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Simple Summary: Heavy metal(loid)s are hazardous substances for humans, animals and ecosystems.
The liver is one of the most affected organs, presenting lesions after being acutely or chronically
exposed to these substances. In this study, hepatic metal(loid)s’ concentrations were associated with
biliary hyperplasia, which was the most common hepatic lesion found in a group of western-European
hedgehogs from rescue centres in Portugal. With exception of arsenic (As), all metal(loid)s were
present in higher concentrations in animals with biliary hyperplasia. Further research is necessary to
support these results and clarify the molecular mechanisms that lead to hepatic lesions provoked by
these compounds.

Abstract: Heavy metal(loid) pollution of ecosystems is a current One Health problem. The liver is
one of the most affected organs in cases of acute or chronic exposure to abnormal amounts of these
substances, inducing histopathologic lesions. In order to assess the influence of heavy metal(loids),
forty-five European hedgehogs (Erinaceus europaeus) were submitted to necropsy, and liver samples
were collected for a routine histopathology exam and metal(loid)s determination (As, Cd, Co, Cr,
Cu and Pb) by ICP-MS. Age was estimated during the necropsy exam. Biliary hyperplasia was the
most frequent lesion observed (16/45; 35.56%). No statistically significant associations were found
between biliary hyperplasia and age or sex. Metal(loid)s’ concentrations were higher in animals with
biliary hyperplasia (except for As). There was a statistically significant difference for both Cd and
Co. For As, Cd and Co, cubs and juveniles animals showed significantly lower concentrations than
elder individuals. Only for Pb were significant differences found between females and males. As
described in the literature, exposure to metal(loid)s may be a cause of biliary hyperplasia, although
further research (including the use of biochemical methods) is needed to support these results. To the
authors’ knowledge, this is the first report of this association in hedgehogs.
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1. Introduction

Heavy metal(loid) (e.g., arsenic, As; cadmium, Cd; cobalt, Co; chromium, Cr; copper,
Cu; and lead, Pb) pollution is a current One Health global problem, affecting multiple
ecosystems worldwide, and consequently animals and humans [1–3].

Inhalation, ingestion and dermal contact are the most relevant sources of exposure
to heavy metal(loid)s for animals and humans [4]. Absorption of large amounts of these
compounds may lead to acute intoxication and sudden death. On the other hand, their
potential to be perpetuated in the environment, bioaccumulate in trophic chains and accu-
mulate in certain organs, may lead to chronic lesions in different organisms and tissues. For
instance, some can be hepatotoxic, nephrotoxic, neurotoxic, genotoxic and even carcino-
genic. Both essential (such as Cr or Cu, which participate in some biological processes) and
non-essential (such as Cd or Pb, which have no biological function) metal(loid)s can be toxic,
depending on the dose [2]. Aside from their hazardous effects on animals’ health, these
metal(loid)s clearly interfere with the nutritional value of plants (namely, carbohydrates,
proteins and vitamins). As a consequence, the consumption of contaminated plants affects
food webs, habitats and, in the end, terrestrial ecosystems.

Even though some of these consequences may be shared by many specimens, some
animals, including western-European hedgehogs (Erinaceus europaeus), are considered
particularly suitable to evaluating this health hazard, due to biological and ecological
aspects (e.g., food regimen, space distribution, resilience and habits) [5–8]. E. europaeus
is cosmopolitan, largely distributed (in natural, rural and urban areas) and has a mainly
insectivorous diet which includes large amounts of lipids, and these usually accumulate
metal(loid)s [5,8]. The use of sentinels allows researchers to have a more complete and
anticipated perspective of any hazard and allows on-time implementations of the necessary
mitigation strategies [9–11].

The liver is one of the most used organs for biomonitoring and studying the effects
of heavy metal(loid)s, mainly due to its role in several metabolic and detoxification pro-
cesses [12,13]. The hepatoxicity induced by heavy metal(loid)s is a complex of biochemical
and cellular alterations. In abnormally high concentrations, metal(loid)s are responsible for
oxidative stress reactions, which mean imbalances in the production of radicals and oxidant
compounds, and their elimination by antioxidants [14]. Depending on the metal(loid) or the
availability of other compounds (e.g., metallothioneins and selenium) that may potentiate
or suppress some chemical reactions, their real effects on liver tissue may variate [14].
Although the hepatoxicity of Pb is considered the most well-known among all metal(loid)s,
its exact mechanism of its toxicity is still not completely understood [12]. Nuclear ery-
throid 2-related factor (Nrf2) has been proposed to be intimately involved in heavy metal
hepatotoxicity, and therefore, it has been used as a target to discover hepatoprotective
agents [14]. In general, hepatotoxicity by heavy metal(loids) may be detected elevated lev-
els of liver enzymes (e.g., aspartate aminotransferase, AST; alanine aminotransferase, ALT;
or alkaline phosphatase, ALP); elevated levels of necrotic and transforming growth factors;
and histopathologic changes. Histopathologic liver changes due to metal(loid) toxicity
include (but are not limited to) hydropic alterations, oedema, congestion, inflammatory
cell infiltration, necrosis, fibrosis, steatosis and biliary hyperplasia [14–17]. Histopathology
plays an essential role as a biomarker of the effect of metal(loid)s’ toxicosis, when associated
with the detection and measurement of these compounds in biological samples [18,19].

