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Concentration levels of phthalate
metabolites in wild boar hair
samples
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Phthalates used in the industry penetrate the environment and negatively affect humans and animals.
Hair samples seem to be the best matrix for studies on long-term exposure to phthalates, but till now
they were used only in investigations on humans. Moreover, the knowledge of the wild terrestrial
animal exposure to phthalates is extremely limited. This study aimed to establish of concentration
levels of selected phthalate metabolites (i.e. monomethyl phthalate—MMP, monoethyl phthalate—
MEP, mono-isobutyl phthalate—MiBP, monobutyl phthalate—MBP, monobenzyl phthalate—MBzP,
mono-cyclohexyl phthalate—MCHP, mono(2-ethylhexyl) phthalate—MEHP and mono-n-octyl
phthalate—MOP) in wild boar hair samples using liquid chromatography with mass spectrometry (LC-
MS) analysis. MEHP was noted in 90.7% of samples with mean 66.17 + 58.69 pg/mg (median 49.35 pg/
mg), MMP in 59.3% with mean 145.1+310.6 pg/mg (median 64.45 pg/mg), MiBP in 37.0% with mean
56.96 +119.4 pg/mg (median < limit of detection—LOD), MBP in 35.2% with mean 19.97 + 34.38 pg/mg
(median <LOD) and MBzP in 1.9% with concentration below limit of quantification. MEP, MCHP, and
MOP have not been found in wild boar hair samples during this study. The results have shown that wild
boars are exposed to phthalates and hair samples may be used as a matrix during studies on levels of
phthalate metabolites in wild animals.

Keywords Phthalates, Endocrine-disrupting chemicals, Environmental pollution, Biomonitoring, Wildlife

Phthalates are a large group of synthetic substances, which chemically are the esters of 1,2-benzenedicarboxylic
acid'. These substances are synthesized during a reaction between an alcohol and phthalic anhydrite. Due to
their properties, such as elasticity and resistance to difficult conditions, phthalates are commonly used in the
production of plastics as additives that increase the softness, flexibility, and durability of products?. The history
of phthalates in the industry dates back to the 1920s when they began to be added to polyvinyl chloride (PVC)°.
In recent years the total production of phthalates is estimated at a level of about 5.5 million tons per year!?.
Phthalates are divided into two groups: high molecular weight phthalates with 7-13 carbon atoms in the carbon
chain and low molecular weight phthalates with 3-6 carbon atoms"2 Phthalates are present in a wide range of
everyday objects. High molecular weight phthalates are present among others in household goods, fabrics, toys,
food containers, electronic elements, cables, furniture, and car equipment®*. In turn, low molecular weight
phthalates are included in PCV products, paints, inks, cosmetics, and medical devices>*.

Phthalates can leach out from the objects, in which they are found and enter the environment?. Till now, the
presence of phthalates has been observed in various parts of the world in surface water, air, and soil, as well as
in food and drinking water, that have been in contact with packaging containing these substances>>®. It has also
been shown that phthalates may penetrate to human and animal organisms through the digestive tract, respira-
tory system, and/or the skin®>’. Moreover, in prenatal life, phthalates may enter the body through the placenta®.
In living organisms, phthalates are subjected to quick transformation, which involves hydrolysis of the diesters
to their respective monoesters, oxidation, and glucuronidation®. Previous studies have shown that the half-life
of phthalate diesters in blood plasma and urine is less than 24 h>!°. Therefore, in the biomonitoring not only
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concentration levels of phthalates but also their metabolites are determined'’. The phthalates most frequently
used in the industry and their primary metabolites are presented in Table 1.

Phthalates show multidirectional harmful effects on living organisms. As endocrine disruptors, phthalates
mimic the actions of natural estrogens and androgens, bind the receptors of these hormones, and therefore
cause dysfunction of the endocrine system resulting in disturbances in the proper functioning of many internal
organs®. Previous studies have shown the influence of phthalates on the reproductive system. Exposure to these
substances in females alters ovarian and uterine functions and may lead to the development of polycystic ovar-
ian syndrome and endometriosis, as well as disorders during pregnancy*2 In turn, in males phthalates affect the
development and functions of the testis, mainly depressing the functions of Leydig and Sertoli cells'?. Therefore,
exposure to phthalates may result in reduced semen quality e.g. decreased sperm concentration, smaller sperm
motility and an increased percentage of abnormal sperm heads and flagella'?. It is also known that phthalates,
among others, adversely affect the nervous, cardiovascular, respiratory, gastrointestinal, and immune systems>*!°.
Moreover, previous studies have shown the correlations between the degree of exposure to phthalates and the
risk of hypertension and atherosclerosis, diabetes, obesity, autism, allergy, and asthma®'*. Carcinogenic, terato-
genic, and genotoxic effects of phthalates are also known, even under the impact of very low concentrations'®.

