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Abstract: The incorrect labeling, as well as the bioaccumulation of heavy metals in seafood, repre-
sent a recurring problem worldwide, not only for natural resources but also for the consumers’
health. Heavy metals can be accumulated through the food chain and transferred to the final human
consumer. Despite its toxicology, arsenic does not have a concentration limit on food, unlike other
heavy metals like cadmium, mercury, and lead. Tuna species, with a worldwide distribution and
high per capita consumption, represent a well-known toxicological issue caused by heavy metals.
In this context, 80 samples of canned tuna were analyzed to check if the information contained in
the label was correct and complete. Genetic identification was made by sequencing a fragment of
16S rDNA from 80 samples. For the heavy metal quantification, only those samples with the com-
plete FAO fishing area information on the label were analyzed. Only 29 out of 80 samples presented
enough information on the labels for the analysis. Some of the canned tuna commercialized in Span-
ish markets surpassed the safety standard levels established by the Joint FAO/WHO Expert Com-
mittee on Food Activities (JECFA) under the consumption rates of 300 g and 482 g per week. How-
ever, the carcinogenic risk (CRIlim) for arsenic in all cans and all scenarios was higher than the safety
levels.

Keywords: canned tuna; heavy metals; health risk; species and fishing areas

1. Introduction

The World Health Organization (WHO) has established that “a healthy diet helps us
protect against malnutrition in all its forms, as well as non-communicable diseases
(NCDs), including such as diabetes, heart disease, stroke, and cancer”. To achieve this, it
is important to guarantee food safety measures to ensure access to enough safe food to
satisfy the nutritious needs of the individual to reach an active and healthy lifestyle [1]. A
correct label is mandatory for responsible consumption and sustainable exploitation.
Therefore, international organisms, such as the European Union, have established certain
rules that all canned fish products must follow. In the European region, UE labeling rules
(UE 1379/2013) determine that labels must include the scientific name of the species, the
commercial name, the capturing method, the capture zone, and the expiration date, being
the date compulsory only when the product is packed. However, this norm is often not
followed, usually because of incomplete information presented on the labels [2]. Never-
theless, the correct species identification of the product can be difficult, especially with
processed food, due to the loss of diagnostic traits during processing. In these cases, DNA-
based technologies, especially DNA barcoding, come in handy to identify the species and
maintain correct traceability throughout the process [3,4].
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Due to the rising awareness of consumers toward eating healthy food [5], there has
been an increase in fish consumption over the past years [6]. Fish constitute an essential
food in the healthy diets of most European countries because its flesh has high-quality
protein and vitamins [7]. Fish flesh also provides essential amino acids and omega-3 fatty
acids, which protect against coronary heart diseases [7]. Despite their high nutritive value,
fish, along with shellfish, are considered one of the types of food that contributes the most
to the total intake of heavy metals for humans [8,9]. Heavy metals can cause serious pa-
thologies if the daily intake exceeds the safety limits established by health organizations
(e.g., World Health Organization, WHO) [10], even at low levels of exposure [11].

Although heavy metals arise naturally from the earth’s crust through weathering and
volcanic eruptions [12], most of the heavy metals present in the ocean waters have an
anthropogenic origin [13], being agriculture, industrial use and production, and mining,
the most relevant [14]. Some of those metals, such as copper, chromium, nickel, and zinc,
have an important role in the development of organisms [15]. However, some others, such
as arsenic, cadmium, lead, and mercury, are toxic and have no part in metabolism reac-
tions [16]. Therefore, the world health organization classified them as the top ten chemi-
cals of major public health concern [17]. Nowadays, there are laws that limit the quantity
of cadmium, lead, and mercury that certain foods can have, as in the EU regulations EC
No 1881/2006; however, there is no limit established for arsenic. Furthermore, there is not
even a safety limit established by the WHO, as the previous one was removed due to not
being health-protective under the new studies about the toxicity of this element [18]. Ar-
senic in ocean waters have two origins: natural processes as rock weathering and geother-
mal activities, and anthropogenic processes as mining and smelting [19]. Arsenic does not
degrade over time and is very soluble in aquatic environments, which facilitates its bioac-
cumulation [20].

