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Introduction: The level of essential minerals in meat is an important factor 
in human nutrition and health. Meat from responsibly managed wildlife is an 
alternative raw material with considerable nutritional benefits. Meat from 
hunted animals has essential and non-essential elements for the human body. 
It is important to carefully monitor the levels of heavy metals accumulated 
in the tissues of hunted animals in polluted areas to ensure food safety and 
environmental contamination. High levels of heavy metals in food and the 
environment can pose a danger to human health.

Methods: The study aims to investigate the levels of essential mineral elements 
and heavy metals in the muscle tissue and organs of wild boar harvested through 
the herd density control plan over the last decade in north-eastern Romania.

Results and discussion: The statistical analysis indicates that the age of 
the animals had a significant impact on Fe, Cu, and Zn levels in Longissimus 
lumborum. In the kidney a highly significant difference in Fe content by sex, with 
males showing higher values than females. The sex was shown to significantly 
influence the Mg levels. However, there are concerns about the accumulation 
of heavy metals such as Lead (Pb) and Cadmium (Cd), which may hurt the 
health of game meat consumers in the study area. Cd level it shows significant 
differences according to both age and sex, with higher concentrations in adults 
and males. Statistical analysis shows a negative correlation between Fe and 
Zn concentrations in muscle samples, while a positive correlation was found 
between Fe and Mn in kidney samples. There was also a positive association 
between Zn and Cu in muscle samples, but a negative association in kidney 
samples. Principal component analysis shows significant variation in essential 
element and heavy metals data between muscle and kidney samples. The 
loading plot shows a direct correlation between Pb and Cu and between Pb 
and Cd. However, an opposite correlation also is observed between Cu and 
Mg, Cd and Mg, and Pb and Mg. HQ (Hazard Quotient) for children compared 
to adults indicates a potentially higher risk associated with meat consumption 
among children because children are more vulnerable than adults. We report 
for the first time, to the best authors’ knowledge, various levels of essential 
minerals and exceeded maximum admitted level of heavy metals in the muscle 
tissues and kidneys of Sus scrofa ferus from Romania intended for human 
consumption, moreover, our findings highlight the need for strict monitoring 
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and implementation of appropriate corrective measures, given the significant 
percentages of muscle and kidney samples exceeding the allowable limits for 
two of the most common toxic metals in the environment.
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microminerals, macrominerals, game meat, heavy metals, health risk

1 Introduction

The recent studies focused on consumer perceptions and on their 
attitudes toward game meat have confirmed the growing interest in 
the product consumption and its positive characteristics, which meet 
consumers ‘need for healthy foods with a rich nutritional profile. 
Furthermore, the game meat contains bioactive compounds that 
directly influence the formation of a rich reservoir of flavor precursors 
that in turns result in specific sensory properties (Ciobanu et  al., 
2023). Game meat has a complete nutritional profile (Corradini et al., 
2022; Frunză et al., 2023). In his study (Quaresma et al., 2011) it was 
found that an increased level of vitamin E in Sus scrofa muscle 
provides antioxidant protection for maintaining oxidative stability of 
the meat post-mortem. The outstanding value of wild boar meat 
seems to be its mineral content, especially iron (Fe) and zinc (Zn; 
Skobrák et al., 2011). Some nutrient deficiencies can affect the proper 
functioning of the whole body (Bourre, 2006). It is known that 
essential elements with well-defined physiological functions, including 
Magnesium (Mg), Manganese (Mn), Zinc (Zn), Copper (Cu), and 
Iron (Fe), are much more bioavailable in meat than in plant resources. 
The concentration of minerals in animal tissue can vary according to 
species, age, diet, and other environmental factors (Ribeiro et al., 2019; 
Murariu et al., 2023). Moreover, the absorption of a particular element 
may depend on the presence of minerals in the body. In particular, Zn 
and Cu can interact with each other in the absorption process 
(Dervilly-Pinel et al., 2017). Mg functions as a cofactor or activator for 
many critical enzymes involved in adenosine triphosphate (ATP) 
synthesis reactions, thus providing the energy required in all major 
metabolic pathways (Guo et al., 2003). Mg exhibits immune functions 
of the major histocompatibility complex (Tam et al., 2003; Alghamdi 
et  al., 2023). Mn is an essential nutrient involved in intracellular 
activities, acting as a co-factor for various enzymes, including arginase, 
glutamine synthase (GS) and superoxide dismutase (SOD). Through 
these metalloproteins, manganese plays a crucial role in several 
processes like development, digestion, reproduction, antioxidant 
defense, energy production, immune response, and regulation of 
neuronal activities (Chen et al., 2018). Zn performs multiple roles 
throughout the body, acting as a regulator of molecular structure for 
various subcellular constituents and participating in the activity of 
various enzymes (Mehri, 2020). Fe is considered the essential element 
in the composition of myoglobin, a protein that supplies oxygen to 
muscles. It is indispensable for regular cell growth, development, and 
of hormones function, and connective tissue (Al-Fartusie and 
Mohssan, 2017). Haem forms covalent bonds with the protein globin 
to form hemoglobin, the main oxygen-carrying protein in mammalian 
red blood cells (Bhattacharya et al., 2016). Cu absorbed from food 
freely binds to plasma albumin and blood amino acids and next, in the 
liver, is incorporated in the copper-containing protein ceruloplasmin. 
Copper absorption occurs by active transport at lower levels of dietary 

copper and passive diffusion at high levels of dietary copper 
(Mehri, 2020).

