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Abstract  The red deer is an ungulate and large 
game species. The contamination of the ecosystems 
by metal(loid)s may lead to the exposure of ani-
mals (as well as humans) through water and food 
resources. The direct contact of hunters and wild 
animal meat consumers with deer carcasses may be 
a potential contaminant source. This study aimed to 
determine the metal(loid)s’ concentrations in the 
liver and kidney of red deer from two regions of 
Portugal (Idanha-a-Nova and Lousã), and to relate 
these with histopathologic lesions. Thirteen young 
male deer were submitted to metal(loid) determi-
nation (As, Cd, Co, Cr, Cu, Pb, and Zn) by induc-
tively coupled plasma mass spectrophotometry 

(ICP-MS) and histopathology examination. Renal 
Cd (8.072 ± 5.766  mg/kg dw) and hepatic Pb 
(3.824 ± 6.098  mg/kg dw) mean values were high, 
considering the maximum values for consump-
tion established by the European Commission. The 
hepatic mean value of Cu was significantly higher in 
Idanha-a-Nova (150.059 ± 33.321  mg/kg dw), and it 
is at the Cu toxicity limit considered for ruminants 
(150  mg/kg). The pollution induced by Panasqueira 
mines (Castelo Branco) may be a possible explana-
tion for some of the findings, especially the higher 
values of hepatic Cu and Pb found in Idanha-a-Nova 
deer. These results have high importance under a One 
Health perspective, since they have implications in 
public health, and pose at risk the imbalance of ani-
mal populations and ecosystems.
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Introduction

The red deer (Cervus elaphus) is a wild ungulate, 
widely distributed in the Iberian Peninsula and other 
European countries (Mattioli et  al., 2022). Hunting 
and game meat consumption represent a vital part of 
the economy of most European countries (Fantechi 
et al., 2022).

As a game species, the red deer (and other deer 
and wild boars) are in direct contact with hunters and 
wild meat consumers, serving as a potential source 
of pathogens and contaminants, not to mention their 
share of land and water resources with domestic 
species. Therefore, wild populations should be 
constantly and carefully monitored for distinct hazards 
to avoid potential One Health consequences. Under 
a One Health approach, it is assumed that human 
health is closely related to animal and environmental 
health, as three interconnected branches. One Health 
principles have been more used and relevant in the 
past few decades, although it is not new (Centers 
of Disease Control and Prevention (CDC), 2022; 
Hryhorczuk et al., 2018). Environmental pollution is, 
therefore, a fundamental One Health concern. From a 
public health point of view, some of the most critical 
chemical pollutants include organic pollutants, drugs, 
and inorganic contaminants (such as heavy metals 
and metalloids) (Buttke, 2011; Hryhorczuk et  al., 
2018; Kendall et al., 2010).

Heavy metal(loid)s (also known as trace elements) 
can be considered essential (as Cr, Cu or Zn) and 
non-essential (as As, Cd or Pb), even though both 
can be toxic to a living being (including humans), 
depending on several factors, such as the frequency 
of exposure, dose, or susceptibility factors. Essential 
metal(loid)s have a biological function, whereas non-
essential have no biological function. Metal(loid)
s may provoke acute clinical lesions in a living 
being or accumulate during the entire life, leading 
to discrete and chronic effects in an individual or 
population (e.g. reproductive indicators, population 
imbalances, among others) (Ali & Khan, 2019; Ali 
et  al., 2019; Castellanos et  al., 2010; Levengood 
& Heske, 2008). Histopathological analysis can 
be performed in parallel with the metal(loid)s 

determinations to access lesions and organic effects 
of these compounds (McNamara, 2016), and the liver 
and kidney are the most used organs due to their role 
in the metabolism and excretion of xenobiotics (Jota 
Baptista et al., 2022). Previous studies in Europe have 
been assessing heavy metal(loid)s in several wild 
mammals. Game species have been frequently used 
due to their general accessibility, distribution and the 
direct impact in the health of consumers. However, 
there is a lack of studies and continuous monitoring of 
these populations in the Iberian Peninsula, especially 
considering their abundance, proximity to humans 
and livestock, consumption habits and economical 
importance in these countries (Hampton et al., 2023; 
Jota Baptista et al., 2023a, 2023b).

The aims of the present study are (1) to determine 
the metal(loid)s’ concentrations in liver and kidney 
tissues of hunted red deer from two regions of 
Portugal (Idanha-a-Nova and Lousã), (2) to relate 
these metal(loid) concentrations with histopathologic 
lesions, and (3) to raise awareness for possible 
potential public health implications linked the 
consumption of red deer.

Methods

Sampling

Thirteen deer killed during the hunting season in 
Portugal, between August to October 2021, were 
included in this study: nine from Idanha-a-nova 
(Castelo Branco, Portugal), and four from Serra da 
Lousã (Coimbra, Portugal) (Supplementary file 1). 
All these deer were young males with an age range 
of three to six years-old. None of the deer was killed 
explicitly for this study, so no ethics approval was 
required. All the animals were hunted following 
the national legislation for hunting this large game 
species.