There are differences between fish species regarding the content of heavy metals [21].
For example, herbivorous species tend to have lower contents than many carnivorous
[22,23]. The reason is that, as heavy metals are not biodegradable, their accumulation can
be magnified at the top of the food chain, where big fishes like tunas are placed [24]. More-
over, different bioaccumulation patterns have been reported for distinct species from the
same genus, such as tuna species, for example [25]. The capture zone is also a determinant
regarding pollutant bioaccumulation on fish [26]. Several studies have found differences
in the concentration of heavy metals in fish from the same species but different capture
zones [26 and references therein]. However, regional differences within tuna species have
also been reported; as an example, Thunnus albacares from the northwest Pacific Ocean
contain less mercury than those caught in the middle of the North Pacific or in the Atlantic
Ocean [27]. Thus, bioaccumulation is also affected by the environmental concentration of
the pollutant that, as in the case of mercury, differs between oceanic regions [28]. Another
factor that may contribute to fish's heavy metal content is commercial processing. Several
studies have demonstrated that canned fish contain fewer heavy metals than fresh fish
[29,30], perhaps because of the species or the size used in these processed products [31].

This study focuses on canned tuna because it has been widely studied before due to
it being the most consumed processed fish [32]. The main objective was to assess if there
is a risk in consuming canned tuna from Spanish markets. For this purpose, the concen-
tration of arsenic, cadmium, chromium, copper, lead, mercury, nickel, and zinc was de-
termined. Target hazard quotients (THQs), total target hazard quotients (TTHQs), and
consumption rate limits (CRlims) were calculated for three different scenarios and com-
pared with recommended values provided by health organizations (JEFCA, WHO). From
the literature above, we expected that the tunas from more polluted zones, such as tunas
from African waters (FAOs 34, 47, and 51), would have more heavy metals bioaccumu-
lated than those from less contaminated waters, e.g., tunas from the Pacific Ocean (FAOs
71 and 77), therefore, posing a bigger risk to human health.
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2. Material and Methods
2.1. Sampling

A total of 80 tuna cans were collected from local supermarkets in Asturias, Northern
Spain in 2021. The information contained in the labels was digitally recorded. According
to the European legislation (European Commission, 2015; European Regulation 2013),
commercial designation, scientific name, production method, fishing gear, capture zone
and identification mark must be displayed on the label (Supplementary Table S1).

2.2. DNA Extraction and Identification

DNA from 80 cans (Supplementary Table 51) was extracted using the GeneMATRIX
Food-Extract DNA purification kit, following the manufacturer’s instructions. This kit is
specifically designed to use in processed products, such as canned food [33]. A 102 bp
fragment of 165 rDNA, used previously in highly processed food [34], was amplified by
PCR using a combination of one forward primer and two reverse primers, following Hor-
reo et al. [34]: 16S-HF (5'-ATAACACGAGAAGACCCT-3"), 16S-HR1 (5-CCCAC-
GGTCGCCCCAAC-3') and 16S-HR2 (5'-CCCGCGGTCGCCCCAAC-3'). PCR amplifica-
tion was carried out in a total volume of 40 pL, containing 1X buffer GoTaq® DNA Poly-
merase, 2.5 mM Mg?, 0.25mM dNTPs, 20 pmol of each 165-H primer, 20 ng of DNA tem-
plate, and 1 U of GoTaq® DNA Polymerase. PCR amplifications were carried out with the
following conditions: an initial denaturalization step at 95 °C for 5 min, followed by 35
cycles of an initial denaturalization step at 95 °C for 10 s, an annealing phase at 61 °C for
20 s, and an extension phase at 72 °C for 30 s, with a final extension phase of 72 °C for 20
min.

PCR success was measured by visualizing the PCR products using 2% agarose gel
stained with 10 mg/uL of SympleSafeTM (EURx, Gdansk, Poland). Amplicons were sent
to Macrogen Spain, Inc. (Madrid, Spain) for Sanger sequencing.

Outcome sequences were trimmed and edited with the program BioEdit Sequence
Alignment Editor [35]. Finally, edited sequences were identified by comparing them with
the references of GenBank database through the BLAST (Basic Local Alignment Search
Tool) algorithm (http://www.ncbi.nlm.nih.gov/genbank/; accessed on 5 December 2022 ).

2.3. Heavy Metal Content Analysis

Following Steinhausen et al. [36], 0.5 mg from each sample was digested with a mix-
ture of HNO:s (7 mL) and H20: (1 mL) in a microwave digestion system (Milestone HPR-
FO-20) at 15,000 W for 0.5 h. The concentrations of eight heavy metals: arsenic (As), cad-
mium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), and zinc
(Zn), were measured in the Severo Ochoa Scientific-Technologic Center in the University
of Oviedo (Oviedo, Spain) using inductively coupled plasma mass spectrometry in Ag-
ilent 7900 Series ICP-MS. The sensitivity of this method was determined according to the
detection limits from this spectrometer, which were 0.0124 ug/kg for Cr, 0.009031 pg/kg
for Co, 0.01331 pg/kg for Ni, 0.01454 pg/kg for Cu, 0.08849 ug/kg for Zn, 0.04129 ug/kg
for As, 0.01523 ug/kg for Cd, 0.02804 ug/kg for Hg, and 0.007041 pg/kg for Pb.