Both humans and animals are subject to similar environmental 
pressures (Pereira and Vicente, 2013). As a result of the increased 
disruption of natural ecosystem functions, recent policy linkages have 
focused on the correlations between environmental conditions and 
food security on the welfare of animal resources, the quality of 
production offered and consumer safety (Matei et al., 2023). The heavy 
metals, such as Lead (Pb) and Cadmium (Cd) in particular, are often 
transported over long distances as fine particles by wind (Ciobanu 
et al., 2020). These toxic elements can enter the body via three different 
routes: ingestion, inhalation, and dermal absorption (Bodor et al., 
2021). The number of reports on the chemical toxicology of heavy 
metals released into the environment from natural and anthropogenic 
sources has been constantly growing. These metals produce behavioral 
changes by altering the metabolism of neurotransmitters, especially 
catecholamines (Shukla and Singhal, 1984). Cadmium and Lead 
interact with the thiol group (mercapto-), chelating structures 
containing this ligand in biomolecules. Enzymes with a dithiol 
configuration in their active site are sensitive to the action of these 
heavy metals. The mercapto ligand appears to manifest a preference 
for polarizable metal ions, playing a role in the evolved defense 
mechanisms against these heavy metals. Glutathione, a ubiquitous 
tripeptide, offers potent protection for intracellular structures by 
chelating and sequestering metal ions. Similarly, the metallothionein 
protein, which contains a significant amount of cysteine, facilitates 
efficient metal sequestration within the cell, thereby contributing to 
the evolution of cellular tolerance to toxic metal ions (Kaczor-
Kamińska et al., 2020). Numerous studies have reported that game 
meat may be  contaminated with heavy metals and metalloids if 
harvested animals live in anthropogenically polluted areas or if the 
ammunition used damages the carcass (Srebočan et al., 2011; Taggart 
et al., 2011; Florijancic et al., 2015; Roslewska et al., 2016; Gerofke 
et al., 2019). Emerging research methods based on indicator species 
for heavy metals detection provide the most reliable data for 
monitoring the biological environment. In this respect, it has been 
reported that some species of Cervus elaphus L. and Sus scrofa 
harvested from a mine vicinity were found to contain more Pb in their 
bones than in their livers, indicating long-term exposure to Pb 
(Reglero et al., 2009). Some authors suggest that the kidneys are the 
most suitable target organs for testing accumulated heavy metals from 
the environment. Kidneys during harvesting are less likely to 
be contaminated or destroyed by bullets as opposed to the liver (Gall 
et al., 2015).

This work aimed to establish the level of the main mineral 
elements and heavy metals in the Longissimus lumborum muscle and 
kidneys from Sus scrofa ferus hunted between 2010 and 2021  in 
North-Eastern Romania, by controlling the environment and food 
resources. The animals were not strictly intended for the study, by the 
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annual responsible wildlife management plan, the hunting fund 
administrator authorized the collection of samples for scientific 
purposes from deceased animals obtained in accordance with 
Romanian hunting regulations.

2 Materials and methods

2.1 Location of the study and sampling 
method

In order to control the herd density in the hunting region of Frasin 
District, Suceava County, located in North-Eastern Romania 
(Figure 1), a total of 124 wild boars (Sus scrofa ferus; 16 females and 
108 males) were harvested during the 2010–2021 (winter) hunting 
seasons, in accordance with the national game, hunting, and wildlife 
management in Romania (Legea Vânătorii și a Protecției Fondului 
Cinegetic nr. 407/2006, 2010). The growth of wild boar was related to 
environmental conditions and food availability during the year 
(Postolache et al., 2015). Due to the limited feed supply during the 
cold winter months, supplementary feed was provided as concentrates 
and succulent forms (cereal grains, seeds, fresh fruit, red beets, 
turnips, potatoes, and carrots) in an average amount of 85.5 kg/
animal/year between 1 November and 31 March each year.

2.2 Sample preparation

Animals were shot in the morning, and the health inspection was 
carried out in the afternoon in open environment (at the evisceration 
control point) at an average outside temperature between −5°C 
and − 15°C. Those shots in the upper right thigh were eliminated from 
the study. Animal age was calculated using dental eruption, which 
takes over 26 months to complete, replace, and wear patterns (Sáez-
Royuela et al., 1989). After health inspection (Regulation (EC) no. 

