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Abstract

Introduction: Poly- and perfluoroalkyl substances (PFASSs) are a numerous group of synthetic organic compounds used in
various industries. They pollute the natural environment and negatively affect humans and animals. The aim of the present
investigation was to assess the exposure of sheep bred in the Kyrgyz Republic to six selected PFASs. Material and Methods:
Six selected PFASs were assessed in 50 sheep (39 females and 11 males) of Kyrgyz and Arashan breeds ranging in age from 1 to
8 years (mean 2.1 + 1.1), recruited equally from the Alamedin and Sokuluk regions. The substances were five perfluoroalkyl
carboxylic acids (perfluorobutanoic acid — PFBUA, perfluoropentanoic acid — PFPeA, perfluorohexanoic acid — PFHxA, perfluoroheptanoic
acid — PFHpA and perfluorooctanoic acid — PFOA) and perfluorooctane sulphonic acid (PFOS), and were determined through the
liquid chromatography—tandem mass spectrometry of hair samples. Results: All the listed PFASs were found in the studied hair
samples. The highest concentrations were noted for PFPeA and PFBUA. The concentration of PFPeA ranged from 0.99 ng/g
to 27.90 ng/g (mean 5.55 + 4.54 ng/g) and that of PFBuA from 0.95ng/g to 14.18 ng/g (mean 2.24 + 2.34 ng/g). The mean
concentration levels of other PFASs were as follows: 1.06 + 0.78 ng/g for PFHxA, 1.02 + 0.76 ng/g for PFHpA, 0.87 + 0.68 ng/g
for PFOA and below the method quantification limit for PFOS. Clear differences in PFASs levels were noted between the two
regions. Conclusion: Sheep are exposed to various PFASs, and sheep wool and items made of it may be the source of human

exposure to these compounds. Hair samples may be used for biomonitoring of sheep exposure to PFASs.
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Introduction

Poly- and perfluoroalkyl substances (PFASs) are
a numerous group of synthetic organic compounds that
contain at least one fully fluorinated methyl or
methylene carbon atom (12). Their thermal and chemical
stability make PFASs commonly chosen for applications
in various industries, and they are contained in many
everyday objects, such as clothes, domestic appliances,
electronic equipment and many others (23). These
compounds may permeate the natural environment, and
existing research has shown PFASs to be in surface
waters and groundwater, soil, dust and plants in various
regions of the world (23, 25). It is known that PFASs
may penetrate into human and animal organisms mainly
through the digestive system, but also through the lungs

and skin (23), and impact negatively when they do.
Poly- and perfluoroalkyl substances have been found in
blood serum, urine, milk, semen and various internal
organs (13, 17). These substances chiefly disturb the
activity of the hormonal system, and hence they are
included among the compounds termed “endocrine-
disrupting chemicals”. It is known that PFASs practically
impair the functioning of the whole body, especially the
reproductive, nervous, immunological and gastrointestinal
systems (6, 23).

The majority of previous data concern human
exposure to PFASs, and knowledge of these compounds
in farm animals is rather limited. Only two previous
studies concern PFASs in sheep (16, 27). However,
these works do not focus on PFAS biomonitoring in
sheep but on the compounds’ distribution in the animal’s
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body after exposure. It is well known that PFASs pollute
not only highly urbanised and industrialised regions, but
also rural areas and regions, which have remained
largely unaffected by human activity (24). This is
because besides the compounds’ incorporation in
manufactured products, they can arise in the atmosphere
by photooxidation from various volatile precursor
compounds which are common pollutants and may be
transported in the air over long distances (9). In rural
areas, PFASs may permeate the environment and be
taken up into arable crops from residuals containing
them (such as biosolids) used in agricultural plant
protection products and irrigation water, the risk of
which is significant given that such water is often
reclaimed from wastewater (21, 26). These circumstances
indicate that the sources of farm animal exposure to
PFASs are various (Fig. 1). Such exposure not only
deteriorates animal health, but also poses a potential threat
to the humans who consume products of animal origin.

‘ commercial feed

breeding
tools
water —
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Fig. 1. Sources of sheep’s exposure to poly- and perfluoroalkyl substances

Among the matrices used to monitor PFASSs in
living organisms, hair samples are becoming increasingly
important, helped by previous investigations which have
proved that hair is an appropriate matrix for evaluation
of the exposure to PFASs and that the levels in hair
correlate with levels of these substances in internal
organs (4, 8, 18). Hair is the best matrix to study long-
term exposure to various environmental pollutants
(including PFASS), because substances accumulate in
the hair and their levels are not subject to rapid changes,
as is the case in the classic matrices such as urine or
serum (1, 4, 20). Moreover, hair sample collection is
easy, completely non-invasive and stress-free.

