
Citation: Dehelean, A.; Feher, I.;

Romulus, P.; Magdas, D.A.; Covaciu,

F.-D.; Kasza, A.M.; Curean, V.;

Cristea, G. Influence of Geographical

Origin on Isotopic and Elemental

Compositions of Pork Meat. Foods

2023, 12, 4271. https://doi.org/

10.3390/foods12234271

Academic Editor: Yi Chen

Received: 5 November 2023

Revised: 16 November 2023

Accepted: 24 November 2023

Published: 26 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Influence of Geographical Origin on Isotopic and Elemental
Compositions of Pork Meat
Adriana Dehelean 1, Ioana Feher 1 , Puscas Romulus 1, Dana Alina Magdas 1 , Florina-Dorina Covaciu 1,
Angela Maria Kasza 1, Victor Curean 2 and Gabriela Cristea 1,*

1 National Institute for Research and Development of Isotopic and Molecular Technologies, 67-103 Donat Street,
400293 Cluj-Napoca, Romania; adriana.dehelean@itim-cj.ro (A.D.); ioana.feher@itim-cj.ro (I.F.);
romulus.puscas@itim-cj.ro (P.R.); alina.magdas@itim-cj.ro (D.A.M.); florina.covaciu@itim-cj.ro (F.-D.C.);
angela.kasza@itim-cj.ro (A.M.K.)

2 Faculty of Pharmacy, “Iuliu Hatieganu” University of Medicine and Pharmacy, 400012 Cluj-Napoca, Romania;
curean_victor@yahoo.com

* Correspondence: gabriela.cristea@itim-cj.ro

Abstract: Pigs are a primary source of meat, accounting for over 30% of global consumption. Con-
sumers’ preferences are determined by health considerations, paying more attention to foodstuffs
quality, animal welfare, place of origin, and swine feeding regime, and being willing to pay a higher
price for a product from a certain geographical region. In this study, the isotopic fingerprints (δ2H,
δ18O, and δ13C) and 29 elements of loin pork meat samples were corroborated with chemometric
methods to obtain the most important variables that could classify the samples’ geographical origin.
δ2H and δ18O values ranged from −71.0 to −21.2‰, and from −9.3 to −2.8‰, respectively. The
contents of macro- and micro-essential elements are presented in the following order: K > Na > Mg >
Ca > Zn > Fe > Cu > Cr. The LDA model assigned in the initial classification showed 91.4% separation
of samples, while for the cross-validation procedure, a percentage of 90% was obtained. δ2H, K, Rb,
and Pd were identified as the most representative parameters to differentiate the pork meat samples
coming from Romania vs. those from abroad. The mean values of metal concentrations were used to
estimate the potential health risks associated with the consumption of pork meat The results showed
that none of the analyzed metals (As, Cd, Sn, Pb, Cu, and Zn) pose a carcinogenic risk.

Keywords: pork meat; geographical origin; IRMS; ICP-MS; chemometrics

1. Introduction

The global population has increased, leading to a rising demand for meat. But,
worldwide, the trends are not equally distributed. Consumption of beef and lamb is
decreasing, while people are eating more and more pork and poultry [1]. Due to their
biological qualities, pigs represent one of the species majorly involved in meeting the
population’s meat needs, accounting for over 30% of world consumption. In Romania,
pork is a traditional product, with a relatively constant consumption throughout the year,
slightly higher during the Christmas period, with the annual mean consumption per capita
being around 36 kg [2]. Pork represents about 45% of the total meat production in Romania,
in 2022 reaching nearly 342,000 metric tons. Pig breeding, under the conditions of our
country, is a very important economic branch [3]. Nevertheless, pig meat imports have
exceeded 300,000 metric tons annually in recent years [2,3].

The pork industry of the European Union has been affected in recent years by a Russian
trade embargo, the COVID-19 pandemic, and African swine fever [4]. In addition, in 2022,
the prices of pork meat increased due to high energy costs and high costs of cereals [5].
In this context, it has reached the point that Romania imports almost 90% of the required
pork, thus affecting the local producers [3]. Also, consumer preferences and habits will be
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determined by health considerations, paying more attention to foodstuffs quality, animal
welfare, place of origin, and swine feeding regime.

Isotope Ratio Mass Spectrometry (IRMS), together with Inductively Coupled Plasma
Mass Spectrometry (ICP-MS), represents efficient analytical techniques that trace the geo-
graphical origin of different food products, especially if these techniques are combined with
statistical methods. Such results are reported for wine [6,7], milk and dairy products [8,9],
eggs [10], honey [11], olive oil [12,13], and saffron [14]. Just as each person has a unique
fingerprint, each plant and each animal have unique characteristics linked to their place
of origin. The isotopic signatures of 2H and 18O are related to the corresponding isotopic
values of drinking water and water present in animal feed, which show geographical
variability [15]. The 13C isotopic fingerprint of meat reflects the feeding regime of the swine,
based on C3 (cereals (wheat, barley, oats, and rye) and potatoes, etc.) or C4 (maize) plants.
Furthermore, each geographical region presents its specific geological and pedological
features supported by elemental contents [16]. A certain geographical area can influence
the elemental nutrients in a natural way, on the soil–water–plant–animal chain, conducting
to a food product enriched in that/those specific element/elements [17].

In addition, heavy metal contamination of foodstuffs, particularly meat, represents an
increasing concern, and several studies [18–21] have been conducted to assess the health
risks associated with heavy metal exposure through meat consumption. The estimated
daily intake (EDI), target hazard quotient (THQ), hazard index (HI), and target cancer risk
(TR) via meat intake were used to compute the heavy metal concentrations and assess the
likely health risks posed to consumers.

In this context, the aims of our study were as follows: (i) Highlighting the 2H, 18O,
and 13C isotopic signature of investigated pork meat samples as a function of geographical
origin; (ii) Recording their elemental concentrations; (iii) Performing Principal Component
Analysis (PCA) to assess if samples from different geographical origins offer the potential
to cluster into separate groups, and applying Linear Discriminant Analysis (LDA) to
identify and point out the best differentiation markers related to a sample’s place of origin;
(iv) Conducting human health risk assessment through pork meat consumption.

2. Materials and Methods
2.1. Sampling

A total of 70 pork meat samples (loin) were investigated in order to determine their
isotopic and elemental profiles. From these, 37 samples were labeled “Romania”, coming
from different regions of the country. The rest of the 33 pork meat samples originated from
abroad, being either bought from the Romanian market as imported goods or brought by
colleagues who are away at conferences or on holidays in places such as Germany (n = 5),
Spain (n = 25), and Hungary (n = 3), respectively. All samples (n = 70) were placed in plastic
bags and stored in the fridge (not more than 24 h) until later preparation for stable isotope
analysis and elemental fingerprint determinations were conducted.

2.2. Sample Preparation for Analysis
2.2.1. Preparation for Stable Isotope Analysis

Samples preparation started with water extraction from each meat sample using a
cryogenic distillation process under vacuum [22]. This process fulfilled two important
requirements: (i) The extraction to be without isotopic fractionation; (ii) The amount of
extracted water sufficient for subsequent isotopic analysis.

Once the cryogenic distillation was finished, the following data were obtained: (i) The
total water amount which was contained in the meat sample; (ii) The meat sample com-
pletely dry. Then, from the extracted water, the isotopic signatures of 2H and 18O were
determined. The dried meat sample was homogenized and crushed using a bill mill
(MillMix 20, Domel, Železniki, Slovenia). The lipid content can affect the δ13C value, lead-
ing to wrong interpretations of the isotopic compositions. The 13C isotopic value from the
“bulk” meat samples can be lower than that from the defatted sample as a consequence of
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the isotopic fractionation that occurred during lipid synthesis in plant and animal tissues.
The solution to this issue consists of the chemical extraction of lipids from the respective
matrix and conducting 13C stable isotope analysis on the protein fraction sample. During
the lipid removal process, 0.5 g of dried meat, petroleum ether, and acetone were used. The
resulting defatted meat sample was dried for 72 h in a Nabertherm oven (Lilienthal, Ger-
many) at 60 ◦C. In the next stage, the defatted meat sample was subjected to dry combustion
at 550 ◦C in oxygen excess for 3 h. The obtained CO2 was purified from other combustion
gases by cryogenic separation and then measured by Isotope Ratio Mass Spectrometry
(IRMS).

