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Abstract

It is important to consider the full spectrum of complex interactions between mineral elements and biologically
active substances to evaluate the development of cardiovascular disease (CVD) in animals, in addition to the classi-

cal physiological approach. This study aimed to assess changes in mineral element levels in wild and exotic animals

in relation to their cardiovascular diseases. A total of 171 animals, including 128 healthy and 43 sick animals from three
Russian zoos, were sampled and analyzed. For the first time, species from the canine (nine) and feline (seven) families
from Moscow, lvanovo, and Yaroslavl zoos in the Central Federal District of Russia were selected. A total of 108 samples
from canines and 63 samples from feline animals were collected. Mineral element measurements were conducted

on 1026 samples via a "Kvant-2A" atomic absorption spectrometer from Russia. Correlation and regression analyses
were performed. CVDs were found in 10.1% of the studied animals, with a high percentage of heart muscle patholo-
gies noted (25.8% of all CVDs). Iron (Fe) accumulated in canine and feline fur at approximately 208 and 203 mg/kg,
with variations of 72.8% and 80.9%, respectively. A significant decrease in Fe and an increase in cadmium (Cd) dur-

ing CVD were observed (correlations r=0.25 and r=0.16, respectively). The dysregulation of Fe homeostasis, increased
absorption, and accumulation of Fe in the reticuloendothelial system are discussed. Finally, the mineral elements
absorbed by canine and feline fur can be ranked in descending order: Fe>Zn>Cu>Pb>Cd> As.
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Introduction

The welfare of domestic (Zhao et al. 2024; Vilmis et al.
2023) and wild (Berg et al. 2020; Stepanova et al. 2023)
animals, especially zoos and aquariums, is considered by
leading researchers to be a primary factor in all of their
activities. In wild and exotic animals kept in large cit-
ies (Stepanova et al. 2023), the manifestation of cardio-
vascular diseases (CVDs) has not been studied in detail.
A sedentary life in captivity, excessive and unbalanced
diets, poor, and spoiled food, and contact with other ani-
mals and humans lead to the appearance of animal dis-
eases (such as CVDs) that, in the wild, are most likely not
recorded in these animals (Alshinetsky 2013; Balakirev
et al. 2017; Lépez-Alonso et al. 2007; Stepanova et al.
2023). However, the major efforts of veterinarians are
now concentrated in the field of animal oncology because
of its enormous prevalence in animals and enormous
global veterinary oncology market, which “stands about
US 260 million in 2023, and is estimated to reach US 800
million by 2033-end” (https://www.factmr.com/report/
veterinary-oncology-market). For example, Andrade F.H.
reported that “Mammary tumors of female dogs have
greatly increased in recent years, thus demanding rapid
diagnosis and effective treatment in order to determine
the animal survival” (Andrade et al. 2010).

Diseases of the heart, kidneys, lungs and other organs
cause serious damage to zoological collections, which
consists of the death of animals, decreased productivity,
culling, and increased treatment costs (Staroverova et al.
2021). These diseases can be caused by disorders of the
levels and metabolism of the key mineral elements (MEs)
essential for the animals (Fe, Zn and Cu) or some toxic
MEs (Pb, Cd and As) (Stepanova et al. 2019). For exam-
ple, in many regions of the Central Federal District (Rus-
sia), iron in the environment (especially in the soil and
water of natural reservoirs) is present at concentrations
above the maximum permissible levels (Staroverova et al.
2021; Vilmis et al. 2023). Excessive ME intake into the
body can lead to the development of diseases of various
etiologies, including CVDs (Stepanova et al. 2019).