The aim of this study was to relate and interpret the concentrations of some metal(loid)s
with health importance in relation to an important histopathology finding (biliary hyper-
plasia) in a sentinel species (E. europaeus).
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2. Materials and Methods
2.1. Necropsies and Liver Samples’ Collection

All the hedgehogs in this study died or were found dead and delivered to one of
three Portuguese rescue centres (CERVAS, LxCRAS and RIAS—in the north (n = 15), centre
(n = 12) and south (n = 19), respectively). CERVAS is located in Gouveia, Guarda, Portugal;
LxCRAS is Located in Parque Florestal de Monsanto, Lisbon, Portugal; and RIAS is located
in Parque Natural da Ria Formosa, Olhão, Portugal. Hedgehogs in this study originally
from eight districts of Portugal were sampled: Viana do Castelo (n = 1), Viseu (n = 5),
Guarda (n = 4), Coimbra (n = 4), Castelo Branco (n = 1), Great Lisbon (n = 10), Setúbal
(n = 2) and Faro (n = 18). None of them was killed for the study; they all died naturally or
were euthanized according to the rescue centre’s internal policy, between 2019 and 2021. A
complete macroscopic exam was performed for forty-five hedgehogs. Sex and age group
(cub or pre-weaned, juveniles or post-weaned and adult) were estimated according to
methods described in the literature [20]. A small portion (1.5 cm × 1.5 cm) of the liver was
collected and kept in 10% buffered formaline for histopathological analysis. Approximately
6 g of the liver was collected in a zip bag and stored under −10 ◦C until chemical analysis.

2.2. Histopathology

Liver samples were analysed in the Histopathology Laboratory at the University of
Trás-os-Montes and Alto Douro (UTAD). They were cut into small slices (2–3 mm) and
processed for light microscopy according to routine technique. A blinded histopathologic
evaluation was performed using an optical microscope (Nikon E600®, Nikon Instruments
Inc., Melville, NY, USA).

2.3. Metal(loid)s Determination

Twenty-four hours before lyophilisation, forty-two liver-frozen samples were trans-
ferred to a −20 ◦C freezer. Then, samples were completely freeze-dried for 48 h at
−56 ◦C (LaboGene CoolSafe®, Allerød, Denmark). Weight was registered before and
after lyophilisation (Kern ALT® Germany precision scale) in order to calculate the percent-
age of humidity of the tissue removed during the lyophilisation process (average value
of 75.1%).

Approximately 0.5 g of each dried liver was weighed on the precision scale and
transferred to digestion tubes. Then, 1 mL of nitric acid was added to each tube, which was
left at room temperature overnight. Then, 2 mL of hydrogen peroxide was added to each
sample. After 5 h at room temperature, samples were placed on a digestion plate (DigiPrep-
MS®, Canada), where the temperature increased progressively for 15 min until reaching
85 ◦C. Then, it remained at 85 degrees for another 15 min. All the samples were adequately
digested after this cycle and presented no visible solid particles. The concentrations of
arsenic (As), cadmium (Cd, chromium (Cr), cobalt (Co), copper (Cu) and lead (Pb) were
determined by an Agilent 7700 inductively coupled plasma mass spectrophotometer (ICP-
MS) (Agilent Technologies®, Santa Clara, CA, USA). Certified reference material (ERM
BB185®, Belgium), and blank tubes and duplicates were used for quality control of the
mentioned procedures. Results were accepted when recoveries ranged between 70% and
120%. Average quantification limits (AQL) were 0.0125 mg/kg for As, 0.005 mg/kg for
Cd, 0.0025 for Co, 0.005 mg/kg for Cr, 0.005 mg/kg for Cu and 0.005 mg/kg for Pb. Thus,
values below these limits were assumed as zero.

2.4. Statistical Analysis

IBM SPSS® Statistics 27 was used for descriptive analysis and statistical tests. Normal-
ity tests were applied to the quantitative data (Kolmogorov–Smirnov and Shapiro–Wilk
tests), revealing a non-normal distribution. Then, data were log-transformed (Log10(x))
to get normal distributions [21]. Levene’s test was performed to verify that there was
homogeneity of variances. Analysis of variance (One-way ANOVA) was then applied to all
the samples according to the age group, sex and presence of biliary hyperplasia. Tukey’s
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HSD test was performed as a post hoc test for ANOVA when more than two groups were
analysed. Chi-square tests were performed to evaluate statistical associations among sex,
age and the presence of biliary hyperplasia. A binary logistic regression model was used
to analyse the influences of age, sex and the metal(loid)s’ concentrations (all together) on
the presence of biliary hyperplasia. For all the statistical tests, a critical p-value of 0.05
was considered.

3. Results
3.1. Histopathology

A total of 45 hedgehogs’ livers were analysed for histopathology. Most livers were in
autolysis (28/45; 62.22%). Biliary hyperplasia was the most diagnosed alteration observed
(16/45; 35.56%) (Figure 1). Other changes were detected with lower prevalence, such as the
presence of inflammatory infiltrates (7/45; 15.56%), steatosis (3/45; 6.67%) and subacute
hepatitis (2/45; 4.44%). No statistically significant associations were found between biliary
hyperplasia and age (F = 3.515; df = 2; p = 0.173) or sex (F = 3.019; df = 1; p = 0.082).
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Figure 1. Evidence of biliary hyperplasia detected in a hedgehog’s liver (evident enlarged duct walls 
and lumen). Orange circles indicate some normal biliary ducts for comparison. Note that the 
hedgehog carcasses were frozen before the necropsy, so it is possible to notice some freezing 
artefacts. 