The equipment used for determining the 2H and 18O isotopic fingerprints of meat wa-
ter was a liquid-water isotope analyzer (DLT—100, Los Gatos Research, San Jose, CA, USA),
and for 13CO2, an isotope ratio mass spectrometer (Delta V Advantage, Thermo Scientific,
Waltham, MA, USA) in line with a dual inlet system. The isotopic compositions (signature
or fingerprint) are expressed in terms of delta values (δ) per mill (‰) vs. international
standards, according to Equation (1) [23]:

δiX =

( Rsample

Rstandard
− 1

)
× 1000, (1)

where i represents the mass number of the heavier isotope of the element X (2H, 18O, 13C),
Rsample is the isotope number ratio of a sample (2H/1H; 18O/16O; 13C/12C), and Rstandard
is that of the international standard (Vienna Standard Mean Ocean Water, V-SMOW, for
δ2H and δ18O, and Vienna Pee Dee Belemnite, V-PDB, for δ13C). The standard deviation
was ±1.0‰ for δ2H determinations and ±0.3‰ for δ18O, while for δ13C measurements it
was ±0.3‰.

2.2.2. Elemental Profile Analysis

The elemental concentrations (Na, Mg, Ca, K, Li, B, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As,
Rb, Sr, Mo, Pd, Cd, In, Sn, Sb, Ba, La, Ce, Gd, Tl, and Pb) were analyzed using Flame Atomic
Absorption Spectroscopy (FAAS) and ICP-MS methods. Prior to analysis, the pork meat
samples were subjected to microwave-assisted nitric acid and hydrogen peroxide digestion.
For sample mineralization, a microwave digester (Speed ENTRY by Berghof®) was used.
In short, 500 mg of each sample (fresh weight) was accurately weighed directly into a PTFE
digestion vessel, followed by the addition of 7 mL HNO3 (60% v/v) and 1 mL H2O2 (30%
v/v). The microwave system was set to increase fromthe room temperature to 50 ◦C in
2 min and hold for 5 min; then from 50 to 75 ◦C in 2 min and hold for 15 min; from this
temperature to 190 ◦C in 5 min and hold for 20 min; and finally, from 190 to 75 ◦C in 5 min
and hold for 10 min. The digested solutions were left to cool to room temperature and
then diluted with ultrapure water (resistivity 18 MΩ cm−1, Millipore, Bedford, MA, USA
water purification system) to a final volume of 50 mL. The sample digestion of the blank
solutions and certified reference material was made using the same preparation steps. The
method’s accuracy was checked by using NCS ZC85006 as standard reference material. For
elemental analysis, ICP-MS (Elan DRC (e), Perkin Elmer SCIEX®) and AAS (ContrAA 800D,
Analytik Jena, Jena, Germany) were used. Certified multi-element solutions of 10 µg/mL
(Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc, Tb, Th, Tm, Y, and Yb, PerkinElmer Pure
Plus, Billerica, MA, USA), 10 µg/mL Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga,
In, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Tl, U, V, and Zn (10 µg/mL, PerkinElmer Pure Plus,
Billerica, MA, USA), and Au, Hf, Ir, Pd, Pt, Rh, Ru, Sb, Sn, and Te (10 mg/L, PerkinElmer
Pure Plus, Billerica, MA, USA) were used for the standard stock solutions preparation, by
dissolving the multi-element solutions with ultrapure water. For the calibration curve, the
working solutions of a specific concentration and volume were prepared by diluting the
stock solution.
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2.2.3. Statistical Analysis

The date on the isotopic and elemental content (δ13C, δ18O, δ2H, Mg, Ca, Na, K, Li,
B, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Mo, Pd, Cd, In, Sn, Sb, Ba, La, Ce, Gd, Tl,
and Pb) contained in the 70 meat samples were arranged as a matrix, in which the rows
corresponded to the samples and the columns to the measured variables (X70×32). Different
chemometric methods, such as analysis of variance (ANOVA), principal component analysis
(PCA), and linear discriminant analysis (LDA), were used for the statistical interpretation
of experimental data. ANOVA test was performed in order to find any differences in the
compositions of investigated variables among meat samples from different countries. The
data matrix was evaluated using two chemometric methods (PCA and LDA). Both PCA
and LDA are linear transformation techniques used for dimensionality reduction. However,
PCA is an unsupervised method, and LDA is a supervised one due to the fact that a
dependent variable (DV) is considered and predefined with specific codes corresponding to
each investigated class, making LDA a supervised model. PCA is a chemometric technique
used for primary multidimensional evaluation of the data set, as well as to reduce the data
dimensionality with minimal loss of useful information. It transforms the original data
matrix into a product of two matrices, one containing information about the samples (score
matrix) and the other containing information about the variables (loading matrix) [24]. LDA
is a supervised method that aims to find a linear combination of features that best separates
the classes in the dataset. It is a powerful tool for feature extraction and dimensionality
reduction, which can be used to identify the most important variables that contribute to
the separation of the classes [25]. All statistical tests were performed using SPSS v.20 (IBM,
New York, NY, USA).

2.2.4. Health Risk Assessment

Using the recommendations of the US EPA (United States Environmental Protection
Agency) [26,27], the non-cancer risks related to the intake of As, Cd, and Pb-contaminated
pork meat samples among the population were determined based on the estimated daily in-
take (EDI), targeted hazard quotient (THQ), and hazard index (HI), using the
following formulas:

EDI =
(C × IRd)

BW
, (2)

THQ =
(ED × C × IRd × EF)
(RfD × BW × AT)

× 10−3, (3)

HI = ∑ HQ, (4)

where C is the metal concentration in the pork meat samples (mg/kg ww); IRd represents
the daily ingestion rate (g/day), corresponding to each country [28]; BW is the body weight
(70 kg); ED is the exposure duration; EF represents the exposure frequency (365 days/year);
RfD (µg/kg bw/day) is an oral reference dose of the metals that have no harmful effect
during a lifetime; and AT represents the average exposure time (70 years).

If HI < 1, it means that the exposed population was assumed to be safe [29]. When
HI ≥ 1, there is a moderate or high risk for adverse effects on humans. In our study, HI
was calculated by the sum of the HQ(As), HQ(Cd), HQ(Pb), HQ(Sn), HQ(Cu), and HQ(Zn)
because people suffer combined effects from exposure to several contaminants [30].

In addition, to indicate the carcinogenic risk of metals in meat samples, the target
cancer risk was used using Equation (5) [31]:

TR =
ED × EF × IRd × C × CPSo

ABW × AT
× 10−3, (5)

where TR represents the target cancer risk; CPSo is the carcinogenic potency slope, oral (mg/kg
bw/day); ABW is the average body weight (70 kg); and AT represents the average lifetime
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(70 years). The CPSo values [31,32] are 1.5 mg/kg/day for As, 0.38 mg/kg/day for Cd,
0.0085 mg/kg/day for Pb, 1.5 mg/kg/day for Cu, and 0.3 mg/kg/day for Zn, respectively.

3. Results and Discussion
3.1. Isotopic Fingerprint of Hydrogen and Oxygen

To emphasize samples coming from different geographical regions, the isotopic com-
positions of hydrogen and oxygen are used. The basic principle behind the method consists
of the fact that the isotopic signatures of 2H and 18O vary as a function of mean annual
precipitation, distance from the sea, altitude, and ambient temperature [33,34]. Thus, δ2H
and δ18O values of meat water from investigated samples decreased in order as follows:
δSpain > δGermany > δHungary > δRomania (Figure 1).
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As expected, the higher isotopic values of δ2H and δ18O were recorded for samples
labeled “Spain”, ranging from −44.8 to −21.2‰ for hydrogen and from −5.6 to −2.8‰
for oxygen, respectively (Figure 2). Spain is characterized by a Mediterranean climate
on the south and east coast, a continental climate in central inland regions, and oceanic
in north and northwest areas. It is known that the δ2H and δ18O values of precipitation
decrease from low-latitude, low-elevation, and coastal regions to inland areas of high-
latitude and mountainous regions [15]. Thus, the higher temperature in Spain compared to
other countries, from where the investigated samples come from, led to intensive processes
of plant transpiration and evaporation and subsequently to increased 2H and 18O isotope
fingerprints of studied pork loin samples [9].