853/2004 of the European Parliament and of the Council, 2004) within 
the first 24 h postmortem, muscle, and kidney samples identified by 
sex and age class were collected, sealed in sterile bags, and transported 
to the laboratory under refrigerated conditions (0–4°C), cut from 
connective and adipose tissues, vacuum packed, and frozen at −20°C 
until analysis.

2.3 Elemental analysis

The processing of the samples and the method of determining the 
mineral elements were performed in accordance with the legislation 
(Standard European, 2002; European Committee for Standardization, 
2003; European Commission, 2006). After cooling, ultrapure water 
and hydrochloric acid 6 N (Merck, Darmstadt, Germany) were added 
over the ash to dissolve it. The final residue was dissolved with 1 mL 
HCl 6 M and 10 mL ultrapure water. The obtained solution was filtered 
through a filter paper Whatman no. 1 and quantitatively transferred 
into a 50 mL plastic flask.

The calibration curves for the metals and essential minerals were:

Element Calibration curves

Pb 2; 6; 10; 14; 16 mg/kg la λ = 217 nm

Cd 0,4; 0,8; 1; 1,5; 2 mg/kg la λ = 228,8 nm

Cu 1; 2; 3; 5 mg/kg la λ = 324,7 nm

Zn 0,5; 0,8; 1,2; 1,2; 1. 5 mg/kg la 

λ = 231,9 nm

Mn 0,25; 0,5; 0,75; 1; 1,5 mg/kg la 

λ = 280,1 nm

Mg 0,1; 0,2; 0,2; 0,3; 0,4; 0,5 mg/kg la 

λ = 202,6 nm

Fe 1; 2; 3; 5; 5 mg/kg la λ = 372 nm

FIGURE 1

The geographical origin of the samples used in the study depicting Suceava County, Frasin hunting area.
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The concentrations were determined by AA-6300 atomic 
absorption spectrophotometer (manufacturer: Shimadzu Corporation, 
Kyoto, Japan; Nunes et al., 2011) as follows: the obtained solutions 
were pulverized in the air-acetylene flame and the absorbance was 
registered at the characteristic wavelength for each studied element. 
The final results were calculated considering the dilution made and 
the initial amount of sample and were expressed in mg kg−1 w.w. 
(Gimou et al., 2014; Babicz and Kasprzyk, 2019).

2.4 Health risk assessment

Through the process of assessing and managing the risk associated 
with the consumption of wild boar meat in mountain areas in terms 
of the presence of toxic metals, the Estimated Daily Intake (EDI) and 
Hazard Quotient (HQ) have been calculated. These tools provide a 
useful framework for estimating and assessing exposure to heavy 
metals and the risk to human health associated with the consumption 
of wild boar meat. By applying these methods, the aim is to identify 
and assess potential health risks to consumers and to develop 
appropriate management and prevention strategies (Doménech and 
Martorell, 2024; Zeng et al., 2024).

EDI calculation was performed taking into account the element 
content (g) found in meat/kidney samples (C), the exposure frequency 
(days/year), using the Eq. [1]:

 
EDI C x EF x ED x LC

BW xT
mg kg day= [ ]: / /1000

 
(1)

was taken into consideration the following aspects: where C is the 
element content (_g/g), EF is the exposure frequency (days/year), ED 
is the duration of exposure (70 years for adults, 6 years for children), 
LC is the liver consumption (g), BW is the average body weight (70 kg 
for adults, 20 kg for children), and T is the average exposure time 
(365_ED; Kasprzyk et al., 2020; Pogurschi et al., 2023).

After the EDI calculation, the Hazard Quotient (HQ) was 
estimated using the calculation formula:

The risk values were calculated using the Eq. [2]:

 
HQ EDI

RfD
=

 
(2)

where EDI is the Estimated Daily Intake (mg/kg b. w./day) and Rf 
D is the Reference Dose (Mohamed et al., 2017; Pilarczyk et al., 2020).

According to the frequency they consumed meat or kidney, 
the customers were divided into the following three main 
categories: those who consume wild boar meat or kidney regularly 
(90 times a year), those who consume on an infrequent basis (12 
times a year), and individuals who consume meat or kidney on an 
as-needed basis (two times a year). It was predicted that an adult 
would consume 138.4 g of meat or kidney while young would 
consume 111.2 g. Based on the concentrations of certain 
substances that were found in the meat and kidney, an evaluation 
of the possible health risk (HQ) to consumers was carried out 
(Kasprzyk et al., 2020).

The hazard index (HI) is determined by adding up the Hazard 
Quotient (HQ) values. If the HQ value is below 1, it suggests that the 
exposed population is unlikely to face any adverse health risks. 

However, if the HQ surpasses 1, there could be potential concerns 
regarding non-cancerous effects (Pogurschi et al., 2023).