3.2. Metal(loid)s Determination 
The mean, standard deviation (SD), minimum (Min.) and maximum (Max.) for each 

metal are presented in Table 1. Descriptive statistics are presented separately for animals 
with and without biliary hyperplasia (BH). The higher values were found for Cu (35.66 ± 
19.89 mg/kg dry weight (dw). Maximum values surpassed 100 mg/kg dw. Cr was the 
scarcest metal (0.12 ± 0.11 mg/kg dw). With the exception of As, all metals had higher 
mean values in hedgehogs with BH than in animals without; and these differences were 
statistically significant for Cd and Co (p = 0.007 and p = 0.019, respectively) (Table 2). 

Table 1. Summary of metal(loid)s’ concentrations in liver samples (mg/kg dw). 

 n Mean SD Min. Max. 

As 
without BH 27 0.13 0.16 0.00 0.69 

with BH 14 0.13 0.11 0.00 0.44 
Total 41 0.13 0.14 0.00 0.69 

Cd without BH 27 0.46 0.59 0.00 1.84 

Figure 1. Evidence of biliary hyperplasia detected in a hedgehog’s liver (evident enlarged duct
walls and lumen). Orange circles indicate some normal biliary ducts for comparison. Note that the
hedgehog carcasses were frozen before the necropsy, so it is possible to notice some freezing artefacts.

3.2. Metal(loid)s Determination

The mean, standard deviation (SD), minimum (Min.) and maximum (Max.) for
each metal are presented in Table 1. Descriptive statistics are presented separately for
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animals with and without biliary hyperplasia (BH). The higher values were found for Cu
(35.66 ± 19.89 mg/kg dry weight (dw). Maximum values surpassed 100 mg/kg dw. Cr
was the scarcest metal (0.12 ± 0.11 mg/kg dw). With the exception of As, all metals had
higher mean values in hedgehogs with BH than in animals without; and these differences
were statistically significant for Cd and Co (p = 0.007 and p = 0.019, respectively) (Table 2).

Table 1. Summary of metal(loid)s’ concentrations in liver samples (mg/kg dw).

n Mean SD Min. Max.

As

without
BH 27 0.13 0.16 0.00 0.69

with BH 14 0.13 0.11 0.00 0.44
Total 41 0.13 0.14 0.00 0.69

Cd

without
BH 27 0.46 0.59 0.00 1.84

with BH 14 1.57 1.85 0.00 6.07
Total 41 0.84 1.27 0.00 6.07

Co

without
BH 27 0.19 0.13 0.05 0.46

with BH 14 0.40 0.42 0.06 1.66
Total 41 0.27 0.28 0.05 1.66

Cr

without
BH 27 0.12 0.13 0.02 0.70

with BH 14 0.13 0.07 0.03 0.29
Total 41 0.12 0.11 0.02 0.70

Cu

without
BH 27 33.06 21.42 12.11 102.91

with BH 14 40.68 16.09 13.60 65.75
Total 41 35.66 19.89 12.11 102.91

Pb

without
BH 27 0.40 0.25 0.11 1.16

with BH 14 0.80 1.12 0.09 4.46
Total 41 0.54 0.70 0.09 4.46

BH—biliary hyperplasia.

Table 2. ANOVA test summary results for log-transformed (Log10(x)) metal(loid)s’ concentrations.

N Mean SD Min. Max

ANOVA

Sum of
Squares df Mean

Square F Sig.

Log10(As)
without BH 24 −0.98 0.37 −1.72 −0.16 Between Groups 0.003 1 0.003 0.026 0.873

with BH 13 −0.96 0.31 −1.47 −0.36 Within Groups 4.344 35 0.124
Total 37 −0.98 0.35 −1.72 −0.16 Total 4.348 36

Log10(Cd)
without BH 26 −0.81 0.74 −1.90 0.26 Between Groups 4.137 1 4.137 8.122 0.007 **

with BH 13 −0.11 0.65 −1.37 0.78 Within Groups 18.846 37 0.509
Total 39 −0.58 0.78 −1.90 0.78 Total 22.983 38

Log10(Co)
without BH 27 −0.80 0.29 −1.27 −0.34 Between Groups 0.607 1 0.607 6.001 0.019 *

with BH 14 −0.55 0.37 −1.19 0.22 Within Groups 3.944 39 0.101
Total 41 −0.72 0.34 −1.27 0.22 Total 4.551 40

Log10(Cr)
without BH 27 −1.06 0.32 −1.71 −0.16 Between Groups 0.065 1 0.065 0.704 0.407

with BH 14 −0.97 0.27 −1.53 −0.54 Within Groups 3.594 39 0.092
Total 41 −1.03 0.30 −1.71 −0.16 Total 3.658 40

Log10(Cu)
without BH 27 1.46 0.21 1.08 2.01 Between Groups 0.115 1 0.115 2.733 0.106

with BH 14 1.57 0.19 1.13 1.82 Within Groups 1.639 39 0.042
Total 41 1.50 0.21 1.08 2.01 Total 1.754 40

Log10(Pb)
without BH 27 −0.47 0.25 −0.95 0.06 Between Groups 0.161 1 0.161 1.459 0.234

with BH 14 −0.34 0.45 −1.03 0.65 Within Groups 4.308 39 0.110
Total 41 −0.42 0.33 −1.03 0.65 Total 4.470 40

BH—biliary hyperplasia. *: p < 0.05; **: p < 0.01.