Due to the abovementioned multidirectional harmful influences, monitoring the concentration levels of
phthalates and their metabolites in living organisms is an important issue of modern toxicology. Urine is the
most preferred matrix for such studies because the excretory system is the main route of elimination of phtha-
lates from the organism'®!'”. However, the presence of phthalate metabolites has also been documented in other
matrices, including saliva, blood serum, semen, breast milk, amniotic fluid, and even cerebrospinal fluid'®".
Among matrices used during the analysis of human exposure to phthalates and their metabolites hair samples
deserve special attention, because they seem to be the best matrix for determination of long-term environmental
exposure?®?, In the light of previous studies, analysis of hair samples provides a more stable piece of informa-
tion about phthalates concentration levels, which allows for better determination of chronic level exposure®?.
Moreover, hair samples can be easily collected, stored, and transported even over long distances. Therefore, hair
samples are increasingly used to monitor human exposure to phthalates'"*>?2. Till now analysis of hair samples
has been used for biomonitoring of phthalates® and their metabolites'"** only in humans.

Contrary to humans, the knowledge on wild animal exposure to phthalates is relatively limited and first of
all concerns water invertebrates®, fish?, birds”’, and marine mammals?®. Only single investigations concern ter-
restrial animals®®, and according to the best knowledge of the authors, till now there have been no investigations
on the assessment of phthalate or their metabolites conducted on the hair samples collected from wild animals.

The selection of wild boars for this study was not accidental. At present days wild boars more and more often
live in the immediate vicinity of human settlements, visit villages and even big cities, and feed near landfills or
cultivated fields*=!. For this reason, they are exposed to anthropogenic environmental pollutants to a signifi-
cant extent. Therefore wild boars seemed to be an optimal wild terrestrial mammal species for monitoring the
degree of environmental pollution and determining the extent to which anthropogenic substances may affect
wild animals. Moreover, it is known that phthalates may disrupt the immune system??, which may be associated
with a greater risk of infectious diseases. In turn, wild boars living near cities are often the source of pathogenic
microorganisms®, and their high exposure to endocrine disruptors (including phthalates) may result in a higher
incidence of infectious diseases in animals and therefore pose a threat to humans and livestock. So, monitoring
the exposure of wild boars to endocrine disruptors seems important also for this reason. Simultaneously the col-
lection of samples from wild boars is easier than from other wild animals because the wild boar is a rare species
of terrestrial mammal, which is not fully protected and can be legally hunted.

Therefore, the aim of the present study was the evaluation of concentration levels of metabolites of phthalates
in the hair samples collected from wild terrestrial mammals. The investigations covered the following substances:
monomethyl phthalate (MMP), Monoethyl phthalate (MEP), mono-isobutyl phthalate (MiBP), monobutyl
phthalate (MBP), monobenzyl phthalate (MBzP), Mono-cyclohexyl phthalate (MCHP) Mono (2-ethylhexyl)
phthalate (MEHP)—mono-n-octyl phthalate (MOP), which were analyzed in the hair samples collected from
wild boars living in various regions of Poland. Substances included in the study are primary metabolites of both

Parent compound Primary metabolite

Full name Abbreviation | Full name Abbreviation

Short alkyl chain phthalates

Butylbenzyl phthalate BBzP Monobenzyl phthalate MBzP
Dibuthyl phthalate DBP Mono-n-butyl phthalate MBP
Dicyclohexyl phthalate DCHP Mono-methyl phthalate MCHP
Diethyl phthalate DEP Monoethyl phthalate MEP
Dimethyl phthalate DMP Mono-methyl phthalate MMP
Di-isobutyl phthalate DiBP Mono-isobutyl phthalate MiBP
Long alkyl chain phthalates

Di-2-ethylhexyl phthalate | DEHP Mono-2-ethylhexyl phthalate | MEHP
Di-n-octyl phthalate DnOP Mono-n-octyl phthalate MOP

Table 1. Phthalates commonly used in the industry and their primary metabolites.
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short and long-alkyl chain phthalates (Table 1), which are commonly used in the industry and, in the light of pre-
vious research, most often and significantly pollute the natural environment and affect the living organisms*®34%>,
Moreover, most of the substances included in this investigation have been previously determined in human hair,
which proves that hair samples are an appropriate matrix for the assessment of their levels in the organism'"*.