The aim of this study was to assess sheep exposure
to selected PFASs commonly used in industry (such as
perfluorobutanoic acid — PFBUA, perfluoropentanoic
acid — PFPeA, perfluorohexanoic acid — PFHXA,
perfluoroheptanoic acid — PFHpA, perfluorooctanoic
acid — PFOA and perfluorooctane sulfonic acid — PFOS)
through hair sample analysis. It should be underlined
that this is the first investigation concerning the
evaluation of PFAS levels in sheep hair and the first
study on PFASs in biological samples in the Kyrgyz
Republic. The obtained results will contribute to
expanding the knowledge of the exposure of farm
animals to PFASs.

Material and Methods

Reagents. The reagents used during the study were
the same as those used previously by Makowska et al. (18).
The following reagents (all of analytical grade unless
otherwise specified) were used: acetic acid (HACc),
ammonium acetate and sodium dodecyl sulphate (SDS)
(all obtained from Panreac, Barcelona, Spain); high-
performance liquid chromatography—grade acetone,
methanol and water (supplied by Romil, Barcelona,
Spain); and PFBUA (98%), PFPeA (97%), PFHxA
(>297%), PFHpA (99%), PFOA (96%) and PFOS (>98%)
(all from Sigma-Aldrich, Steinheim, Germany).
Perfluorooctanoic acid-13C4 (99%, used as an internal
standard (IS)) was obtained from Cambridge Isotope
Laboratories (Cambridge, MA, USA). Individual stock
standard solutions were prepared at 1,000 mg/L in
MeOH and stored at —18°C. Working solutions were
prepared by dilution of the stock standard solutions in MeOH.

Sample collection. The present study included 50
sheep (39 females and 11 males) of Kyrgyz and Arashan
breeds ranging in age from 1 to 8 years (mean 2.1 = 1.1).
Hair samples were collected from animals bred in two
regions of the Kyrgyz Republic: the Alamedin Region
and the Sokuluk Region, both located in the vicinity of
Bishkek — the capital and biggest city of the Kyrgyz
Republic. The key characteristics of the regions are
presented in Table 1. Twenty-five animals from each
region were included in the experiment. Samples were
collected in June of 2023. Approximately 2 g of hair was
cut from the back of each animal above the shoulder
blades as close to the skin as possible using metal
scissors. Hair samples were placed in aluminium foil
sachets directly after collection and kept in the dark
at room temperature. Particular attention was paid to
ensuring that the samples did not come into contact with
objects that may contain PFASs.

Because hair sample collection is completely non-
invasive, the Ethical Committee’s consent was not
required to conduct this research. It is in accordance
with the law in force in the Kyrgyz Republic and
the European Union. The verbal consent of the animals’
owners was obtained for the use of their animals’ hair in
the present study.

Before analysis, exogenous substances contaminating
the hair surface were removed by the method previously
described by Makowska et al. (18). Briefly, the hair was
rinsed with ultrapure water, then in SDS (0.1%, w/v) and
again twice in ultrapure water. Between each washing
and the next, the samples were subjected to sonication
for 5 min. After washing, the hair was cut into 2-3 mm
fragments and stored for no longer than three days until
further analysis.

Hair sample analysis. The levels of PFASs in the
sheep hair samples were evaluated according to the
method previously described by Martin et al. (19) and
Makowska et al. (18) after revalidation. A 100 mg mass
of hair sample and 12.5 ng of the IS were placed in
a glass centrifuge tube and incubated with 2 mL of
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a mixture of methanol and HAc (85:15, v/v) at 38°C for
12 h. Then the samples were allowed to cool to room
temperature and 3 mL of acetone was added to them.
The samples were sonicated for 15 min and centrifuged
for 10 min at 2,900 x g. The organic phase containing
the analytes was separated, transferred to a clean tube
and evaporated to dryness under a nitrogen stream
at room temperature. The residue was reconstituted with
0.25 mL of methanol and passed through a 0.22 pm
nylon filter. A 10 puL aliquot of the extract was injected
into the liquid chromatography—tandem mass spectrometry
(LC-MS/MS) apparatus, which was a 1290 Infinity 1l
ultra-high-performance liquid chromatography system
(Agilent, Santa Clara, CA, USA).

Separation was carried out with a HALO C-18
Rapid Resolution column of 50 x 4.6 mm internal diameter
with 2.7 um particle size (Advanced Materials Technology,
Wilmington, DE, USA) using a gradient elution with 10 mM
ammonium acetate solution (solvent A) and methanol
(solvent B) at a flow rate of 0.6 mL/min. The gradient
was as follows: 0-14 min solvent B increased in linear
fashion from 28 to 70%, 14-19 min its proportion rose
from 70% to 80%, 1925 min it increased to 100% and 25—
27 min it was held. The column temperature was maintained
at 30°C. Two multiple-reaction monitoring transitions were
selected for each analysis for quantification and
confirmation of compounds. The mass spectrometer
settings and validation parameters are summarised in
Tables 2 and 3.

