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Abstract
The health of humans, animals and the environment is interconnected. Adopting a One Health approach means intervening 
promptly to prevent the main diseases that affect animal health to guarantee the safety of livestock production. Exposure 
to toxic trace elements in sheep can lead to increased accumulation in different biological substrate, developing both acute 
and chronic diseases in humans and livestock. The aim of this study was to evaluate the bioaccumulation of arsenic (As), 
cadmium (Cd), lead (Pb) and mercury (Hg) in Sicilian Barbaresca sheep using the following biological substrates: milk, 
blood and fleece. An inductively coupled plasma mass spectrometer (ICP-MS) was used for As, Cd and Pb, and a direct 
mercury analyser (DMA-80) was used for Hg determination. In addition, the role of the haematological parameters as pos-
sible indicators of different biodistribution was evaluated. A statistically significant value was observed from our analysed 
metals in the substrates: arsenic (p < 0.001), cadmium (p < 0.01), lead (p < 0.001) and mercury (p < 0.0001). The correlation 
analysis showed a relationship between milk and blood for arsenic (p < 0.0001) and lead (p < 0.0001), and no correlation for 
the metals was observed between milk/blood and the haematological parameters analysed for the low concentration observed 
in the present study comforting the final consumer.
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Introduction

One Health is an integrated and interdisciplinary approach 
to the design and implementation of actions and policies at 
the human-animal-environment health interface. However, 
the role of the environment in this triad has often been over-
looked, so it is important to monitor livestock environments. 
From the perspective of One Health, evaluating the bioac-
cumulation of toxic elements in animals used for human 
consumption represents an important challenge for the future 

in order to protect human health. Trace elements play an 
essential role in the survival of living organisms; however, 
if present in high concentrations, they become toxic to 
humans and animals and are defined as heavy metals. The 
natural sources of these substances in the environment are 
surface water, soil, pastures, vegetation and combustion. It 
is therefore easy for animals in livestock production to take 
in a high intake of these metals, posing a source of risk 
to the end consumer (Elafyfy et al. 2023). Heavy metals 
are non-biodegradable and tend to accumulate in internal 
organs causing blood-biochemical and pathological changes. 
They have the capacity to cause toxicity and oxidative dete-
rioration of internal organs due to their chemical proper-
ties that allow them to escape cellular control mechanisms 
and bind to native proteins, DNA and nuclear proteins, 
inhibiting their biological activity (Jaishankar et al. 2014). 
Animals are good indicators of environmental toxic metal 
pollution (Gil and Hernandez 2009; Hernandez et al. 2014; 
Balali-Mood et al. 2021). Chronic exposure to heavy met-
als leads to their increased accumulation in various tissues 
such as the hair or blood (Fazio et al. 2022; Ali et al. 2019, 
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2023). Although the heavy metal values found in different 
biological matrices of different animals are an indicator of 
exposure to environmental pollutants, the degree of heavy 
metal contamination is not constant and differs depending on 
exposure routes, environmental conditions, animal feeding, 
lactation stage and animal breed (Monteverde et al. 2022). 
Whole blood gives an idea of short-term exposure to toxic 
elements. Blood is a less invasive substrate than organs, e.g. 
kidneys and liver; moreover, haematological variables are 
closely dependent on environmental changes and are, there-
fore, considered valid indicators of metal pollution. In addi-
tion, routine haematological analysis allows us to monitor 
the health status of the animal while it is alive (Nava et al. 
2023; Altinok-Yipel et al. 2022). Toxic element contamina-
tion has been studied extensively in different substrates and 
species; little information is known about the sheep and goat 
sector and in particular for the Sicilian Barbaresca sheep, 
a dual-purpose breed that is a mainstay of livestock farm-
ing in Sicily. Optimal zootechnical production is focused on 
animal and herd management. A correct complete clinical 
evaluation of the animals is based on the CBC (Complete 
Blood Count) or haemochromo-cytometric examination or 
haemogram. The sheep haemogram shows various differ-
ences to that of other species due to the size of the red blood 
cells, which are smaller, as well as the high erythrocyte 
resistance (Polizopoulou 2010). It is interesting to assess 
and correlate how different bioaccumulation of pollutants 
and certain heavy metals evokes a haematological response 
in this species in relation to anthropogenic loading (Capitão 
et al. 2022). Blood biomarkers are useful biological indica-
tors that allow us to detect a change in the body’s homeosta-
sis due to the exposure to heavy metals through blood tests 
that can be correlated with their bioaccumulation (Giannetto 
et al. 2022). The haematological profile is a sensitive index 
for assessing the metabolism and thus the health condition 
of humans and animals subjected to ‘metal’ stress. Indeed, 
exposure to anthropogenic loading of certain heavy metals 
in animals could trigger a number of protective mechanisms 
at the haematological level. These mechanisms could induce 
changes in blood parameters that tend to bring the organism 
back to a state of homeostasis. Therefore, the pollution of 
the environment by anthropogenic loading of heavy metals 
can be assessed using haematological parameters that reflect 
the effects of contaminants on organisms exposed to these 
substances (Fazio et al. 2020). In humans, biomarkers can be 
used as useful indicators to measure levels of toxic element 
exposure (Wongsasuluk et al. 2018; Park and Seo 2017). The 
body defends itself against their bioaccumulation through 
excretion and elimination of these elements through urine, 
faeces, sweat, breast milk, hair and nails. These substrates 
presume a passage of the same metals in the blood and 
thus an inevitable interaction with haematological param-
eters. The use of biomarkers brings a number of important 