Moreover, the mean values for all metals were higher in adults (n = 22) compared to
cubs (n = 11) and juveniles (n = 9). These differences were statistically significant for As
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(F = 5.082; df = 2; p = 0.012), Co (F = 6.301; df = 2; p = 0.004) and Cd (F = 27.656; df = 2;
p < 0.001). According to the Tukey HSD test, for As, juveniles’ levels were significantly
lower than those of adults and cubs; and for Cd and Co, both cubs and juveniles had
significantly lower levels than adults. No statistically significant differences were found
between females (n = 23) and males (n = 19), except for Pb (F = 5.054; df = 1; p = 0.030).

The binary logistic regression model showed a high Hosmer and Lemeshow probabil-
ity result of 0.993, and moderate accuracy of 75.7%. None of the variables was statistically
significant. However, Log10(Co) and Log10(Pb) resulted in the highest Exp(B) values of
16.392 and 9.248, respectively (Appendix A).

Regarding the three rescue centres (CERVAS; LxCRAS and RIAS), no statistically
significant differences were found between them for the presence of BH (F = 4.068; df = 2;
p= 0.131).

4. Discussion

Livers from E. europaeus were collected and analysed for histopathology and metal
determination (As, Cd, Co, Cr, Cu and Pb). Correlations with sex, age group and the
presence of biliary hyperplasia were calculated. Metal(loid)s’ results from this study
were separately interpreted and compared to those of other hedgehog and small-mammal
studies (other authors’ results were converted to mg/kg when presented in other units for
easier comparison).

As is a highly carcinogenic metalloid in its inorganic form. Chronic exposure to
arsenicals by inhalation, ingestion or other routes has been related to liver disease and other
conditions. In mammals, As poisoning is commonly manifested by acute signs, but chronic
poisoning is rarely seen; and its metabolism and effects are severely affected by the species
and the chemical form of As used [22]. The present study revealed small concentrations of
As in the liver (0.13 ± 0.14 mg/kg dw) in animals with and without biliary hyperplasia
when compared with other hedgehog studies (0.45 ± 0.02 mg/kg dw [5]; 0.69 ± 0.13 mg/kg
dw [6]).

Cd is a heavy metal with no biological function, and exposure may occur through
inhalation or ingestion. The incidence of acute toxicity is rare (e.g., inhalation of Cd fumes),
but chronic toxicity is reflected in continuing accumulation of the metal from the diet in the
liver and subsequent tissue dysfunction [23]. Data from small mammals (mice, rats and
voles) suggest that average Cd levels in the liver should range from 0.2 to 1.5 mg/kg dw [23].
In the present study, animals without biliary hyperplasia presented an average Cd level of
0.46 ± 0.59 mg/kg dw, which is included in this interval. However, animals presenting
biliary hyperplasia showed a mean value of 1.57 ± 1.85 mg/kg dw, and a maximum value
of 6.07 mg/kg dw, which are above the normal limits. Therefore, Cd exposure may be a
cause of or factor contributing to biliary hyperplasia in these hedgehogs. Nevertheless,
these authors also mention that animals with a stricter insectivorous diet (such as moles and
shrews) may accumulate higher levels of Cd (2.3–25.4 mg/kg dw) [23]. Although insects
are a considerable part of their diet, hedgehogs do not have a strict insectivorous diet, as
they also eat fruits, vegetables and eggs [24], so it is difficult to decide which one of these
reference intervals should be used. Specifically in hedgehogs, D’Havé et al. [6], in Belgium,
reported a mean value of 13.39 ± 3.09 mg/kg dw of Cd in the liver; and Rautio et al. [5],
in Finland, reported 1.81 ± 0.20 mg/kg dw, which reflects the disparity in values that Cd
may assume in this species, depending on several factors (including provenance). Similarly,
Rautio et al. [5] reported a strong tendency for Cd to accumulate with age, with linear
regression, which is in accordance with our significant difference between the group of
adults and the group of cubs and juveniles.

Co (specially CoCl2) has been associated with hepatocellular injuries and -ns [16],
even though the literature is scarce for this element. For human and animal populations,
diet (including drinking water) is the main source of Co [25]. In hedgehogs, the only mean
value of Co found in the literature was 0.40 ± 0.04 mg/kg dw [6], which is exactly the same
mean value we found in hedgehogs with biliary hyperplasia (0.40 ± 0.42 mg/kg dw), but
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higher than the one we obtained for the whole group of hedgehogs (0.27 ± 0.28 mg/kg
dw). To the authors’ knowledge, no studies have reported a tendency of Co to accumulate
in older individuals or cause biliary hyperplasia, despite the statistical results found in
this study.

Cr normally occurs as CrVI or CrIII. While CrVI is considered highly toxic and carcino-
genic, CrIII is an essential element for mammals in small amounts. However, there is a
lack of knowledge regarding the normal values of these compounds, and regarding the
adequate intake limits, even for humans [26]. Compared to other studies in hedgehogs
(3.9 ± 0.2 mg/kg) [6] or shrews (3.00 ± 0.48 mg/kg) [27] from other locations, the Cr levels
presented in this study are considerably lower (0.12 ± 0.11 mg/kg). The use of fertilizers
with Cr can significantly increase the amount of Cr in soils and water, leading to substantial
differences in distinct animal populations, depending on their habitats [27,28], which may
explain these divergences.