Table 1. Key characteristics of the Kyrgyz Republic regions from which sheep hair was sampled for poly- and perfluoroalkyl substance determination

Region name Alamedin Sokuluk
Area (km?) 1,503 2,550
Human population in 2024 (in thousands) 180.6 250.6
Human population density (thousands/km?) ~ 0.120 0.098
Administrative centre Lebedinovka Sokuluk
Distance in the straight line from the centre

of Bishkek to administrative centre of the 9.50 22.29

region (km)
Population concentrations

Number of sheep and goats in 2015 -2 123,019
Wool production in 2024 (in tonnes) 158

51 settlements in 17 rural communities

1 town and 68 settlements in 19 rural
communities

51,033
329.1

! _ data for sheep alone are not available; > — more recent data concern larger administrative areas: the Alamedin and Sokuluk regions are located
in Chui Oblast, in which the number of sheep and goats amounted to 660,049 animals in 2022. The origin of the data is the National Statistical
Committee of the Kyrgyz Republic (https://stat.gov.kg/ru/statistics/selskoe-hozyajstvo/)

Table 2. Optimised tandem mass spectrometry parameters for multiple-reaction monitoring (MRM) analysis of Kyrgyz Republic sheep hair

sampled for poly- and perfluoroalkyl substance determination

Compound Prec(u rsg)r ion M(Ir?n%)la M(I;l)g)zb Frag(n\}e):ntor Collisi(c;{]/;:nergy
PFBUA 213 169.0 51.6 55 0
PFPeA 263 219.0 89.7 55 0
PFHXA 313 269.0 119.0 60 0
PFHpA 363 319.0 3328 65 0
PFOA 413 369.0 194.3 62 0
PFOS 499 80.0 515 145 40
PFOA-C, 417 371.9 172.0 77 4

@ _ transition used for quantification; ® — transition used for confirmation; PFBUA — perfluorobutanoic acid; PFPeA — perfluoropentanoic acid;
PFHxA — perfluorohexanoic acid; PFHpA — perfluoroheptanoic acid; PFOA — perfluorooctanoic acid; PFOS — perfluorooctane sulphonic acid

Table 3. Linear range, method detection limits (MDLs), method quantification limits (MQLs), recovery and precision of the selected poly- and
perfluoroalkyl substances analysed in hair samples of Kyrgyz Republic sheep

Compound Linear range MDL MQL ReCO\{ery (%) . Inter-day precision
(nglg) (ng/g) (ng/g) Lowlevel — Medium level ~ High level (RSD %)
PFBUA 0.9-100 0.3 0.9 96+3 99+3 100 £ 4 4
PFPeA 0.6-100 0.2 0.6 93+5 93+7 97+5 3
PFHXA 0.6-100 0.2 0.6 88+7 92 +8 92+5 5
PFHpA 0.6-100 0.2 0.6 87+6 86+6 90+ 6 3
PFOA 0.6-100 0.2 0.6 91+2 90+2 95+2 4
PFOS 0.6-100 0.2 0.6 837 88+5 89+4 5

RSD - relative standard deviation; PFBuA — perfluorobutanoic acid; PFPeA — perfluoropentanoic acid; PFHxA — perfluorohexanoic acid; PFHpA
— perfluoroheptanoic acid; PFOA — perfluorooctanoic acid; PFOS — perfluorooctane sulphonic acid
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Quality assurance and quality control. A quality
assurance and quality control protocol was designed to
ensure reliable and precise results. It involved the use of
spiked control samples, solvent (methanol) injections,
standards containing a mixture of the target compounds
(20 ng/mL) and procedural blanks (processed in the
same way as the samples) in each analytical batch
(which was of 15 samples, to preserve the stability of the
chromatographic column). Each sample was injected in
duplicate. No quantifiable amounts of target compounds
were detected in the blank samples.

Statistical analysis. GraphPad Prism version 9.2.0
(GraphPad Software, San Diego, CA, USA) was used to
carry out statistical analysis. The statistical analysis
included descriptive statistics and a non-parametric
Mann-Whitney test (to compare PFAS levels between
regions). The differences were considered statistically
significant at P-value < 0.05. Concentrations of PFASs
lower than the method quantification limit (MQL) were
included in the statistics as MQL/2.

Results

The compounds of interest were observed in all hair
samples included in the study. The levels of two of them,
i.e. PFPeA and PFBUA, were higher than the MQL in all
samples. The concentration of PFPeA was the highest
and ranged from 0.99 ng/g to 27.90 ng/g with a mean
(+ standard deviation) of 5.55 + 4.54 ng/g. The concentrations
of PFBUA were slightly lower — from 0.95 ng/g to
14.18 ng/g with a mean of 2.24 + 2.34 ng/g. Levels above
the MQL of PFHXA were noted in 72% of samples, and
the highest concentration level of this substance found
amounted to 3.87 ng/g (mean 1.06 & 0.98 ng/g). Concentrations
of PFHpA above the MQL were observed in fewer
samples than such concentrations of PFHXA were
(66%), but its maximum concentration was slightly
higher (4.32 ng/g). The mean level of PFHpA was
1.02 £ 0.76 ng/g. The lowest concentrations found were
of PFOA and PFOS. Levels of the former above the
MQL were observed in 54% of samples, the highest
level of this substance amounted to 2.67 ng/g and the
mean value was 0.87 = 0.68 ng/g. Levels of PFOS higher
than the MQL were only discovered in two samples
(4%) and were 1.92 ng/g and 3.36 ng/g. A summary of
the results obtained is presented in Table 4.