advantages, including obtaining an integrated response of 
the body to the interactions of different toxic effects resulting 
from exposure to a mixture of several pollutants. Another 
positive effect is that they allow an immediate response of 
the body to the effect of the toxic substance by predicting 
its long-term effects. They are therefore extremely use-
ful in solving the problem of environmental pollution and 
the concept of One Health, which is an ideal approach to 
achieving global health. Moreover, in the Mediterranean 
environment, the sustainable agriculture includes the use 
of local breeds, disease resistance, forage self-sufficiency, 
forage quality, milk and cheese quality, typical and/or tra-
ditional products. In this context, local breeds appear to be 
the major component of animal farm biodiversity, thanks 
to their excellent adaptation to specific environmental con-
ditions. Furthermore, local breeds are linked to traditional 
products of special qualities and to several practices that 
are part of cultural heritage. Therefore, every effort to add 
value to local breeds is important, especially as a contribu-
tion to the prospects of their conservation through sustain-
able use (Di Trana et al. 2015). The aim of the present study 
is to identify the potential bioaccumulation of some heavy 
metals (arsenic, cadmium, lead and mercury) in the Sicilian 
Barbaresca sheep, reared in the semi-wild condition in the 
province of Tusa (Messina), through the use of biological 
substrates such as blood, milk and fleece in order to identify 
their different biodistribution. This experimental investiga-
tion also aimed to study the role of haematological param-
eters as blood biomarkers of the heavy metals studied in this 
species as indicators of the different biodistribution.

Materials and methods

Experimental design

The experiment was carried out in Tusa, province of 
Messina (Italy: 37°59′N 14°14′E), on a family-run farm from 
the Nebrodi mountains which is part of non-industrialised 
part of Sicily. For the experimentation, 25 randomly cho-
sen female sheep in a good state of health were used as a 
representative sample within a population of 300 animals. 
The group was homogeneous in terms of age (between 2 
and 3 years) and calving order. At the time of the trial, all 
subjects were in their 6th month of lactation. Prior to the 
experimental protocol, the physiological parameters of each 
individual animal, rectal temperature (38.4–39.2 °C), res-
piratory rate (19–28 rpm) and heart rate (68–80 bpm) were 
monitored. The animals were kept on a semi-extensive pas-
ture constituted by a silty soil, hilly ground and permanent 
polyphitic pasture. The pasture area had native trees, such as 
olive (Olea europaea) and chestnut groves (Castanea). The 
animals had free access to water. They remained free in the 
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pasture for most of the day and only lactating sheep were 
taken to the stalls to receive a supplement of commercial 
feed if necessary. Prior to the experiment, water samples 
have been analysed and no mineral excesses or other sub-
stances were detected.

Sampling

Protocols and experimentation were reviewed and approved 
in accordance with the standards recommended by the Guide 
for the Care and Use of Laboratory Animals and Directive 
63/2010/EU. The entire experimental protocol was approved 
by the standards recommended by the Ethical Committee of 
University of Messina (06/2023). The experimental protocol 
involved individual samples of milk, blood and fleece from 
the evening milking, around 18:00 (hh:mm). Blood samples 
were obtained during health monitoring, under the supervi-
sion of the animal welfare manager and the veterinary doc-
tor from the laboratory of University of Messina. The milk, 
after complete milking, was collected and transported to the 
laboratory in special ‘falcon’ tubes (30 ± 5 ml) according 
to Liotta et al. (2019) technique. Blood was collected from 
the jugular vein using a 3.5 ml vacutainer tube contain-
ing K3 EDTA (Fazio et al. 2016). Samples were kept at 4 
°C. The fleece was obtained from the rump area (30 ± 1.50 
mm) using plastic scissors to avoid contamination of the 
fleece with other metals and collected individually in plastic 
bags (Tuncer et al. 2017). During sampling, environmental 
parameters such as temperature (16 °C), sunrise (hh:mm 
05:43), sunset (hh:mm 20:18), humidity (97%), ventilation 
(6 km/h), and AQI (36) established by Legislative Decree 
155/2010 were monitored by means of a multiparameter 
probe (Testo 400). Haematological parameters (RBC, WBC, 
Hct, HGB, PLT, MCV, MCHC) were processed using an 
automated system (HeCo Vet C, SEAC, Florence, Italy).