Cu is a cofactor of multiple enzymes. Cu liver levels were 35.66 ± 19.65 mg/kg dw, and
some hedgehogs’ levels surpassed 100 mg/kg dw. These liver values are high compared to
other studies on insectivores that compared multiple locations, such as those on shrews
(Sorex araneus, in which the highest mean value was 32.5 mg/kg dw) [29] and moles
(Talpa europaea, in which the highest mean value was 18.6 mg/kg dw) [30]. Chronic exposure
to large amounts of Cu may cause toxicosis in wild animals. Cu accumulates in hepatocytes,
leading to hepatocellular damage; non-functional hepatic metabolism; deficient biliary and
urinary excretion; and imbalances with other trace elements. Nevertheless, it seems that
Cu levels need to be extremely high to be responsible for clinical toxicity. In New Zealand,
wild rabbits (Oryctolagus cuniculus) with evident Cu toxicosis presented 319 to 997 mg/kg
wet weight (ww) (reference range: 8–50 mg/kg ww) [31].

Pb is possibly one of the most well-studied heavy metal(loid)s (and Hg). However,
the exact molecular mechanisms involved in its toxicity are not completely understood
yet [12]. The present study revealed a mean value of 0.54 ± 0.70 mg/kg, considering all
hedgehogs. Values in mammals are extremely variable, depending on the species and
geographical areas. Average levels of 3.3 mg/kg dw were detected in mice and voles with
unaltered birth and litter survival rates [32]. Biliary hyperplasia (and other important
histopathologic alterations) was found in laboratory rats with 3.424 ± 0.090 mg/kg [33].
However, the risk of exposure for rodents is considered lower than for insectivores because
of the higher metabolic rates and dietary requirements of insectivorous species [32]. In
moles, females also had higher Pb concentrations than males, and authors discarded the
possibility of an artefact, mentioning that lactation in female moles may affect Ca and Pb
metabolism [34]. Possibly, the same could have happened with these hedgehogs, explaining
the sex differences found in the present study.

Animals with biliary hyperplasia presented higher metal(loid) concentrations in the
liver (except for As), and the difference was statistically significant for Cd and Co. Biliary
hyperplasia induced by chronic or acute exposure to heavy metal(loid)s is not frequently
described, but it has been reported in laboratory rats [33,35,36], laboratory rabbits [37],
wild rabbits [31] and quails [38]. To the authors’ knowledge, specifically in hedgehogs,
biliary hyperplasia was never associated with heavy metal(loid)s exposure, even though
this lesion has been recently found in another pathological survey in Portugal as well [39].
Therefore, exposure to metal(loid)s could be the primary or a contributing reason for this
hepatic lesion. Nevertheless, others should not be excluded, such as other chemical and
toxic insults [40,41], cholelithiasis, sclerosing cholangitis and trematode infestation [42].

The obtained Hosmer and Lemeshow significance level of 0.993 indicates that the
model fits the data well, meaning that the predicted probabilities are similar to the observed
probabilities. However, the percentage correct of 75.7% suggests that the model can only
correctly classify 75.7% of cases, without significant predictors. As mentioned, Log10Co
resulted in the highest Exp(B) value of 16.392. Log10Pb resulted in the second highest
Exp(B) value of 9.248. This means that the odds of the outcome variable occurring (in other
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words, the presence of BH) increase by a factor of 16.392 or 9.248 for every one-unit increase
in Log10(Co) or Log10(Pb), respectively.

Further research is needed to clarify the molecular mechanisms induced by heavy
metal(loid)s that may be responsible for histopathologic alterations, such as biliary hy-
perplasia. Moreover, the measurements of enzymes (such as ALT, AST or ALP) and their
correlations with metal(loid) levels may also represent a possible study and opportunity to
include living individuals in future biomonitoring studies. Other aspects of hedgehogs’
health and fitness should also be considered in other studies reporting hepatic lesion and
metal(loid) assessments. Biochemical biomarkers (e.g., oxidative stress and lipid peroxida-
tion markers) may also be applied to wildlife biomonitoring studies, in order to improve
our knowledge of the exact mechanisms of hepatotoxicity induced by these compounds in
species of interest (such as hedgehogs).

5. Conclusions

Hedgehogs with biliary hyperplasia presented higher metal(loid) concentrations in
the liver (except for As), and the difference was statistically significant for both Cd and Co.
Moreover, the mean values for all metal(loid)s were higher in adults compared to hoglets
and juveniles; and no statistically significant differences were found between males and
females (except for Pb).

This study suggests that heavy metal(loid)s may represent a primary cause or a
factor contributing to biliary hyperplasia in hedgehogs. Notwithstanding, further research
(including the use of biochemical biomarkers of oxidative stress and lipid peroxidation) is
necessary to support these findings and contribute to a better understanding of the exact
mechanism(s) that leads to liver and biliary-system cellular injury induced by metal(loid)s.
Biomonitoring studies with sentinel species (such as hedgehogs) will contribute to a better
comprehension of this hazard of One Health importance.
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Appendix A. Binary Logistic Regression Model Results

Table A1. Model classification table a.

Observed

Predicted

BH
Percentage Correct

No Yes

Step 1
BH

No 21 3 87.5

Yes 6 7 53.8

Overall Percentage 75.7
a. The cut value is 0.500.

Table A2. Hosmer and Lemeshow test results.

Step Chi-Square df Sig.

1 1.077 7 0.993

Table A3. Variables in the equations (Exp(B) values of Pb and Co underlined).