Clear differences in PFAS levels in sheep hair were
noted between districts included in the investigation.
Generally higher levels of PFASs were noted in
the Alamedin Region (Fig. 2).

ng/g
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Fig. 2. Mean concentration levels (+ standard deviation) of
perfluorobutanoic acid (PFBuA), perfluoropentanoic acid (PFPeA),
perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA)
and perfluorooctanoic acid (PFOA) in sheep hair samples from
the Kyrgyz Republic Alamedin (1) and Sokuluk (2) regions.
* — P-value < 0.05; *** — P-value < 0.001; **** — P-value < 0.0001

The most visible differences between regions were
associated with the levels of PFHpA and PFBUA. In
the Alamedin Region the mean concentration level
(xstandard deviation) amounted to 1.45 £ 0.77 ng /g for
PFHpA and 2.97 + 3.05 ng/g for PFBuA, and in Sokuluk
Region these values were 0.59 + 0.47 ng/g and
1.51 + 0.89 ng/g, respectively (Fig. 2). The observed
differences were highly statistically significant (P-value
< 0.0001 for PFHpA and P-value = 0.0001 for PFBUA).
Less clear differences between regions emerged for
PFPeA and PFHXA (Fig. 2). In the Alamedin Region, the
mean concentration level of PFPeA was 6.92 +5.72 ng/g
and the level of PFHXA was 1.30 £ 0.91 ng/g. In the Sokuluk
Region, these values were found to be 4.19 = 2.33 ng/g
and 0.82 + 0.43 ng/g, respectively. In this case, the differences
were statistically significant (P-value = 0.0264 for PFPeA
and P-value = 0.0421 for PFHXA). The mean concentration
level of PFOA was 0.88 £ 0.73 ng/g in the Alamedin
Region and 0.87 £ 0.63 ng/g in the Sokuluk Region,
and this difference was not statistically significant
(P-value = 0.9032) (Fig. 2). The number of samples with
PFOS levels higher than the MQL was too small for
comparison of the regions to be possible.

Table 4. Concentration levels (ng/g), frequency of detection (%), method detection limit (MDL (ng/g)) and method quantification limit
(MQL (ng/g)) of poly- and perfluoroalkyl substances (n = 50) — cumulative data from hair samples of Kyrgyz Republic sheep

Compound Range A”r;:?re\“c Ge;r::r:“c perzcitnhtile Median per7(:5etnhtile jﬂaénflg;) MDL jgf% MQL
PFBUA 0.95-14.18 2.24+2.34 1.79 1.25 1.54 2.30 100 0.30 100 0.90
PFPeA 0.99-27.90 5.55+4.54 4.50 3.33 4.18 5.85 100 0.20 100 0.60
PFHxA <MQL-3.87 1.06 +£0.78 0.82 <MQL 0.88 1.44 100 0.20 70 0.60
PFHpA <MQL-4.32 1.02+0.76 0.78 <MQL <MQL 0.95 100 0.20 64 0.60
PFOA <MQL-2.67 0.87 £ 0.68 0.65 <MQL 0.80 121 100 0.20 52 0.60
PFOS <MQL-3.36 <MQL <MQL <MQL <MQL <MQL 100 0.20 4 0.60

PFBUA — perfluorobutanoic acid; PFPeA — perfluoropentanoic acid; PFHXA — perfluorohexanoic acid; PFHpA — perfluoroheptanoic acid,;

PFOA — perfluorooctanoic acid; PFOS — perfluorooctanesulfonic acid
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Table 5. The poly- and perfluoroalkyl substances observed in selected previous hair sample studies and included in this Kyrgyz Republic sheep

hair sample study

Substance n (f};ﬁg) M(Eglga/rrln/gl)?an Frequency detection’ Reference
Human hair

