioaccumulate in the fish body, resulted in human health risk. The
degree of human health risk posed by fish consumption is influenced by different factors,
such as physiochemical properties of metallic compounds, environmental contamination
level, and the length of exposure; it is also influenced by human characteristics (e.g., age,
sex, etc.) [38]. Miloskovi¢ et al. (2022) found that especially Al, Mn, and Zn, and to a
lesser extent Cu and Fe, significantly correlated with the physicochemical parameters of the
environment [37]. Demirak et al. (2022) reported that, according to their study conducted in
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European eels (Anguilla anguilla), physiological needs and metabolic activities in different
habitats have a significant effect on metal accumulation [39]. Furthermore, accumulation
levels are also influenced by metal, fish species and the organ measured [40,41]. Different
seasonal patterns in heavy metal concentration—especially cadmium and lead—in the
fish’s body or in its organs may result from seasonal pollution in the catchment, as reported
in the study conducted by Farkas et al. (2000) [42]. Nikoli¢ et al. (2022) investigated
the levels of heavy metals in three different species (European chub [Squalius cephalus],
cactus roach [Rutilus virgo], pikeperch [S. lucioperca]) and found that the highest levels were
generally detected in the gill followed by the liver and the gonads, and the lowest ones
were measured in the muscle [36].

1.2.1. Arsenic

The most common sources of arsenic (As) pollution are the mining industry and
agriculture, contributing to its increased level in soil and water. It occurs as a mixture of
different chemical forms of the element, the trivalent inorganic form, which has the most
toxic effects in living organisms, and organic arsenicals, which are usually less toxic [33].

Generally, the concentration of As is decreased in freshwater ecosystems; however, it
is biomagnified in marine aquatic ecosystems of a higher trophic level [43].

As is classified as a carcinogenic element, causing oxidative stress, and can affect
the biotransformation methylation processes, as well as the metabolism of other essential
metals. It binds to the thiol and sulfhydryl groups of proteins, inhibiting their physiological
function, causing developmental abnormalities, perinatal death, and growth retardation
in rodent species [29]. Arsenic intoxication results in increased risks of cancer in organs,
such as skin, lungs, bladder, and kidney; however, it can manifest in other symptoms
like skin disorders, e.g., hyperkeratosis or pigmentation changes [44,45]. It has harmful
effects on the gastrointestinal tract, cardiovascular system, lungs, skin, liver, kidneys, and
the hematopoietic system, especially in the case of chronic exposure. Since the fish are
continuously exposed to water pollution, they can biotransform the toxic form of As to
a less toxic form. Research conducted in fingerling rainbow trout (O. mykiss) found that
the tolerance to chronic exposure of As seems to be increased with temperature, while in
invertebrates, the opposite is true [33].

1.2.2. Cadmium

Cadmium (Cd) occurs in the environment mostly from agricultural sources, because
of the intensive use of fertilizers. It can bioaccumulate in plants, which mechanism is
enhanced by phosphate-containing fertilizers, acidic soils, and industrial wastewater used
for irrigation, but biomagnification in aquatic ecosystems is not a characteristic of it. Based
on its structural similarity and physicochemical features, it can replace Zn, Ca, and other
metal elements in proteins, altering their structure and function. Cadmium causes oxidative
stress, increases lipid peroxidation, and changes the lipid composition of membranes.
Reactive oxygen radicals created by Cd can lead to decreased DNA synthesis and DNA
damage, and it has been proven to cause cancer in humans. It is distributed throughout
the body, but more than half of the total amount accumulates in the kidneys and liver, and
to a lesser extent in the muscle. In fish (e.g., rainbow trout), it is mainly concentrated in
the gills and kidneys, and smaller levels of cadmium can be measured in the liver [29,44].
Cadmium is a non-essential element and has no biological role in the human body, but it
has a highly toxic potential, especially in the case of long-lasting exposure, even at very
low concentration. It can bioaccumulate in the human body, causing pulmonary, hepatic,
skeletal, reproductive, and renal damage, and even cancer [45].