Results

Substances analyzed in this investigation were observed in the wild boar hair samples at very different concen-
tration levels and with different frequencies (Supplementary materials—Table S1, Table 2). Noteworthy are the
significant differences in the concentration levels of substances between samples from particular animals from
even one voivodeship (Table S1).

MEHP was noted in the largest number of samples included in the study. It was found in 90.7% of samples
and its concentration levels ranged from 14.1 to 312.3 pg/mg (mean 66.17 + 58.69 pg/mg, median 49.35 pg/mg).
The second most common substance noted in the hair samples was MMP. It was present in 59.3% of samples,
and its mean concentration levels amounted to 145.1 +310.6 pg/mg (median 64.45 pg/mg). Concentration levels
of MMP in particular samples ranged from below the limit of quantification—LOQ (14.1 pg/mg) to as many as
1667.9 pg/mg. Other substances were less common in the studied hair samples. MiBP and/or MBP were found
in 37.0% and 35.2% of all samples, respectively. The concentration levels of the first of these substances ranged
from below LOQ (20.0 pg/mg) to 747 pg/mg (with mean 56.96 +119.4 pg/mg and median <LOD) and the
second - from below LOQ (15.7 pg/mg) to 171.1 pg/mg (with mean 19.97 + 34.38 pg/mg and median <LOD).
In turn, MBzP was noted sporadically in 1.9% of samples, and its concentration levels did not exceed LOQ
(13.4 pg/mg). The presence of other studied substances, namely MEP, MCHP, and MOP, was not found in any
of the analyzed samples.

In the case of substances, which were most frequently observed in the hair samples (i.e. MMP, MiBP, MEHP,
and MBP) the correlations between their concentration levels and gender of animals (Fig. 1), as well as indus-
trialization and human population density of areas, where animals were hunted were evaluated during the
present study (Fig. 2). In males the mean concentration levels (+ SD) amounted to 188.9 £400.7 pg/mg (median
84.4 pg/mg) for MMP, 29.15 + 52.93 pg/mg (median < LOD) for MiBP, 17.13 + 30.06 pg/mg (median < LOD) for
MBP and 62.78 + 63.34 pg/mg (median 47.70 pg/mg) for MEHP. In females mean concentration levels achieved
94.25+143.9 pg/mg (median <LOD), 89.21+161.9 pg/mg (median <LOD), 23.27 +39.18 pg/mg (median < LOD),
and 70.10 +53.81 pg/mg (median 55.40 pg/mg) for MMP, MiBP, MBP, and MEHP, respectively. The observed
intragender differences in concentration levels of the above-mentioned substances were not statistically signifi-
cant in any case (Fig. 1).

In voivodeships with a high and very high degree of industrialization and a higher human population density
(Silesian and Pomeranian), the mean concentration levels of MMP amounted to 200.0+381.5 pg/mg (median
78.35 pg/mg), while in the samples collected in voivodeships with medium and low degree of industrialization
and a lower human population density (Kuyavian-Pomeranian, West Pomeranian and Holy Cross), these values
amounted to 112.7 +£261.3 pg/mg (median 64.45 pg/mg) (Fig. 2A). Similar situation was noted in the case of
MiBP. Its mean concentration amounted to 73.74 + 172.4 pg/mg (median < LOD) in areas with high and very high
degrees of industrialization and a higher human population density and 47.08 +74.33 pg/mg (median <LOD)
in less urbanized regions (Fig. 2B).

Interestingly in the case of MBP and MEHP, the situation was reversed (Fig. 2C,D). The mean concentration
levels of MBP achieved 7.62 +12.44 pg/mg (median < LOD) in areas with high and very high degree of indus-
trialization and a higher human population density and 27.24 +£40.77 pg/mg (median < LOD) in voivodeships
with medium and low degree of industrialization and a lower human population density (Fig. 2C). In turn mean
concentration levels of MEHP amounted to 49.07 +30.82 pg/mg (median 45.05 pg/mg) and 76.23 +68.58 pg/
mg (median 54.30 pg/mg) in more and less industrialized regions, respectively. However, all mentioned above
differences were not statistically significant.