Belgium

PFPeA <MQL <MQL/- 6.1

PFHxA <MQL-2.4 <MQL/- 18.4

PFHpA 114 <MQL-1.4 <MQL/- 4.4 @
PFOA <MQL-3.4 <MQL/- 86.8

PFOS <MQL-11.3 <MQL/- 0.9

China

PFBuA ND - 0

PFPeA ND-326 -/31.7 40

PFHxA 28 ND-201 -/29.2 73 @
PFHpA ND-68.5 /12,6 33

PFOA 18.3-1390 -1277 100

PFOS 1.01-51.0 -/6.76 100

South Korea

PFPeA ND-0.75 <MDL/0.48 16

PFHxA ND-0.14 <MDL/0.13 2

PFHpA 94 ND-0.28 <MDL/0.14 26 (14)
PFOA 1.3-9.8 3.2/3.6 100

PFOS 0.69-15 4.2/4.8 100

Spain

PFBuA 5.8-15.5 7.8/8.9 14

PFPeA 4.6-13.3 6.8/7.4 26

PFHxA 2.0-10.6 8.9/8.1 26

PFHpA 42 0.6-10.1 2.4/3.1 86 (20)
PFOA 0.6-9.5 1.4/2.0 57

PFOS 0.7-11.0 1.9/2.7 76

Dog hair

Poland

PFBuA 0.98-26.6 9.66/11.2 100

PFPeA <0.14-15.6 4.39/5.31 96.7

PFHxA 30 <0.14-18.9 5.92/7.45 96.7 (18)
PFHpA <0.14-13.2 1.35/2.10 86.7

PFOA 1.51-66.7 17.4/21.2 100

PFOS <0.14-1.63 0.70/0.76 86.7

Sheep hair

Kyrgyz Republic

PFBuA 0.95-14.8 1.54/2.24 100/100?

PFPeA 0.99-27.90 4.18/5.55 100/100?

PFHxA <MQL-3.87 0.88/1.06 100/70? .
PFHpA >0 <MQL-4.32 <MQL/0.87 100/642 This study
PFOA <MQL-2.67 0.80/0.87 100/522

PFOS <MQL-3.36 <MQL/<MQL 100/4?

1 _ research contains no values; 2— % samples >MDL/% samples >MQL; <MDL — below method detection limit; <MQL — below method

quantification limit; ND — not detected

Discussion

This study is the first report concerning PFAS
levels in the hair of farm animals. Until now, the
majority of previous studies on PFAS levels in the hair
have been conducted on humans, and only single works
describe these determinations in other mammal species
(Table 5).

Relatively few works have described PFASs in hair
(Table 5), which is counter to expectations because this
matrix seems to be very apt for such studies, especially
for investigations on long-term exposure (28). This is
because substances accumulate in the hair and do not
undergo changes as quickly as in blood or urine.
Moreover, it has been proved that hair is a suitable
matrix in which to investigate PFAS levels (Table 5).
A study on experimental animals has also shown that
PFAS levels in hair reflect the extent of the animal’s

exposure and depend on PFAS doses in sub-chronic
exposure. Moreover, there are good positive correlations
between PFAS levels in the hair and in serum and other
tissues (8). Other advantages of hair samples are their
non-invasive and stress-free collection and easy storage (5).
Of course, analysis of hair has also some inconveniences.
The most important of them is the possible penetration
of substances into the structure of the hair not only
internally though capillary vessels and the hair root, but
also externally directly from the environment; during
analysis it is impossible to separate these two penetration
routes (28). Moreover, the hair sample analysis is not
useful in studies on short-term changes in exposure to
PFASs and other substances (28). However, despite
these limitations, in the light of previous studies, hair
analyses reflect the internal body burden of PFASs well
and can be successfully used to evaluate human and
animal exposure to these substances (Table 5).
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The results obtained during the present study have
shown that sheep are commonly exposed to various
PFASs, which is similar to the situation observed in
humans and dogs (Table 5). However, a precise
comparison of PFAS levels observed in the present study
with results obtained in previous investigations is
difficult. This is because earlier research was performed
in other parts of the world, and differences between
studies have proved relatively well that the exposure of
living organisms to PFASs depends on the regional
environmental factors in play, including chiefly the
degree of industrialisation and urbanisation (24), but
also closer, local unidentified factors (10). The existence
of local factors influencing exposure to PFASs is also
confirmed by the present study, which has shown clear
differences in the levels of PFASs in sheep hair between
the two neighbouring regions where the research was
carried out.

It would seem that levels of PFASSs, as androgenic
pollutants, would be dramatically higher in humans.
Indeed some previous studies confirm this thesis.
Nevertheless, the levels of PFASs found in the sheep
during the present research are higher than those noted
in human hair in some parts of the world (Table 5). It can
be assumed that this correlates with the level of
environmental pollution with PFASs in the regions
where studies have been performed. Besides the levels,
the profile of PFASs observed in sheep in this research
is also different to that found in studies on human hair.
Generally, in studies on humans PFOS and PFOA
dominate, while in this research PFBUA and PFPeA
were measured at the highest concentrations (Table 5).
These differences may result from the multifactorial
character of human exposure to PFASs, such as higher
exposure during particular kinds of professional activity
and more extensive exposure with certain lifestyle,
clothing, personal care product and domestic fixture and
fitting choices, none of which are relevant to animals
(11). On the other hand, previous studies showed that
PFOS was the dominant PFAS in the sheep liver (27),
which in turn suggests that differences in the profiles of
PFASs between the present and previous studies result
from local factors influencing the natural environment’s
pollution with PFASSs in various regions of the world.