For better validation, an analysis of five metals in fish muscle was performed on the
certified European Reference Material ERM® BB422 (fish muscle from saithe Pollachius vi-
rens) ([36] and references therein). The measurements obtained for that sample were
within the validation range of 15% related to the certified value for four elements. In
mg/kg, the results were: 0.0076 (0.0075 certified) for Cd, 1.6 (1.67 certified) for Cu, 0.64
(0.601) for Hg, and 16 (16 certified) for Zn. From the results of the certified sample, the
measured value of As (16 mg kg™) deviated 26% from the certified value of 12.7, being
outside of the 15% validation range (10.795-14.605). Although corrections are not made in
other studies [37,38], this datum will be corrected, reducing by 26% the value obtained.
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2.4. Health Risk Parameters

Following the USEPA guidelines [39-41], this study assumed that the metals are com-
pletely adsorbed and that the concentration of the heavy metals is not affected by the
cooking process. Besides, following the precautionary approach implemented in other
studies [37,38], we assumed that the metals are abundant in their most harmful forms:
arsenic as inorganic arsenic, chromium as chromium (VI), and mercury as organic mer-
cury (methylmercury). Three different scenarios were considered: a conservative scenario,
with a consumption of 100 g of canned tuna per week, following Miedico et al. [42]; an
intermediate scenario with two servings (300 g) of tuna per week, following the European
Commission recommendations [43]; and a scenario where all the fish protein comes from
canned tuna (482 g), following Lofstedt et al.’s [44] fish intake estimations for Spain, as all
samples are commercialized in this country.

2.5. Determination of the Target Hazard Quotient (THQ)

THQ is a ratio between a determined dose of a pollutant and the dose level (RfDo).
It is commonly used to determine the carcinogenicity of a certain food. If the THQ value
is smaller than one, there will be no adverse effect on the consumers. The THQ formula
applied was previously validated in several studies [10,36,45,46].

THQ =10-3x EF x ED x FIR x CM/(RfDo x Bwa x ATn) (1)

where EF = the frequency of exposure (365 days/year), ED = the period of exposure (the
age of the consumers, in our case, adults = 70 years), FIR = food intake rate (kg/day), CM
= the concentration of heavy metal present on the sample (ug/kg), RfDo = the oral reference
dose for each heavy metal (mg/kg/day), BWa = the average body weight (70.8 kg for adults
[47]), and ATn = the period of exposure for non-carcinogens (number of exposure days, in
our case 70 years * 365 days/year).

2.6. Determination of the Total Target Hazard Quotient (TTHQ)

In food, more than one metal is ingested at the same time, therefore, it is necessary to
calculate a global risk. The TTHQ calculates the risks taking into consideration the addi-
tive effect of the heavy metals. If the TTHQ value is smaller than one, there will be no
adverse effect on the consumers. The formula consists of the addition of the THQ of each
metal [45,48].

TTHQ = THQas + THQcd + THQcr + THQcu + THQmHg + THOQN: + THQrb + THQzn (2)

2.7. Determination of the Maximum Allowable Fish Consumption Rate (CRlim)
The toxicity of a pollutant depends on the concentration and the quantity consumed.

The maximum allowable fish consumption rate (CRlim) for non-carcinogenic heavy met-
als was calculated with the following formula [39,49,50]:

CRlim = RfD x BWa/CM 3)

where RfD = oral reference dose (Table 1) [51,52], BWa = the average body weight (70.8 kg

for adults [39]), and CM = the concentration of heavy metal present in the sample (mg/kg).
For heavy metals with a carcinogenic effect, such as Cr, As, and Pb [36,39], the max-

imum allowable fish consumption rate (CRlim) was calculated with the formula [36,53].