The study of the elemental status of wild and exotic
animals (in zoos in Russia and foreign countries) in con-
nection with their pathological conditions is of a point
nature and considers a narrow range of ME accumula-
tion by internal organs, which does not allow for a com-
prehensive lifetime assessment of the status and timely
adjustment of the diet (Stepanova 2021a). For a more
objective assessment of the condition of animals, includ-
ing rare animals, it is necessary to use noninvasive meth-
ods for taking and assessing the chemical composition
of biosubstrates, which allows the development of indi-
vidual programs for the prevention and correction of
elementoses. These requirements are met by the study
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of the microelement composition of fur, which does not
require special equipment for storage and transporta-
tion and can be stored for almost unlimited time with-
out losing its information value. Animal fur ("hair cover
“) serves as one of the objective indicators of an animal’s
adaptability to environmental conditions. Fur is the sec-
ond most metabolically active tissue of the body, and its
microelement status corresponds to a certain period of
element accumulation and not to the moment of sam-
pling (Stepanova 2021a). Moreover, the concentration of
chemical elements in fur is significantly greater than that
in physiological fluids traditionally used for clinical and
biochemical analyses, which makes it possible to signifi-
cantly expand the set of chemical elements available for
analytical determination (Stepanova 2021b; Skalny 2021).

A study by Bayurov L.I. was conducted to determine
the possibility of using the fur of wild and exotic animals
as diagnostic information material for determining car-
diovascular diseases (Bayurov et al. 2022). The skin is the
largest and most extensive organ of the body, making up
12% to 24% of the dog’s body weight, depending on its
species, size and age. Most of the outer layer of a dog’s
skin is covered with hair, which provides effective protec-
tion to the body from the effects of adverse environmen-
tal factors, forming a barrier. Importantly, the condition
of the dog’s skin and coat can serve as a reliable criterion
for the general health of the animal (Bayurov et al. 2022).

It is necessary to analyze the relationship between
changes in the variety of MEs during the development
of cardiovascular diseases since their mutual influence
on accumulation has been proven. There are a number
of works indicating a change in the microelement com-
position of biological environments during various dis-
eases, including cardiovascular diseases. For example,
a reliable increase in Pb content has been established in
animals with cardiovascular disease, which has a nega-
tive effect on health (Kim et al. 2014) and is associated
with pronounced toxicity of the metal to a number of
systems and organs (Flora et al. 2012). The effects of lead
on the mother’s body and the development of congeni-
tal heart defects in newborns have been established (Liu
et al. 2015), which are associated with the ability of MEs
to disrupt the regulatory mechanisms of DNA methyla-
tion (Montrose et al. 2017; Sanchez et al. 2017). Today,
MEs are highly important for the vital activity of bio-
chemical metabolism in animals (Avtsyn et al. 1991).
They are interconnected by their action with biologically
active substances (vitamins and hormones) (Boev et al.
2002) and form strong complexes with enzymes (Shaikh-
iev et al. 2015); therefore, they play a significant role in a
number of physiological processes, such as reproduction
(Stankovsky et al. 2000), growth and development, the
formation of bone tissue (Ca and P), hematopoiesis (Fe,
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Zn and Cu), tissue respiration (Fe and Cu), photosynthe-
sis (Cu and Mg), and the metabolism of proteins (Fe, Ca,
Cu and Co), carbohydrates (Zn and Cr), etc. (Shaikhiev
et al. 2015; Stepanova 2021a; Zaitsev 2017).

Iron (Fe) is an essential micronutrient for humans and
animals and plays a major role in metabolic processes in
endothermic animals. This ME is one of the most abun-
dant elements on earth (Grigoriev 2009). Studies have
shown that the concentration of Fe in the tissues of dif-
ferent bird and mammal species can be influenced by the
type of diet and the biological characteristics of the spe-
cies (Drozdova et al. 2017).

Most iron is present in the hemoglobin of erythroid
cells (>2 g) or the myoglobin of muscles (approximately
300 mg) as heme. The macrophages in the spleen, liver
and bone marrow maintain a transient fraction of iron (at
the level of 600 mg), whereas excess metal is stored in the
liver parenchyma as ferritin (approximately 1,000 mg).
All other cellular iron-containing proteins and enzymes
are estimated to bind a total of approximately 8 mg of
iron. Iron levels in the body are maintained by consuming
approximately 1-2 mg of Fe daily from food to compen-
sate for the loss of the same amount (Stepanova 2021a).