Idanha-a-Nova is a geographical area of concern 
for wild ungulate management, mainly due to certain 
zoonotic infectious diseases, such as tuberculosis. 
Nevertheless, this region’s hunting activities and 
livestock are relevant economic activities, reinforcing 
the importance of constant monitoring (Santos et al., 
2015; Vieira-Pinto et  al., 2011). The Panasqueira 
mining area is located in Castelo Branco district. 
This is the oldest mining company of Portugal, in 
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function for more than one hundred years, and has 
been an important source of wolfram (W) for many 
years. Other elements found in this geographical area 
include Ag, As, Bi, Cu, Pb, Sn, and Zn (Ávila et al., 
2017; Candeias et al., 2014).

Serra da Lousã is a mountain range in Coimbra 
District, that includes a natural park with a high 
density of red deer and no natural predators. Some 
agricultural activity can also be seen in the park’s 
surrounding areas (Monzón et al., 2012).

The kidney and liver samples were collected 
just after the deer’ death during the hunting season. 
Twenty grams of kidney and liver were placed in 10% 
formalin and maintained at room temperature for 
histopathology, and ten grams were placed in zip bags 
and stored at −20 °C for metal(loid) analysis.

Histopathological analysis

Kidney and liver samples were sent to the 
Histopathology Laboratory for analysis under blind 
test in an optical microscope (Nikon E600®). At 
first, they were submitted to routine histological 
techniques. Samples were trimmed into small slices 
(2–3  mm) and placed inside tissue cassettes in the 
fume hood (GrossLab, Shandon®, Thermo, Waltham, 
MA, USA). Then, they were dehydrated and 
embedded in paraffin in a tissue processor (Dakewe 
HP300®, Shenzhen, China). Paraffin blocks were 
performed in an embedding station (Histocentre, 
Shandon®, Thermo, Waltham, MA, USA). 
Afterward, slides were prepared in an automated 
microtome (Leica RM2255®, Leica Microsystems, 
Wetzlar, Germany) and stained with hematoxylin and 
eosin in a slide stainer (Varistain 24–4, Shandon®, 
Thermo, Waltham, MA, USA).

Determination of Metal(loid)s

Twenty-four hours before lyophilisation, samples 
were maintained under −20  °C. Liver and kidney 
samples were completely freeze-dried for 48 h under 
−56  °C (LaboGene CoolSafe®, Allerød, Denmark). 
The humidity lost by each sample (liver: 51.47%; 
kidney: 55.22%) was calculated by measuring their 
weight before and after the freeze-drying procedure 
on a precision scale (Kern ALT®, Germany).

Nearly 0.5 g of each freeze-dried sample was trans-
ferred to acid digestion tubes. 1 mL of nitric acid was 

added to each sample; the tubes were gently shaken 
and left at room temperature overnight. Then, 2 mL of 
hydrogen peroxide was added to each tube, the tubes 
were manually shaken once again and left for approxi-
mately 5  h at room temperature. Then, tubes were 
placed on a digestion plate (DigiPrep-MS®, Canada), 
which was programmed to increase the temperature 
for 15 min until 85 °C progressively. Then, they spent 
another 15 min under 85 °C. Metal(loid)s determina-
tions were done by inductively coupled plasma mass 
spectrophotometry (ICP-MS) (Agilent 7700, Agilent 
Technologies®, Santa Clara, USA).

A quality control procedure was applied to 
metal(loid)s analysis. Visual inspection of the tubes 
was conducted after each digestion cycle, and they 
were all considered correctly digested when no solid 
particles were visible. Moreover, ERM BB185® 
(Belgium) was used as a certified reference mate-
rial, as well as blank tubes and duplicates. Results 
were considered when recoveries ranged between 
70 and 120%. The quantification limits (LOQ) were 
0.025 mg/kg for As, 0.01 mg/kg for Cd, Co, Cr, Cu, 
and Pb, and 0.1  mg/kg for Zn. Values above these 
were considered zero.

Statistical methods

IBM® SPSS Statistics 27 was the statistical program 
used for all the descriptive statistics and statisti-
cal tests. Normality tests were applied to metal(loid)
s concentrations (Shapiro–Wilk tests and Kolmogo-
rov–Smirnov). For most elements, non-normal distri-
butions were registered. Thus, non-parametric tests 
(Kruskal–Wallis and Mann–Whitney tests) were used 
to correlate the metal(loid) concentrations with the 
geographical provenances (Idanha-a-Nova and Lousã) 
and histopathology lesions.

For all the statistical tests, a critical p-value of 0.05 
was considered.

Results

Metal(loid)s determinations

The mean and standard deviation (SD) obtained for 
each element in each organ (liver or kidney) were 
summarised in Table 1.
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There were no statistically significant differences 
between the two populations (Lousã and Idanha-a-
Nova) for most metal(loid)s. The exceptions were Cu 
in the liver (p = 0.034), Zn in the liver (p = 0.020), and 
As in the kidney (p = 0.011). While deer from Idanha-
a-Nova presented higher mean values of hepatic Cu, 
animals from Lousã showed higher mean values of 
hepatic Zn. Regarding As in the kidneys, deer from 
Lousã presented higher average levels.

Histopathology

Most deer (8/13) presented no significant histo-
pathologic changes in the liver. However, some 
animals showed portal fibrosis (3/13), biliary hyper-
plasia (3/13), vacuolar and hydropic changes (3/13) 
and congestion (4/13) (Fig. 1); one deer showed of 
eosinophilic infiltration (1/13) probably due to para-
site infection. Animals with biliary hyperplasia pre-
sented statistically significant higher mean values of 
Zn (p = 0.007). In contrast, compared to the others, 
they showed lower values of hepatic Pb (p = 0.014), 
Cd, and Co (p = 0.007, for both). Regarding the 

kidney, four animals showed non-purulent nephritis 
(5/13) (Fig.  2), one presented vascular congestion 
(1/13). Seven deer presented histologically normal 
kidneys (7/13).