CRlim = ARL x BWa/(CM x CSF) (4)

where ARL = the maximum acceptable cancer risk level (10) [34], BWa = the average
body weight (70.8 kg for adults, [47]), CM = the concentration of heavy metal present on
the sample (mg/kg), and CSF = the carcinogenic slope factor (Table 1) [37].
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Table 1. Thresholds of tolerable ingestion values for the eight heavy metals analyzed. n/a, not ap-

plicable.
Tabulated Variables As Cd Cr Cu Hg Ni Pb Zn
Oral reference dose (mg/kg/day) 0.0003 0.0010  0.0030  0.0400 0.0003  0.0200  0.0035  0.300
Carcinogenic slope factor (mg/kg/day) 1.500 n/a 0.500 n/a n/a n/a 0.0085 n/a

2.8. Statistical Analysis

To assess the best criteria to compare the data, and due to the lack of homoscedastic-
ity shown by the Levene test, non-parametric tests were made. Interaction between the
genus and capture zone was measured by performing a Permanova analysis. Next, sam-
ples were divided into groups according to the genus, genetically identified, and the cap-
ture zone provided on the label. The Kruskal-Wallis non-parametric test was used to as-
sess the differences between groups, followed by a Mann—-Whitney U non-parametric test
for paired comparisons. A significance level of 0.05 was set for all comparisons. Data were
analyzed using PAST software [54]. Boxplots were generated using Excel Software [55].

3. Results
3.1. Genetic Identification

In this study, 80 canned tuna samples were genetically identified using DNA barcod-
ing. DNA amplification and PCR amplification were successful in all samples. Only one
out of the 80 samples (sample 31) were presumably mislabeled, considering the reduced
number of nucleotides (102 bp) analyzed (Supplementary Table S2). Most of the samples
gathered in this study had incomplete information on the label (Figure 1).

m Capture zone absent = Capture zone ambiguous = All correct

Species name absent = Species mislabeled

Figure 1. Circular graphic of the label incompletion for all samples studied, according to the Euro-
pean labeling rules (UE 1379/2013). Capture zone absent (n = 27) where cans were without infor-
mation about the capture zone on the label. Capture zone ambiguous (1 = 23) where cans had more
than one capture zone present on the label. Species name absent (1 = 4) where cans had no species
name on the label. Species mislabeled (2 = 1) where cans had an incorrect species name labeled. All
correct (n = 25) were cans with all the specific information required on the label.

From the 80 cans analyzed, 27 (33.75%) did not provide the capture zone, while 23
(28.75%) provided several capture zones. Therefore, only 29 out of 80 samples (31.25%)
had all the information required on the label for the study. Still, one can (sample 31) had
an incorrect species name on the label, and four out of those 29 samples (samples 17, 19,
24, and 25) presented incomplete information on the labels about the species
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identification, according to the UE 1379/2013 labeling rules (Supplementary Table S1), as
they did not provide the scientific name of the species, only the common name.

3.2. Heavy Metals Concentrations

The mean concentrations and the standard deviation of the eight heavy metals stud-
ied were calculated for all samples with complete information on the labels (29 samples;
Figure 2, Supplementary Table S3). EU regulations (EC No 1881/2006, available at
https://eur-lex.europa.eu/legal-con-
tent/ES/TXT/HTML/?uri=CELEX:32006R1881&from=ES; accessed on 23 January 2023) of
contaminant concentrations in food products establish a limit of 0.1 mg/kg of Cd, 1 mg/kg
of Hg, and 0.3 mg/kg of Pb in marine predator fish, which includes Thunnus spp. and
Katsuwonus spp. Using these limits, one can (sample 58) was above the limit for Cd (0.117

mg/kg).
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Figure 2. Boxplots of the concentration of each heavy metal (ug/kg) for all groups studied. The mean
heavy metal concentrations and their standard deviations for each can are gathered in
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Supplementary Table S3. Thunnus 71 represents individuals from the species Thunnus albacares
caught in the FAO 71; Thunnus 51 Thunnus albacares from FAO 51; Thunnus 77 Thunnus albacares
and Thunnus alalunga from FAO 77; Katsuwonus 71 Katsuwonus pelamis from FAO 71; Katsuwonus
34 Katsuwonus pelamis from FAO 34; Thunnus 47 Thunnus alalunga from FAO 47.

3.3. Statistics

All samples were divided into groups based on the genus and their capture zone.
The Kruskal-Wallis non-parametric test found significant differences for cadmium (H =
12.1; p =0.033), copper (H =11.09; p = 0.050), mercury (H =16.99; p = 0.005), and zinc (H =
13.83; p = 0.017). When performing paired comparisons, all heavy metals had at least two
populations that were significantly different, except for lead (Supplementary Table 54).
No general pattern could be inferred from the differences.