1.2.3. Mercury

Mercury (Hg) can derive from natural sources, such as volcanic activity or soil erosion,
or even anthropogenic sources, such as industrial or mining activities. The most toxic
form is its organic form, methylmercury [46]. Inorganic mercury is strongly bound to
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sediment or organic matter in natural waters and soils. In the aquatic environment, bacteria
methylate the inorganic compounds to organic methylmercury in the sediment, due to its
good lipophilic properties, and thus, it enters the food chain. Mercury has biomagnification
potential in the aquatic ecosystem at all trophic levels [43]. The highest mercury levels
can be measured in long-lived predatory fish (e.g., swordfish [Xiphias gladius], shark spp.),
freshwater pike (Esox lucius), and perch (Perca fluviatilis) living in the oceans [29,39]. The
accumulation of Hg in fish increases with the age and size of the animal [26,33,47]. It can
be found in high concentration in the kidneys, spleen, and liver, or to a decreasing extent
in the gills, genitals, brain, and muscles [26]. However, some authors showed that the
highest level of mercury was detected in the flesh of fish [35,47-54]. The main point of
attack of inorganic mercury compounds is the kidney, while the target organ of organic
mercury compounds is primarily the nervous system [29]. Mercury poses a high health
risk for humans consuming fish or fishery products, as the element is distributed at a high
concentration in aquatic environments. Living organisms of aquatic ecosystems convert the
inorganic form to organic methylmercury, which binds to the sulfhydryl group of the tissue
and bioaccumulates at a higher trophic level of the aquatic food chain [40]. The toxicity
of Hg to humans depends on its chemical form, dose, and rate and method of exposure.
The main route of exposure is ingested food or water, and inhalation to a lesser extent.
Mercury has several harmful effects on the human body, involving the central nervous
system, cardiovascular system, kidneys, and embryo damage. Besides humans, mercury
has negative effects on animals’ reproductive capacity (reduced fertility, change in hatching
time, impaired embryo development) [55].

1.2.4. Lead

Lead is a non-essential environmental pollutant element resulting in serious human
health risks, like neuro- and nephrotoxicity, increased risk of heart disease, damaged lung
function, and several further health damage [45]. Earlier usage as a fuel additive resulted in
lead being the most significant pollutant due to its highly persistent properties. In aquatic
environments, lead is found more in algae and benthic organisms than in carnivorous fish
at higher trophic levels. In the body, lead most likely binds to proteins and changes their
function, inhibiting them, or mimics the effect of calcium; it can replace zinc in various
enzymes, and causes oxidative stress. Lead inhibits the function of several enzymes, thus
causing disturbances in hem synthesis [29].

2. Materials and Methods
2.1. Materials

Samples (10 g of flesh of fish) were taken from 40 rainbow trout (O. mykiss) to measure
and to assess the potential health risk for the consumer. They were collected at a local
fishery market in Hungary. However, the fish investigated originated from an aquaculture
farm, Treviso County, Veneto Region, Italy.

Laboratory tests were taken to determine the arsenic, cadmium, mercury, and lead
content of the samples.

2.2. Methods
2.2.1. Analytical Process

During laboratory circumstances, the samples were ground and homogenized (Potter
S, B. Braun Biotech International GmbH, Melsungen, Germany), and then they were
placed in plastic bags labelled for identification and stored in a freezer (So-Lo, Ultra-Lo
Freezer, Model C85-9, Environmental Equipment Co., Inc., Cincinnati, OH, USA) at —70 °C
until processing.