Table 1   Mean and standard deviation (SD) of each metal(loid) determination, considering the provenance of the deer (mg/kg dry 
weight [dw])

* Metal(loid)s with statistically significant different concentrations between Lousã and Idanha-a-Nova deer populations
** ML concentration in mg/kg dry weight, converted according to the calculated humidity loss and the reference value provided in 
EU regulation No.915/2023 (0.20 mg/kg wet weight [ww] for Pb in both organs, for bovines, 0.5 mg/kg ww for Cd in the liver, and 
1.0 mg/kg ww for Cd in kidney, for livestock)

Organ Metal(loid) Total (n = 13) Idanha-a-Nova (n = 9) Lousã (n = 4) ML**

Mean SD Mean SD Mean SD

Liver As 0.044 0.013 0.046 0.014 0.040 0.007 –
Cd 0.370 0.103 0.392 0.101 0.321 0.103 1.030
Co 0.361 0.158 0.340 0.096 0.409 0.268 –
Cr 0.081 0.062 0.074 0.069 0.097 0.044 –
Cu* 132.141 39.028 150.059 33.321 91.828 1.319 –
Pb 3.824 6.098 5.466 6.776 0.128 0.071 0.412
Zn* 121.178 36.019 106.857 30.518 153.402 26.573 –

Kidney As* 0.097 0.036 0.082 0.028 0.133 0.024 –
Cd 8.072 5.766 5.857 0.925 13.057 9.103 2.233
Co 0.256 0.114 0.231 0.043 0.313 0.201 –
Cr 0.156 0.178 0.170 0.203 0.123 0.120 –
Cu 24.514 4.639 25.439 5.019 22.432 3.250 –
Pb 0.378 0.491 0.455 0.580 0.207 0.102 0.446
Zn 216.968 121.423 186.163 84.769 286.279 174.814 –

Fig. 1   Deer liver with evident portal fibrosis, biliary hypertro-
phy and hyperplasia
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Discussion

Thirteen livers and kidneys were submitted to 
metal(loid) determination and histopathology. Then, 
these results were interpreted and compared to other 
findings, mostly in ungulates.

In total, As mean concentrations were 
0.044 ± 0.013 mg/kg dw and 0.097 ± 0.036 mg/kg dw 
in the liver and kidney, respectively. Sources of As 
to animals may include feed additives and fertilisers, 
and cases of chronic exposure (and its carcinogenic 
effects to, for instance, the liver, bladder and lung) 
are more frequently detected in humans and domestic 
species than in wildlife (Eisler, 1988). Deer from 
Lousã presented statistically significant higher values 
in the kidney (0.133 ± 0.024 mg/kg dw), compared to 
animals from Idanha-a-Nova (0.082 ± 0.028  mg/kg 
dw).

Like in other studies and geographical locations 
(Kottferová & Koréneková, 2000; Pompe-Gotal & 
Crnić, 2002; Santiago et al., 1998), the mean value of 
Cd in the kidney (8.072 ± 5.766 mg/kg dw) was very 
high in the present study. As herbivores, they depend 
on large amounts of plants, whose roots and leaves 
tend to accumulate high amounts of Cd (Santiago 
et  al., 1998). Moreover, the detected levels of Cd in 
the liver (0.370 ± 0.103 mg/kg dw) were much lower 
than the kidney Cd levels (8.072 ± 5.766 mg/kg dw), 
i.e. hepatic Cd/renal Cd is substantially lower than 
1; which suggests a chronic exposure (rather than 
acute), since Cd is usually transported from liver to 
the kidney during the life of these animals (Santiago 

et  al., 1998). Furthermore, differences in the plant 
availability and selection may be responsible for 
a great variance in the amount of Cd detected in 
the offal (Dudley et  al., 1985; Ríos C. & Méndez-
Armenta, 2019).

According to the Commission Regulation (EC 
No. 915/2023) and considering the humidity of 
the analysed tissues, a maximum concentration 
of 1.030  mg/kg dw (0.50  mg/kg ww) for Cd, and 
0.412  mg/kg dw (0.20  mg/kg ww) for Pb would 
be allowed in a consumed liver. The mean values 
of hepatic Pb are above this, considering the total 
number of deer (3.824 ± 6.098  mg/kg dw), but 
especially in Idanha-a-Nova (5.466 ± 6.776  mg/
kg dw). Considering the importance of hunting and 
livestock activities in Idanha-a-Nova, these results 
should raise awareness of hunters and public health 
agents, and potentially indicate high contamination of 
Pb in the soils and water used by these animals. One 
possible source of contamination in this region might 
be the Panasqueira mines, located nearby (Ávila et al., 
2017; Candeias et  al., 2014, 2015, 2020; Ferreira, 
2004). Nevertheless, these maximum values have 
been calculated for domestic species and not for game 
species, which are normally less frequently consumed 
by the population. These Pb mean values (with a 
high variation) should be interpreted with caution, 
but always considering the accumulation properties 
of this substance and its chronic effects (neurotoxic, 
cardiotoxic, nephrotoxic, and hepatotoxic), especially 
for children (Hampton et  al., 2023). On the other 
hand, according to a recent fact sheet launched by 
the World Health Organization (WHO), “there is no 
level of exposure to lead that is known to be without 
harmful effects” (Hampton et al., 2023; World Health 
Organization, 2023). Therefore, Pb exposure should 
always be assumed to have dangerous health effects, 
regardless of the dose or frequency of exposure.