According to the Permanovas performed, mercury was the only heavy metal influ-
enced exclusively by the capture zone (F=2.582, d.f. =4, p =0.040). Arsenic was influenced
by the genus (F = 3.895, d.f. = 1, p = 0.037) and was the only heavy metal that exhibited a
significant interaction effect between the genus and the capture zone (F=2.120, d.f. =4, p
= 0.001). Cadmium, copper, and zinc were influenced by both the genus (cadmium F =
5.215,d.f.=1, p=0.006, copper F=4.772, d.f. =1, p=0.026, zinc F =5.875, d.f. =1, p=0.011),
and the capture zone (cadmium F =2.802, d.f. =4, p = 0.028, copper F =2.304, d.f. =4, p =
0.049, zinc F = 2.835, d.f. = 4, p = 0.025). Neither the genus nor the capture zone, nor the
interaction between both was significant for chromium, lead, and nickel.

3.4. Health Risk Assessment
All health risk parameters calculated in this study are gathered in Table 2.

Table 2. Means and standard deviations of THQs, TTHQs, CRlims (kg/day), and carcinogenic
CRlims (kg/day) of each heavy metal for each group. The 1st scenario corresponds with an ingestion
rate of 100 g/week. The 2nd scenario corresponds with an ingestion rate of 300 g/week. The 3rd
scenario corresponds with an ingestion rate of 482 g/week. Values shaded in grey exceed the safety
levels for all scenarios. Values shaded in green exceed the safety levels for the 3rd scenario proposed.

As Cd Cu Cr Pb Hg Ni Zn
Thunnus 71

THQ
Ist scenario 0.080 (0.037) 0.003 (0.002) 0.002 (0.001) 0.004 (0.005) 0.000 (0.001) 0.074 (0.049) 0.002 (0.001) 0.004 (0.001)
2nd scenario 0.240 (0.111) 0.009 (0.007) 0.005 (0.002) 0.011 (0.014) 0.001 (0.000) 0.221 (0.147) 0.005 (0.002) 0.011 (0.002)
3rd scenario 0.386 (0.179) 0.015 (0.011) 0.008 (0.003) 0.017 (0.022) 0.001 (0.001) 0.355 (0.236)) 0.008 (0.003) 0.018 (0.003)

TTHQ
1st scenario 0.167 0.167 0.167 0.167 0.167 0.167 0.167 0.167
2nd scenario 0.502 0.502 0.502 0.502 0.502 0.502 0.502 0.502
3rd scenario 0.807 0.807 0.807 0.807 0.807 0.807 0.807 0.807
10.117 72.370 10.267
Rli 217 (0.1 757 (4. .810 (4.84 2 174 4.018 (0.791
CRlim O (0.100) 6.757 (4.303) (4.017) 8.810 ( 3) (35.106) 0.289 (0 ) (4.043) 018 (0.791)
_ 24.326
CRIlim carc 0.005 (0.002) N.A. N.A. 0.059 (0.032) (11.800) N.A. N.A. N.A.
Thunnus 51
THQ

Ist scenario 0.093 (0.033) 0.002 (0.000) 0.001 (0.000) 0.001 (0.001) 0.000 (0.000) 0.180 (0.183) 0.001 (0.000) 0.003 (0.000)

2nd scenario 0.278 (0.099) 0.007 (0.001) 0.004 (0.001) 0.004 (0.002) 0.000 (0.000) 0.541 (0.549) 0.003 (0.001) 0.010 (0.000)

3rd scenario 0.447 (0.159) 0.011 (0.001) 0.007 (0.001) 0.006 (0.003) 0.000 (0.000) 0.869 (0.882) 0.005 (0.002) 0.017 (0.000)
TTHQ

Istscenario  0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282

2nd scenario  0.847 0.847 0.847 0.847 0.847 0.847 0.847 0.847
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3rd scenario 1.361 1.361 1.361 1.361 1.361 1.361 1.361 1.361
. 10.797 12.994 166.410 15.049
CRlim  0.169 (0.063) 6.583 (0.938) (1.956) (5.939) (92.610) 0.140 (0.090) (6557) 4.117 (0.057)
CRlim carc 0.004 (0.001) N.A. N.A. 0.087 (0.040) (2??32) N.A. N.A. N.A.
Thunnus 77

THQ
Ist scenario 0.128 (0.114) 0.003 (0.001) 0.001 (0.000) 0.001 (0.000) 0.000 (0.000) 0.186 (0.124) 0.001 (0.001) 0.004 (0.001)
2nd scenario 0.385 (0.341) 0.008 (0.002) 0.003 (0.002) 0.003 (0.001) 0.000 (0.000) 0.557 (0.373) 0.003 (0.001) 0.011 (0.002)
3rd scenario 0.618 (0.548) 0.014 (0.002) 0.006 (0.003) 0.005 (0.002) 0.001 (0.000) 0.894 (0.600) 0.006 (0.002) 0.018 (0.004)