A standard quantity (0.5 g) from each sample was weighed and placed into CEM
MARS XPreSS Teflon tubes (CEM Matthes, NC, USA), then 5 mL of analytical-grade
nitric acid (69 m/m%, Aristar, VWR International Ltd., Leicestershire, UK) and hydrogen
peroxide (30 m/m%, Normapur, VWR International Ltd., Leicestershire, UK) was mixed
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with the samples and it was destroyed using the CEM MARS6 microwave detector (CEM
Corporation, Matthews, NC, USA). The ramp was 35 min, the temperature 200 °C, the hold
50 min, and the energy 1700 W during the measurement. Finally, the samples were filled
up with 25 mL of deionized water, and the analysis was performed after twofold dilution.
The two blank (1 for calibration, 1 for blind sample) and the quality control (QC) samples
proceeded through a similar process.

Calibration was performed with ICP mono- (VWR International Ltd., Leicestershire,
UK) and multi-element (Perkin Elmer Inc., Shelton, CT, USA) standards.

Argon gas with a purity of 4.6 was used for the measurements (Messer Hungarogaz
Ltd., Budapest, Hungary).

A 1 mg/L yttrium solution (VWR International Ltd., Leicestershire, UK) and a
0.25 mg/L gold solution (VWR International Ltd., Leicestershire, UK) were used as internal
standards to stabilize the mercury content.

For the control (QC sample), mussel tissue (ERM-CE278k) and tuna fish (ERM-CE464)
purchased from European Commission, Joint Research Centre, Geel, were used as a stan-
dard reference material.

Heavy metal concentrations were determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES) type Perkin Elmer Optima 8300 DV (Perkin Elmer,
Shelton, CT, USA).

2.2.2. Method for Validation

To evaluate the reliability of the sample preparation and the analytical method, differ-
ent validation parameters were determined based on the regulations in force (Table 1) [56]).
The limits of detection (Limit of Detection LOD; or limit of decision, CC«x) and the limits of
quantification (Limit of Quantification LOQ; or ability of detection, CC[3) were defined as
three times and ten times the standard deviation (SD) of the blank samples, respectively.

Table 1. Results of validation.

Calibration Curve Parameters

Wavelength of Limit of Limit of Precisi T
Element Detection Equation (y = a-x + b) (1) @ Quantitation  Detection recision - lrueness
(%) (%)
(nm) a b r (mg/kg) (mg/kg)

Arsenic 188.979 1287 0 0.999828 1.67 0.50 12.7 13.6
Cadmium 228.802 63,870 0 0.999529 0.17 0.05 8.4 —10.9

Mercury 194.168 10,030 0 1.000000 1.67 0.50 12.3 8.1
Lead 220.353 6520 0 0.999813 0.67 0.20 35 -84

(1) (where ‘y’ means the signal of the target element at the given concentration level;
‘x” means the concentration). (2) regression coefficient.

Precision was calculated as the relative SD of the signals from ten replicates of the
same sample. Trueness was determined by analyzing standard tissue materials (mussel
tissue ERM-CE278k and tuna fish ERM-CE464). After that, solutions of the four investi-
gated elements with known concentration (50 ug/kg each) were added to the certified
reference materials and the results of these measurements were compared and evaluated
and expressed in percentages.

Precision was accepted below 20%; trueness was adequate if the deviation of the
measured parameter did not exceed +15%. Linearity was evaluated by the equations of
the calibration curves. The matrix effect was not studied, since the Y solution used as an
internal standard provided compensation. The results of the QC samples and the recovery
percentages are summarized in Table 2.
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Table 2. Outcomes of quality control (QC) measurements.
Certified Value = Measured Value Recovery
Element (mg/kg) (mg/ke) LOD (mg/kg) %)
ERM-CE287k (Mussel tissue)

Arsenic 6.70 6.87 £ 0.08 0.50 102.5
Cadmium 0.34 0.36 £ 0.02 0.05 106.5

Lead 2.18 2.00 £0.11 0.20 91.7

ERM-CE464 (Tuna fish)
Mercury 5.24 5.14 4 0.08 0.50 98.1

2.2.3. Exposure Calculation

Based on the detection concentrations of the investigated metals (As, Cd, Hg, Pb),
the provisional tolerable intake (PTI), the estimated daily intake (EDI), the target hazard
quotient (THQ), and the hazard index (HI) were calculated.