Concentrations of 2.233  mg/kg dw (1.0  mg/
kg ww), and 0.446  mg/kg dw (0.20  mg/kg ww) are 
permitted for Cd, and Pb, respectively, are permitted 
for the kidney (Commission Regulation, 2023). The 
variation (SD) is extensive, but the kidney values 
of Cd in the present study were generally elevated 
(8.072 ± 5.766  mg/kg dw), especially for Lousã 
deer (13.057 ± 9.103  mg/kg dw). Once again, these 
results should be interpreted carefully, although 
some awareness should be raised for future detailed 
studies. It is not advisable to consume kidneys from 

Fig. 2   Deer kidney with non-purulent nephritis
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game species, and it is generally discarded during 
dismantling or preparation of the carcass with other 
offal.Notwithstanding, contamination of other 
tissues may happen during these procedures, not to 
mention the persistency of this element in surfaces, 
instruments, or dumping sites (especially if the offal 
is inappropriately discarded in the environment) 
(Ertl et al., 2016; Hampton et al., 2023; Kottferová & 
Koréneková, 2000).

Considering Co, Cr, Cu, and Zn (all essential 
elements), their interpretation should take into 
account that, rather than non-essential metal(loid)
s, they all have a biological function (i.e. they are 
desirable for good nutrition of the animals). Thus, 
maximum tolerable limits usually are higher than 
for non-essential elements. The composition of the 
pasture has a strong influence on the assimilation 
of these micronutrients, in their internal values and, 
consequently, in a final game meat product (Soriano 
& Sánchez-García, 2021). In general, Zn and Cu 
are usually abundant, followed by Cr and Co, as 
observed in the present study. A study on white-
tailed deer (Odocoileus virginianus) in Illinois (USA) 
(n = 190) reported higher mean hepatic values of Cr 
(2.7 ± 0.1 mg/kg dw), but lower Co (0.18 ± 0.01 mg/
kg dw), Cu (109 ± 5 mg/kg dw), and Zn (70 ± 2 mg/
kg dw) (Woolf et  al., 1982). According to the 
literature, hepatic levels of Cu above 150 mg/kg dw 
have been associated with toxicity in ruminants (Buck 
et al., 1976). However, different species may present 
distinct adaptative mechanisms to the negative 
effects of xenobiotics. The variability of metal(loid)
s concentrations found among different cervids with 
no signs of toxicity (or deficiency) possibly reflects 
species adaptations (Vikøren et al., 2011). Deer from 
Lousã present a mean value of hepatic Cu below this 
limit (91.828 ± 1.319  mg/kg dw), but the deer from 
Idanha-a-Nova presented a statistically significant 
higher value that was precisely at this toxicity limit 
(150.059 ± 33.321 mg/kg dw; p = 0.034).

Some of the detected alterations (as vacuolar 
lesions and congestion) may indicate an initial phase 
of hepatic reversal lesion and oxidative stress of 
hepatic cells. Several studies showed that metal(loid)s 
exposure promotes radicals of oxidative stress (ROS) 
production, and ROS promotes the production of 
peroxides, which contribute to cell membrane damage 
(Kim et  al., 2021). Some elements, such as Cu and 
Pb, are frequently associated with hepatic severe 

lesions. Since our deer were young males (three- 
to six-year-old; life expectancy 12–13  years), the 
chronic contact with metal(loid)s may not had been 
long enough to produce irreversible lesions (with 
cell necrosis and hepatic failure), but sufficiently 
long to induce those reversible alterations (Lazarus 
et al., 2008; Vikøren et al., 2011). Nevertheless, these 
lesions may have other origin rather than toxic, such 
as infectious or nutritional. Future assessments are 
welcome, using deer from a control and a polluted 
area for comparison, and measuring biochemical 
biomarkers (e.g. lipid peroxidation or oxidative cell 
stress biomarkers, live enzymes and renal function 
analysis as urea and creatinine), which are usually 
more specific for these lesions (Hampel et al., 2016; 
Laguna-Ruíz et  al., 2001; Tête et  al., 2015). The 
absence of severe histopathologic lesions may be 
interpreted as a good indicator, it seems that the 
health of these animals is not posed at severe risk. 
However, it is not possible to guarantee the same 
for older deer, exposed to these pollutants for a 
longer time. It also reinforces that heavy metal(loid)
s chronical pollution is usually an inconspicuous 
problem (Dahiya, 2022; Nriagu, 1988), and it may be 
challenging to detect by visual inspection methods of 
deer carcasses in the field. New studies assessing liver 
and kidney function biomarkers should be performed 
to clarify early effects of metal(loid)s overload on 
liver and kidney, in association with the metal(loid) 
concentrations.

Despite their harmful effects on health, Cd, 
and Pb are considered the most frequent metallic 
contaminants of the Mediterranean forest (Santiago 
et  al., 1998), which also supports the concerning 
values found in the present study, as well as the 
need for future and continuous assessments of the 
fauna and ecosystems, especially fauna and flora 
species consumed by humans. Moreover, it would 
be very relevant to evaluate the risk of consumption 
specifically for game meat products and, therefore, 
establish specific maximum levels for these, at a 
national or European level, considering everyday 
consumption habits. This would undoubtedly 
provide helpful and practical information to hunters, 
consumers and public health professionals and help 
define risk regions.