TTHQ
1st scenario 0.324 0.324 0.324 0.324 0.324 0.324 0.324 0.324
2nd scenario 0.971 0.971 0.971 0.971 0.971 0.971 0.971 0.971
3rd scenario 1.560 1.560 1.560 1.560 1.560 1.560 1.560 1.560
15.884 16.161 134.131 13.571
Rli 1 1 .200 (1.047 1 .07 4.052 (0.
CRlim  0.185 (0.138) 5.200 (1.047) (9.077) (4.750) (51.135) 0.106 (0.070) (4.369) 052 (0.888)
CRIlim carc 0.006 (0.003) N.A. N.A. 0.108 (0.032) (?;833) N.A. N.A. N.A.

Katsuwonus 71

THQ
Ist scenario 0.187 (0.028) 0.003 (0.001) 0.002 (0.000) 0.001 (0.000) 0.000 (0.000) 0.017 (0.004) 0.001 (0.000) 0.004 (0.000)
2nd scenario 0.561 (0.084) 0.008 (0.002) 0.006 (0.000) 0.003 (0.001) 0.000 (0.000) 0.052 (0.012) 0.003 (0.001) 0.013 (0.001)
3rd scenario 0.901 (0.134) 0.013 (0.004) 0.009 (0.001) 0.004 (0.001) 0.001 (0.000) 0.083 (0.020) 0.005 (0.001) 0.021 (0.002)

TTHQ
1st scenario 0.215 0.215 0.215 0.215 0.215 0.215 0.215 0.215
2nd scenario 0.646 0.646 0.646 0.646 0.646 0.646 0.646 0.646
3rd scenario 1.038 1.038 1.038 1.038 1.038 1.038 1.038 1.038
. 16.024 113.584 15.877
CRlim  0.078 (0.012) 5.582 (1.756) 7.591 (0.599) (3.131) (58.413) 0.858 (0.167) (4.396) 3.320 (0.273)
. 38.179
CRIlim carc 0.002 (0.000) N.A. N.A. 0.107 (0.021) (19.635) N.A. N.A. N.A.

Katsuwonus 34

THQ
Ist scenario 0.077 (0.041) 0.009 (0.008) 0.002 (0.001) 0.001 (0.001) 0.000 (0.000) 0.177 (0.165) 0.001 (0.001) 0.005 (0.001)
2nd scenario 0.231 (0.123) 0.028 (0.025) 0.005 (0.002) 0.004 (0.002) 0.001 (0.000) 0.531 (0.496) 0.003 (0.002) 0.015 (0.004)
3rd scenario 0.371 (0.198) 0.045 (0.040) 0.008 (0.003) 0.006 (0.003) 0.001 (0.000) 0.853 (0.798) 0.005 (0.002) 0.024 (0.006)

TTHQ
1st scenario 0.272 0.272 0.272 0.272 0.272 0.272 0.272 0.272
2nd scenario 0.816 0.816 0.816 0.816 0.816 0.816 0.816 0.816
3rd scenario 1.311 1.311 1.311 1.311 1.311 1.311 1.311 1.311
14.459 86.780 18.844
Rli 234 (0.119) 2.544 (1.7 .851 (2.67 1 132 . .681
CRlim  0.234 (0.119) 2.544 (1.768) 8.851 (2.679) (7.478) (30.539) 0.150 (0.132) (10.234) 3.039 (0.681)
. 29.170
CRlim carc 0.005 (0.003) N.A. N.A. 0.096 (0.050) (10.265) N.A. N.A. N.A.
Thunnus 47

THQ

Ist scenario 0.066 (0.012) 0.002 (0.001) 0.001 (0.000) 0.003 (0.005) 0.000 (0.000) 0.203 (0.030) 0.001 (0.001) 0.005 (0.000)

2nd scenario 0.199 (0.036) 0.005 (0.002) 0.003 (0.001) 0.010 (0.014) 0.001 (0.001) 0.609 (0.090) 0.004 (0.003) 0.014 (0.001)

3rd scenario 0.320 (0.058) 0.009 (0.003) 0.005 (0.001) 0.017 (0.022) 0.001 (0.001) 0.979 (0.145) 0.006 (0.005) 0.022 (0.002)
TTHQ
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Ist scenario  0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282
2nd scenario  0.845 0.845 0.845 0.845 0.845 0.845 0.845 0.845
3rd scenario  1.358 1.358 1.358 1.358 1.358 1.358 1.358 1.358
. 16.016 61.663 15.797
CRlim  0.221 (0.039) 8.797 (3.587) @iy O7O2GI0) o 007200012 Lol 3108(0302)
. 20.727
CRlim carc 0.005 (0.001)  N.A. NA.006500%9) (e N.A. N.A. N.A.