Provisional Tolerable Intake (PTI)

The Provisional Tolerable Weekly Intake (PTWI) for Cd and Pb and Provisional Tolera-
ble Monthly Intake for Cd were calculated using the detected concentrations, which were
multiplied by the average annual fish consumption per person. Based on the EFSA data,
the average annual fish consumption per person is 23.97 kg /year/person in the European
Union; thus, the 65.7 g/day/person value was applied during the calculation [57]. The
value obtained was divided by 70 kg body weight, which is the average human body
weight for the European adult population [58], and multiplied by seven (days/week) or
by seven and four (days/weeks/month), depending on whether calculating the dietary
weekly or—in case of Cd—monthly intake of the measured elements by consuming fishery
products equivalent to the sample.

These calculated intake values were compared to the recommended provisional tol-
erable weekly (PTWI) or monthly (PTMI) intakes set by the World Health Organization
(WHO) [59-61].

The European Food Safety Agency’s (EFSA) Panel on Contaminants in the Food Chain
(CONTAM Panel) set a tolerable weekly intake (TWI) for cadmium of 2.5 pg/kg bw. The
PTMI of 25 ng/kg bw set by Joint FAO/WHO Expert Committee on Food Additives
(JECFA) corresponds to a weekly intake of 5.8 pug/kg, which two parameters are clearly not
consistent. The reason for the discrepancy is that the assessments of the EFSA’s CONTAM
Panel and the JECFA are worked out by different methodological approaches. For lead,
a previously set PTWI of 25 ug/kg was withdrawn, because this value is not considered
safe by EFSA, as there is no safe threshold for critical lead exposure that induced harmful
effects, especially nephrotoxicity in adult people and developmental neurotoxic damage in
the fetus and in young children [62].

Estimated Daily Intake (EDI)
EDI value was calculated by the following equation [63]:

EDI = (C x Cons)/BW (@)

where C is the concentration of the metals (arsenic, cadmium, lead, mercury) (mg/kg) in the
investigated sample; Cons means the daily average fish consumption (65.7 g/day/person) [42];
and BW is average human body weight (70 kg).

The calculated EDI values were compared to the dietary heavy metal reference
doses [49,62,64-67].
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Target Hazard Quotient (THQ)

THQ value was calculated using the following equation [68]:
THQ = EDI/R{D (2)

During the calculation of THQ, EDI value was divided by reference dose (RfD) in the
case of each metal (inorganic As: 0.3 ng/kg, Cd: 1 ug/kg, Hg: 0.3 ug/kg, Pb: 0.16 png/kg
for adult, 0.26 ug/kg for children) [49,62,64-67].

If the THQ value is below 1, the metal concentration induces no harmful effect;
however, if the value is above 1, it indicates risk to the human consumer.

Hazard Index (HI)

The sum of THQ values of the investigated metals (As, Cd, Hg, Pb) is used to calculate
the hazard index (HI) to evaluate the potential risk of adverse health effects of the mixture
of metals, by the following formula [69]:

HI = THQAS + THQCd + THQHg + THQpb (3)

In this equation, THQAs means the calculated value for inorganic arsenic, which is
generally 5% in aquatic animals [65].

If the HI is below 1.0, it is unlikely that there will be adverse effects, while if the HI is
above 10, it indicates high risk.

2.2.4. Statistical Evaluation

Statistical analysis was carried out with Microsoft Excel and R program (version 3.3.2.).
During the statistical evaluation, half of the LOD value was used in the case of those
samples in which the concentration of metals was below the limit of detection [70].

3. Results

A summarized description of the samples” measured and calculated values is pre-
sented in Table 3.