The presence of MBzP was found in too few samples to determine the correlations mentioned above.

Frequency of detection
Compound Range (pg/mg) Arithmetic mean + SD (pg/mg) Geometric mean (pg/mg) Median (pg/mg)
MMP ND-1667.9 145.1+310.6 24.92 64.45 59.3
MEP ND - - - 0
MiBP ND-747.9 56.96+119.4 11.08 <LOD 37.0
MBP ND-171.1 19.97£34.38 6.14 <LOD 352
MBzP ND-<13.4 - - - 1.9
MCHP ND - - - 0
MEHP ND-312.3 66.17 +58.69 38.0 49.35 90.7
MOP ND - - - 0

Table 2. Concentration values (pg/mg) and frequency of detection of phthalate metabolites (n=54)-

cumulative data. MMP monomethyl phthalate, MEP monoethyl phthalate, MiBP mono-isobutyl phthalate,
MBP monobutyl phthalate, MBzP monobenzyl phthalate, MCHP mono-cyclohexyl phthalate, MEHP mono(2-
ethylhexyl) phthalate, MOP mono-n-octyl phthalate, ND not detected, LOD limit o detection.
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Figure 1. Mean concentration levels (+SD) of (A) monomethyl phthalate—MMP, (B) mono-isobutyl phthalate
(MiBP), (C) monobutyl phthalate—MBP, and (D) mono(2-ethylhexyl) phthalate in wild boar hair samples of
males (M) and females (F). Intragender statistically significant differences (P <0.05) were not observed. The
figure was created using GraphPad Prism version 9.2.0 (GraphPad Software, San Diego, California USA).

Discussion

The results obtained in this study have shown that phthalate metabolites are present in the hair samples collected
from wild boars. Simultaneously clear differences have been observed between the frequency of occurrence
and concentration levels of particular substances studied. In the light of present studies MEHP and MMP were
the most common in the wild boar hair samples, and generally, it is in agreement with previous investigations.
Namely, the majority of previous studies describing the environmental pollution with phthalates have found that
parent compounds of MEHP and MMP (i.e. DEHP and DMP, respectively) are phthalates, which are the most
common in the environment**~*. Some studies have shown that DEHP and DMP may even constitute up to
60% to over 90% of all phthalates polluting the surface water and from 85 to 98% of surface sediments®. Because
DEHP and DMP are very widespread in the environment living organisms are exposed to these substances to a
significant extent?. This is reflected in previous studies that have shown a high frequency of occurrence of MEHP
and MMBP, i.e. metabolites of DEHP and DMP, in human bodies'**’. On the other hand, previous studies have
proven that the degree of human exposure to phthalates and levels of phthalate metabolites in human organisms
clearly depend on the area, where observations have been made*"*2. These differences are connected with various
factors including the degree of industrialization and urbanization, as well as lifestyle including among others
people’s habits, diet, or the frequency of using cosmetics and personal care products*"*.

It should be pointed out that the analysis of phthalate metabolites in hair samples is a relatively new method
because the first studies on this issue were performed in 2013%*. Nevertheless, the hair seems to be a good matrix
for biomonitoring not only phthalates or their metabolites®! but also other endocrine-disrupting chemicals pol-
luting the environment*, especially in studies on long-term exposure. This is due to the fact that the levels of
substances accumulating in hair do not fluctuate as quickly as in blood or urine**®. Moreover, the collection
of hair samples is easy, completely non-invasive, and stress-free, which is particularly important in studies on
animals. Another advantage of hair analysis for toxic substances in wild animals is the fact that samples can be
taken even some time after the animal’s death?’. Hair samples may be also easily stored and transported. Despite
these undeniable advantages, analysis of hair samples is relatively rarely used to determine the concentration
levels of phthalate metabolites, and till now such observations have been performed only in humans (Table 3).