The comparison of the data obtained during this
work with that of earlier studies concerning sheep
exposure to PFASs is even more difficult. Until now
there have only been two studies on this issue, conducted
in other parts of the world and on other matrices (16, 27).
In one of them, conducted on liver samples collected in
the Netherlands, the presence of PFOS at levels from
<0.5-4.5 ng/g was found, and levels of other PFASs
(PFHxA, PFHpA and PFOA) were below the MQL
(0.5 ng/g) (27). The second study primarily investigated
how oral administration of PFOA and PFOS formed the
levels of these substances in various parts of the sheep’s
body (16). The control group in this experiment was only
one animal, and the concentration levels of PFOS in this
sheep were as follows: 0.21 pg/L in plasma, 1.53 pg/g in

liver, 0.31 pg/g in kidney and below the method detection
limit (MDL) in muscles. The levels of PFOA were below
the MDL in all of these tissues (16). Such limited
previous research in sheep makes it virtually impossible
to compare the current results meaningfully with extant
data. However, both the previous studies (16, 27) and the
present investigations clearly indicate that sheep are
exposed to PFASs. Moreover, previous observations
have shown that the frequency of PFOS detection in
sheep’s livers (above 77.8%) was much higher than that
noted in cows’ (41%) or pigs’ livers (5%) (27), which
suggests that sheep exposure to PFASs is considerable.
This view was also supported by this study, which has
shown the presence of all PFASs studied in 100% of the
samples. The reason for such high exposure of sheep to
PFASs is unknown, but it may result from the specificity
of sheep breeding and the longer stay of these animals
on pastures compared to other livestock’s pasturing.

The exposure of sheep and other farm animals to
PFAS:s is associated with some risk to humans, who are
consumers of products of animal origin. Previous studies
on sheep have shown that even relatively short feeding
(21 days) with food contaminated with PFASSs increases
the levels of these substances in blood plasma, milk,
muscles and internal organs (16). Because the metabolism
of PFASs in sheep is not fully understood, it is not
known how the PFAS concentrations observed in the
hair in this investigation correlate with the levels of these
substances in muscles, internal organs or milk. In rats,
however, observations on experimental animals have
indicated that PFAS levels in hair demonstrate strong
positive correlation with concentrations of these
substances in internal organs (8). Therefore, it can be
assumed that a similar situation occurs in sheep, and in
animals in which PFASs are found in the hair, they are
also present in body fluids and tissues. The presence of
PFASs in milk or meat can be dangerous for people.
Also, the present study has clearly proved that sheep
wool and items made of it may be a source of exposure
to PFASs in humans. This is all the more important as
PFASs may penetrate into the organism not only through
the digestive tract or lungs, but also by absorption
through the skin (3).

The question also arises of whether the levels of
PFASs noted in the present study can have any
consequences for animal health. It should be pointed out
that no correlations between PFAS levels in the hair and
their impact on the organism are yet known even in
humans. There is also precious little elucidated in the
animal kingdom: the metabolism of PFASs and their
distribution in the sheep organism are known to
an extremely limited extent (13, 27). For these reasons
the impact of the observed PFAS levels on animals
cannot be clearly determined. Nevertheless, the strong
possibility of such an impact cannot be excluded because
it is known that even in low doses, PFASs adversely
affect various organs and systems (2, 15).


https://context.reverso.net/tłumaczenie/angielski-polski/nearer+unidentified
https://context.reverso.net/tłumaczenie/angielski-polski/level
https://context.reverso.net/tłumaczenie/angielski-polski/environment
https://context.reverso.net/tłumaczenie/angielski-polski/in+the+Netherlands
https://context.reverso.net/tłumaczenie/angielski-polski/in+the+Netherlands

S. Gonkowski et al./] Vet Res/69 (2025) 285-292 291

Conclusion

In this research hair samples have been used to
evaluate sheep exposure to PFASs. The obtained results
have indicated that sheep in the Kyrgyz Republic are
exposed to various PFASs. All PFASs included in
the study were found in the sheep hair samples; PFPeA
and PFBUA were found in heaviest presence. Clear
differences between PFAS levels in hair samples
collected from one region and the levels in the samples
from the other were noted. The present study has also
shown that sheep wool and items made of it may be
a source of PFASs in humans. Keeping in mind the
positive correlation of previous studies’ PFAS levels in
hair with levels of these substances in internal organs,
this research has also shown that hair analysis may be
utilised not only in the assessment of exposure of sheep
to PFASs, but also in the estimation of the risk of human
exposure to PFASs connected with the consumption of
products of animal origin. However, many aspects of
sheep’s exposure to PFASs are not clear and their
explanation requires further comprehensive research.

Conflict of Interests Statement: The authors declare
that there is no conflict of interests regarding the
publication of this article.

Financial Disclosure Statement: This work was
funded by the Minister of Science in Poland under the
Regional Initiative of Excellence Program and the grant
of Kyrgyz Turkish Manas University, Bishkek,
Kyrgyzstan, No. KTMU-BAP-2023.FB.09.

Animal Rights Statement: None required.

CRediT Authorship Contribution Statement: Stawomir
Gonkowski: research concept and design, data analysis
and interpretation, writing the article, critical revision of
the article, final approval of the article. Julia Martin:
collection and assembly of data, data analysis and
interpretation, critical revision of the article, final
approval of the article. Nariste Kadyralieva: collection
and assembly of data, data analysis and interpretation,
critical revision of the article, final approval of the
article. Irene Aparicio: collection and assembly of data,
final approval of the article. Juan Luis Santos:
collection and assembly of data, final approval of the
article. Esteban Alonso: collection and assembly of
data, final approval of the article.