Inductively coupled plasma mass spectrometry 
(ICP‑MS)

The determination of the concentration of the inorganic 
elements of interest was carried out using a Thermo Sci-
entific iCAP Q-ICP-MS. After mineralisation, the sample 
arrives at the ICP-MS in liquid form, and with the aid of 
an autosampler ASX520 (Cetac Technologies Inc., Omaha, 
NE, USA), it is injected into the instrumentation, where a 
peristaltic pump brings it to the nebuliser area—coupled to a 
nebulisation chamber—transforming it into an aerosol. The 
nebulisation chamber, cooled using Peltier cells to improve 
instrument performance, then conveys—thanks to a flow of 
argon acting as a carrier—the aerosol into the torch, a com-
ponent consisting of two concentric quartz tubes that gen-
erates the plasma for atomising the elements. The transfer 
of the ionised sample from the plasma to the analyser takes 

place through the interface region; in particular, the passage 
of ions from the atmospheric pressure zone of the plasma to 
the vacuum pressure zone of the mass is enabled by a system 
of cones (sample cone and skimmer cone) and a system of 
ion lenses, which are essential for achieving high analytical 
sensitivity. The presence of a collision cell (Q Cell), placed 
before the analyser, is intended to diminish or eliminate pos-
sible polyatomic interference through the use of a so-called 
collision gas such as helium. The ions are then introduced 
into the quadrupole mass analyser, from which they will flow 
to the detector on the basis of their different mass-to-charge 
ratio (Nava et al. 2023).

Sample preparation

In the present work, sampling preparation followed proce-
dure according to Giannetto et al. (2022) and Nava et al. 
(2023). In order to be able to determine mineral element 
concentrations, a sample pre-treatment step is required, 
consisting of a mineralisation or acid digestion process. In 
the following work, a ‘Milestone Ethos One’ microwave 
digestion system was used. Temperature, pressure, time and 
power parameters are managed via a touchscreen display, 
equipped with Easy Control software. For the mineralisation 
of sheep milk samples, approximately 0.5 g was weighed 
and subsequently digested by adding 7 ml of 65% nitric acid 
(HN O3 ) and 1 ml of 30% hydrogen peroxide ( H2O2 ). In the 
same way, the analytical blank was prepared, a reference 
mixture quite similar to the samples to be analysed, but with-
out the analytes of interest. The digestion programme was 
carried out in two stages: the first involved a linear increase 
in temperature to 200 °C for 10 min at a maximum power 
of 1000 W, while in the second the temperature was kept 
constant at 200 °C for 20 min at the same power (Table 1). 
For the sheep fleece samples, the same amount was weighed 
as for the milk. However, the reagent volumes and operating 
conditions of the mineralisation (Table 2) varied, as shown 

Table 1   Operating parameters used for the mineralisation of sheep 
milk samples

Step Time (min) Temperature (°C) Power (W)

1 10 Up to 200 °C Up to 1000
2 20 200 °C Up to 1000

Table 2   Operating parameters used for the mineralisation of sheep 
fleece samples

Step Time (min) Temperature (°C) Power (W)

1 10 Up to 200 °C Up to 1200
2 12 200 °C Up to 1200
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below: 7 ml of 65% nitric acid (HN O3 ) and 2 ml of 30% 
hydrogen peroxide ( H2O2).

The blood samples were also weighed approximately 0.5 
g. However, for these matrices, the reagent volumes used for 
digestion were 8 ml of 65% nitric acid (HN O3 ) and 2 ml of 
30% hydrogen peroxide ( H2O2 ). The operating conditions 
also differed from the milk samples, as shown in Table 3. 
At the end of the digestion process, all samples were cooled 
for 20 min and then diluted with ultrapure water to a volume 
of 25 ml and then filtered through 0.45 µm filters, to be ana-
lysed by ICP-MS (Nava et al. 2023).