It would seem that wild animals are exposed to anthropogenic pollutants to a far lesser degree than humans.
Interestingly, comparing these results with observations concerning the levels of phthalate metabolites in human
hair (Table 3), this cannot be stated unequivocally. Of course, in some cases, the exposure of humans is extremely
higher as in the case of MEP, which in the present study has not been detected in wild boar hair, but in obser-
vations on humans, its concentration levels amounted even above 100 pg/mg. On the other hand maximum
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Figure 2. Mean concentration levels (+ SD) of (A) monomethyl phthalate—MMP, (B) mono-isobutyl

phthalate (MiBP), (C) monobutyl phthalate—MBP, and (D) mono(2-ethylhexyl) phthalate in wild boar hair
samples—MEHP in (1) voivodeships with a high degree of industrialization and high human population density
(Silesian and Pomeranian) and (2) voivodeships with a low and medium degree of industrialization and low
human population density (Kuyavian-Pomeranian, West Pomeranian and Holy Cross). Statistically significant
differences (P <0.05) were not observed. The figure was created using GraphPad Prism version 9.2.0 (GraphPad
Software, San Diego, California USA).

Country n MMP MEP MiBP MBP MBzP MEHP References
China 10 15.3-96.2 2
Greece 100 13-152.4 6.8-164.6 |8.0-77.6 |28.6-357 | 1.1-412.9 1
Hongkong 27 | 3.67-90 0.994-7.290 4.95-393 | 1.1-2.06 | 0.115-63.101 |*
Luxembourg | 16 1.6-62.3 31.6-18,120 0.68-5.8 | 26.62-692 2
Taiwan 30 167-1070 | 1.19-408 0.74-89.5 | 3.30-600 89.8-3000 2

Table 3. Concentration levels (pg/mg) of phthalate metabolites included in the present study in previous
investigations on the human hair samples. MMP monomethyl phthalate, MEP monoethyl phthalate, MiBP
mono-isobutyl phthalate, MBP monobutyl phthalate, MBzP monobenzyl phthalate, MEHP mono(2-
ethylhexyl) phthalate.

concentration levels of MMP and MiBP notes in the present study are higher than those observed in some
observations performed in humans (Table 3).

Such relatively high concentration levels of phthalate metabolites in the wild boar hair may result from two
reasons. Firstly, it may be connected with the lifestyle of wild boars, which more and more often live in close
proximity to human sites®. Animals even enter big cities, live in parks, and feed in dumpsters and landfills. In
such conditions, wild boar exposure to anthropogenic pollutants, including phthalates may be high. Secondly,
relatively high exposure of wild boars may result from a generally high level of environmental contamination
with these substances in the places, where samples were taken.

Unfortunately, previous studies on the presence of phthalates and their metabolites in the environment and
living organisms in Poland are not numerous. It has been found that phthalates are present in sea sediments,
air and indoor dust®>*!. Moreover, phthalate metabolites were commonly found in human blood serum and
urine®>>. It has also been found that effluents from municipal wastewater treatment plants and leachates from
municipal solid waste landfills are a big threat to the natural environment in Poland and the main source of phtha-
late pollution®->°. Among phthalates in effluents from municipal wastewater treatment plants and leaches from
solid waste landfills DEHP is the most predominant®, and its concentration levels are often (in 75% of samples)
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from 1.7 to 56 times higher than the acceptable UE limit of this substance for surface water (1.3 ug/L)*. Such a
situation results in a high risk of pollution of surface waters and soil around the waste landfills’**® with DEHP and
other phthalates. In turn, it poses a serious threat to water organisms and mammals feeding on earthworms and
grubs living in the soils around the waste landfills or in the areas, where sewage sludge applications in agriculture
take place®. It should be underlined that during the present study, MEHP was noted in the highest number of
studied samples, which may suggest that effluents from wastewater treatment plants and leachates from solid
waste landfills may be an important source of phthalates for wild boars exposure. This is all the more likely that
the grubs, earthworms, and other organisms living in the soil are an important component of the wild boar diet.

Previous studies on levels of phthalate metabolites in wild animals are relatively scanty®2%, especially in
terrestrial species®s. Moreover, the comparison of present results with previous studies is difficult due to the fact
that previous observations have been made in completely different parts of the world and on completely different
animal species and matrices. Despite the difficulties resulting from various matrices, it can be concluded that
phthalate metabolites concentration levels noted in wild boars during this study are higher than values observed
in wild animals in previous studies?”*.