For Romanian pork meat samples, the isotopic composition of 2H ranged from −71.0
to −35.7‰, while those of 18O varied between −9.3 and −5.1‰. These results are not
surprising, with Romania having a temperate–continental climate with moderate features
characteristic of Central Europe, with distinct seasons. Following the hydrological cycle,
the isotopic values (2H and 18O) of precipitation that fall in a certain area will be transferred
to the drinking water from the respective location, which will be offered to animals, and
then the isotopic signature of extracted water from animal tissue will be linked to that
region [15,34]. Thus, lower values were recorded for Romanian meat samples collected
during the cold season.

Samples labeled “Germany” had isotopic values in the range of −48.4 to −27.4‰
for δ2H, and from −6.4 to −4.4‰ for δ18O (mean of −5.2‰), respectively. These values
are in the range of those reported previously [35] (δ18O varying from −8.0 and −6.0‰)
and [36] (mean value of δ2H = −36.3‰, and mean value of δ18O = −4.1‰) for pork samples
originating from Northern Germany, and also overlapped by another meat sample from
Germany analyzed in our previous study [2].
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Meat samples from Hungary presented similar values to those from Romania, these
two countries being neighbors. Some Romanian samples come from Timisoara County,
located in the western part of Romania, near the Hungarian border. As reported [37,38],
more solid geographic differentiation of foodstuff samples using isotope and elemental
profiles can be obtained by comparing products originating from regions far away from each
other, whereas correct attribution is usually limited if production areas are geographically
close to each other.

These results are also supported by results from the ANOVA test, with δ2H and δ18O
displaying statistically significant parameters (p = 0.001 for both δ2H and δ18O values).

3.2. Isotopic Fingerprint of Carbon

In nature, a plant’s 13C isotope fingerprint depends on the photosynthetic pathway, C3
or C4. The majority of plant species on Earth use C3 photosynthesis (or the Calvin cycle),
in which the first compound produced contains three carbon atoms. For these plants, δ13C
values range between −30 and −23‰ (most vegetables, fruits, and cereals) [39]. In the C4
pathway (or Hatch–Slack cycle), a four-carbon compound is produced, and the isotopic
signature of 13C is higher, varying from −14 to −12‰ [39]. The best-known examples
from the C4 category are maize, sugarcane, sorghum, and millet. If maize (Zea mays) is
introduced into an animal’s diet, the 13C isotopic results of meat will increase. Through the
feeding regime, the animal will consume different plants, each of them having a specific
isotopic signature, and the 13C value of the animal body will reflect the diet. Subsequently,
the isotopic composition of meat samples will provide data regarding the proportion of C3
and C4 plants offered in the feeding process.

As can be observed in Figure 3, the δ13C range of variation for all meat samples is
between −25.3‰ and −15.8‰ (mean value −20.6‰), both ends of the range belonging
to samples coming from Romania. The mean values assigned to samples from Germany
and Hungary were almost identical (−21.14 vs. −21.10‰), proving a combined diet
formed from C3 and C4 plants and a similar way of feeding. The average value of δ13C for
samples from Spain (−20.46‰) and Romania (−20.61‰) were much closer, demonstrating
a higher proportion of corn in swine diet. The results for Spanish samples are similar
to those previously published (−21.4‰) [40] and a little higher than those reported for
Spanish conventional pork meat samples, which varied from −23.0 to −22.3‰ (mean value
−22.6‰) [41].
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Figure 3. Frequency histogram based on the 13C isotopic composition of meat samples.

Among the 13C signature of the Romanian data set, there are 12 samples with higher
values, ranging from −19 to −15.8‰. The higher value was recorded for a sample from
the northern part of the country, sampling in the cold season, demonstrating a feeding
regime rich in maize. Usually, the proportion of corn in the feed increases progressively
over autumn and winter until the swine are slaughtered, generally before Christmas. A
corn-based diet is an old tradition in Romania [2], especially in Transylvania (the central
and northwestern part of Romania); consumers prefer this specific taste of pork meat,
given by a feeding regime enriched in corn. These isotopic values are in range with those
previously published by our group [2,22]. Thus, the importance of meat authenticity with
respect to geographical origin and breeding practices has increased because traditions
related to a specific region always played a significant role in consumers’ choice of food.

3.3. Elemental Content

The concentrations of macro, micro, and trace elements in 70 pork meat samples with
different geographical origins (Romania, Germany, Spain, and Hungary, respectively) are
reported as mean values on a fresh weight basis in Table 1.

The contents of macro minerals (K, Na, Mg, and Ca) and micro essential elements (Fe,
Cu, Zn, and Cr) obtained in this study showed the following order: K > Na > Mg > Ca > Zn
> Fe > Cu > Cr. The same decreasing order was obtained for meat samples from China [42],
Korea [43], Serbia [44], and Romania [22]. For our investigated samples, in terms of the
concentration, K and Na were the most abundant elements, varying between 2.61 g/kg
and 9.05 g/kg (K), 0.32 mg/kg and 0.92 g/kg (Na) (Spain); 3.11 g/kg and 4.79 g/kg (K),
0.33 g/kg and 0.64 g/kg (Na) (Germany); 4.24 g/kg and 5.21 g/kg (K), 0.49 g/kg and
0.63 g/kg (Na) (Hungary); 0.94 g/kg and 5.34 g/kg (K), 0.31 g/kg and 1.00 g/kg (Na)
(Romania), respectively. In studies from other countries, K and Na concentrations were
reported in the ranges of 3.60–4.43 g/kg and 0.36–0.41 g/kg (Korea) [43]; 2.6–4.44g/kg
for K (Croatia) [45]; 15.05–14.37 and 1.34–1.43 g/kg (China) [42]; and 2.87–3.68 g/kg and
0.71–0.83 g/kg (South Africa) [46], respectively.
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Table 1. Concentration levels of macro, micro, and trace elements in pork meat samples.

Elements

Domestic Imported

Romania Spain Germany Hungary

Concentration (g/kg)

Mg 0.24 ± 0.04 0.25 ± 0.10 0.25 ± 0.02 0.27 ± 0.02

Ca 0.07 ± 0.11 0.04 ± 0.03 0.05 ± 0.03 0.06 ± 0.02

Na 0.51 ± 0.15 0.47 ± 0.13 0.44 ± 0.13 0.55 ± 0.07

K 4.21 ± 0.90 4.51 ± 1.14 4.10 ± 0.69 4.63 ± 0.51

Concentration (mg/kg)