Calibration procedure

The following standard solutions were used for the ICP-MS 
analysis: As, Cd, Pb (1000 mg l−1 in 2% nitric acid) from 
Fluka. These were used for the preparation of the calibra-
tion curves. Specifically, seven-point calibration curves were 
obtained using standard solutions in the following concentra-
tions: 0.5, 2.0, 1.0, 5.0, 10.0, 20.0 and 50.0 µg l−1. Standard 
solutions of 45Sc, 73Ge and 115In (1000 mg l−1 in 2% nitric 
acid, Fluka) were used as online internal standards (at the 
level of 1.5 mg l−1) so that instrumental drift and variations 
due to the matrix could be corrected. A Re standard solution 
at 1000 mg l−1 in 2% nitric acid (Fluka) was used as a prepa-
ration standard at 0.5 mg l−1 to check sample digestion and 

to correct for volumetric variations. A solution containing 
1 µg l−1 of 7Li, 59Co, 138Ba, 209Bi, 142Ce, 115In and 238U in 
2% HNO3 + 0.5% HCl (Thermo Fisher Scientific) was used 
for instrument calibration (Nava et al. 2023). The following 
isotopes were monitored: 75As, 111Cd, 208Pb. Analyses were 
performed in triplicate; the operating conditions of the ICP-
MS analysis are shown in Table 4. To validate the method 
in terms of linearity (R2), sensitivity (LOD and LOQ), and 
accuracy (% of recovery), three certified matrices were used: 
Whole Blood Metals Control Level 3 for blood samples, 
ERM-BD150 (skimmed milk powder) for milk samples, and 
ERM-DB001 (human hair) for fleece samples (Table 5).

Mercury determination by DMA‑80

The DMA-80 (Direct Mercury Analyser-Milestone) was 
used for Hg determination. This system offers the advan-
tage of analysing the sample in a very short time (5 to 10 
min) by eliminating any preparation step. The operation of 
the analyser is based on the principle of thermal decom-
position of the sample and subsequent determination by 
atomic absorption spectrophotometry. The sample (0.1 g 
for solid samples and 100 µl for liquid samples) is weighed 
directly into the nickel (solid samples) or quartz cuvettes 
(liquid samples) housed on the autosampler and introduced 
into the furnace where it is dried (250 °C for 60 s) and 
then thermally decomposed in an oxygen current (750 °C 
for 150 s). In this way, mercury vapours are formed and 
selectively trapped by a gold amalgamator, while all other 
products are eliminated. When the amalgamator is sub-
sequently heated, the mercury is released for quantitative 
determination by atomic absorption at 253.65 nm. The 
software creates an absorbance/ng graph and returns a con-
centration in μg/kg or mg/kg calculated from the weight of 
the sample analysed. Calibration curves were constructed 

Table 3   Operating parameters used for the mineralisation of sheep 
blood samples

Step Time (min) Temperature (°C) Power (W)

1 2 Up to 85 °C Up to 1000
2 4 Up to 135 °C Up to 1000
3 5 Up to 230 °C Up to 1000
4 12 230 °C Up to 1000

Table 4   Operating conditions of 
ICP-MS

Spectrometer iCAP Q Thermo Scientific with Qcell 
Reaction System

Nebuliser Concentric PFA
RF generator 1550 W
Sample depth 5 mm
Interface Sample and skimmer cones in Ni
Interface pressure 1.89 E + 00 Pa
Argon flow (plasma/auxiliary/carrier) 14/0.8/1.1 l/min
Sample introduction flow 0.93 ml/min
Scanning condition Number of replicates, 3; dwell time, 1 s
CCT gas flow (He) 4.7 ml/min
Vacuum  < 7.5 E − 07 Pa
Extract lens 1 voltage 1.5 V
Spray chamber temperature 2.7 °C
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using a certified mercury standard at 1000 mg l−1 (CZECH 
Metrology Institute Analytika) (Nava et al. 2023).

Statistical analysis

The data obtained are expressed as mean ± standard devia-
tion (SD). All data were normally distributed (Kolmogo-
rov–Smirnov test p < 0.05). One-way ANOVA (analysis 
of variance) was used to compare the different studied 
mineral concentrations among substrates. The Pearson 
correlation coefficient (r) was analysed in order to corre-
late the concentration of each mineral and the individual 
substrates (blood, milk and fleece) and to assess a possible 
relationship of the metal concentrations of each individual 
substrate with the direct haematological parameters, using 
the statistical software GraphPad Prism 9v (GraphPad 
Software, San Diego, Ca, USA). The Bonferroni test was 
applied for a post hoc comparison. Values of p < 0.05 were 
found to be statistically significant.