References

1. Alves A, Jacobs G., Vanermen G., Covaci A., Voorspoels S.:
New approach for assessing human perfluoroalkyl exposure
via hair. Talanta 2015, 144, 574-583, doi: 10.1016/j.talanta.2015.07.009.

2. Charazac A., Hinault C., Dolfi B., Hautier S., Decondé Le Butor C.,
Bost F., Chevalier N.: Low doses of PFOA promote prostate and
breast cancer cells growth through different pathways. Int J Mol
Sci 2022, 23, 7900, doi: 10.3390/ijms23147900.

10.

11.

12.

13.

14.

15.

16.

17.

Chen Q., Yi S., Ye Q., Zhu Y., Zhong W., Zhu L.: Insights into
the dermal absorption, deposition, and elimination of poly- and
perfluoroalkyl substances in rats: The importance of skin
exposure. Environ Sci Technol 2022, 56, 16975-16984, doi:
10.1021/acs.est.2c03181.

Claessens J., Pirard C., Charlier C.: Determination of
contamination levels for multiple endocrine disruptors in hair
from a non-occupationally exposed population living in Liege
(Belgium). Sci Total Environ 2022, 815, 152734, doi:
10.1016/j.scitotenv.2021.152734.

Esteban M., Castafio A.: Non-invasive matrices in human
biomonitoring: A review. Environ Int 2009, 35, 438-449, doi:
10.1016/j.envint.2008.09.003.

European Food Safety Authority: Risk to human health related to
the presence of perfluoroalkyl substances in food.
https://efsa.onlinelibrary.wiley.com/doi/10.2903/j.efsa.2020.622
3, doi: 10.2903/j.efsa.2020.6223.

Feng X., Chen X., Yang Y., Yang L., Zhu Y., Shan G., Zhu L.,
Zhang S.: External and internal human exposure to PFOA and
HFPOs around a mega fluorochemical industrial park, China:
Differences and implications. Environ Int 2021, 157, 106824, doi:
10.1016/j.envint.2021.106824.

Gao B., He X, Liu W., Zhang H., Saito N., Tsuda S.: Distribution
of perfluoroalkyl compounds in rats: Indication for using hair as
bioindicator of exposure. J Expo Sci Environ Epidemiol 2015, 25,
632-638, doi: 10.1038/jes.2014.54.

Garnett J., Halsall C., Winton H., Joerss H., Mulvaney R.,
Ebinghaus R., Frey M., Jones A., Leeson A., Wynn P.: Increasing
accumulation of perfluorocarboxylate contaminants revealed in
an Antarctic firn core (1958-2017). Environ Sci Technol 2022, 56,
11246-11255, doi: 10.1021/acs.est.2c02592.

Gonkowski S., Martin J., Kortas A., Aparicio 1., Santos J.L.,
Alonso E., Sobiech P., Rytel L.: Assessment of perfluoroalkyl
substances concentration levels in wild bat guano samples. Sci
Rep 2023, 13, 22707, doi: 10.1038/541598-023-49638-5.
Hallberg I., Bjérvang R.D., Hadziosmanovic N., Koekkoekk J.,
Pikki A., van Duursen M., Lenters V., Sjunnesson Y., Holte J.,
Berglund L., Persson S., Olovsson M., Damdimopoulou P.:
Associations between lifestyle factors and levels of per- and
polyfluoroalkyl substances (PFASs), phthalates and parabens in
follicular fluid in women undergoing fertility treatment. J Expo
Sci Environ Epidemiol 2023, 33, 699-709, doi: 10.1038/s41370-
023-00579-1.

Hammel E., Webster T.F., Gurney R., Heiger-Bernays W.:
Implications of PFAS definitions using fluorinated
pharmaceuticals.  iScience 2022, 25, 104020, doi:
10.1016/j.isci.2022.104020.

HuW., Zhang M.Y., Liu L.Y., Zhang Z.F., Guo Y.: Perfluoroalkyl
and polyfluoroalkyl substances (PFASs) crossing the blood-
cerebrospinal fluid barrier: Their occurrence in human
cerebrospinal fluid. J Hazard Mater 2023, 442, 130003, doi:
10.1016/j.jhazmat.2022.130003.

Kim D.H., Lee J.H., Oh J.E.: Perfluoroalkyl acids in paired serum,
urine, and hair samples: Correlations with demographic factors
and dietary habits. Environ Pollut 2019, 248, 175-182, doi:
10.1016/j.envpol.2019.02.017.