2.5 Statistical analysis

Statistical analyses were performed using the SPSS v.20 software 
package (SPSS Inc., Chicago, IL, United States). Using a specific test, 
the normality of the data was verified. Two-way analysis of variance 
(ANOVA) was used to investigate the effects of age and gender and 
their interaction on the traits analyzed. Principal component analysis 
(PCA) to extract significant components and associated loadings. 
Spearman’s correlation was also used to analyze the association 
between variables.

3 Results and discussion

3.1 Elemental analysis

This investigation is the first comprehensive 10-year assessment 
of the mineral content in wild boars hunted in a mountainous region 
of North-Eastern Romania. In Table 1, the level of each element (mg 
g−1 w. w.) obtained from muscle tissue (Longissimus lumborum) for 
each gender and age category are described.

According to Table  1 data, a detailed picture of the mineral 
content in wild boar carcasses is described, in a direct correlation 
manner to the age-and sex-specific variations. The statistical analysis 
indicates that the age of the animals had a significant impact on Fe 
(*p < 0.05), Cu (*p < 0.05), and Zn (**p < 0.01) level. However, the 
adult and juvenile males showed higher levels of Fe, Cu, and Zn when 
compared to females. Additionally, no significant effect of age on Mn 
level was noted, although there was a trend toward higher 
concentration in muscle samples of males. According to Draghi et al. 
(2024), adult wild boar showed higher levels of Mn. As regards Mg 
content by sex, significant differences were found (*p  < 0.05). 
Regarding the Pb level, no statistically significant differences among 
the analyzed batches were found, although increased levels were found 
in male adults. It is noteworthy to mention that the maximum 
permissible level of Pb is 0.1 mg/kg wet weight, according to 
Commission Regulation (EC) (n.d.). As for Cd level, it shows 
significant differences according to both age and sex, with higher 
concentrations in adults and males. However, Cd levels are under the 
maximum admitted level. Malmsten et al. (2021) confirmed that age 
was significantly associated with Cd concentration.

Further, in Table  2, the level of each element (mg g−1w.w.) 
determined from kidneys for each gender and age category 
is described.

Interestingly, according to the age, significant differences in the 
essential element levels monitored in the kidneys were observed for 
Fe (*p < 0.05), Mg (***p < 0.001), Cu (**p < 0.01), and Zn (*p < 0.05). 
Both females and adult males showed higher levels of Fe, Mn, Mg, Cu, 
and Zn compared to juvenile females and males. Moreover, a highly 
significant difference in Fe content by sex (***p < 0.001), with males 
showing higher values than females. Furthermore, sex was shown to 
significantly influence (*p < 0.05) the Mg levels. Statistical analysis 
showed that sex had no significant effect on Cu and Zn levels in the 
kidneys analyzed in the present study As for Mn, no influence of age 
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and sex on content was observed. Concerning Cd level, a highly 
statistically significant difference (***p < 0.001) was recorded between 
the analyzed groups, with higher values in adults compared to 
juveniles. The study by Bąkowska et al. (2024) reported elevated Cd 
values in the organs of wild animals, which included wild boars, but 
notes that cadmium levels were found to vary by geographical 
location. Cadmium levels showed significant differences both 
according to age and sex, with higher concentrations in adults and 
males. No statistically significant differences in Pb content were 
observed between the batches analyzed, although higher values were 
recorded in adults.

Regarding the Pb content, 19.44% of muscle samples from 
juveniles exceed the admitted limits, compared to 31.81% samples 
coming from adult wild boar (Table 3). In the study by Lénárt et al. 
(2023) the consumption of wild boar muscle poses a risk to the 
consumer due to lead content above the legal tolerable limits. The 
highest percentage of kidney samples exceeding the maximum 
admitted lead limit was recorded in adults (57.95%; Table  3). 
Regarding the Cd level, 55.55% of muscle samples from juveniles 
exceed the admitted value. In adults, 54.27% of muscle samples exceed 
the Cd level, while 45.45% of kidney samples showed higher values 
than the admitted limits. Overall, 28.23% of muscle samples and 
46.77% of kidney samples exceed the Pb limit. For Cd, 53.23% of 
muscle samples and 32.26% of kidney samples reached the maximum 
threshold. Considering these data, it can be  stated that lead and 
cadmium levels in meat and kidney are significantly higher in adults 
than in juveniles.