The present study also covered dependencies between phthalate metabolites concentration levels in the hair
samples and animal gender, as well as urbanization and industrialization of areas, where samples were collected.
Some previous studies have reported intragender differences in the levels of various endocrine-disrupting chemi-
cals. But it should be underlined that the results concerning this issue are not clear. Some studies have reported
higher concentration levels of endocrine-disrupting chemicals in males, other in females, and still others have
shown that exposure levels of such substances are the same for both genders®->. The majority of studies on levels
of endocrine-disrupting substances in various genders concern humans. In this case, intragender differences may
result from various lifestyles, habits, diet, or more frequent use of cosmetics by women, i.e. factors, which do not
matter in wild animals*"**. However, some studies suggest that intragender differences in levels of endocrine-
disrupting chemicals may result from differences in hormonal activity, metabolic rate, and/or ratio of body weight
to the amount of food consumed®. In the case of phthalate and their metabolites studies conducted on humans
have shown that in women levels of these substances are higher than in men®"%2. Moreover, intragender differ-
ences in correlations between exposure to phthalates and disturbances in metabolism have been reported®*4,

Intragender differences in levels of phthalate metabolites have not been observed in the present study. This
fact suggests that differences noted in humans resulted from various lifestyles, habits, and frequency in the use of
cosmetics, which has also been suggested by previous studies**>%. Moreover, the lack of intragender differences
noted in the present work is in agreement with previous investigations in rats, in which no significant differences
in toxicokinetics and toxicodynamics of DiBP have not been observed®.

Previous studies have shown that phthalate metabolites levels in human organisms vary significantly depend-
ing on the place, where the research was conducted*"*. It would seem that levels of anthropogenic pollutants are
higher in areas with a higher degree of urbanization and industrialization. However, results concerning phtha-
lates and their metabolites are inconclusive. The presence of these substances in the environment and human
organisms has been observed in various regions, not only highly urbanized ones (Table 3). Moreover, there is
evidence that the concentration levels of phthalate metabolites in hair collected from people living in rural areas
may be higher than values noted in the hair of people living in cities?. Such a situation is probably connected
with the use of phthalates in agriculture, for example as a component of artificial fertilizers and plant protection
products®®, as well as with the pollution of the rural environment with mentioned effluents from wastewater
treatment plants and leachates from solid waste landfills>*~%. Moreover, previous investigations have described
the presence of phthalates in agricultural soils, vegetables, and crop plants®”%. The present results concern-
ing dependents between phthalate metabolites levels in wild boar samples and the degree of urbanization and
industrialization are ambiguous. Admittedly, such differences have been shown, but they were not statistically
significant. Moreover, mean levels of some phthalate metabolites were higher in less industrialized regions. This
fact may confirm previous research that exposure to phthalates may also be significant in agricultural areas®.
The exposure of wild boars to phthalates in non-industrially, agricultural areas results from the contamination
of the soil and the organisms living in it (earthworms, grubs), which (as already mentioned) are the food of wild
boars. The second possible sources of exposure to phthalates for wild boars in the rural areas are vegetables and
crop plants, which also may be polluted with phthalates and are often part of the wild boar diet.

A fundamental question arises, whether the levels of phthalate metabolites observed in this study have an
adverse effect on the health of wild boars. Unfortunately, till now there are no studies on the phthalate metabo-
lism in the wild boar and correlations between the phthalate concentration levels in the hair, blood, urine, and
other tissues of this animal species. Previous studies in humans have shown that correlations between phthalate
metabolites levels in hair and urine are often not exact and suggest that analysis of these matrices usually give
not the same but complementary information*’. Namely, analysis of the hair samples allows for the assessment of
long-term exposure, and levels of phthalate metabolites in the urine reflect short-term exposure?>*. Therefore,
a clear answer to the above question is very difficult at the current stage of knowledge. It can be only assumed
that phthalates may affect the wild boar’s health status. This assumption is supported by the fact that in other
mammal species, even small environmental doses of phthalates cause disorders in various internal organs®*”°.
Moreover, phthalates are only one group of endocrine-disrupting chemicals that pollute the environment. Living
organisms are usually exposed to a wide range of such substances, which often have a synergistic effect’’. In this
case, even low exposure to particular substances may result in negative health effects.
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Materials and methods

Reagents

During the present study, the following reagents have been used: phthalate metabolites, MMP, MBP, MCHP
and MEHP purchased from Sigma-Aldrich (St. Louis MO, USA), MEP, MiBP, MBZP, and MOP from Toronto
Research Chemicals (TRC Inc), methanol and acetonitrile (LC-MS grade) purchased from Fisher Chemical,
phenobarbital (internal standard—IS) purchased from Lipomed AG, (Arlesheim Switzerland)), ultrapure water
produced by a Direct-Q 3UV water purification system (Merck, Germany).