B 0.51 ± 0.30 0.48 ± 0.30 0.73 ± 0.25 0.57 ± 0.20

Cr * 0.42 ± 0.17 0.52 ± 0.21 0.70 ± 0.28 0.38 ± 0.16

Mn 0.09 ± 0.08 0.09 ± 0.04 0.09 ± 0.02 0.09 ± 0.03

Fe 6.63 ± 4.82 8.35 ± 4.85 6.40 ± 2.49 9.15 ± 8.73

Ni * 0.11 ± 0.07 0.19 ± 0.19 0.57 ± 0.98 0.10 ± 0.03

Cu 0.94 ± 0.49 0.76 ± 0.57 1.12 ± 0.27 0.61 ± 0.40

Zn 7.26 ± 2.63 8.80 ± 3.65 7.45 ± 1.71 6.91 ± 2.13

Rb 3.71 ± 1.03 3.24 ± 1.15 2.90 ± 0.53 3.07 ± 0.92

Ba 0.11 ± 0.14 0.22 ± 0.22 0.19 ± 0.23 0.07 ± 0.01

Pd 0.08 ± 0.05 0.08 ± 0.05 0.06 ± 0.03 0.09 ± 0.05

Li 0.03 ± 0.02 0.04 ± 0.02 0.02 ± 0.02 0.04 ± 0.01

V 0.04 ± 0.02 0.04 ± 0.02 0.05 ± 0.03 0.04 ± 0.03

Co 0.01 ± 0.02 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01

Sr 0.03 ± 0.03 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.00

Mo 0.03 ± 0.02 0.04 ± 0.03 0.03 ± 0.03 0.03 ± 0.02

As 0.03 ± 0.03 0.03 ± 0.03 0.03 ± 0.04 0.06 ± 0.04

Cd 0.03 ± 0.03 0.03 ± 0.03 0.01 ± 0.03 0.03 ± 0.03

In 0.02 ± 0.03 0.03 ± 0.02 0.01 ± 0.02 0.04 ± 0.03

Sn 0.08 ± 0.04 0.12 ± 0.20 0.14 ± 0.14 0.08 ± 0.03

Sb 0.02 ± 0.02 0.03 ± 0.02 0.01 ± 0.02 0.03 ± 0.03

La 0.01 ± 0.01 0.01 ± 0.01 0.004 ± 0.01 0.01 ± 0.01

Ce 0.004 ± 0.004 0.01 ± 0.003 0.003 ± 0.002 0.01 ± 0.004

Gd 0.0004 ± 0.0002 0.0004 ± 0.0003 0.0005 ± 0.0002 0.0004 ± 0.0003

Tl 0.01 ± 0.02 0.01 ± 0.02 0.02 ± 0.03 0.02 ± 0.03

Pb 0.07 ± 0.06 0.08 ± 0.05 0.05 ± 0.04 0.08 ± 0.04
* Statistically significant differences among meat samples from different geographical origins (p = 0.008 for Ni,
p = 0.015 for Cr).

Macro elements are essential for various physiological functions in the body, including
blood clotting [47], osmotic pressure [48], acid–base balance [49], muscle contraction [47],
bone development [47], enzymatic activities [50], and hemoglobin synthesis [51]. The ratio
of Na to K in any food item is an important factor to consider. High Na and low K intake
can contribute to a greater prevalence of hypertension, a condition characterized by high
blood pressure [52]. Several studies have shown that the Na/K ratio significantly affects
hypertension prevalence and blood pressure [53–55]. In fact, a balanced Na to K ratio
needs to be considered to prevent diet-induced secondary hypertension as a risk factor
for cardiovascular disease [54]. The Na/K ratio in our body should be less than one. In
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the present study, the ratio of Na/K in pork meat was less than one, with values of 0.122
(Spain), 0.106 (Germany), 0.116 (Hungary), and 0.331 (Romania), respectively. This suggests
that consuming the investigated pork meat can be beneficial for human health and may
play a role in managing high blood pressure.

Mean concentrations of macro and micro essential elements (Table 1) were determined
in the following ranges: Mg (0.14–0.71 g/kg), Ca (0.01–0.15 g/kg), Fe (1.91–17.87 mg/kg),
Cu (0.12–1.88 mg/kg), Zn (3.26–17.33 mg/kg), and Cr (0.20–1.08 mg/kg) for Spain; Mg
(0.22–0.27 g/kg), Ca (0.03–0.10 g/kg), Fe (4.85–10.80 mg/kg), Cu (0.65–1.37 mg/kg), Zn
(5.25–10.03 mg/kg), and Cr (0.25–0.97 mg/kg) for Germany; Mg (0.25–0.29 g/kg), Ca
(0.05–0.08 g/kg), Fe (3.30–19.19 mg/kg) Cu (0.38–1.07 mg/kg), Zn (5.37–9.33 mg/kg),
and Cr (0.21–0.52 mg/kg) for Hungary; and Mg (0.16–0.32 g/kg), Ca (0.003–0.62 g/kg), Fe
(1.55–22.06 mg/kg) Cu (0.28–2.27 mg/kg), Zn (3.77–19.94 mg/kg), and Cr (0.17–0.90 mg/kg)
for Romania.

The World Health Organization (WHO) has classified Mn and Ni as probable essential
elements for humans [56]. In the present study, the concentration ranges of these elements
were 0.05–0.21 mg/kg (Mn) and 0.03–0.80 mg/kg (Ni) for Spain; 0.08–0.12 mg/kg (Mn) and
0.06–2.32 mg/kg (Ni) for Germany; 0.05–0.11 mg/kg (Mn) and 0.08–0.13 mg/kg (Ni) for
Hungary; and 0.04–0.56 mg/kg (Mn) and 0.02–0.26 mg/kg (Ni) for Romania, respectively.

In the literature [57], trace elements, such as Li, V, Co, and Mo, are considered nontoxic el-
ements, having mean concentrations less than 0.05 mg/kg in our study. In contrast, some trace
elements, such as As, Cd, Sn, Tl, and Pb, are toxic due to their adverse effects on humans [58].
The mean concentrations of these elements were determined in the following ranges: Li:
0.01–0.09 mg/kg, V: 0.01–0.08 mg/kg, Co: 0.002–0.02 mg/kg, Mo: 0.005–0.08 mg/kg, As:
0.002–0.10 mg/kg, Cd: 0.0003–0.09 mg/kg, Sn: 0.01–1.05 mg/kg, Tl: 0.0001–0.08 mg/kg, and
Pb: 0.02–0.17 mg/kg (Spain); Li: 0.01–0.04 mg/kg, V: 0.02–0.10 mg/kg, Co: 0.002–0.03 mg/kg,
Mo: 0.004–0.09 mg/kg, As: 0.003–0.10 mg/kg, Cd: 0.0004–0.06 mg/kg, Sn: 0.05–0.39 mg/kg,
Tl: 0.0003–0.07 mg/kg, and Pb: 0.02–0.11 mg/kg (Germany); Li: 0.04–0.05 mg/kg, V:
0.01–0.08 mg/kg, Co: 0.004–0.02 mg/kg, Mo: 0.01–0.04 mg/kg, As: 0.02–0.09 mg/kg, Cd:
0.0001–0.06 mg/kg, Sn: 0.06–0.12 mg/kg, Tl: 0.001–0.05 mg/kg, and Pb: 0.04–0.13 mg/kg
(Hungary); and Li: 0.001–0.08 mg/kg, V: 0.01–0.09 mg/kg, Co: 0.0002–0.11 mg/kg, Mo:
0.001–0.09 mg/kg, As: 0.001–0.11 mg/kg, Cd: 0.0001–0.09 mg/kg, Sn: 0.01–0.17 mg/kg, Tl:
0.0002–0.10 mg/kg, and Pb: 0.005–0.24 mg/kg (Romania).

3.4. Chemometric Analysis (PCA and LDA)

Firstly, PCA was performed to assess if samples from different geographical origins
offer the potential to cluster into separate groups. The score plot of the first three principal
components is indicated in Figure 4a. It can be observed that a perfect separation could not
be obtained. The samples from Spain and Hungary were mainly located at positive values
of PC1 scores, while the samples from Germany and Romania were placed at negative
values for most samples. Another important representation resulting from PCA is the
loadings plot (Figure 4b), where each analyzed element receives a coefficient correlated to
its impact upon the sample set. Thus, the parameters with higher influence have higher
coefficients and are situated far from the origin. In contrast, the variables with lower
coefficients have a slighter effect and are much closer to the origin. All the parameters
are grouped within principal components (PCs), the first PCs being the most important.
Usually, only the first two or three components, which have eigenvalues higher than 1,
are used for further interpretations. In the scatter plot in Figure 4a, the three components
retained explained the 45.7% variability. PC1 explained the 24.4% of the variability based
on As, Mo, Cd, Sb, La, and Pb having a positive contribution on PC1, and PC2 explained
the additional 11.5% of variability where Ce, In, and Pd had a positive correlation on PC2.
The third principal component, PC3, contributed to 9.8% of the variance based on K, Na,
and Mg and could represent the geological influence upon sample distribution.
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An LDA approach was used to identify potential markers for differentiation for the
pork meat samples from Romania and those from abroad. The “leave-one-out” cross-
validation method was performed to evaluate the performance of this model. Because
two classes (Romania vs. abroad) were compared, the discrimination was made based
on one discriminant function (DF1) (Figure 5). By applying the LDA model, the obtained
separation in the initial classification was 91.4%, while for the cross-validation procedure, a
percentage of 90% was obtained (Table 2). The most representative markers were identified:
δ2H, K, Rb, and Pd. The coefficients from the discrimination function of these significant
parameters were 0.957 (δ2H), 0.662 (K), −0.714 (Rb), and −0.495 (Pd). LDA results show
that four pork meat samples from a foreign group were assigned to the group from Romania,
and three samples from the Romanian group were predicted as samples from abroad.