3.1.1 Correlation matrix analysis
In our research, we performed a correlation matrix analysis using 

Spearman correlation coefficient for Fe, Mn, Mg, Cu, Zn, Pb, and Cd 
variables in the studied samples as shown in Figure 2. With respect to, 
Fe-Zn levels, a significant negative correlation in kidney samples from 
juvenile males was identified. In multicellular organisms, Zn is 
predominantly found inside cells, with approximately 40% in the 
nucleus, 50% in the cytoplasm, organelles, and specialized vesicles, 
while the rest in is found in cell membranes (Stefanidou et al., 2006). 
In this research performed on muscle in juvenile females, a negative 
correlation between Fe and Zn content was observed. Studies have 
shown that increased iron uptake influences zinc transporter levels 
differently, impacting zinc availability in the body (Olivares et al., 
2007). Hepcidin, an essential regulator of iron metabolism, functions 
to restrict access to iron stores in the body by sequestering it in 
macrophages. Evidence suggests that this systemic regulator of Fe 
homeostasis is also affected by Zn levels. A Zn deficiency is responsible 
for hepcidin over-expression, and Zn supplementation may reduce 
hepcidin production, leading to increased iron absorption (Bjørklund 
et al., 2017). Studies in Caco-2 cells have shown that their exposure to 
increased Zn concentrations significantly impairs Fe uptake (Iyengar 
et al., 2009).

In kidney samples from juvenile and adult females, a positive 
relationship between Fe and Mn content was demonstrated. This 
correlation is observed in females, while in the case of males, it was 
shown to be absent. Mn is an essential cofactor for various enzymes 
involved in cellular signal transduction (Roth and Garrick, 2003). In 

TABLE 1 Level of essential minerals and heavy metals (mg g-1 w.w.) in muscle tissue (Longissimus lumborum) from wild boars.

Sex Age Stats Fe Mn Mg Cu Znab Pbcx Cddx

Female Adults

N = 8

min 13.2931 1.2764 335.2521 1.2391 26.2228 0.0635 0.0313

max 64.3079 3.7778 426.1579 4.2966 48.782 0.152 0.0684

mean 35.706 2.5557 375.3021 2.8993 36.3064 0.1008 0.0514

SEM 7.1768 0.3342 11.8457 0.387 3.0927 0.0126 0.0049

Juveniles

N = 8

min 21.6614 1.5811 253.6552 0.5869 12.0956 0.0222 0.0163

max 46.3114 3.1576 440.4337 3.361 48.2276 0.1396 0.0824

mean 32.7159 2.0233 345.4556 1.7589 29.9873 0.0629 0.0332

SEM 2.6087 0.1797 26.2126 0.3201 4.6771 0.0167 0.008

Male Adults

N = 80

min 13.8337 0.9345 301.4244 1.0896 13.1387 0.0248 0.0103

max 86.1098 4.4618 616.7788 5.3668 69.1844 0.302 0.098

mean 46.9001 2.9531 466.6579 3.3409 39.1377 0.1018 0.0545

SEM 2.1002 0.105 9.5646 0.1209 1.3472 0.0069 0.0026

Juveniles

N = 28

min 10.6636 1.2697 103.1993 0.986 9.484 0.0227 0.0308

max 60.3102 3.7659 494.1511 3.7534 43.4989 0.1787 0.055

mean 33.0989 2.6539 330.4337 1.9283 31.0078 0.07 0.0473

SEM 3.0605 0.1764 24.0143 0.1631 1.794 0.007 0.0017

Shapiro Wilks Normality Test W 0.9657 0.9578 0.956 0.9639 0.9838 0.8332 0.9746

p-value 0.003 7.00E-04 0.0005 0.0021 0.146 1.57E-10 1.94E-02

t-test, by Agea p-value 0.0465* 0.8743 0.1202 0.0419* 0.0042** 0.1756 0.0008 ***

t-test, by Sexb p-value 0.1211 0.1688 0.0330* 0.8041 0.3037 0.8242 0.9334

aKruskal-Wallis Test - Zn by age; bKruskal-Wallis Test - Zn by sex; xML - Commission Regulation (EC) No 1881/2006 for setting maximum levels for certain contaminants in foodstuffs 
[muscle (max. Pb 0.1, max. Cd 0.05) mg kg-1 of wet wt] Signif. codes: ***p < 0.001; **p < 0.01; *p < 0.05.
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all muscle analyses from this study, both from females, adults, and 
juveniles, and from males, adults, and juveniles, a positive association 
between Zn and Cu content was observed, while in kidney the analysis 
revealed a negative association. It appears that the zinc-copper 
interaction most likely occurs at the level of the absorption process. 
According to Sandström (2001), within the usual range of dietary zinc 
intake, Cu is decreasing only slightly when higher zinc levels are 
occurring. Zinc, inducing intestinal metallothionein, inhibits the 
absorption of Cu from food and prevents reabsorption of 
endogenously secreted Cu, thus producing a negative Cu imbalance, 
as is seen in Wilson’s disease (Brewer et al., 1985). In recent years, the 
risk contamination of meat with heavy metals has been of great 
concern for both food safety and human health because of their 
toxicity, bioaccumulation and biomagnification in the food chain 
(Akele et al., 2022). Heavy metal (Cd, Pb) contamination of game 
meat is a potential hazard to human health and undermines global 
food security. In the field of toxicology, the assessment of exposure to 
heavy metals is predominantly carried out by analyzing the 
accumulation of these elements in tissues and organs of living 
organisms (Cygan-Szczegielniak and Stasiak, 2022). The 
bioaccumulation process of heavy metals can be passive or selective, 
and differences in this process can result in variations in absorption, 
digestion or both. In this study, the kidney samples from juvenile 
females showed a positive association between Pb and Fe. A similar 
correlation was noted in muscle tissue tests performed on juvenile 
males. A Fe deficiency leads to an increase in blood Pb concentration, 
while the excess of lead increases iron and copper excretion in the 