The obtained metal levels expressed in their conven-
tional unit were used to assess health risk by calculating 
the target hazard quotient (THQ) and the hazard index 
(HI).

THQ developed by the United States Environmental 
Protection Agency (EPA) was estimated to assess non-
carcinogenic human health risks from long-term exposure 
to metal through consuming milk (EPA 1989). THQ is 
defined using the following equation (EPA 2004).

EF represent the frequency of exposure (365 days in a 
year); ED corresponds to the average lifespan of the expo-
sure period (70 years); WMilk is the total dairy intake 
per day for an adult 0.066 (kg/day) from the Food and 
Agriculture Organization of the United Nations (FAO) 
(Ritchie and Roser 2017). CMetal (mg/kg) is the average 
level of metals in milk samples extracted during the study; 
WeightBody (kg) corresponds to the average body weight 
of 70 kg for adults; TA represent the average lifespan of 
25,550 days; and RFD corresponds to the reference dose 
per day for AS (0.0003), Cd (0.001), Pb (0.004) and Hg 
(0.003), mg/kg body weight/day (Yan et al. 2022).

HI was calculated to assess the overall risk of more than 
one metal contained in milk. It was calculated using the 
mean and median THQ of each metal (Boudebbouz et al. 
2023). An obtained THQ and HI value lower than 1 sug-
gests negligible non-carcinogenic risk from exposure to 
the metal via milk consumption and a THQ value greater 
than 1 could represent a potential non-carcinogenic risk.

THQ =
EF × ED × Wmilk × CMetal

RFD × WeightBody × TA

Ta
bl

e 
5  

V
al

id
at

io
n 

pa
ra

m
et

er
s 

of
 IC

P-
M

S 
an

d 
D

M
A

-8
0 

m
et

ho
ds

 w
er

e 
pe

rfo
rm

ed
 in

 te
rm

s 
of

 li
ne

ar
ity

, l
im

it 
of

 d
et

ec
tio

n 
(L

O
D

), 
lim

it 
of

 q
ua

nt
ifi

ca
tio

n 
(L

O
Q

), 
an

d 
ac

cu
ra

cy
 (%

 o
f r

ec
ov

er
y)

 
(n

 =
 6)

W
ho

le
 B

lo
od

 M
et

al
s C

on
tro

l L
ev

el
 3

ER
M

-B
D

15
0 

(s
ki

m
m

ed
 m

ilk
 p

ow
de

r)
ER

M
-D

B
00

1 
(h

um
an

 h
ai

r)

LO
D

 (m
g/

kg
)

LO
Q

 (m
g/

kg
)

R2
Re

co
ve

ry
 (%

)
LO

D
LO

Q
R2

Re
co

ve
ry

 (%
)

LO
D

LO
Q

R2
Re

co
ve

ry
 (%

)

A
s

0.
00

4 ±
 0.

00
1

0.
01

3 ±
 0.

00
3

0.
99

98
98

.5
0 ±

 0.
23

0.
00

1 ±
 0.

00
0

0.
00

3 ±
 0.

00
1

0.
99

97
97

.5
0 ±

 0.
20

0.
00

02
 ±

 0.
00

0
0.

00
1 ±

 0.
00

0
0.

99
99

10
1.

00
 ±

 0.
41

C
d

0.
00

02
 ±

 0.
00

0
0.

00
1 ±

 0.
00

0
0.

99
99

10
2.

00
 ±

 0.
40

0.
00

1 ±
 0.

00
0

0.
00

3 ±
 0.

00
1

0.
99

99
99

.0
0 ±

 0.
25

0.
00

1 ±
 0.

00
0

0.
00

3 ±
 0.

00
1

0.
99

98
99

.5
0 ±

 0.
31

Pb
0.

00
1 ±

 0.
00

0
0.

00
3 ±

 0.
00

0
0.

99
99

10
1.

50
 ±

 0.
37

0.
00

05
 ±

 0.
00

00
0.

00
2 ±

 0.
00

0
0.

99
99

10
2.

50
 ±

 0.
43

0.
00

1 ±
 0.

00
0

0.
00

3 ±
 0.

00
0

0.
99

98
10

0.
50

 ±
 0.

22
H

g
0.

00
02

 ±
 0.

00
00

0.
00

1 ±
 0.

00
0

0.
99

98
98

.0
0 ±

 0.
35

0.
00

02
 ±

 0.
00

00
0.

00
1 ±

 0.
00

0
0.

99
97

10
1.

50
 ±

 0.
46

0.
00

1 ±
 0.