The mean values of renal Cd (8.072 ± 5.766 mg/
kg dw) and hepatic Pb (3.824 ± 6.098  mg/kg 
dw) were high and should be noted for future 
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assessments, even considering that histopathology 
did not show severe toxic effects of metal(loid)s 
exposure. The levels of essential elements were in 
line with other studies. The higher values of hepatic 
Cu and Pb in Idanha-a-Nova reinforce the need to 
monitor wildlife that lives near mining (and other 
potentially contaminated) areas, especially species 
of consumption. Some of the tissue lesions (as 
vacuolar changes and congestion) may indicate 
an initial reversal phase of response to this high 
metal(loid)s values.

Notwithstanding, the low number of samples 
and short collection period analysed during this 
study should be mentioned as study’ limitations. 
The authors of the present work believe that further 
conclusions can be taken with more complete and 
long-term studies using a higher sample size, as well 
as biochemical biomarkers of exposure.

Conclusions

The metal(loid)s pollution of the ecosystems, and 
the consequent contamination of food products 
could be interpreted as a severe but silent threat to 
One Health, posing at risk the imbalance of animal 
populations and public health in a discrete way. 
These results should not cause panic or immediately 
call into question the consumption of these food 
products. However, they certainly support the brief 
creation of the following measures: (1) evaluate the 
specific risk of regular consumption of game meat, 
considering inorganic pollutants; (2) create a specific 
maximum level for wild meat and offal (for As, Cd, 
Pb and also including essential elements); (3) educate 
hunters and consumers for this public health hazard 
(as it has been done for zoonotic infectious diseases); 
(4) design a continuous monitoring program of this 
issue at national or European level, defining regions 
of priority of each contaminant (considering possible 
sources of pollution, such as the Panasqueira mines). 
Further research (including animals from different 
areas of Portugal; or using other tissues as muscle) 
is necessary to establish which zones should be 
prioritised for each metal(loid) and apply mitigation 
strategies (for instance, phytoremediation).

Acknowledgements  The authors of the present work would 
like to thank José Prates, Mónica Martins and Maria P. Spínola, 
from the Laboratory of Quality of Animal Products from 
the Centre for Interdisciplinary Research in Animal Health 
(CIISA- Al4Animals), University of Lisbon, for their support 
during the lyophilisation of the samples.

Author contributions  Conceptualisation, C.J.B., J.M.G.-O., 
F.S. and P.A.O.; sampling, G.F; methodology, C.J.B., F.S., 
P.P., C.P. and E.F.S.; writing—original draft preparation, 
C.J.B., writing—review and editing, all authors; supervision, 
J.M.G.-O., F.S. and P.A.O. All authors have made a 
considerable contribution to this manuscript, and agreed with 
the published version of it.

Funding  Open access funding provided by FCT|FCCN 
(b-on). This work was supported by National Funds by the 
Fundação para a Ciência e Tecnologia (FCT) e and Ministério 
da Ciência e Tecnologia (MCT). The authors of the research 
unit CITAB (CJB and PAO) received funding from FCT—
reference of the project: 10.54499/UIDB/04033/2020. The 
authors of the research unit CECAV-Al4Animals (FS) also 
received funding from FCT—references of the projects: 
UIDB/CVT/00772/2020 and LA/P/0059/2020. FCT supported 
CJB with the Ph.D. scholarship 2021.04520.BD. Finally, CP, 
PP and EFS received financial support for the research unit 
GEOBIOTEC (UID/04935/2020). CJB also thanks FCT/
MCTES for the financial support to CiiEM (https://​doi.​org/​10.​
54499/​UIDB/​04585/​2020).

Data availability  There is no data available from this study.

Declarations 

Competing interests  The authors declare no competing inter-
ests.

Conflicts of interest  Authors have no conflicts of interest to 
declare.

Ethical approval  None of the deer was culled exclusively for 
this study, so no ethical approval was required to perform the 
present study. All the animals were culled by experienced hunt-
ers following the country legislation for hunting this large game 
species.

Consent of participating  Not applicable.

Consent of publishing  Not applicable.

Open Access   This article is licensed under a Creative 
Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 

https://doi.org/10.54499/UIDB/04585/2020
https://doi.org/10.54499/UIDB/04585/2020


	 Environ Geochem Health (2024) 46:226

1 3

226  Page 8 of 9

Vol:. (1234567890)

intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Ali, H., & Khan, E. (2019). Trophic transfer, bioaccumulation, 
and biomagnification of non-essential hazardous heavy 
metals and metalloids in food chains/webs—Concepts and 
implications for wildlife and human health. Human and 
Ecological Risk Assessment, 25(6), 1353–1376. https://​
doi.​org/​10.​1080/​10807​039.​2018.​14693​98

Ali, H., Khan, E., & Ilahi, I. (2019). Environmental Chemis-
try and Ecotoxicology of Hazardous Heavy Metals: Envi-
ronmental Persistence. Toxicity, and Bioaccumulation. 
https://​doi.​org/​10.​1155/​2019/​67303​05

Ávila, P. F., Ferreira da Silva, E., & Candeias, C. (2017). Health 
risk assessment through consumption of vegetables rich in 
heavy metals: The case study of the surrounding villages 
from Panasqueira mine. Central Portugal. Environmental 
Geochemistry and Health, 39(3), 565–589. https://​doi.​org/​
10.​1007/​S10653-​016-​9834-0

Buck, W. B., Osweiler, G. D., & Van Gelder, G. A. (1976). 
Clinical and Diagnostic Veterinary Toxicology (2nd ed.). 
Kendall Hunt Publishing Company.