Table 3. Measured concentration (mg/kg), dietary heavy metal reference values (ug/kg/day), and
the calculated estimated daily intake of metals (ug/kg/day).

As (Inorganic,

Total As 5% of Total As) Cd Hg Pb

LOD 0.5 ND! 0.05 0.50 0.20

Maximum Limit (ML) (mg/kg) ND! ND! 0.05 0.50 0.30
Measured concentration (mg/kg)

Average + SD 1.65 + 0.49 0.08 £ 0.02 0.03 £+ 0.02 <0.50 0.16 £0.16
Minimum (measured) 0.54 0.03 0.05 <0.50 0.24
Maximum (measured) 2.79 0.14 0.07 <0.50 0.85

Ratio of sample above the LOD (%) 100 NA 30 0 15
Ratio of sample above the ML (%) NA NA 30 0 10
Estimated daily intake (ug/kg)
0.16 (adult)
1
Reference dose (ug/kg) ND 0.3 1 0.3 0.26 (children)

Average + SD 1.55 + 0.46 0.08 £ 0.02 0.03 £ 0.01 <0.47 0.15 £0.15
Minimum (measured) 0.51 0.03 0.05 ND? 0.23
Maximum (measured) 2.62 0.13 0.06 ND? 0.80

Ratio of sample above the reference 15 (children)
value (%) NA 0 0 0 10 (adult)

ND! = no data exist; ND? = no data, because all of the concentrations are <LOD; NA = not applicable.
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3.1. Arsenic

In our study, arsenic concentrations were above the LOD in all samples with an
average concentration of 1.65 & 0.49 mg/kg. These values are the measured total arsenic
contents in our samples, as the applied method was not able to distinguish between organic
and inorganic forms. As the two chemical forms of arsenic have different toxicological
features, it is important to calculate the inorganic proportion as well. The average ratio of
inorganic arsenic compounds in aquatic organisms is 5% [65]. The organic forms are mainly
found as arsenobetain in fish muscle tissue, which is not toxic for the consumers [71].

The maximum residue level is set neither at the EU nor the national level. As inorganic
arsenic compounds pose a risk for the consumer, we calculated inorganic arsenic level,
taking 5% of the measured total arsenic content, and found that the mean level of inorganic
arsenic was 0.08 £ 0.02. Assessing the exposure, EDI was also calculated by the equation
above, and was compared to the 0.3 pg/kg bw/day reference dose of inorganic arsenic.
EDI values were found to be 100% below the reference value (Table 3).

The target hazard quotient for inorganic arsenic was 0.26, on average.

3.2. Cadmium

Twelve of the samples contained cadmium at or above the LOD level; thus, 70% of the
total had cadmium less than 0.05 mg/kg. These samples were involved in the calculation
process with half of the ML (0.025 mg/kg) value. Since both LOD and ML set by EU
regulation are 0.05 mg/kg, 30% of the samples were at or above, and 70% of the samples
were under the ML value at the same time [28].

Estimated daily intake was found 0.03 ug/kg bw/day on average, which was far from
1 ug/kg bw/day as the reference dose for cadmium. THQ as the ratio of EDI and reference
dose was thus found to be 0.03.

The average calculated PTMI and PTWIwas 0.90 £ 0.39 pg/kg bw and 0.23 & 0.10 ug/kg
bw, respectively, based on the detected concentration. Comparing them with the officially
recommended PTMI and PTWI parameters, such as 25 ng/kg bw and 2.5 pug/kg bw [60],
more than twenty-eight and ten times higher difference was found.

3.3. Mercury

Among the 40 samples of the investigated fish, there was not any which contained
mercury above the 0.5 mg/kg LOD, which meant, at the same time, that all were under the
ML value (0.5 mg/kg) set by EU regulation [28].

PTWI value of mercury (5 pg/kg bw) has been established by JECFA [72], but this
was withdrawn in 2011, and another one has not been established since then; however, the
Committee recommended the PTWI value for inorganic mercury to be 4 png/kg bw [60].