Iron homeostasis is ensured primarily by the regulation
of its absorption and the body’s limited ability to excrete
it, as summarized in Fig. 1.

Approximately 4 mg of Fe is contained in the circula-
tion bound to Tf, which is 0.1% of the total amount of the
element in the body. Most of these MEs in the body are
located in the erythroid compartment of the bone mar-
row and in mature erythrocytes, which are contained in
the heme portion of hemoglobin (Stepanova 2021a). The
reticuloendothelial macrophages of the spleen, which
remove Fe from senescent erythrocytes, provide it for the
synthesis of new erythrocytes. Tf delivers iron to devel-
oping erythroid precursors as well as to other sites of ME
utilization. Liver hepatocytes store Fe in ferritin mem-
branes. During pregnancy, Me is transported to the fetus
through the placenta. The distribution of Fe in the body
changes with iron deficiency and iron overload (Pacyna
et al. 2001).

Fe is a component of respiratory pigments (hemoglobin
and myoglobin) and is contained in cellular enzymes
(catalase, peroxidase, and cytochromes). A major amount
of Fe is found in hemoglobin (hemoglobin Fe), whereas
myoglobin iron makes up 10-15% of the total amount of
Me; the Fe reserve is in the liver, spleen, and bone mar-
row (20% total); the Fe in the oxidases and cytochrome
enzymes (10—15%); and the Fe in the blood plasma is no
more than 0.1%. The most important Fe-containing pro-
tein is hemoglobin, the formation of which is influenced
by Cu, Co, vitamin B12, pyridoxine, and other factors
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(Zaitsev 2017). The amount of Fe in the blood and serum
of birds is 28.6—35.8 umol/L (Antipov 2010).

The purpose of this study was to evaluate the features
of some ME level changes related to cardiovascular dis-
eases in wild and exotic animals of the canine and feline
families.

Results

The “nosological profile” of the most common diseases

A multisided view of CVD occurrence in animals is pos-
sible only if all complex interactions between MEs and
biologically active substances are taken into account in
addition to the classical physiological “picture”. A treat-
ment was carried out on 43 heads of wild animals (25.1%
of the studied animals). The diagnosis was established on
the basis of the individual records of individuals, patho-
logical-anatomical reports and veterinary procedures.
On the basis of the “nosological profile’, the most com-
mon diseases are summarized in Fig. 2.

On the basis of the “nosological profile” of noncom-
municable diseases, diseases of the digestive and mus-
culoskeletal systems, which are detected in 25.6% and
21.6% of all cases, respectively, are found most often in
canine and feline families (kept at zoological institu-
tions). The diseases of the cardiovascular and reproduc-
tive systems are in the middle of the row: 10.1% in both
cases. The least frequently observed diseases are nervous
system and hearing organ diseases, accounting for 1.5%
and 0.3%, respectively. Among CVD cases, the highest
percentage of pathologies of the heart muscle was noted
during animal autopsy.

The levels of key mineral elements in animal fur species
from the canine and feline families

In addition, the ME levels adsorbed by animal fur
can be presented in the following descending order:
Fe>Zn>Cu>Pb>Cd>As (Tables 1 and 2).

In the canine (feline) family, Fe accumulated in fur at
about 208 (203) mg/kg, indicating the importance of Fe
(Tables 1 and 2). When data from fur farms in the Mos-
cow region were compared, an increase in the concentra-
tion of Fe in the fur of the sample was noted a few times
(Balakirev et al. 2017; Staroverova 2011). The variability
of the Fe content in the fur of the studied animals was
41.7%. During the correlation analysis of the obtained
data (Tables 1 and 2), a direct connection was estab-
lished, indicating synergism or antagonism in ME accu-
mulation in comparison to Fe (Table 3).