urine. Lead also inhibits the synthesis of ceruloplasmin, an aspect 
involved in Fe and Cu metabolism (Długaszek, 2019). The 
investigations performed on kidney samples from juvenile males 
demonstrated a negative correlation between Cd and Zn. Cadmium 
toxicity is historically associated with Zn homeostasis and oxidative 
stress in mammalian cells. This association is often explained by the 
protection provided by Zn against the harmful effects of Cd exposure 
(Moulis, 2010). Cadmium is absorbed in the small intestine by 
mechanisms similar to those of essential elements such as Ca, Fe, Cu, 
and Zn (Brzóska and Moniuszko-Jakoniuk, 2001).

3.1.2 Principal component analysis
Principal component analysis (PCA) is a useful tool for evaluation 

of the mineral and heavy metal content in the analyzed samples. The 
biplot obtained from this analysis illustrates the two dimensions of the 
PCA model, constructed based on concentrations of essential minerals 
and heavy metals in muscle tissue and kidneys from Sus scrofa ferus, 
as shown in Figure 3.

Figure  3 highlights a distinct separation between the studied 
samples, where essential elements and associated heavy metals are 
represented as vectors. PCA showing a 57.9% of the variance in the 
essential element and heavy metals data between muscle and kidney 
samples is explained by the first two dimensions (dimension 1 and 
dimension 2). The biplots illustrate the relationship between PCA 
scores associated with muscle (marked in yellow) and kidney (marked 
in blue) samples. In detail, the variable loadings in the two dimensions 
of Figure 3 show that positive loadings on the dim1 ax-is are associated 

TABLE 2 Level of essential minerals and heavy metals (mg g-1 w.w.) in kidneys from wild boars.

Sex Age Stats Fe Mn Mg Cu Znab Pbcx Cddx

Female Adults

N = 8

min 40.0476 1.8349 186.0025 1.4726 25.0575 0.2359 0.5145

max 79.4794 5.3164 252.4704 7.4307 47.9252 0.7684 1.4927

mean 66.6578 2.8939 224.7443 4.0076 34.032 0.4627 0.992

SEM 4.6511 0.4295 7.458 0.7855 2.8487 0.0725 0.1064

Juveniles

N = 8

min 51.0496 1.2874 90.9813 1.9176 16.6097 0.0264 0.1135

max 79.5122 3.8569 362.2518 8.2198 52.6 0.7568 0.8645

mean 63.9826 2.4118 197.0344 3.7532 23.5725 0.2376 0.4116

SEM 3.3783 0.2731 35.8439 0.6936 4.2123 0.0944 0.0936

Male Adults

N = 80

min 33.317 2.2089 195.6934 4.0086 6.3917 0.0993 0.2368

max 147.4928 4.5931 422.4966 11.9068 62.7197 0.9251 1.9887

mean 84.435 3.1783 231.7292 6.98 32.8856 0.5347 1.0022

SEM 3.493 0.0755 4.1012 0.2542 1.5415 0.0283 0.0561

Juveniles

N = 28

min 36.3184 0.8731 60.6061 1.5534 6.4096 0.0243 0.176

max 143.3688 4.1373 390.2499 4.8123 43.6036 0.81 0.8633

mean 77.7436 2.7211 205.2575 3.1485 28.6657 0.2418 0.4201

SEM 4.9811 0.179 14.8962 0.1969 1.8388 0.0513 0.0357

Shapiro Wilks Normality Test W 0.9614 0.9713 0.8768 0.9543 0.9856 0.938 0.9236

p-value 0.0013 0.0097 1.00E-08 4.00E-04 0.2155 2.34E-05 2.84E-06

t-test, by Agea p-value 0.0181* 0.0568 1.5952E-09*** 0.0012** 0.0421* 0.8272 1.3028E-08***

t-test, by Sexb p-value 0.0004 *** 0.5478 0.0444* 0.2462 0.2449 0.412 0.2542

aKruskal-Wallis Test - Zn by age; bKruskal-Wallis Test - Zn by sex; xML - Commission Regulation (EC) No 1881/2006 for setting maximum levels for certain contaminants in foodstuffs [kidney 
(max. Pb 0.5, max. Cd 1.0) mg kg-1 of wet wt] Signif. codes: ***p < 0.001; **p < 0.01; *p < 0.05.
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with Mg. The charge plot shows a direct correlation between Pb and 
Cu as well as between Pb and Cd. However, an opposite correlation is 
also observed between Cu and Mg, Cd and Mg, and Pb and Mg. 
Kidney samples (marked in blue) are grouped closer to the Pb and Cd 
variables, suggesting their higher concentrations in all samples. In 
contrast, muscle clusters are placed near the negative side of dimension 
1 and close to the Mg variable, indicating higher Mg levels and lower 
Cd levels than recorded in most samples. Mg is an essential activator 
for the phosphate transfer enzymes myokinase, diphosphopyridine 
nucleotide kinase, and creatine kinase. Mg is absorbed in the intestines 