00
0

0.
00

3 ±
 0.

00
0

0.
99

98
99

.1
0 ±

 0.
25



43908	 Environmental Science and Pollution Research (2024) 31:43903–43912

Results

The concentrations (mean ± standard deviation SD) of As, 
Cd, Pb and Hg within milk, fleece and blood in sheep from 
a semi-wild condition are given in Table 6 together with 
their significances.

A statistically significant difference among substrates was 
found for the levels of As (p < 0.0001), Cd (p < 0.01), Pb 
(p < 0.001) and Hg (p < 0.0001). The Pearson correlation 
coefficient showed a positive correlation of As (p < 0.0001) 
between blood and milk and for Pb (p < 0.0001) between 
blood and milk as shown in Fig. 1. No correlation was found 
for Cd and Hg between blood and milk.

Blood biomarkers were described as mean ± standard 
deviation (RBC 8.10 ± 0.89; WBC 12.57 ± 3.76; HCT 
34.51 ± 3.57; HGB 8.24 ± 0.83; PLT 270.72 ± 133.2). Lin-
ear correlation with r values (Pearson coefficient) between 
the studied blood biomarkers (RBC, WBC, Hct, HGB and 
PLT) and the concentrations of analysed metals in the dif-
ferent biological matrices (blood, milk and fleece) showed 
no statistical differences as reported in Fig. 2. The THQ and 
HI results of each analysed metal suggested a negligible non-
carcinogenic risk of metals in milk as expressed in Table 7.

Discussion

Analyses of the bioaccumulation of certain heavy metals 
(arsenic, cadmium, lead and mercury) in different biologi-
cal matrices (blood, milk and fleece) of Sicilian Barbaresca 
sheep showed data that are certainly comforting for consum-
ers. In fact, for all the analysed metals, no risk to human 
health emerged as the analysed concentrations are below the 
acceptable values for meat and milk consumption in compli-
ance with Regulation (EU) 2023/915. The resulted highest 
value of THQ for adult milk consumers was observed for 
Pb; nevertheless, THQ and HI for the analysed elements 
were all in a relatively safe range. It should, however, be 
pointed out that among the biological matrices analysed 

for bioaccumulation of heavy metals in Sicilian Barbaresca 
sheep, arsenic presented a significantly higher concentration 
in blood than in milk and fleece, with a lower value in fleece 
than in all the other matrices (blood and milk), as expressed 
in Table 6. It is noteworthy that for arsenic, a positive corre-
lation was also found between milk and blood concentrations 
(Fig. 1), which points to a direct relationship between the 
concentrations of this metal that easily pass from the blood 
into the milk during lactopoiesis. Cd and Hg did not show 
a correlation between milk and blood probably due to their 
different biodistribution through tissues.

This experimental finding is not surprising as blood and 
milk represent biological substrates that are better identified 
in acute responses to bioaccumulation from toxic element 
exposure than fleece. It is well known that differences in 
concentrations in different substrates depend on the organ-
ism’s exposure time to the anthropogenic load of heavy met-
als, and biological matrices such as blood and milk represent 
good indicators of acute-type bioaccumulation for these ele-
ments (Monteverde et al. 2022; Nava et al. 2023). Kerati-
nised structures such as hair and nails previously studied in 
humans for the bioaccumulation of trace elements (Ahmed 

Table 6   Mean ± standard deviation of As, Cd, Pb and Hg evaluated 
within different biological substrates (milk, fleece and blood) in 25 
Sicilian Barbary sheep bred in Tusa (Messina). Lowercase letters rep-
resent statistical significances observed between substrates

a vs milk
b vs fleece

Element Blood (mg/l) Milk (mg/l) Fleece (mg/kg)
Mean ± SD Mean ± SD Mean ± SD

As 0.039ab ± 0.020 0.017 ± 0.014 0.001a ± 0.001
Cd 0.001b ± 0.001 0.005 ± 0.002 0.034 ± 0.031
Pb 0.036 ± 0.034 0.010 ± 0.008 0.016 ± 0.011
Hg 0.001b ± 0.000 0.001 ± 0.000 0.007a ± 0.004

Fig. 1   Positive linear correlation with significant r values (Pearson 
coefficient) between the concentrations of arsenic (As) and lead (Pb) 
obtained respectively from blood and milk in 25 Sicilian Barbary 
sheep bred in Tusa (Messina)