B S.E. Wald df Sig. Exp(B)
95% C.I.for EXP(B)

Lower Upper

Step 1

sex(1) −2.700 1.402 3.706 1 0.054 0.067 0.004 1.050

age 0.019 2 0.990

age(1) −0.212 1.708 0.015 1 0.901 0.809 0.028 23.016

age(2) −0.174 1.458 0.014 1 0.905 0.840 0.048 14.652

Log10As −1.057 1.665 0.403 1 0.525 0.347 0.013 9.082

Log10Cd 0.337 1.189 0.080 1 0.777 1.401 0.136 14.416

Log10Co 2.797 1.930 2.100 1 0.147 16.392 0.373 720.297

Log10Cr 0.267 2.011 0.018 1 0.894 1.306 0.025 67.179

Log10Cu 1.905 2.557 0.555 1 0.456 6.722 0.045 1009.238

Log10Pb 2.224 1.685 1.742 1 0.187 9.248 0.340 251.525

Constant −0.243 4.242 0.003 1 0.954 0.784

References
1. Tovar-Sánchez, E.; Hernández-Plata, I.; Santoyo Martínez, M.; Valencia-Cuevas, L.; Galante, P.M. Heavy Metal Pollution as a

Biodiversity Threat. Heavy Met. 2018, 383. [CrossRef]
2. Ali, H.; Khan, E. 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. Hum. Ecol. Risk Assess. 2019, 25,
1353–1376. [CrossRef]

3. United Nations Environment Programme. Heavy Metals. Available online: https://www.unep.org/cep/heavy-metals (accessed
on 7 December 2021).

4. Ding, C.; Chen, J.; Zhu, F.; Chai, L.; Lin, Z.; Zhang, K.; Shi, Y. Biological Toxicity of Heavy Metal(Loid)s in Natural Environments:
From Microbes to Humans. Front. Environ. Sci. 2022, 10, 681. [CrossRef]

5. Rautio, A.; Kunnasranta, M.; Valtonen, A.; Ikonen, M.; Hyvärinen, H.; Holopainen, I.J.; Kukkonen, J.V.K. Sex, Age, and Tissue
Specific Accumulation of Eight Metals, Arsenic, and Selenium in the European Hedgehog (Erinaceus europaeus). Arch. Environ.
Contam. Toxicol. 2010, 59, 642–651. [CrossRef]

6. D’Havé, H.; Scheirs, J.; Mubiana, V.K.; Verhagen, R.; Blust, R.; de Coen, W. Non-Destructive Pollution Exposure Assessment in
the European Hedgehog (Erinaceus europaeus): II. Hair and Spines as Indicators of Endogenous Metal and As Concentrations.
Environ. Pollut. 2006, 142, 438–448. [CrossRef] [PubMed]

7. Vermeulen, F.; D’Havé, H.; Mubiana, V.K.; van den Brink, N.W.; Blust, R.; Bervoets, L.; de Coen, W. Relevance of Hair and Spines
of the European Hedgehog (Erinaceus europaeus) as Biomonitoring Tissues for Arsenic and Metals in Relation to Blood. Sci. Total
Environ. 2009, 407, 1775–1783. [CrossRef] [PubMed]

https://doi.org/10.5772/INTECHOPEN.74052
https://doi.org/10.1080/10807039.2018.1469398
https://www.unep.org/cep/heavy-metals
https://doi.org/10.3389/fenvs.2022.920957
https://doi.org/10.1007/s00244-010-9503-8
https://doi.org/10.1016/j.envpol.2005.10.021
https://www.ncbi.nlm.nih.gov/pubmed/16324771
https://doi.org/10.1016/j.scitotenv.2008.10.039
https://www.ncbi.nlm.nih.gov/pubmed/19058834


Animals 2023, 13, 1359 10 of 11

8. Jota Baptista, C.; Seixas, F.; Gonzalo-Orden, J.M.; Oliveira, P.A. Can the European Hedgehog (Erinaceus europaeus) Be a Sentinel for
One Health Concerns? Biologics 2021, 1, 4. [CrossRef]

9. National Research Council. Animals as Sentinels of Environmental Health Hazards; National Academies Press: Washington, DC,
USA, 1991; ISBN 978-0-309-04046-4.

10. Rabinowitz, P.; Scotch, M.; Conti, L. Human and Animal Sentinels for Shared Health Risks. Vet. Ital. 2009, 45, 23. [PubMed]
11. van der Schalie, W.H.; Gardner, H.S.; Bantle, J.A.; de Rosa, C.T.; Finch, R.A.; Reif, J.S.; Reuter, R.H.; Backer, L.C.; Burger, J.;

Folmar, L.C.; et al. Animals as Sentinels of Human Health Hazards of Environmental Chemicals. Environ. Health Perspect. 1999,
107, 309–315. [CrossRef]

12. Renu, K.; Chakraborty, R.; Myakala, H.; Koti, R.; Famurewa, A.C.; Madhyastha, H.; Vellingiri, B.; George, A.; Valsala Gopalakr-
ishnan, A. Molecular Mechanism of Heavy Metals (Lead, Chromium, Arsenic, Mercury, Nickel and Cadmium)—Induced
Hepatotoxicity—A Review. Chemosphere 2021, 271, 129735. [CrossRef]

13. Baptista, C.J.; Seixas, F.; Gonzalo-Orden, J.M.; Oliveira, P.A. Biomonitoring of Heavy Metals and Metalloids with Wild Mammals
in the Iberian Peninsula: A Systematic Review. Environ. Sci. Pollut. Res. Int. 2022, 29, 18398–18407. [CrossRef]

14. Hasanein, P.; Emamjomeh, A. Beneficial Effects of Natural Compounds on Heavy Metal-Induced Hepatotoxicity. In Dietary
Interventions in Liver Disease: Foods, Nutrients, and Dietary Supplements; Elsevier: Amsterdam, The Netherlands, 2019; pp. 345–355.
ISBN 9780128144671.