Table 2. Classification results, c based on the LDA model.

1-Ro
2-Foreign

Predicted Group
Membership Total

Romania Foreign

Original

Count
1.00 34 3 37

2.00 3 30 33

%
1.00 91.9 8.1 100.0

2.00 9.1 90.9 100.0

Cross-validated *

Count
1.00 34 3 37

2.00 4 29 33

%
1.00 91.9 8.1 100.0

2.00 12.1 87.9 100.0
* Cross validation is conducted only for those cases in the analysis. In cross validation, each case is classified by
the functions derived from all cases other than that case.

It is not surprising to obtain a 2H isotope fingerprint as a significant discrimination
parameter, δ2H being a recognized marker for geographical origin identification [59,60].
These results are supported by another previously published study from our team [61], in
which δ2H and Ti represented statistically significant predictors for geographical origin
discrimination of Transylvanian (Romania) carrot samples.
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using LDA.

Rb ions act like K ions for living organisms [62], and the body treating Rb ions like
K ions. Rubidium (Rb) was also recorded as a differentiation predictor for geographical
origin in other published studies for rice [63], sesame seeds [64], typical Italian alpine
cheeses [65], beef samples [66,67], and saffron [59]. It seems that soil acidity, a lower pH of
the soil, influences Rb absorption by plants [64]. In our previous study regarding pork meat
authenticity [2], Rb was obtained as a key variable to discriminate investigated samples.

The fingerprints of dried beef from different countries were investigated, obtaining
104Pd and 85Rb, together with other elements (10B, 111Cd, 161Dy, 151Eu, 69Ga, 7Li, 60Ni, 128Te,
203Tl, 169Tm, 51V, 171Yb, and 68Zn) as significant markers to distinguish raw meat between
countries [66].

3.5. Health Risk Assessment through Pork Meat Consumption

In this study, the mean values of metal concentrations were used to estimate the
potential health risks associated with the consumption of pork meat via the calculation
of EDI, THQ, HI, and TR. In order to evaluate the safety of the investigated pork meat
samples coming from Romania and abroad (Germany, Spain, and Hungary), with respect
to their metal concentrations (As, Cd, Pb, Sn, Cu, and Zn), the daily intake of elements
was calculated from meat consumption and compared with the provisional tolerable daily
intake (PTDI) for humans (Table 3). In relation to the non-carcinogenic risk factor of metals,
the parameters (THQ and HI) were calculated, and the values of these parameters are
indicated in Table 4. TR is a tool used to assess the cancer risk of analyzed metals. The U.S.
Environmental Protection Agency accepted for regulatory purposes a cancer risk in the
range of 1 × 10−6 to 1 × 10−4 [68]. TR values are presented in Table 5.

As shown in Table 3, the EDI values (µg/kg bw) obtained in the present study ranged
from 0.048 to 0.097 (As), 0.022 to 0.058 (Cd), 0.115 to 0.253 (Sn), 0.079 to 0.168 (Pb), 1.317 to
1.926 (Cu), and 10.162 to 18.099 (Cu), respectively. These were significantly lower contents
than the PTDI for As, Cd, Pb, Cu, and Zn, which was 2.14 µg/kg bw/day; 0.8 µg/kg
bw/day; 3.57 µg/kg bw/day; 500 µg/kg bw/day, and 1000 µg/kg bw/day, respectively,
which means that human consumption of investigated meat samples with such metals had
a minimum health risk.

THQ and HI results were far lower (Table 4), which suggests a minimal risk of non-
carcinogenic consequence per metal for consumers that eat the investigated pork meat
samples. TR values were within the guideline value, which implies that none of the
analyzed metals in the present study pose a carcinogenic risk (Table 5).
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Table 3. Estimated daily intake (EDI) (µg/kg bw) of metals in pork meat samples from Romanian
supermarkets.

Metal

EDI (µg/kg bw) in Investigated Pork Meat

Romania
(n = 37)

Spain
(n = 25)

Germany
(n = 5)

Hungary
(n = 3) PTDI

As 1 0.048 0.070 0.056 0.097 2.14

Cd 1 0.036 0.058 0.022 0.047 0.8

Sn 0.115 0.253 0.233 0.181 2.0

Pb 2B 0.100 0.168 0.079 0.138 3.57

Cu 3 1.317 1.558 1.926 1.381 500

Zn 3 10.162 18.099 12.775 13.182 1000
n—the number of investigated samples. Provisional tolerable daily intake value (µg/kg bw/day) of metals
established by the Joint FAO/WHO Expert Committee on Food Additives (JECFA). The International Agency
for Research on Cancer (IARC) classification for metals: Group 1—carcinogenic to humans; Group 2B—possibly
carcinogenic to humans; Group 3—not classifiable as to its carcinogenicity to humans.

Table 4. Target hazard quotient (THQ) and non-carcinogenic (HI) risk in pork meat samples.

Origin
Estimated THQ in Pork Meat Samples × 10−3

HI × 10−3
As Cd Sn Pb Cu Zn

Romania (n = 37) 0.1590 0.0361 0.0002 0.0249 0.0329 0.0339 0.2870

Spain (n = 25) 0.2340 0.0584 0.0004 0.0420 0.0389 0.0603 0.4341

Germany (n = 5) 0.1852 0.0216 0.0004 0.0198 0.0482 0.0426 0.3178

Hungary (n = 3) 0.3221 0.0474 0.0003 0.0346 0.0345 0.0439 0.4828

Table 5. Target cancer risk (TR) of metals in investigated pork meat samples.

Metal

Estimated TR

Romania
(n = 37)

Spain
(n = 25)

Germany
(n = 5)

Hungary
(n = 3)

As 7.15 × 10−8 1.05 × 10−7 8.33 × 10−8 1.44 × 10−7

Cd 1.37 × 10−8 2.22 × 10−8 8.20 × 10−9 1.80 × 10−8

Pb 8.46 × 10−10 1.42 × 10−9 6.73 × 10−10 1.17 × 10−9

Cu 1.97 × 10−6 2.33 × 10−6 2.88 × 10−6 2.07 × 10−6

Zn 3.04 × 10−6 5.42 × 10−6 3.83 × 10−6 3.95 × 10−6

4. Conclusions

In this study, a total set of 70 loin pork samples were collected, and isotopic signatures
(δ2H, δ18O, and δ13C) and 29 elements were determined. The multivariate statistical
approaches (ANOVA, PCA, and LDA) were applied to obtain the most important predictors
to distinguish the meat samples’ geographical origin: Romania versus abroad (Spain,
Germany, and Hungary). The three components retained explained the 45.7% variability.
PC1 explained 24.4% of the variability based on As, Mo, Cd, Sb, La, and Pb, having a
positive contribution on PC1, and PC2 explained the additional 11.5% of variability where
Ce, In, and Pd had a positive correlation on PC2. The third principal component, PC3,
contributed to 9.8% of the variance based on K, Na, and Mg and could represent the
geological influence upon sample distribution. By applying the LDA model, 91.4% was
obtained in the initial classification, while for the cross-validation procedure, 90.0% was
recorded. δ2H, K, Rb, and Pd were the most representative markers identified according to
the meat samples’ geographical origin.
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A human health risk assessment through pork meat consumption was realized, taking
into account As, Cd, Sn, Pb, Cu, and Zn concentrations. THQ and HI results were far below
1, suggesting a minimal risk of non-carcinogenic consequence per metal for consumers eat-
ing the investigated pork meat samples. TR values were within the guideline values, which
assumes that none of the analyzed metals in the present study pose a carcinogenic risk.