43909Environmental Science and Pollution Research (2024) 31:43903–43912	

et al. 2016), but also hoof, tail and mane manes analysed 
in horses (Fazio et al. 2022; Aragona et al. 2024) seem to 
play an important role in the chronic bioaccumulation of 
heavy metals. In humans, in fact, hair and nails have the 
ability to provide retrospective information on the exposure 
status of the population and are considered as an impor-
tant indicator of environmental pollution. Hair and nails are 
mainly composed of fibrous proteins in the form of keratin 
that make them stable and robust. Their composition and 
trophic activity are closely dependent on blood and element 
transport capabilities (Sahoo and Sahu 2022). Keratinised 
tissues, such as fleece, are for this reason particularly useful 
and valuable in terms of biomonitoring environmental expo-
sure to anthropogenic metal loading (Kehagia et al. 2011; 
Powolny et al. 2023).

These structures can store heavy metals for a longer time 
than blood, urine and serum and thus serve as good indica-
tors in populations exposed to bioaccumulation (Chirinos-
Peinado and Castro-Bedriñana 2020). In addition to being 
useful biomarkers, keratinised structures of humans and ani-
mals have numerous other advantages, e.g. ease of sampling, 
transport, stability, high concentration of elements and no 
need for special storage (Kovacik et al. 2017). Not all heavy 
metals showed the same type of bioaccumulation; in fact our 
data showed a significantly higher concentration in fleece 
than in blood for cadmium and mercury. We have no data in 

the literature in sheep for these elements, but probably com-
pared to the other metals they seem to accumulate more in 
the body with a greater biodistribution in the fleece. As for 
lead, this metal did not show statistically significant varia-
tions between the different matrices (blood, milk and fleece) 
studied in Sicilian Barbaresca sheep. These data are in disa-
greement with what was observed by Chirinos-Peinado et al. 
(2022) in the bovine species, where lead concentrations were 
higher in milk than in blood. The authors, however, moni-
tored a group of animals reared in an industrial area with 
the possibility of environmental contamination and thus of 
the plant trophic chain (food chain through the soil–plant-
animal system), which resulted in bioaccumulation in milk 
with risk for the consumer (Chirinos-Peinado et al. 2022; 
Elafyfy et al. 2023). Anthropogenic loading from heavy met-
als in the environment certainly determines the biodistribu-
tion and bioaccumulation of these elements in both humans 
and animals. Motas et al. (2021), in a study conducted in 
breast milk, found high concentrations of arsenic, lead and 
mercury in a group of women living in industrial areas with 
high anthropogenic risk. The study area and anthropogenic 
activity strongly influence toxic element contamination in 
the Mediterranean area (Motas et al. 2021). Bioaccumula-
tion of heavy metals through milk consumption can lead to 
various toxic effects in a variety of body tissues and organs, 
especially because Cd is classified by the International 
Agency for Research on Cancer as carcinogenic to humans 
(Group 1) (IARC 2021) and Pb as probably carcinogenic to 
humans (Group 2 A) (IARC 2021).

Heavy metals have mutagenicity, teratogenicity, and car-
cinogenicity; they induce poor body conditions, reduced 
reproduction rate, and lead to immunosuppression in domes-
tic animals even at lower dosages. Toxic elements may affect 
kidney function as well as the cardiovascular and nervous 
systems and damage different organs such as the reproduc-
tive system, nervous system, respiratory system, the liver, 

Fig. 2   Linear correlation with 
r values (Pearson coefficient) 
between the studied blood 
biomarkers (RBC, WBC, Hct, 
HGB and PLT) and the concen-
trations of the different heavy 
metals (arsenic (As), cadmium 
(Cd), lead (Pb) and mercury 
(Hg) in the different biologi-
cal matrices (blood, milk and 
fleece) in 25 Sicilian Barbary 
breed sheep bred in Tusa 
(Messina). The different shades 
represent positive and negative 
correlations

Table 7   Calculation of target hazard quotient (THQ) and hazard 
index (HI) for As, Cd, Pb and Hg in milk for adults in the Mediter-
ranean area