None of the THQs calculated in this study for the conservative scenario of 100 g/week
was higher than one, being considered a non-risk for humans over a lifetime exposure
[56,57]. However, for the 300 g/week scenario, two cans (sample 30 and 60) surpassed the
safety levels for Hg. For the last scenario of 482 g/week, six cans (samples 30, 60, 61, 76,
78, and 79) had more concentration of Hg than the safety recommendations, as did two
cans (samples 51 and 61) for As.

According to TTHQ values, none of the cans for the conservative case scenario of 100
g/week surpassed the safety levels of 1. Two cans (sample 30 and 60) surpassed the safety
limit. However, for the 482 g/week scenario, 15 cans surpassed the safety limit (samples
14, 30, 31, 32, 51, 54, 55, 59, 60, 61, 76, 77, 78, 79, and 80).

Regarding the consumption rate limits, none of the CRlims were inferior to the safety
levels for the conservative scenario of 100 g per week, which places them as a “non-haz-
ardous” food. However, samples 30 and 60 exceeded the safety levels for mercury for the
intermediate scenario of 300 g per week, and for the 482 g scenario, sample 51 exceeded
the safety levels for arsenic, and sample 30, 60, and 79 for mercury.

For carcinogenic risks, all cans surpassed the safety limit for carcinogenic arsenic in
all scenarios proposed in this study. Samples 15, 23, and 79 for carcinogenic chromium
surpassed the safety levels of the conservative scenario of 100 g per week, which repre-
sents a risk for human health. Four cans (samples 15, 23, 78, and 79) exceeded the safety
levels for carcinogenic chromium for the intermediate scenario of 300 g per week. For the
482 g scenario, samples 15, 20, 23, 24, 30, 59, 78, and 79 surpassed the safety levels for
chromium. None of the samples surpassed the safety levels for carcinogenic lead in any
scenario proposed in this study.

4. Discussion

The results from this study provide insights into two main issues concerning food
safety: traceability by species authentication and a health risk assessment based on the
heavy metal content of the canned tuna. Regarding traceability, most tuna cans studied
did not follow the European labeling rules. Breaking the labeling rules may result in a risk
for both the environment and the consumer. With regard to the consumer, mislabeling is
considered fraud, as it affects the consumers’ right to choose the species they buy. This is
especially important for allergic consumers and for those concerned about species conser-
vation issues [2,58,59]. Regarding the environment, mislabeling contributes to bad popu-
lation monitoring, making it impossible to know the actual exploitation rate of the species.
It also makes difficult any type of conservation effort that could be needed [58] due to
inaccurate estimations of the populations, risking the sustainability of the stock [59] and
enabling possible local extinctions caused by overfishing [60]. Some of the cans included
more than one capture zone, which does not break the UE 1379/2013 labeling rules but
makes it impossible to know the exact capture zone, so impeding informed consumer’s
choice.

Regarding the heavy metal accumulation, from the three heavy metals with legal
limits established (Cd, Hg, and Pb), mercury was the most abundant, followed by cad-
mium and lead (Figure 2). Other studies, such as Pappalardo et al. [61], found a similar
bioaccumulation pattern for both brine and oil-canned tuna. However, these results con-
tradict, at least partially, the results found in other studies about heavy metal



Processes 2023, 11, 824

10 of 15

concentration in canned tuna. For example, Russo et al. [62] found that Pb was the most
abundant heavy metal, followed by Hg and Cd. This trend seems to be a general pattern
for most canned tuna commercialized in different countries such as Saudi Arabia, Libya,
and the United States [63-65]. One explanation may be that canned tuna from both Pap-
palardo et al. [61] and our study were from the same or similar capture zones, while
canned tuna from the other studies were from a different area.

The Kruskal-Wallis test results showed differences in heavy metal concentrations for
cadmium, copper, mercury, and zinc. The significant differences found for cadmium can
be explained by the tendency of this metal to bind weakly under reducing conditions,
making it very mobile in the ocean and relatively easy to bioaccumulate [66]. Copper sig-
nificance was marginal (p = 0.050), and more samples would be needed to verify if there
are real differences between the cans or if the differences found in this study were due to
a sample size effect. Mercury levels in tunas are known to be highly variable [67] and
driven mainly by anthropogenic activities [68], which can explain significant differences
between the groups. Zinc is a heavy metal often found in manufactured pesticides and
agricultural residues [69]. It also arrives in the sea as ZnSO4, an anthropogenic residue
that appears in batteries, trash bins, air-conditioning pipes, and car tires [70]; therefore;
coasts with those types of e-wastes, such as the African coasts of FAOs 34 and 47 [71],
would tend to bioaccumulate more zinc.