Further study will be developed by increasing the number of meat samples and
corroborating IRMS and ICP-MS techniques with other supervised chemometric methods,
not only for geographical origin attribution of samples but also for swine diet identification.
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7. Leder, R.; Petric, I.V.; Jusup, J.; Banović, M. Geographical discrimination of Croatian wines by stable isotope ratios and multiele-
mental composition analysis. Front. Nutr. 2021, 8, 625613. [CrossRef] [PubMed]

8. Kalpage, M.; Dissanayake, C.; Diyabalanage, S.; Chandrajith, R.; Frew, R.; Fernando, R. Stable isotope and element profiling for
determining the agroclimatic origin of cow milk within a tropical country. Foods 2022, 11, 275. [CrossRef] [PubMed]

9. Xu, S.; Zhao, C.; Deng, X.; Zhang, R.; Qu, L.; Wang, M.; Ren, S.; Wu, H.; Yue, Z.; Niu, B. Determining the geographical origin of
milk by multivariate analysis based on stable isotope ratios, elements and fatty acids. Anal. Methods 2021, 13, 2537. [CrossRef]
[PubMed]

10. Cristea, G.; Dehelean, A.; Puscas, R.; Hategan, A.R.; Magdas, D.A. Isotopic and elemental fingerprint of edible egg parts—The
health risk assessment based on potentially toxic elements content. Molecules 2023, 28, 503. [CrossRef]

11. Magdas, D.A.; Guyon, F.; Puscas, R.; Vigouroux, A.; Gaillard, L.; Dehelean, A.; Feher, I.; Cristea, G. Applications of emerging
stable isotopes and elemental markers for geographical and varietal recognition of Romanian and French honeys. Food Chem.
2021, 334, 127599. [CrossRef]

12. Camin, F.; Larcher, R.; Nicolini, G.; Bontempo, L.; Bertoldi, D.; Perini, M.; Schlicht, C.; Schellenberg, A.; Thomas, F.; Heinrich, K.;
et al. Isotopic and elemental data for tracing the origin of European olive oils. J. Agric. Food Chem. 2010, 58, 570–577. [CrossRef]

13. Calò, F.; Girelli, C.R.; Wang, S.C.; Fanizzi, F.P. Geographical origin assessment of extra virgin olive oil via NMR and MS combined
with chemometrics as analytical approaches. Foods 2022, 11, 113. [CrossRef]

14. Nie, J.; Yang, J.; Liu, C.; Li, C.; Shao, S.; Yao, C.; Chen, B.; Tao, Y.; Wang, F.; Zhang, Y.; et al. Stable isotope and elemental profiles
determine geographical origin of saffron from China and Iran. Food Chem. 2023, 405, 134733. [CrossRef] [PubMed]

15. Camin, F.; Bontempo, L.; Perini, M.; Piasentier, E. Stable Isotope Ratio Analysis for Assessing the Authenticity of Food of Animal
Origin. Compr. Rev. Food Sci. Food Saf. 2016, 15, 868–877. [CrossRef] [PubMed]

16. Kelly, S.; Heaton, K.; Hoogewerff, J. Tracing the geographical origin of food: The application of multi-element and multi-isotope
analysis. Trends Food Sci. Technol. 2005, 16, 555–567. [CrossRef]

https://eu.boell.org/en/2021/09/07/consumption-everyday-food-and-luxury-good
https://doi.org/10.1016/j.meatsci.2022.108825
https://managementjournal.usamv.ro/pdf/vol.20_1/Art59.pdf
https://managementjournal.usamv.ro/pdf/vol.20_1/Art59.pdf
https://www.reuters.com/markets/commodities/eu-pork-lean-streak-higher-standards-drive-up-costs-2023-06-12/
https://www.reuters.com/markets/commodities/eu-pork-lean-streak-higher-standards-drive-up-costs-2023-06-12/
https://www.pig333.com/latest_swine_news/eu-pig-meat-consumption-will-drop-over-the-next-ten-years_17975/
https://www.pig333.com/latest_swine_news/eu-pig-meat-consumption-will-drop-over-the-next-ten-years_17975/
https://doi.org/10.4315/JFP-19-499
https://www.ncbi.nlm.nih.gov/pubmed/32221529
https://doi.org/10.3389/fnut.2021.625613
https://www.ncbi.nlm.nih.gov/pubmed/33763440
https://doi.org/10.3390/foods11030275
https://www.ncbi.nlm.nih.gov/pubmed/35159427
https://doi.org/10.1039/D1AY00339A
https://www.ncbi.nlm.nih.gov/pubmed/34013914
https://doi.org/10.3390/molecules28020503
https://doi.org/10.1016/j.foodchem.2020.127599
https://doi.org/10.1021/jf902814s
https://doi.org/10.3390/foods11010113
https://doi.org/10.1016/j.foodchem.2022.134733
https://www.ncbi.nlm.nih.gov/pubmed/36370565
https://doi.org/10.1111/1541-4337.12219
https://www.ncbi.nlm.nih.gov/pubmed/33401802
https://doi.org/10.1016/j.tifs.2005.08.008


Foods 2023, 12, 4271 14 of 16

17. Danezis, G.P.; Georgiou, C.A. Elemental metabolomics: Food elemental assessment could reveal geographical origin. Curr. Opin.
Food Sci. 2022, 44, 100812. [CrossRef]

18. Chowdhury, A.I.; Alam, M.R. Heavy Metal intake from meat and poultry consumption and potential human health risk
assessment in Noakhali, Bangladesh. Res. Sq. 2023. [CrossRef]

19. Shamimeh, A.S.; Narges, S.; Zeinab, D.; Zahra, H.; Arvin, A.; Ehsan, S.; Moein, B. A comprehensive image of environmental toxic
heavy metals in red meat: A global systematic review and meta-analysis and risk assessment study. Sci. Total Environ. 2023, 889,
164100. [CrossRef]

20. Kamaly, H.F.; Sharkawy, A.A. Health risk assessment of metals in chicken meat and liver in Egypt. Environ. Monit. Assess. 2023,
195, 802. [CrossRef]

21. Njoga, E.O.; Ezenduka, E.V.; Ogbodo, C.G.; Ogbonna, C.U.; Jaja, I.F.; Ofomatah, A.C.; Okpala, C.O.R. Detection, distribution
and health risk assessment of toxic heavy metals/metalloids, arsenic, cadmium, and lead in goat carcasses processed for human
consumption in South-Eastern Nigeria. Foods 2021, 10, 798. [CrossRef]

22. Dehelean, A.; Cristea, G.; Puscas, R.; Hategan, A.R.; Magdas, D.A. Assigning the geographical origin of meat and animal rearing
system using isotopic and elemental fingerprints. Appl. Sci. 2022, 12, 12391. [CrossRef]

23. Brand, W.A.; Coplen, T.B.; Vogl, J.; Rosner, M.; Prohaska, T. Assessment of international reference materials for stable isotope ratio
analysis 2013 (IUPAC). Pure Appl. Chem. 2014, 86, 425–467. [CrossRef]

24. Jolliffe, I.T. Principal Component Analysis for Special Types of Data. In Principal Component Analysis; Springer Series in Statistics;
Springer: New York, NY, USA, 2002; Chapter 13; pp. 338–372. [CrossRef]

25. Kangas, M.J.; Wilson, C.L.; Burks, R.M.; Atwater, J.; Lukowicz, R.M.; Garver, B.; Mayer, M.; Havenridge, S.; Holmes, A.E. An
improved comparison of chemometric analyses for the identification of acids and bases with colorimetric sensor arrays. Int. J.
Chem. 2018, 10, 36–55. [CrossRef]

26. USEPA (U.S. Environmental Protection Agency). Risk Assessment Guidance for superfund. In Human Health Evaluation; Manual
Part A, Interim Final; United States Environmental Protection Agency: Washington, DC, USA, 1989; Volume I. Available online:
https://www.epa.gov/risk/risk-assessment-guidance-superfund-rags-part (accessed on 30 October 2023).

27. Griboff, J.; Wunderlin, D.A.; Monferran, M.V. Metals, As and Se determination by inductively coupled plasma-mass spectrometry
(ICP-MS) in edible fish collected from three eutrophic reservoirs. Their consumption represents a risk for human health?
Microchem. J. 2017, 130, 236–244. [CrossRef]

28. Pork Meat Consumption per Capita. Available online: https://www.helgilibrary.com/indicators/pork-meat-consumption-per-
capita/ (accessed on 1 November 2023).