Using these data, calculations of EDI, PTWI, or THQ parameters would not be relevant.

3.4. Lead

The limit of detection of the applied method was 0.2 mg/kg, which was exceeded
by only six samples, with the highest being a lead value of 0.85 mg/kg. Four of these six
were above the 0.3 mg/kg ML value. Taking half LOD at samples under the 0.2 mg/kg
limit, an average of 0.15 ug/kg bw/day EDI was calculated. The target hazard quotient
must be calculated for children and adults separately, as there are two different reference
doses distinguished for these age groups. The reference dose for children is lower, at
0.16 ug/kg bw/day, while for adults, it is 0.26 ug/kg bw/day [62,66]. THQ was found
to be below 1 in both cases, but it was just slightly less than 1 (0.93 ug/kg bw/day) for
children, while for adults, it was 0.57 pg/kg bw/day.

3.5. Total Metal Exposure

To assess the potential risk of adverse health effects posed by a meal equal to the
samples, hazard index was calculated, adding up THQ values as determined above. Using
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this formula and considering the special aspects detailed at the three measured metal
elements, the calculated HI value was 1.22 for children and 0.86 for adults.

As the HI value for adults is below 1.0, it means that it is unlikely that there will be
adverse effects for consumers, while for children, it indicates a slight risk.

4. Discussion

The main source of heavy metal pollution in fish and fishery products derives from the
water environment or dietary sources [16,73]. Several studies are conducted to investigate
the difference between the possible health risk of fish or fishery products from different
sources (fish farms or wild).

As mentioned above, the samples measured in this study are derived from an Ital-
ian aquaculture fish farm. Italy represents 14% of the EU’s fish production, where more
than 50% of the production comes from fisheries, where rainbow trout is the most widely
farmed species [74]. Cammilleri et al. (2023) reported Cd, Pb, and Hg levels measured in
151 samples of farmed and wild fish of different species (gilt-head bream [Sparus aurata],
European seabass [Dicentrarchus labrax], shi drum [Umbrina cirrosa]) from the south Mediter-
ranean [75]. Mercury was detected only in S. aurata, with an average of 0.06 & 0.13 mg/kg
and 0.03 £ 0.03mg/kg for farmed and wild samples, respectively. Although farmed sam-
ples” average Hg content is slightly higher than that of wild species, the authors did not
find significant differences in Pb, Cd, and Hg levels when comparing wild and farmed
fish samples. In conclusion, they found that the level of toxic metals in fish depends more
on the pollution of the site than the type of production. The method Cammilleri et al.
applied has lower LOD than the analytical method used in this study; thus, the values of
the two studies cannot be compared, but taking 0.06 mg/kg concentration as the average
Hg level in farmed fish samples, EDI can be calculated as 0.05 pg/kg bw/day, which is far
lower than RfD (0.3) for Hg.

Maijlesi et al. (2019) measured a rainbow trout (O. mykiss) sample where the mean
concentration of Hg, Cd, and Pb was 0.02, 0.11, and 1.07 mg/kg, respectively; these
parameters, except for Hg, are higher than they were in our study [16]. The authors found a
significant correlation between heavy metal accumulation in fish tissue and dietary source
and water supply used by the fishery.

Okbah et al. (2018) measured 0.40-0.97 mg/kg Cd level in samples of five fish species
(bogue [Sparus boops], black-barred halfbeak [Hemiramphus far], round sardinella [Sardinella
aurita], brushtooth lizardfish [Saurida undosquamis], chub mackerel [Scomber japonicus])
originating from the Northern African coast (Tripoli Port, Libya), values of which were
about ten or twenty times higher than our findings [76]. Despite all these values, and
the fact of industrial activities on-shore and off-shore in Tripoli Port, all the measured
concentrations of potentially toxic elements (Zn, Cu, Fe, Cd) were surprisingly below the
limits recommended by WHO.