Sample collection

The method of sample collection has been previously described by Gonkowski et al.”. In short, 54 adult wild
boars of both genders (29 male and 25 female) were included in this study. The animals were hunted during legal
hunting organized by the Polish Hunting Association. The huntings took place in the Kuyavian-Pomeranian,
West Pomeranian, Pomeranian, Silesian, and Holy Cross Voivodeships in the years 2020-2022. Characteriza-
tion of animals included in this study are presented in supplementary materials (Table S1), and a description of
voivodeships, where hunting took place is presented in Table 4.

Hair samples were collected within a maximum of 30 min after the death of animals. Hair (about 2 g) from
each animal included in the study was cut closest to the skin from the same place on the abdomen. Immediately
after cutting hair was wrapped in aluminum foil and placed in a dark dry place at room temperature. In such
conditions, hair samples were stored until further investigations. Due to the fact that hair samples were collected
from dead animals hunted during legal hunting permitted by Polish legislation, consent for research from the
ethical committee was not required. This is in accordance with the Act for the Protection of Animals for Scien-
tific or Educational Purposes of 15 January 2015 (Official Gazette 2015, No. 266), applicable in the Republic of
Poland. The number of samples included in the study was limited by the number of legal hunting organized by
the Polish Hunting Association and animals hunted.

Extraction of phthalate metabolites

Samples were prepared according to the method described previously by Tzatzarakis et al.**. At first hair samples
were cut into small fragments with a length of several millimeters. Then external contaminations were removed
from the hair by double rinsing of the samples with ultrapure water and double rinsing with methanol. After
rinsing the samples were dried at 50 °C. The extraction of phthalate metabolites was made up according to the
method described by Tzatzarakis et al.** and Katsikantami et al.'. 100 mg of each sample were put into glass
screw tubes with 2 x 2 ml of methanol and 25 ng of IS. To avoid any contamination, only glass tubes, which were
washed with methanol (LC-MS grade) and dried at 80 °C were used in the extraction procedure, while the hair
samples were stored in aluminum foil. Blank samples were analyzed with each batch. Extraction was carried out
in an ultrasonic water bath for 2 x 2 h with periodic mixing with a vortex system. The extracts were evaporated
to dryness under nitrogen steam at 35 °C and reconstituted by adding 100 pl of methanol. The obtained solution
was transferred into 2 ml vials with inserts for liquid chromatography-mass spectrometry (LC-MS) analysis.
10 pl ml of solution was injected into the system.

1.44

Instrumentation

An LC-MS system (2010 EV, Shimadzu) was used for the detection and quantification of phthalate metabolites
after the separation of the substances on a Supelco Discovery column C18 (250 mm, 4.6 mm, 5 pm, Sigma-
Aldrich, St. Louis, MO, USA), which was conducted at 30 °C. The analysis was made up with a flow rate of 0.6 ml/
min using 5 mM ammonium acetate (solvent A) and acetonitrile 0.1% formic acid (solvent B). To monitor the
analytes, an atmospheric pressure chemical ionization (APCI) and a quadrupole mass filter in negative selected
ion monitoring (SIM) mode were used. Retention times and selected ions m/z for each substance were as follows:
IS: 14.08 min, 231.05 m/z, MMP: 9.15 min, 179.00, 225.05 m/z, MEP: 12.71 min, 193.00, 239.05 m/z, MiBP:
17 min, 221.10, 267.10 m/z, MBP: 17.15 min, 221.10, 267.1 m/z, MBzP: 17.48 min, 255.10, 301.05 m/z, MCHP:
18.4 min, 247.10, 293.1 m/z, MEHP: 22.21 min, 277.10, 323.1 m/z and MOP: 22.76 min, 277.10, 323.1 m/z
(Table 3). The interface, CDL, and heat block temperatures were set at 400 °C, 200 °C, and 200 °C, respectively.