29. Sobhanardakani, S. Tuna fish and common kilka: Health risk assessment of metal pollution through consumption of canned fish
in Iran. J. Consum. Prot. Food Saf. 2017, 12, 157–163. [CrossRef]

30. Giri, S.; Kumar Singh, A. Heavy metals in eggs and chicken and the associated human health risk assessment in the mining areas
of Singhbhum copper belt, India. Arch. Environ. Occup. Health 2017, 74, 161–170. [CrossRef] [PubMed]

31. USEPA (U.S. Environmental Protection Agency). Regional Screening Levels (RSLs)—Generic Tables; USEPA: Washington, DC, USA,
2018. Available online: https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables (accessed on 15 October 2023).

32. Raeeszadeh, M.; Gravandi, H.; Akbari, A. Determination of some heavy metal levels in the meat of animal species (sheep, beef,
turkey, and ostrich) and carcinogenic health risk assessment in Kurdistan province in the west of Iran. Environ. Sci. Pollut. Res.
2022, 29, 62248–62258. [CrossRef] [PubMed]

33. Bowen, G.J.; Winter, D.A.; Spero, H.J.; Zierenberg, R.A.; Reeder, M.D.; Cerling, T.E.; Ehleringer, J.R. Stable hydrogen and oxygen
isotope ratios of bottled waters of the world. Rapid Commun. Mass Spectrom. 2005, 19, 3442–3450. [CrossRef]

34. Horacek, M.; Eisinger, E.; Papesch, W. Reliability of stable isotope values from meat juice for the determination of the meat origin.
Food Chem. 2010, 118, 910–914. [CrossRef]

35. Thiem, I.; Lupke, M.; Seifert, H. Factors influencing the 18O/16O-ratio in meat juices. Isot. Environ. Health Stud. 2004, 40, 191–197.
[CrossRef] [PubMed]

36. Boner, M.; Förstel, H. Stable isotope variation as a tool to trace the authenticity of beef. Anal. Bioanal. Chem. 2004, 378, 301–310.
[CrossRef]

37. Fontanesi, L. Chapter 19—Meat Authenticity and Traceability. In Woodhead Publishing Series in Food Science, Technology and
Nutrition, Lawrie’s Meat Science, 8th ed.; Toldra, F., Ed.; Woodhead Publishing: Sawston, UK, 2017; pp. 585–633. [CrossRef]

38. Dehelean, A.; Cristea, G.; Feher, I.; Hategan, A.R.; Magdas, D.A. Differentiation of Transylvanian fruit distillates using supervised
statistical tools based on isotopic and elemental fingerprint. J. Sci. Food Agric. 2023, 103, 1454–1463. [CrossRef]

39. Bontempo, L.; Perini, M.; Pianezze, S.; Horacek, M.; Roßmann, A.; Kelly, S.D.; Thomas, F.; Heinrich, K.; Schlicht, C.; Schellenberg,
A.; et al. Characterization of beef coming from different European countries through stable isotope (H, C, N, and S) ratio analysis.
Molecules 2023, 28, 2856. [CrossRef] [PubMed]

40. Chernukha, I.; Yurchak, Z.; Kuzmina, E. Study on the meat isotopic composition for origin identification. Potravin. Slovak J. Food
Sci. 2018, 12, 262–266. [CrossRef]

41. Park, Y.M.; Lee, C.M.; Hong, J.H.; Jamila, N.; Naeem, K.; Jung, J.H.; Jung, Y.C.; Kyong, S.K. Origin discrimination of defatted pork
via trace elements profiling, stable isotope ratios analysis, and multivariate statistical techniques. Meat Sci. 2018, 143, 93–103.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.cofs.2022.100812
https://doi.org/10.21203/rs.3.rs-2512128/v1
https://doi.org/10.1016/j.scitotenv.2023.164100
https://doi.org/10.1007/s10661-023-11365-9
https://doi.org/10.3390/foods10040798
https://doi.org/10.3390/app122312391
https://doi.org/10.1515/pac-2013-1023
https://doi.org/10.1007/0-387-22440-8_13
https://doi.org/10.5539/ijc.v10n2p36
https://www.epa.gov/risk/risk-assessment-guidance-superfund-rags-part
https://doi.org/10.1016/j.microc.2016.09.013
https://www.helgilibrary.com/indicators/pork-meat-consumption-per-capita/
https://www.helgilibrary.com/indicators/pork-meat-consumption-per-capita/
https://doi.org/10.1007/s00003-017-1107-z
https://doi.org/10.1080/19338244.2017.1407284
https://www.ncbi.nlm.nih.gov/pubmed/29236582
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables
https://doi.org/10.1007/s11356-022-19589-x
https://www.ncbi.nlm.nih.gov/pubmed/35277826
https://doi.org/10.1002/rcm.2216
https://doi.org/10.1016/j.foodchem.2009.03.090
https://doi.org/10.1080/10256010410001689899
https://www.ncbi.nlm.nih.gov/pubmed/15370282
https://doi.org/10.1007/s00216-003-2347-6
https://doi.org/10.1016/B978-0-08-100694-8.00019-4
https://doi.org/10.1002/jsfa.12241
https://doi.org/10.3390/molecules28062856
https://www.ncbi.nlm.nih.gov/pubmed/36985828
https://doi.org/10.5219/906
https://doi.org/10.1016/j.meatsci.2018.04.012
https://www.ncbi.nlm.nih.gov/pubmed/29715666


Foods 2023, 12, 4271 15 of 16

42. Zhao, Y.; Wang, D.; Yang, S. Effect of organic and conventional rearing system on the mineral content of pork. Meat Sci. 2016, 118,
103–107. [CrossRef]

43. Song, O.Y.; Islam, M.A.; Son, J.H.; Jeong, J.Y.; Kim, H.E.; Yeon, L.S.; Khan, N.; Jamila, N.; Kim, K.S. Elemental composition of pork
meat from conventional and animal welfare farms by inductively coupled plasma-optical emission spectrometry (ICP-OES) and
ICP-mass spectrometry (ICP-MS) and their authentication via multivariate chemometric analysis. Meat Sci. 2021, 172, 108344.
[CrossRef]

44. Tomovic, V.M.; Ljiljana, S.; Petrovic, M.S.; Tomovic, Z.S.; Kevrešan, N.; Dzinic, R. Determination of mineral contents of
semimembranosus muscle and liver from pure and crossbred pigs in Vojvodina (northern Serbia). Food Chem. 2011, 124, 342–348.
[CrossRef]

45. Bilandzic, N.; Sedak, M.; Calopek, B.; Ðokic, M.; Varenina, I.; Kolanovic, B.S.; Luburic, D.B.; Varga, I.; Hruskar, M. Dietary
exposure of the adult Croatian population to meat, liver and meat products from the Croatian market: Health risk assessment. J.
Food Compost. Anal. 2021, 95, 103672. [CrossRef]

46. Heerden, S.M.V.; Smith, M.F. The nutrient composition of three cuts obtained from P-class South African pork carcasses. Food
Chem. 2013, 140, 458–465. [CrossRef]

47. The Nutrition Source. 2023. Available online: https://www.hsph.harvard.edu/nutritionsource/calcium/. (accessed on 27
October 2023).

48. Fluid and Electrolyte Balance. Available online: https://medlineplus.gov/fluidandelectrolytebalance.html (accessed on 10
October 2023).

49. Frassetto, L.; Banerjee, T.; Powe, N.; Sebastian, A. Acid Balance, Dietary acid load, and bone effects-a controversial subject.
Nutrients 2018, 10, 517. [CrossRef]

50. CH103—Chapter 8: The Major Macromolecules. Western Oregon University. Available online: https://wou.edu/chemistry/
chapter-11-introduction-major-macromolecules/ (accessed on 2 November 2023).

51. Nelson, D.L.; Cox, M.M. Chapter 22–Biosynthesis of amino-acids, nucleotides, and related molecules. In Lehninger Principles of
Biochemistry, 4th ed.; Freeman, W.H. & Co.: New York, NY, USA, 2004; pp. 875–880. Available online: http://aulanni.lecture.ub.
ac.id/files/2012/01/15616949-Lehninger-Principles-of-Biochemistry-1-copy.pdf (accessed on 23 October 2023).