In addition to fish tissue or feed, Habib et al. (2024) measured the concentration of
potentially toxic elements in water as a habitat of wild and farmed fish production sites in
Pakistan [77]. Their concentration trend was Zn > Pb > Cu > Cd > Cr, which is similar to
our study regarding Cd and Pb levels in fish samples. They also found mostly higher levels
of heavy metals in samples from wild fish, with higher levels of Cd and Pb in the water
than the WHO standard level. Although EDI and THQ values were higher in wild fish, HI
was lower than 1 for both groups of fish samples. Statistical analysis suggests a positive
correlation between heavy metal concentration in fish tissue and the water’s heavy metal
content. Regarding these data, farmed fish pose lower health risk to humans than wild fish.

Measuring Zn, Cu, As, Cr, and Cd levels, samples from Bangladesh’s four fish farms
showed HI = 0.08 values in three different fish species (Pangas catfish [Pangasius pangasius],
rohu [Labeo rohita], Nile tilapia [Tilapia nilotica]), which parameters suggest that the samples
do not pose any health risk for human consumption [78]. These HI values are significantly
lower than Hls in our study, although the measured metal elements are not the same in the
two studies.
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Fallah et al. (2011) also intended to measure the differences between farmed and
wild rainbow trout (O. mykiss) heavy metal and trace element accumulation in edible fish
tissues, gathering samples from 12 Iranian fishery sites [73]. The authors found that liver
had significantly higher heavy metal and trace element concentrations compared to the
muscle in farmed or wild fish, and a slightly higher proportion of samples exceeded the
regulatory level in wild fish (45.8%) than in farm fish (41.6%). A similar pattern has been
shown regarding Pb level in the two different production methods, as 50% of farmed fish
samples and 62.5% of wild fish samples were above the EU’s regulatory limit. Hg and
As concentrations were lower than the legislated limits in all of the measured samples.
Confirming the previously cited authors, variations in concentrations were suggested to be
derived from the different environmental and dietary conditions.

A study conducted in Pakistan analyzed Cd, Cr, and Pb level in carp fish from fish
farms and a fish market (rohu [L. rohita], mrigal carp [Cirrhinus mrigala], silver carp [Hy-
pophthalmichthys molitrix], grass carp [Ctenopharyngodon idella]). The highest level of heavy
metals was Pb, with a mean concentration of 0.33 & 0.01 mg/kg, which is twice as high as
in our study. In contrast, Cd concentration measured significantly less than in our rainbow
trout samples, with a level of 0.01 & 0.00 mg/kg [79].

Calculating the risk posed by fish consumption can result in significantly different
outcomes, as annual fish consumption in different human populations varies across a wide
range among coastal or inland countries [16,80].

5. Conclusions

Potentially toxic elements can be widely found in the natural environment, and their
concentrations may be increased by anthropogenic activities. Besides water as a habitat,
dietary sources can also affect the heavy metal contamination of fish in the human diet.

As the average fish consumption may be several times higher in the maritime coun-
tries than the European average and depends on many factors, e.g., eating habits and
populations, this risk assessment—and risk assessments in general—must be evaluated in
the given circumstances.

Numerous studies have assumed that fishery products from fish farms are safer than
fish from wild captures, but this theory is based on the knowledge of the biomagnification
and bioaccumulation phenomenon in aquatic organisms and necessarily relies on the
controllability of the environmental parameters in an aquaculture farm and adequate
quality control measurements during production.

The concentration of cadmium and lead were higher than the officially regulated limit
in 30% and 10% of the samples, respectively; however, the calculated EDI values did not
exceed the recommended daily intake. Thus, the investigated fish could be declared safe
for human consumption; it cannot induce any potential hazard to the consumers.

Despite the low number of above-the-limit concentrations in the case of Cd and Pb,
samples are not objectionable for consumption by adult human consumers considering HI
value; however, it induces a slight risk in children for prolonged, long-term intake.
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