Buttke, D. E. (2011). Toxicology, environmental health, and 
the “One Health” concept. Journal of Medical Toxicol-
ogy : Official Journal of the American College of Medi-
cal Toxicology, 7(4), 329–332. https://​doi.​org/​10.​1007/​
S13181-​011-​0172-4

Candeias, C., Ávila, P. F., Ferreira da Silva, E., Paulo Teix-
eira, J., Candeias, C., Ferreira da Silva, E., Ávila, P. F., 
& Teixeira, J. P. (2015). Integrated approach to assess the 
environmental impact of mining activities: Estimation of 
the spatial distribution of soil contamination (Panasqueira 
mining area, Central Portugal). Environmental Monitor-
ing and Assessment, 187, 135. https://​doi.​org/​10.​1007/​
s10661-​015-​4343-7

Candeias, C., Melo, R., Ávila, P. F., Ferreira da Silva, E., Sal-
gueiro, A. R., & Teixeira, J. P. (2014). Heavy metal pol-
lution in mine-soil-plant system in S. Francisco de Assis 
- Panasqueira mine (Portugal). Applied Geochemistry, 44, 
12–26. https://​doi.​org/​10.​1016/J.​APGEO​CHEM.​2013.​07.​
009

Candeias, C., Vicente, E., Tomé, M., Rocha, F., Ávila, P., & 
Alves, C. (2020). Geochemical, mineralogical and mor-
phological characterisation of road dust and associated 
health risks. International Journal of Environmental 
Research and Public Health. https://​doi.​org/​10.​3390/​
IJERP​H1705​1563

Castellanos, P., Reglero, M. M., Taggart, M. A., & Mateo, R. 
(2010). Changes in fatty acid profiles in testis and sperma-
tozoa of red deer exposed to metal pollution. Reproduc-
tive Toxicology, 29(3), 346–352. https://​doi.​org/​10.​1016/j.​
repro​tox.​2010.​01.​005

Centers of Disease Control and Prevention (CDC). (2022). One 
Health Basics | One Health | CDC. https://​www.​cdc.​gov/​
onehe​alth/​basics/​index.​html

Comission Regulation. (2013). No 915/2023: Setting maxi-
mum levels for certain contaminants in foodstuffs. Official 
Journal of the European Union. http://​www.​efsa.​europa.​
eu/​etc/​media​lib/​efsa/

Dahiya, V. (2022). Heavy metal toxicity of drinking water: A 
silent killer. GSC Biological and Pharmaceutical Sci-
ences, 19(1), 20–25. https://​doi.​org/​10.​30574/​GSCBPS.​
2022.​19.1.​0107

Dudley, R. E., Gammal, L. M., & Klaassen, C. D. (1985). 
Cadmium-induced hepatic and renal injury in chronically 
exposed rats: Likely role of hepatic cadmium-metallothio-
nein in nephrotoxicity. Toxicology and Applied Pharma-
cology, 77(3), 414–426. https://​doi.​org/​10.​1016/​0041-​
008X(85)​90181-4

Eisler, R. (1988). Arsenic hazards to fish, wildlife, and inverte-
brates: a synoptic review.

Ertl, K., Kitzer, R., & Goessler, W. (2016). Elemental composi-
tion of game meat from Austria. Food Additives and Con-
taminants: Part B Surveillance, 9(2), 120–126. https://​doi.​
org/​10.​1080/​19393​210.​2016.​11514​64

Fantechi, T., Contini, C., Scozzafava, G., & Casini, L. 
(2022). Consumer preferences for wild game meat: evi-
dence from a hybrid choice model on wild boar meat in 
Italy. Agricultural and Food Economics. https://​doi.​org/​
10.​1186/​s40100-​022-​00231-w

Ferreira, M. M. da S. I. (2004). Dados geoquímicos de 
base de solos de Portugal Continental, utilizando 
amostragem de baixa densidade [Universidade de 
Aveiro]. https://​ria.​ua.​pt/​handle/​10773/​18827

Hampel, M., Blasco, J., & Martín Díaz, M. L. (2016). Bio-
markers and Effects. In Marine Ecotoxicology (pp. 
121–165). Elsevier. https://​doi.​org/​10.​1016/​b978-0-​12-​
803371-​5.​00005-9

Hampton, J. O., Pain, D. J., Buenz, E., Firestone, S. M., & 
Arnemo, J. M. (2023). Lead contamination in Austral-
ian game meat. Environmental Science and Pollution 
Research, 30(17), 50713–50722. https://​doi.​org/​10.​
1007/​s11356-​023-​25949-y

Hryhorczuk, D., Beasley, V. R., Poppenga, R. H., & Durrani, 
T. (2018). One Toxicology, One Health, One Planet. 
Beyond One Health: From Recognition to Results. 
https://​doi.​org/​10.​1002/​97811​19194​521.​CH5

Jota Baptista, C., Seixas, F., Gonzalo-Orden, J. M., et  al. 
(2023b). Heavy metals and metalloids in wild boars 
(Sus Scrofa) – a silent but serious public health hazard. 
Veterinary Research Communications. https://​doi.​org/​
10.​1007/​s11259-​023-​10272-1