52. Yamanaka, N.; Itabashi, M.; Fujiwara, Y.; Nofuji, Y.; Abe, T.; Kitamura, A.; Shinkai, S.; Takebayashi, T.; Takei, T. Relationship
between the urinary Na/K ratio, diet and hypertension among community-dwelling older adults. Hypertens. Res. 2023, 46,
556–564. [CrossRef]

53. Park, J.; Kwock, C.K.; Yang, Y.J. The Effect of the sodium to potassium ratio on hypertension prevalence: A propensity score
matching approach. Nutrients 2016, 8, 482. [CrossRef]

54. Mosallanezhad, Z.; Jalali, M.; Bahadoran, Z.; Mirmiran, P.; Azizi, F. Dietary sodium to potassium ratio is an independent predictor
of cardiovascular events: A longitudinal follow-up study. BMC Public Health 2023, 23, 705. [CrossRef] [PubMed]

55. Perez, V.; Chang, E.T. Sodium-to-potassium ratio and blood pressure, hypertension, and related factors. Adv. Nutr. 2014, 5,
712–741. [CrossRef] [PubMed]

56. Mehri, A. Trace Elements in Human Nutrition (II)—An Update. Int. J. Prev. Med. 2020, 11, 2. [CrossRef] [PubMed]
57. Khan, N.; Jeong, I.S.; Hwang, I.M.; Kim, J.S.; Choi, S.H.; Nho, E.Y.; Choi, J.Y.; Park, K.S.; Kim, K.S. Analysis of minor and

trace elements in milk and yogurts by inductively coupled plasma-mass spectrometry (ICP-MS). Food Chem. 2014, 147, 220–224.
[CrossRef]

58. Llorent-Martínez, E.J.; Fernández de Córdova, M.L.; Ruiz-Medina, A.; Ortega-Barrales, P. Analysis of 20 trace and minor elements
in soy and dairy yogurts by ICP-MS. Microchem. J. 2012, 102, 23–27. [CrossRef]

59. Horacek, M.; Lage, M.; Vakhlu, J. Exploring the potential of 87Sr/86Sr isotope ratio with strontium and rubidium levels to assess
the geographic origin of saffron. Foods 2023, 12, 2830. [CrossRef]

60. Cristea, G.; Feher, I.; Voica, C.; Radu, S.; Magdas, D.A. Isotopic and elemental profiling alongside with chemometric methods for
vegetable differentiation. Isot. Environ. Health Stud. 2020, 56, 69–82. [CrossRef]

61. Magdas, D.A.; Feher, I.; Dehelean, A.; Cristea, G.; Magdas, T.M.; Puscas, R.; Marincas, O. Isotopic and elemental markers for
geographical origin and organically carrots discrimination. Food Chem. 2018, 267, 231–239. [CrossRef]

62. Dixit, Y.; Casado-Gavalda, M.P.; Cama-Moncunill, R.; Markiewicz-Keszycka, M.; Cama-Moncunill, X.; Cullen, P.J.; Sullivan, C.
Quantification of rubidium as a trace element in beef using laser induced breakdown spectroscopy. Meat Sci. 2017, 130, 47–49.
[CrossRef]

63. Kongsri, S.; Sricharoen, P.; Limchoowong, N.; Kukusamude, C. Tracing the geographical origin of Thai Hom Mali Rice in three
contiguous provinces of Thailand using stable isotopic and elemental markers combined with multivariate analysis. Foods 2021,
10, 2349. [CrossRef]

64. Lee, J.E.; Hwang, J.; Choi, E.; Shin, M.-J.; Chun, H.S.; Ahn, S.; Kim, B.H. Rubidium analysis as a possible approach for
discriminating between Korean and Chinese perilla seeds distributed in Korea. Food Chem. 2020, 312, 126067. [CrossRef]
[PubMed]

65. Bontempo, L.; Larcher, R.; Camin, F.; Hölzl, S.; Rossmann, A.; Horn, P.; Nicolini, G. Elemental and isotopic characterization of
typical Italian alpine cheeses. Int. Dairy J. 2011, 21, 441–446. [CrossRef]

https://doi.org/10.1016/j.meatsci.2016.03.030
https://doi.org/10.1016/j.meatsci.2020.108344
https://doi.org/10.1016/j.foodchem.2010.06.043
https://doi.org/10.1016/j.jfca.2020.103672
https://doi.org/10.1016/j.foodchem.2012.10.066
https://www.hsph.harvard.edu/nutritionsource/calcium/.
https://medlineplus.gov/fluidandelectrolytebalance.html
https://doi.org/10.3390/nu10040517
https://wou.edu/chemistry/chapter-11-introduction-major-macromolecules/
https://wou.edu/chemistry/chapter-11-introduction-major-macromolecules/
http://aulanni.lecture.ub.ac.id/files/2012/01/15616949-Lehninger-Principles-of-Biochemistry-1-copy.pdf
http://aulanni.lecture.ub.ac.id/files/2012/01/15616949-Lehninger-Principles-of-Biochemistry-1-copy.pdf
https://doi.org/10.1038/s41440-022-01135-4
https://doi.org/10.3390/nu8080482
https://doi.org/10.1186/s12889-023-15618-7
https://www.ncbi.nlm.nih.gov/pubmed/37072769
https://doi.org/10.3945/an.114.006783
https://www.ncbi.nlm.nih.gov/pubmed/25398734
https://doi.org/10.4103/ijpvm.IJPVM_48_19
https://www.ncbi.nlm.nih.gov/pubmed/32042399
https://doi.org/10.1016/j.foodchem.2013.09.147
https://doi.org/10.1016/j.microc.2011.11.004
https://doi.org/10.3390/foods12152830
https://doi.org/10.1080/10256016.2020.1720672
https://doi.org/10.1016/j.foodchem.2017.10.048
https://doi.org/10.1016/j.meatsci.2017.03.013
https://doi.org/10.3390/foods10102349
https://doi.org/10.1016/j.foodchem.2019.126067
https://www.ncbi.nlm.nih.gov/pubmed/31887622
https://doi.org/10.1016/j.idairyj.2011.01.009


Foods 2023, 12, 4271 16 of 16

66. Franke, B.M.; Haldimann, M.; Reimann, J.; Baumer, B.; Gremaud, G.; Hadorn, R.; Bosset, J.O.; Kreuzer, M. Indications for the
applicability of element signature analysis for the determination of the geographic origin of dried beef and poultry meat. Eur.
Food Res. Technol. 2007, 225, 501–509. [CrossRef]

67. Heaton, K.; Kelly, S.D.; Hoogewerff, J.; Woolfe, M. Verifying the geographical origin of beef: The application of multi-element
isotope and trace element analysis. Food Chem. 2008, 107, 506–515. [CrossRef]

68. USEPA (U.S. Environmental Protection Agency). Risk Assessment Guidance for Superfund Volume I: Human Health Evaluation
Manual (Part E, Supplemental Guidance for Dermal Risk Assessment); USEPA: Washington, DC, USA, 2004. Available online: https:
//www.epa.gov/sites/default/files/2015-09/documents/part_e_final_revision_10-03-07.pdf (accessed on 5 November 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00217-006-0446-2
https://doi.org/10.1016/j.foodchem.2007.08.010
https://www.epa.gov/sites/default/files/2015-09/documents/part_e_final_revision_10-03-07.pdf
https://www.epa.gov/sites/default/files/2015-09/documents/part_e_final_revision_10-03-07.pdf

	Introduction 
	Materials and Methods 
	Sampling 
	Sample Preparation for Analysis 
	Preparation for Stable Isotope Analysis 
	Elemental Profile Analysis 
	Statistical Analysis 
	Health Risk Assessment 


	Results and Discussion 
	Isotopic Fingerprint of Hydrogen and Oxygen 
	Isotopic Fingerprint of Carbon 
	Elemental Content 
	Chemometric Analysis (PCA and LDA) 
	Health Risk Assessment through Pork Meat Consumption 

	Conclusions 
	References