No significant difference between populations has been shown for lead concentration
(Supplementary Table S4). This is an unexpected result, as previous studies have shown
that lead bioaccumulation tends to be very variable in tuna species [72]. A possible expla-
nation is that the concentration of lead could be considerably reduced during tuna pro-
cessing [73], eliminating the differences in the process. It can also be due to the limited
sample size caused by the exclusion of samples with incomplete information on the labels.
Further studies should consider this when verifying these results.

According to the Permanova analysis, mercury bioaccumulation seems to be influ-
enced only by the capture zone and not by the genus. This goes against the literature,
where differences in mercury bioaccumulation of tuna have been widely reported, even
at the species level (e.g., [25,74,75]). Arsenic was influenced by the genus but not by the
capture zone. Previous studies found significant differences in the bioaccumulation of
mercury caused by the capture zone [26,27], but there is no previous literature on arsenic.
Furthermore, arsenic was the only heavy metal that showed an interaction effect between
the capture zone and the genus. All this could be caused by a sample size effect. More
samples are needed to work on these results.

Despite Zn being the most abundant heavy metal in the samples analyzed, it is not
the most concerning metal. Even though zinc in high concentrations can be harmful, it
constitutes a metabolic heavy metal, taking a key role in the growth and immune system
functions [76], in contrast with other heavy metals such as mercury, which is way more
dangerous for human health [42,77], especially during fetuses’ development [78]. This
concept is better seen when analyzing the TTHQs results. Most of the contribution to the
TTHQ comes from arsenic and mercury (more than 85% of all cans studied). High mer-
cury levels are expected in tuna products, as these species tend to bioaccumulate mercury
at high rates [77]. Recently, several studies are finding high arsenic levels in tuna species
[72,79]. These results enhanced the importance of considering arsenic as a rising contam-
ination issue and the need to establish regulations to limit its concentration in food prod-
ucts, as is the case for cadmium, mercury, and lead.

A similar case happened with the Crlims calculated. Crlims for mercury were the
most concerning ones among all the heavy metals studied. Again, this was expected and
consistent with previous literature, as tunas tend to bioaccumulate high amounts of mer-
cury [80]. Still, two cans were over the safety limits for mercury for two of the scenarios
proposed in this study. Better monitoring of the mercury concentration in tuna cans is
advised, as high mercury intake encompasses health risks such as cancer or neurodevel-
opmental effects [81].
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Regarding carcinogenic Crlims, calculations were made assuming that all the arsenic
present was in the carcinogenic form and according to the USEPA guidelines [39-41],
which assumes that the metals are completely adsorbed and that the cooking process does
not affect the concentration of the heavy metals. It is possible that if the carcinogenic
CRlims were based only on the carcinogenic forms rather than the total amount of arsenic
and chromium, they could be safe to eat. Even so, pregnant women should be aware of
canned tuna consumption, as they represent the most sensitive group of the population
to carcinogenic arsenic [81]. Exposure to arsenic during pregnancy is linked to fetal loss
and birth weight, and the cancer effects for children can manifest even several years after
birth [82].

5. Conclusions

e Most of the canned tuna samples were incompletely labeled (68.75%). A correct label
is mandatory for responsible consumption and sustainable exploitation.

e All the canned tuna from this study, except samples from Thunnus 71, surpassed the
safety standard levels of TTHQ under the consumption rate of 482g per week, which
represents a risk to human health.

e The carcinogenic risk (CRlim) for arsenic in all cans and the carcinogenic chromium
for three cans (samples 15, 23, and 79) surpassed the safety limits for all scenarios
proposed in this study, which represents a high risk for human health.

e  Stricter control measures and concentration monitoring of arsenic are needed to en-
sure food safety.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr11030824/s1. Table S1: General information about sam-
ples. Table S2: BLAST algorithm output for species identification. Table S3: Mean concentration of
heavy metals for each sample. Table S4: Mean and standard deviations of heavy metal concentra-
tions (ug/kg), EWIs (ug/kg/day), TTHQs, TTHQs, CRlims (kg/day), and carcinogenic CRlims
(kg/day) of each heavy metals for each population. Table S5: Information about the combination of
populations for the statistical analysis. Figure S1. Mann-Whitney test results of the concentration of
each heavy metal (ug/kg) for all populations studied.
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