and then transported through the blood to cells and tissues (Soetan 
et al., 2010). For instance, the effects of low and high extracellular Mg 
in C2C12 myogenic differentiation have been studied. 
Non-physiological Mg concentrations induce oxidative stress in 
myoblasts. The increase in reactive oxygen species, which occurs early 
in the differentiation process, inhibits myoblast membrane fusion, 
affecting myogenesis. Therefore, proper Mg homeostasis, maintained 
by correct dietary intake, is essential for ensuring the regenerative 
capacity of skeletal muscle fibers (Zocchi et  al., 2021). Dietary 
supplementation with magnesium oxide (MgO) can improve 

TABLE 3 Mean kidney/muscle concentrations (mg g-1 w.w.) of minerals Pb and Cd in Romanian wild boars and percentage of samples exceeding 
admitted maximum levels (ML for Pb and Cd) Mean ± std. dev.

Animals 
age 
category

Element Longissimus lumborum Kidney

Mean  ±  std. 
dev.

Range % over 
permitted 

values

% 
deficient 

levels

Mean  ±  std. 
dev.

Range % over 
permitted 

values

% 
deficient 

levels

Juveniles

Pb 0.068 ± 0.038
0.022–

0.179
19.44% 0.241 ± 0.263

0.024–

0.81
19.44%

Cd 0.044 ± 0.014
0.016–

0.08282
55.55% 0.418 ± 0.201

0.113–

0.864
0%

Fe 33.014 ± 14.398
10.664–

60.31
30.55% 74.6856 ± 23.907

36.318–

143.369
11.11%

Mn 2.514 ± 0.879
1.270–

3.766
0% 2.652 ± 0.898

0.873–

4.137
0%

Cu 1.891 ± 0.850
0.587–

3.753
0% 3.283 ± 1.275

1.553–

8.22
72.22%

Zn 30.781 ± 10.089
9.484–

48.227
22% 27.534 ± 10.153

6.409–

52.6
11.11%

Adults

Pb 0.102 ± 0.059
0.025–

0.302
31.81% 0.528 ± 0.247

0.099–

0.925
57.95%

Cd 0.542 ± 0.022
0.010–

0.980
52.27% 1.001 ± 0.483

0.237–

1.989
45.45%

Fe 45.882 ± 18.971
13.293–

86.110
12.50% 82.819 ± 30.267

33.317–

147.493
17.04%

Mn 2.917 ± 0.936
0.935–

4.462
0% 3.152 ± 0.731

1.835–

5.316
0%

Cu 3.301 ± 1.077
1.090–

5.367
0% 6.710 ± 2.400

1.473–

11.907
4.54%

Zn 38.880 ± 11.709
13.139–

69.184
4.54% 32.990 ± 13.263

6.392–

62.720
10.22%

Overall

Pb 0.092 ± 0.056
0.022–

0.302
28.23% 0.444 ± 0.284

0.024–

0.925
46.77%

Cd 0.051 ± 0.021
0.010–

0.098
53.23% 0.832 ± 0.497

0.113–

1.988
32.26%

Fe 42.146 ± 18.701
10.664–

86.110
17.74% 80.458 ± 0.938

33.317–

147.493
15.32%

Mn 2.800 ± 0.938
0.934–

4.462
0% 3.007 ± 0.815

0.873–

5.316
0%

Cu 2.891 ± 1.202
0.587–

5.367
0% 5.715 ± 2.642

1.473–

11.907
24.19%

Zn 36.529 ± 11.848
9.484–

11.848
9.67% 31.406 ± 12.685

6.392–

62.720
10.48%
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parameters of muscle energy metabolism, Ca2+ uptake, and meat 
quality (Lahucky et al., 2004). Wildlife can ingest substantial amounts 
of soil during feeding. Soil ingestion also is known to be important for 
animals as a nutrient supply (Beyer et al., 1994; Topa et al., 2021). 
Mineral components in the animal body exhibit different grades of 
synergistic or antagonistic interactions to maintain homeostasis (Lall 
and Kaushik, 2021).

3.2 Health risk assessment

The highest HQ values were observed in the “HI” rows for adults 
and children as follow: 0.248611 (90 times/year) for adult meat 
consumption, while for children; 0.43507 (90 times/year) for adult 
meat consumption (Tables 4, 5).