% of agricultural
No Name of voivodeship Area'? Industrialiaztion® % of urbanization* Human population density>* | land®
1 Kuyavian-Pomeranian 17.9 Medium industrialized 61.1 114 61.1
2 Pomeranian 183 Highly industrialized 65 128 47.1
3 West Pomeranian 22.8 Medium industrialized 55.2 73 38.3
4 Silesian 123 E‘g%hly industrialized (min- | 7 ¢ 361 208
5 Holly Cross 11.7 Low industrialized 44.8 104 482

Table 4. Voivodeships included into the study. 'In 1000 km? *Data from 2021 according to Central Statistical
Office in Poland (https://stat.gov.pl/), *Degree of industrialization according to scale developed by Bal-
Domarnska and Stanczyk®, “In number of persons/km?
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MMP | MEP MiBP | MBP MBzP | MCHP | MEHP | MOP | No of repetitions
Rt (min) 9.15 12.71 17.00 17.15 17.48 18.40 22.21 2276 | -
target m/z 179.00 |193.00 |221.10 |221.10 |255.10 |247.10 |277.10 |277.10 |-
Qm/z 225.05 |239.05 |267.10 |267.10 |301.05 |293.10 |323.10 |323.10 |-
Mean % recovery 119.4 65.5 81.1 90.3 65.9 61.2 66.8 80.7 3
Mean % accuracy 111.9 94.5 102.2 116.0 101.5 94.9 105.0 99.3 3
Precision (%RSD) 18.0 8.0 10.8 4.7 22.1 22.2 17.3 16.5 3
LOD (pg/mg) 4.2 14.2 6.0 4.7 4.0 6.1 1.1 4.0 2
LOQ (pg/mg) 14.1 47.2 20.0 15.7 13.4 20.3 3.7 133 2
r? (standard curves) 0.9896| 0.9949| 0.9929| 0.9915| 0.9920| 0.9949| 0.9940| 0.9948|3
12 (spiked curves) 0.9895| 0.9986| 0.9865| 0.9844| 0.9935| 0.9945| 0.9837| 0.9931|3

Table 5. Analytical and validation parameters of the applied methodology. MMP monomethyl phthalate,
MEP monoethyl phthalate, MiBP mono-isobutyl phthalate, MBP monobutyl phthalate, MBzP monobenzyl
phthalate, MCHP mono-cyclohexyl phthalate, MEHP mono(2-ethylhexyl) phthalate, MOP mono-n-octyl
phthalate, LOD limit of detection, LOQ limit of quantification.

The detector voltage was set at 1.5 kV, the drying gas pressure was set at 0.02 MPa and the nebulizing gas flow
at 2.5 L/min.

Method validation

The performance of the analytical method was examined. To this aim, standard solutions of phthalate metabolites
were made and their linearity was found to be from 0.9896 for MMP to 0.9949 for MEP. Spiked sample analysis
was made for concentrations of 0, 10, 25, 50, 100, and 250 pg/mg with linearity from 0.9837 for MEHP to 0.9986
for MEP (Table 5).

The limit of detection (LOD) and limit of quantification (LOQ) were evaluated using the signal to noise
ratio, (signal to noise ratio>3 and > 10, respectively). Three repeats of spiked samples (n=3) were used for the
evaluation of the recovery and inter-day precision (%RSD), and the accuracy of the method. The mean values
of precision, accuracy and recovery of the applied method are depicted in Table 5.

Statistical analysis

The statistical analysis was made using GraphPad Prism version 9.2.0 (GraphPad Software, San Diego, California,
USA) and the nonparametric Mann-Whitney test was used. Data are presented as mean + standard deviation
(SD) and median and the differences were considered as statistically significant at P<0.05. In the statistical
analysis values below LOQ and LOD were taken into account as LOQ/2 and LOD/2, respectively.

Conclusions

Results obtained during the present study clearly indicate that wild boars in Poland are exposed to phthalates,
especially to DEHM and DMP, whose metabolites MEHP and MMP have been found in the majority of hair
samples included in the study. There were no intragender differences in phthalate metabolites levels in wild boars.
Phthalate metabolites were found in samples collected both in regions with a high degree of industrialization
and urbanization and in areas of an agricultural nature. The concentration levels of some phthalate metabolites
in wild boars are relatively high, which is connected with the penetration of phthalates to soil, surface water, and
plants. It can be assumed that concentration levels of phthalate metabolites may affect wild boar health status.
However, due to the fact that exact metabolism of phthalates in wild boars is unknown and the knowledge on
the correlation between levels of phthalate metabolites in hair and urine or serum is very limited, the precise
explanation of phthalates impact on the wild boar health status requires further studies. It should be underlined
that this is the first use of analysis of hair samples in studies concerning phthalate metabolites levels in wild
animals, and results confirm that such analysis in animals, similarly to humans, is suitable for biomonitoring of
long-term exposure to phthalates.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information files).
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