Kim H.-S., Kwack S.J., Han E.S., Kang T.S., Kim S.H., Han S.Y .:
Induction of apoptosis and CYP4Al expression in Sprague-
Dawley rats exposed to low doses of perfluorooctane sulfonate.
J Toxicol Sci 2011, 36, 201-210, doi: 10.2131/jts.36.201.
Kowalczyk J., Ehlers S., Fiirst P., Schafft H., Lahrssen-
Wiederholt M.: Transfer of perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS) from contaminated feed into
milk and meat of sheep: pilot study. Arch Environ Contam
Toxicol 2012, 63, 288-298, doi: 10.1007/500244-012-9759-2.
Liu Y., Lin N., Dai C., Xu J., Zhang Y., Xu M., Wang F., Li Y.,
Chen D.: Occurrence and distribution of per- and polyfluoroalkyl
substances (PFASs) in human livers with liver cancer. Environ
Res 2021, 202, 111775, doi: 10.1016/j.envres.2021.111775.

. Makowska K., Martin J., Rychlik A., Aparicio 1., Santos J.L.,

Alonso E., Gonkowski S.: Assessment of exposure to


https://efsa.onlinelibrary.wiley.com/doi/10.2903/j.efsa.2020.6223
https://efsa.onlinelibrary.wiley.com/doi/10.2903/j.efsa.2020.6223
https://doi.org/10.1021/acs.est.2c02592

292

19.

20.

21

22.

23.

S. Gonkowski et al./] Vet Res/69 (2025) 285-292

perfluoroalkyl substances (PFASs) in dogs by fur analysis. Environ
Pollut 2021, 286, 117435, doi: 10.1016/j.envpol.2021.117435.

Martin J., Santos J.L., Aparicio L, Alonso E.: Analytical method
for biomonitoring of endocrine-disrupting compounds (bisphenol
A, parabens, perfluoroalkyl compounds and a brominated flame
retardant) in human hair by liquid chromatography-tandem mass
spectrometry. Anal Chim Acta 2016, 945, 95-101, doi:
10.1016/j.aca.2016.10.004.

Martin J., Santos J.L., Aparicio 1., Alonso E.: Exposure
assessment to parabens, bisphenol A and perfluoroalkyl
compounds in children, women and men by hair analysis. Sci Total
Environ 2019, 695, 133864, doi: 10.1016/j.scitotenv.2019.133864.
Moodie D., Coggan T., Berry K., Kolobaric A., Fernandes M.,
Lee E., Reichman S., Nugegoda D., Clarke B.O.: Legacy and
emerging per- and polyfluoroalkyl substances (PFASs) in
Australian biosolids. Chemosphere 2021, 270, 129143, doi:
10.1016/j.chemosphere.2020.129143.

Perez F., Llorca M., Farre M., Barcelo D.: Automated analysis of
perfluorinated compounds in human hair and urine samples by
turbulent flow chromatography coupled to tandem mass
spectrometry. Anal Bioanal Chem 2012, 402, 2369-2378, doi:
10.1007/s00216-011-5660-5.

Sims J.L., Stroski K.M., Kim S., Killeen G. Ehalt R,
Simcik M.F., Brooks B.W.: Global occurrence and probabilistic
environmental health hazard assessment of per- and
polyfluoroalkyl substances (PFASs) in groundwater and surface

24.

25.

26.

27.

28.

waters. Sci  Total Environ
10.1016/j.scitotenv.2021.151535.
Ssebugere P., Sillanpdd M., Matovu H., Wang Z., Schramm K.W.,
Omwoma S., Wanasolo W., Ngeno E.C., Odongo S.:
Environmental levels and human body burdens of per- and poly-
fluoroalkyl substances in Africa: A critical review. Sci Total
Environ 2020, 739, 139913, doi: 10.1016/j.scitotenv.2020.139913.
Wang J., Shen C., Zhang J., Lou G., Shan S., Zhao Y., Man Y.B.,
Li Y.: Per- and polyfluoroalkyl substances (PFASSs) in Chinese
surface water: Temporal trends and geographical distribution. Sci
Total Environ 2024, 915, 170127, doi: 10.1016/j.scitotenv.2024.170127.
Xingchun J., Wei Z., Jing P., Guohui L., Dian C., Zhaohe Z.,
Yiran Z.: The occurrence, spatial distribution, and well-depth
dependence of PFASs in groundwater from a reclaimed water
irrigation area. Sci Total Environ 2023, 901, 165904, doi:
10.1016/j.scitotenv.2023.165904.

Zafeiraki E., Vassiliadou ., Costopoulou D., Leondiadis L.,
Schafft H.A., Hoogenboom R.L.A.P., van Leeuwen S.P.J.:
Perfluoroalkylated substances in edible livers of farm animals,
including depuration behaviour in young sheep fed with
contaminated grass. Chemosphere 2016, 156, 280-285, doi:
10.1016/j.chemosphere.2016.05.003.

Zhang S., Yan X., Tang B., Luo W., Chen S., Luo X., Zheng J.,
Mai B., Yu Y.: Human hair as a noninvasive matrix to assess
exposure to micro-organic contaminants: State of the art review.
Sci Total Environ 2023, 892, 164341, doi: 10.1016/j.scitotenv.2023.

2022, 816, 151535, doi:


https://doi/