Jota Baptista, C., Seixas, F., Gonzalo-Orden, J. M., & 
Oliveira, P. A. (2022). Biomonitoring metals and met-
alloids in wild mammals: Invasive versus non-inva-
sive sampling. Environmental Science and Pollution 
Research International, 29(13), 18398–18407. https://​
doi.​org/​10.​1007/​S11356-​022-​18658-5

Jota Baptista, C., Seixas, F., Gonzalo-Orden, J. M., & 
Oliveira, P. A. (2023a). Biomonitoring of heavy 
metals and metalloids with wild mammals in the 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/10807039.2018.1469398
https://doi.org/10.1080/10807039.2018.1469398
https://doi.org/10.1155/2019/6730305
https://doi.org/10.1007/S10653-016-9834-0
https://doi.org/10.1007/S10653-016-9834-0
https://doi.org/10.1007/S13181-011-0172-4
https://doi.org/10.1007/S13181-011-0172-4
https://doi.org/10.1007/s10661-015-4343-7
https://doi.org/10.1007/s10661-015-4343-7
https://doi.org/10.1016/J.APGEOCHEM.2013.07.009
https://doi.org/10.1016/J.APGEOCHEM.2013.07.009
https://doi.org/10.3390/IJERPH17051563
https://doi.org/10.3390/IJERPH17051563
https://doi.org/10.1016/j.reprotox.2010.01.005
https://doi.org/10.1016/j.reprotox.2010.01.005
https://www.cdc.gov/onehealth/basics/index.html
https://www.cdc.gov/onehealth/basics/index.html
http://www.efsa.europa.eu/etc/medialib/efsa/
http://www.efsa.europa.eu/etc/medialib/efsa/
https://doi.org/10.30574/GSCBPS.2022.19.1.0107
https://doi.org/10.30574/GSCBPS.2022.19.1.0107
https://doi.org/10.1016/0041-008X(85)90181-4
https://doi.org/10.1016/0041-008X(85)90181-4
https://doi.org/10.1080/19393210.2016.1151464
https://doi.org/10.1080/19393210.2016.1151464
https://doi.org/10.1186/s40100-022-00231-w
https://doi.org/10.1186/s40100-022-00231-w
https://ria.ua.pt/handle/10773/18827
https://doi.org/10.1016/b978-0-12-803371-5.00005-9
https://doi.org/10.1016/b978-0-12-803371-5.00005-9
https://doi.org/10.1007/s11356-023-25949-y
https://doi.org/10.1007/s11356-023-25949-y
https://doi.org/10.1002/9781119194521.CH5
https://doi.org/10.1007/s11259-023-10272-1
https://doi.org/10.1007/s11259-023-10272-1
https://doi.org/10.1007/S11356-022-18658-5
https://doi.org/10.1007/S11356-022-18658-5


Environ Geochem Health (2024) 46:226	

1 3

Page 9 of 9  226

Vol.: (0123456789)

Iberian Peninsula: A systematic review. Environmen-
tal Reviews., 31(1), 66–75. https://​doi.​org/​10.​1139/​
er-​2022-​0071

Kendall, R. J., Lacher, T. E., Cobb, G. P., & Cox, S. B. 
(2010). Wildlife Toxicology. CRC Press.

Kim, D. W., Ock, J., Moon, K. W., & Park, C. H. (2021). 
Association between pb, cd, and hg exposure and liver 
injury among Korean adults. International Journal of 
Environmental Research and Public Health. https://​doi.​
org/​10.​3390/​ijerp​h1813​6783

Kottferová, J., & Koréneková, B. (2000). Game as an indi-
cator of environmental pollution by cadmium and lead. 
Journal of Trace and Microprobe Techniques, 18(4), 
571–575.

Laguna-Ruíz, J., García-Alfonso, C., Peinado, J., Moreno, S., 
Ieradi, L. A., Cristaldi, M., & López-Barea, J. (2001). 
Biochemical biomarkers of pollution in Algerian mouse 
(Mus spretus) to assess the effects of the Aznalcóllar dis-
aster on Doñana Park (Spain). Biomarkers, 6(2), 146–160. 
https://​doi.​org/​10.​1080/​13547​50001​00025​07

Lazarus, M., Orct, T., Blanuša, M., Vicković, I., & Šoštarić, B. 
(2008). Toxic and essential metal concentrations in four 
tissues of red deer (Cervus elaphus) from Baranja, Croa-
tia. Food Additives and Contaminants - Part A, 25(3), 
270–283. https://​doi.​org/​10.​1080/​02652​03070​13649​23

Levengood, J. M., & Heske, E. J. (2008). Heavy metal expo-
sure, reproductive activity, and demographic patterns in 
white-footed mice (Peromyscus leucopus) inhabiting a 
contaminated floodplain wetland. Science of the Total 
Environment, 389(2–3), 320–328. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2007.​08.​050

Mattioli, S., Zachos, F. E., Rossi, L., Lister, A. M., & Corlatti, 
L. (2022). Red Deer - Cervus elaphus (Linnaeus, 1758). 
In K. Hackländer & F. E. Zachos (Eds.), Handbook of 
Mammals of Europe (pp. 1–37). Springer, Cham. https://​
doi.​org/​10.​1007/​978-3-​319-​65038-8_​19-1