15. Balali-Mood, M.; Naseri, K.; Tahergorabi, Z.; Khazdair, M.R.; Sadeghi, M. Toxic Mechanisms of Five Heavy Metals: Mercury,
Lead, Chromium, Cadmium, and Arsenic. Front. Pharmacol. 2021, 12, 643972. [CrossRef]

16. Teschke, R. Aluminum, Arsenic, Beryllium, Cadmium, Chromium, Cobalt, Copper, Iron, Lead, Mercury, Molybdenum, Nickel,
Platinum, Thallium, Titanium, Vanadium, and Zinc: Molecular Aspects in Experimental Liver Injury. Int. J. Mol. Sci. 2022, 23,
12213. [CrossRef]

17. Bethesda, M.D. Trace Elements and Metals. Available online: https://www.ncbi.nlm.nih.gov/books/NBK548854/ (accessed on
22 December 2022).

18. Schrank, C.S.; Cormier, S.M.; Blazer, V.S. Contaminant Exposure, Biochemical, and Histopathological Biomarkers in White Suckers
from Contaminated and Reference Sites in the Sheboygan River, Wisconsin. J. Great Lakes Res. 1997, 23, 119–130. [CrossRef]

19. Greenberg, S.R. The Histopathology of Tissue Lead Retention. Histol. Histopathol. 1990, 5, 451–456. [PubMed]
20. Bexton, S.; Robinson, I. Hedgehogs. In BSAVA Manual of Wildlife Casualities; Mullineux, E., Best, D., Cooper, J.E., Eds.; British

Small Animal Veterinary Association: Quedgeley, UK, 2003; pp. 49–65.
21. West, R.M. Best Practice in Statistics: The Use of Log Transformation. Ann. Clin. Biochem. 2022, 59, 162. [CrossRef]
22. Eisler, R. Arsenic Hazards to Fish, Wildlife, and Invertebrates: A Synoptic Review; Biological Report 85 (1.12)—Contaminant Hazard

Reviews; U.S. Fish and Wildlife Service, Patuxent Wildlife Research Center: Laurel, MD, USA, 1988.
23. Cooke, J.A. Cadmium in Small Mammals. In Environmental Contaminants in Biota; Beyer, W.N., Meador, J.P., Eds.; CRC Press: Boca

Raton, FL, USA, 2011; pp. 627–639.
24. Capello, V.; Lennox, A.M. Small Mammal Dentistry. In Ferrets, Rabbits, and Rodents: Clinical Medicine and Surgery; Quesenberry,

K.E., Carpenter, J.W., Eds.; W.B. Saunders: Philadelphia, PA, USA, 2012; pp. 452–471. ISBN 9781416066217.
25. Gluhcheva, Y.G.; Atanasov, V.N.; Ivanova, J.M.; Pavlova, E.H. Chronic Exposure to Cobalt Compounds—an in Vivo Study. Cent.

Eur. J. Biol. 2014, 9, 973–981. [CrossRef]
26. Danieli, P.P.; Serrani, F.; Primi, R.; Ponzetta, M.P.; Ronchi, B.; Amici, A. Cadmium, Lead, and Chromium in Large Game: A

Local-Scale Exposure Assessment for Hunters Consuming Meat and Liver of Wild Boar. Arch. Environ. Contam. Toxicol. 2012, 63,
612–627. [CrossRef]

27. Sánchez-Chardi, A.; Ribeiro, C.A.O.; Nadal, J. Metals in Liver and Kidneys and the Effects of Chronic Exposure to Pyrite Mine
Pollution in the Shrew Crocidura Russula Inhabiting the Protected Wetland of Doñana. Chemosphere 2009, 76, 387–394. [CrossRef]

28. Tovar-Sanchez, A.; Huerta-Diaz, M.A.; Negro, J.J.; Bravo, M.A.; Sañudo-Wilhelmy, S.A. Metal Contamination in Interstitial Waters
of Doñana Park. J. Environ. Manag. 2006, 78, 286–293. [CrossRef] [PubMed]

29. Read, H.J.; Martin, M.H. The Effect of Heavy Metals on Populations of Small Mammals from Woodlands in Avon (England); with
Particular Emphasis on Metal Concentrations in Sorex araneus L. and Sorex minutus L. Chemosphere 1993, 27, 2197–2211. [CrossRef]

30. Komarnicki, G.J.K. Tissue, Sex and Age Specific Accumulation of Heavy Metals (Zn, Cu, Pb, Cd) by Populations of the Mole
(Talpa europaea L.) in a Central Urban Area. Chemosphere 2000, 41, 1593–1602. [CrossRef] [PubMed]

31. Ramirez, C.J.; Kim, D.Y.; Hanks, B.C.; Evans, T.J. Copper Toxicosis in New Zealand White Rabbits (Oryctolagus Cuniculus).
Vet. Pathol. 2013, 50, 1135–1138. [CrossRef] [PubMed]

32. Ma, W.C. Lead in Mammals. In Environmental Contaminants in Biota; Beyer, W.N., Meador, J.P., Eds.; CRC Press: Boca Raton, FL,
USA, 2011; pp. 595–608. ISBN 9781420084061.