As Cd Pb Hg

THQ 0.05 0.004 0.21 0.002
Mean THQ 0.067
Median THQ 0.027
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the gastrointestinal tract, and the endocrine system (Aragona 
et al. 2024). Milk synthesis, carried out by the secreting cells 
located in the mammary alveoli, is a peculiar activity of the 
udder and is supported by the continuous supply of nutrients 
from the blood. The mammary alveolus is a functional unit 
of milk production and is formed by a layer of milk-secreting 
cells that ball up a hollow centre. The function of the mam-
mary alveoli is to remove nutrients from the blood, trans-
form these nutrients into milk and release its contents into 
the glandular lumen for use by the infant through sucking. It 
is evident, therefore, that there is a close connection between 
the biological matrices we have studied (blood and milk), 
which represents a way for pollutants such as heavy metals 
to be removed from the body through the chemical charac-
teristics of milk (Chirinos-Peinado and Castro-Bedriñana 
2020). Lead and cadmium may be present in milk when their 
anthropogenic load increases as they adhere to casein, the 
main protein present in milk. According to CODEX (Codex 
Alimentarius 2023) standards, the lead content in milk must 
not exceed 0.020 mg/l. The cadmium content in milk must 
have a maximum limit of 0.050 mg/l according to CODEX 
standards (Codex Alimentarius 2023) and the European 
Union Regulatory Commission (2014), but today these val-
ues have been updated in Regulation (EU) 2023/915. Maxi-
mum limits for arsenic are not indicated, but its presence 
could be a health risk because as it inhibits DNA replication 
with reduced enzyme repair. It prevents enzyme activity at 
the mitochondrial level with inhibition of dehydrogenase; at 
the same time, it stimulates adenosine triphosphatase activ-
ity, deactivating oxidative phosphorylation, which causes 
deterioration of tissue respiration and consequently causes 
toxicity (Maity et al. 2020; Gakidou et al. 2017). Exposure to 
arsenic at the cellular level generates nitric oxide and super-
oxide anions that cause the formation of hydroxyl radicals 
and with this comes oxidative stress, lipid peroxidation and 
DNA damage (Flora et al. 2008; Lai et al. 2008; Obinaju 
2009). With regard to the possible role of haematological 
parameters, assessed in the Sicilian Barbaresca sheep, as 
blood biomarkers in response to the bioaccumulation of 
heavy metals in the different matrices studied (blood, milk 
and fleece), it emerges that no significant correlation was 
found between haematological parameters and the concen-
tration of each metal (arsenic, cadmium, lead and mercury) 
present in the biological matrices studied (Figs. 1 and 2). 
The blood biomarkers, for these analysed toxic elements 
concentrations, which are extremely low in the organic 
matrices studied, do not appear to play a role as ‘sentinel 
cells’ for the Barbaresca sheep reared in Sicily. From lit-
erature, it appears that lead can influence the number of 
red and white blood cells in rats (Balali-Mood et al. 2021), 
while in sheep, lead and mercury at higher concentrations 
can significantly influence the number of red blood cells and 
haemoglobin concentration (Kovacik et al. 2017). However, 

we do not know whether an increased bioaccumulation of 
the heavy metals in this species is able to stimulate the blood 
biomarkers showing results that can be correlated with the 
different biological matrices. It must also be considered that 
the geographical area (Tusa) used for this biomonitoring 
survey for heavy metals in sheep is ‘a zootechnical environ-
ment’ that is potentially not very susceptible to anthropic 
toxic element loading because it is far from industrial sites. 
The presence of livestock settlements in areas with a higher 
anthropogenic impact for heavy metals appears to increase 
bioaccumulation and biodistribution as previously observed 
for other species in literature (Powolny et al. 2023).

The present study is preliminary; this certainly represents 
a limitation with regard to the depth of the analysis. The 
study acknowledges the need for further research to validate 
and extend the results. Furthermore, although the study pro-
vides valuable insights into the bioaccumulation of heavy 
metals in Barbaresca sheep, the long-term effects of heavy 
metal exposure on animal health or the specific mechanisms 
of bioaccumulation in different biological matrices should 
be addressed in more detail. Likewise, it might be useful to 
explore in depth other potential health impacts or ecologi-
cal implications of heavy metal contamination in the sheep 
population studied.

Conclusions

In conclusion, we can state that this research, although pre-
liminary, has allowed us to focus on a widespread Sicilian 
livestock farming reality for the protection of numerous con-
sumers against the bioaccumulation and biodistribution of 
certain toxic elements.

The low concentration of toxic metals analysed, although 
comforting, should not deter us from continuing this research 
in the future and deepening it, using different environmental 
monitoring sites for heavy metals under different climatic 
conditions and certainly using different ‘blood biomarkers’ 
so as to obtain an integrated response of the organism to 
the interactions of the different toxic effects resulting from 
exposure to a mixture of several toxic substances. The pre-
sent results confirmed that blood and milk were the most rel-
evant biological substrates due to their ability to concentrate 
minerals compared to fleece. It would be useful to further 
investigate the correlation of these substances with blood 
biomarkers that provide us with an immediate response of 
the body to the effect of the toxic substance and predict its 
long-term effects contributing to the real and potential risk 
to which all of the consumers could be exposed.
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