McNamara, T. S. (2016). Wildlife Pathology Studies and How 
They Can Inform Public Health. ILAR Journal, 56(3), 
306–311. https://​doi.​org/​10.​1093/​ILAR/​ILV043

Monzón, A., Vaz da Silva, S., & Manso, F. T. (2012). Integrat-
ing the deer (Cervus elaphus) in the Portuguese forests: 
Impacts and new challenges for forest certification. Forest 
Ecology and Management, 267, 1–6. https://​doi.​org/​10.​
1016/J.​FORECO.​2011.​11.​042

Nriagu, J. O. (1988). A silent epidemic of environmental metal 
poisoning? Environmental Pollution, 50(1–2), 139–161. 
https://​doi.​org/​10.​1016/​0269-​7491(88)​90189-3

Pompe-Gotal, J., & Crnić, A. P. (2002). Cadmium in tissues 
of roe deer (Capreolus capreolus) in Croatia. Veterinarski 
Arhiv, 72(6), 303–310.

Ríos C., & Méndez-Armenta, M. (2019). Cadmium neurotox-
icity. In J. Nriagu (Ed.), Encyclopedia of Environmental 
Health (2nd ed., Issue 3, pp. 485–491). Elsevier. https://​
doi.​org/​10.​1016/​B978-0-​12-​409548-​9.​11571-4

Santiago, D., Reja, A., & Rodero, B. (1998). Lead and Cad-
mium in Red Deer and Wild Boar from Sierra Morena 
Mountains ( Andalusia , Spain ). 730–737.

Santos, N., Almeida, V., Gortázar, C., & Correia-Neves, M. 
(2015). Patterns of Mycobacterium tuberculosis-complex 
excretion and characterisation of super-shedders in natu-
rally-infected wild boar and red deer. Veterinary Research. 
https://​doi.​org/​10.​1186/​s13567-​015-​0270-4

Soriano, A., & Sánchez-García, C. (2021). Nutritional Com-
position of Game Meat from Wild Species Harvested in 
Europe. In Meat and Nutrition. IntechOpen. https://​doi.​
org/​10.​5772/​intec​hopen.​97763

Tête, N., Afonso, E., Bouguerra, G., & Scheifler, R. (2015). 
Blood parameters as biomarkers of cadmium and lead 
exposure and effects in wild wood mice (Apodemus syl-
vaticus) living along a pollution gradient. Chemosphere, 
138, 940–946. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2014.​12.​031

Vieira-Pinto, M., Alberto, J., Aranha, J., Serejo, J., Canto, A., 
Cunha, M. V., & Botelho, A. (2011). Combined evalua-
tion of bovine tuberculosis in wild boar (Sus scrofa) and 
red deer (Cervus elaphus) from Central-East Portugal. 
European Journal of Wildlife Research, 57(6), 1189–
1201. https://​doi.​org/​10.​1007/​s10344-​011-​0532-z

Vikøren, T., Kristoffersen, A. B., Lierhagen, S., & Handeland, 
K. (2011). A comparative study of hepatic trace element 
levels in wild moose, roe deer, and reindeer from Norway. 
Journal of Wildlife Diseases, 47(3), 661–672. https://​doi.​
org/​10.​7589/​0090-​3558-​47.3.​661

Woolf, A., Smith, J. R., & Small, L. (1982). Metals in livers 
of white-tailed deer in Illinois. Bulletin of Environmental 
Contamination and Toxicology, 28(2), 189–194. https://​
doi.​org/​10.​1007/​BF016​08574

World Health Organization. (2023, August 11). Lead poisoning 
facts sheet. Switzerland, Geneva.

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1139/er-2022-0071
https://doi.org/10.1139/er-2022-0071
https://doi.org/10.3390/ijerph18136783
https://doi.org/10.3390/ijerph18136783
https://doi.org/10.1080/13547500010002507
https://doi.org/10.1080/02652030701364923
https://doi.org/10.1016/j.scitotenv.2007.08.050
https://doi.org/10.1016/j.scitotenv.2007.08.050
https://doi.org/10.1007/978-3-319-65038-8_19-1
https://doi.org/10.1007/978-3-319-65038-8_19-1
https://doi.org/10.1093/ILAR/ILV043
https://doi.org/10.1016/J.FORECO.2011.11.042
https://doi.org/10.1016/J.FORECO.2011.11.042
https://doi.org/10.1016/0269-7491(88)90189-3
https://doi.org/10.1016/B978-0-12-409548-9.11571-4
https://doi.org/10.1016/B978-0-12-409548-9.11571-4
https://doi.org/10.1186/s13567-015-0270-4
https://doi.org/10.5772/intechopen.97763
https://doi.org/10.5772/intechopen.97763
https://doi.org/10.1016/j.chemosphere.2014.12.031
https://doi.org/10.1016/j.chemosphere.2014.12.031
https://doi.org/10.1007/s10344-011-0532-z
https://doi.org/10.7589/0090-3558-47.3.661
https://doi.org/10.7589/0090-3558-47.3.661
https://doi.org/10.1007/BF01608574
https://doi.org/10.1007/BF01608574

	Heavy metal and metalloid concentrations in red deer (Cervus elaphus) and their human health implications from One Health perspective
	Abstract 
	Introduction
	Methods
	Sampling
	Histopathological analysis
	Determination of Metal(loid)s
	Statistical methods

	Results
	Metal(loid)s determinations
	Histopathology

	Discussion
	Conclusions
	Acknowledgements 
	References