These values indicate the level of potential hazard associated with 
meat consumption and are expressed as a ratio of the concentration 
of the chemical (in this case, metals) to the reference level for that 
chemical. Higher values indicate a higher risk. Children are more 

vulnerable than adults to the acute and chronic effects of heavy metal 
intake because they consume twice as much food per unit of body 
weight (Zeinali et al., 2019). Fe concentrations are higher in adults 
compared to children, for all levels of meat consumption. Mn shows 
a similar pattern, with higher values in adults. Cu concentrations are 
also higher in adults for all levels of meat consumption. Zn 
concentrations follow the same pattern, with higher levels in adults. 
Pb concentrations are low, but slightly higher in adults. Cd 
concentrations are higher in adults compared to children. HI values 
increase with higher meat consumption and are generally higher for 
adults compared to children. Overall, health risk (HI) tends to 
be  higher for adults across all elements and frequency of meat 
consumption. Consumption of these heavy metals through edible 
organs and meat over a long period might lead to toxicity due to the 
accumulative characteristics of these metals inside the body. Therefore, 
it is necessary to monitor these heavy metal residues in the meat, liver, 
and kidney of these food animals (Zeinali et al., 2019). Cd toxicity 
occurs mainly through ingestion of contaminated food and results in 
acute gastrointestinal disorder with diarrhea and vomiting. Long-term 

FIGURE 2

Correlation matrix analysis using Spearman’s correlation coefficient for the variables Fe, Mn, Mg, Cu, Zn, Pb and Cd in kidney samples from juvenile and 
adult females, juvenile and adult males, and from Longissimus lumborum samples from juvenile and adult females, juvenile and adult males.

FIGURE 3

The PCA biplot represents the distribution of loadings for essential elements and heavy metals and the scores for the samples analyzed. This plot 
captures 57.9% of the variability in the dataset, with Dimension 1 contributing 42.1% and Dimension 2 15.8%.
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exposure was associated with calcium disorders, and osteoporosis, 
especially in postmenopausal women (Aendo et al., 2019). Kasprzyk 
et al. (2020) found elevated levels of Cd and Pb in wild boar liver. 
According to Bilandžić et al. (2010) research, wild boars in Croatia 
roaming freely in hunting areas were confirmed to be contaminated 
with Cd and Pb, highlighting the importance of identifying sources of 
contamination in animals and intensifying meat control as well. 
According to Pilarczyk et al. (2020), understanding the concentration 
of heavy metals in the organs of game animals allows indirect 
assessment of the contaminated environment. It also permits the 
determination of the potential risk to consumer health from 
consuming too high doses of some toxic elements, including Pb and 
Cd. Moreover, same authors (Pilarczyk et al., 2020) also observed 
exceedances of the permissible limits for Cd in wild boar muscle, but 
none of the hazard or health impact indicators (HQ or HI) exceeded 
1, indicating a low probability of adverse effects associated with game 
meat consumption.

Various authors such as Babicz and Kasprzyk (2019) and Strazdiņa 
et al. (2013), together with Macháčková et al. (2021), confirm that wild 
boar meat can be  a nutritionally excellent option, being rich in 
proteins, vitamins, and minerals essential for overall health to obtain 
the nutritional benefits of wild boar meat and to reduce the risk of 
exposure to heavy metals, consumers should choose reliable wild meat 
sources and include variety in their diet without over-consuming wild 
boar meat or any other type of meat.

4 Conclusion

Meat from the managed game is an alternative food source with 
considerable nutritional benefits. Careful monitoring of heavy 
metals content in meat, including wild boar meat, is essential to 
ensure food safety. Heavy metals such as lead and cadmium may 
contaminate the meat, posing a significant risk to human health. 
These metals have the potential to cause harmful effects on the 
nervous system, kidneys, and other vital organs. The research 
results provide a detailed insight into the mineral content of wild 
boar carcasses, highlighting age-and sex-specific variations. 
Statistical analyses reveal the significant impact of animal age on Fe, 
Cu, and Zn content in muscle samples, as for the other minerals in 
kidney samples. Regarding heavy metals content, the results 
indicate a significant concern. The high percentages of muscle and 
kidney samples exceeding the permitted limits for these metals 
underline the need for strict monitoring and appropriate corrective 
measures. Higher HQ (Hazard Quotient) for children compared to 
adults indicates a potentially higher risk associated with meat 
consumption among children. These findings underline the need to 
pay more attention to the impact of meat consumption on children’s 
health, as well as on adults, and the need to apply measures to 
minimize their exposure to hazardous chemicals that may 
be present in meat. It is essential to develop and implement safe and 
healthy food policies and practices to protect the health and well-
being of consumers. It is recommended that transparent and 
accessible information on food safety and guidelines for the 
consumption of wild boar meat from polluted areas be provided. 
Extensive research and consumer education campaigns are needed 
on the benefits and risks associated with the consumption of wild 
boar meat and ways to reduce exposure to toxic substances.T
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