33. Mehana, E.E.; Meki, A.R.M.A.; Fazili, K.M. Ameliorated Effects of Green Tea Extract on Lead Induced Liver Toxicity in Rats. Exp.
Toxicol. Pathol. 2012, 64, 291–295. [CrossRef] [PubMed]

34. Pankakoski, E.; Hyvärinen, H.; Jalkanen, M.; Koivisto, I. Accumulation of Heavy Metals in the Mole in Finland. Environ. Pollut.
1993, 80, 9–16. [CrossRef]

35. García-Niño, W.R.; Pedraza-Chaverrí, J. Protective Effect of Curcumin against Heavy Metals-Induced Liver Damage. Food Chem.
Toxicol. 2014, 69, 182–201. [CrossRef] [PubMed]

https://doi.org/10.3390/biologics1010004
https://www.ncbi.nlm.nih.gov/pubmed/20148187
https://doi.org/10.1289/ehp.99107309
https://doi.org/10.1016/j.chemosphere.2021.129735
https://doi.org/10.1139/er-2022-0071
https://doi.org/10.3389/fphar.2021.643972
https://doi.org/10.3390/ijms232012213
https://www.ncbi.nlm.nih.gov/books/NBK548854/
https://doi.org/10.1016/S0380-1330(97)70890-6
https://www.ncbi.nlm.nih.gov/pubmed/2134397
https://doi.org/10.1177/00045632211050531
https://doi.org/10.2478/s11535-014-0334-x
https://doi.org/10.1007/s00244-012-9791-2
https://doi.org/10.1016/j.chemosphere.2009.03.036
https://doi.org/10.1016/j.jenvman.2005.04.028
https://www.ncbi.nlm.nih.gov/pubmed/16112799
https://doi.org/10.1016/0045-6535(93)90132-O
https://doi.org/10.1016/S0045-6535(00)00018-7
https://www.ncbi.nlm.nih.gov/pubmed/11057686
https://doi.org/10.1177/0300985813490756
https://www.ncbi.nlm.nih.gov/pubmed/23697481
https://doi.org/10.1016/j.etp.2010.09.001
https://www.ncbi.nlm.nih.gov/pubmed/20889321
https://doi.org/10.1016/0269-7491(93)90003-7
https://doi.org/10.1016/j.fct.2014.04.016
https://www.ncbi.nlm.nih.gov/pubmed/24751969


Animals 2023, 13, 1359 11 of 11

36. Byron, W.R.; Bierbower, G.W.; Brouwer, J.B.; Hansen, W.H. Pathologic changes in rats and dogs from two-year feeding of sodium
arsenite or sodium arsenate. Toxicol. Appl. Pharmacol. 1967, 10, 132–147. [CrossRef] [PubMed]

37. Tandon, S.K.; Saxena, D.K.; Gaur, J.S.; Chandra, S.V. Comparative toxicity of trivalent and hexavalent chromium: Alterations in
blood and liver. Environ. Res. 1978, 15, 90–99. [CrossRef] [PubMed]

38. Richardson, M.E.; Fox, M.R.S.; Fry, B.E. Pathological Changes Produced in Japanese Quail by Ingestion of Cadmium. J. Nutr.
1974, 104, 323–338. [CrossRef]

39. Silva, G.F.; Rêma, A.; Teixeira, S.; Pires, M.D.A.; Taulescu, M.; Amorim, I. Pathological Findings in African Pygmy Hedgehogs
Admitted into a Portuguese Rehabilitation Center. Animals 2022, 12, 1361. [CrossRef]

40. Haschek, W.M.; Rousseaux, C.G.; Wallig, M.A. The Liver. In Fundamentals of Toxicologic Pathology; Haschek, W.M., Rousseaux,
C.G., Wallig, M.A., Eds.; Academic Press: Cambridge, MA, USA, 2010; pp. 197–235. ISBN 978-0-12-370469-6.

41. Maronpont, R.; Liver, Bile Duct—Hyperplasia. NTP Nonneoplastic Lesion Atlas 2014, National Toxicology Program. Available
online: https://ntp.niehs.nih.gov/nnl/hepatobiliary/liver/bdhyperp/index.htm (accessed on 23 December 2022).

42. Liptak, J.M.; Withrow, S.J.; Selting, K.A.; Turek, M.M. Cancer of the Gastrointestinal Tract. In Withrow and MacEwen’s Small Animal
Clinical Oncology; Withrow, S.J., Vail, D.M., Eds.; W.B. Saunders: Philadelphia, PA, USA, 2007; pp. 455–510. ISBN 9781455734290.

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

https://doi.org/10.1016/0041-008X(67)90135-4
https://www.ncbi.nlm.nih.gov/pubmed/6031922
https://doi.org/10.1016/0013-9351(78)90082-8
https://www.ncbi.nlm.nih.gov/pubmed/620663
https://doi.org/10.1093/jn/104.3.323
https://doi.org/10.3390/ani12111361
https://ntp.niehs.nih.gov/nnl/hepatobiliary/liver/bdhyperp/index.htm

	Introduction 
	Materials and Methods 
	Necropsies and Liver Samples’ Collection 
	Histopathology 
	Metal(loid)s Determination 
	Statistical Analysis 

	Results 
	Histopathology 
	Metal(loid)s Determination 

	Discussion 
	Conclusions 
	Appendix A
	References