During the correlation analysis of the obtained data
(Table 3), the particular positive correlation coefficients
(from very strong to moderate) between Fe and other
MEs were calculated, indicating synergism in the accu-
mulation of the following MEs: Cu, Cd (0.28, 0.66) for
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Cumulation

Transport

Fig. 1 A general scheme of iron accumulation in various tissues

Vulpes vulpes; Pb, As (0.43, 0.54) for Vulpes (Fennecus)
zerda; Cu, Pb, Cd (0.94, 0.77, 0.38) for Alopex lagopus
var. dom.; Cu (0.76) for Canis familiaris; Zn, Cu, As (0.83,
0.77, 0.88) for Canis lupus tundrorum; Cu, As (1.00, 0.87)
for Nyctereutes procyonoides; Cd, As (0.66, 0.96) Felis
(Lynx) lynx; Cu, Pb, Cd (0.82, 0.45, 0.84) for Puma (Felis)
concolor; Zn, As (0.71, 0.50) Uncia (Panthera) uncial; Zn,
Cu, Pb.

In contrast, during the correlation analysis of the
obtained data (Table 3), the particular negative correla-
tion coeflicients (from very strong to moderate) between
Fe and other MEs were calculated, indicating antagonism

Excretion

With sweat, feces, urine
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in the accumulation of the following MEs: As (-0.35) for
Vulpes vulpes; Zn, Cu (-0.89, -0.54) for Vulpes (Fennecus)
zerda; Zn (-0.74) for Alopex lagopus var. dom.; Pb, As
(-0.88, -0.25) for Canis familiaris; Pb, Cd (-0.83, -0.39) for
Canis lupus tundrorum; Cu (-0.34) for Canis lupus; Zn
(-0.97) for Nyctereutes procyonoides; Zn, As (-0.82, -0.88)
for Puma (Felis) concolor; Cu, Pb (-0.60, -0.94) Uncia
(Panthera) uncial; Cu, As (-0.91, -0.43) for Panthera tigris
altaica; and Cu, As (-0.71, -0.60) for Panthera.
Importantly, the correlation coefficients between Fe
and other MEs (as an average for all the studied animal
species of the canine family) are as follows: Zn (0.26), Cu
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Fig. 2 “Nosological profile” of noncommunicable diseases (right) in animals kept in Russian zoological institutions: type of disease (right), number
of animals with these diseases (left in %)

Table 1 ME contents in the fur of the animals of the canine family

Animal species (subspecies) ME concentration, mg/kg
Zn Cu Fe Pb cd As

Vulpes vulpes 122.85+11.01 511+£0.81% 259.58+27.09%** 6.27+1.54% 049+0.14% 0.19+0.08
Vulpes (Fennecus) zerda 151.754£8.79 18.7943.59%* 211.714£8.49%* 5.12+0.77* 0.01* 0.40£0.07
Alopex lagopus var. dom 84.50+29.71 6.46+1.48** 105.9144.15%% 0.05+0.01% 0.03+0.00* 0.24+0.02
Canis familiaris 73.08+4.89 6.92+0.23** 73.25+2.18*** 6.02+0.61% 0.15+£0.05% 0.003+0.000
Canis lupus tundrorum 67.84+2.15 12.88+1.73** 265.18+4.12%%% 13.214£2.69% 0.03+0.00% 0.80+0.08
Canis lupus 95.96+9.74 9.48+3.64** 273.24+58.29%** 7.26+£1.11* 0.17+0.04* 043+0.06
Nyctereutes procyonoides 59.33+1.33 8.17+£2.56** 116.68+2.68%** 0.01* 0.57+0.00% 0.002+0.001

Reliability was calculated for each element between all species of animals studied on the basis of the Kruskal-Wallis criterion * p <0.001; ** p <0.01; *** p <0.05

Table 2 ME contents in the fur of the animals of the feline family

Animal species (subspecies) ME concentration, mg/kg
Zn Cu Fe Pb cd As

Felis (Lynx) lynx 51.5443.21 4.2641.92%** 134.81+16.99* 0.85+0.19*% 0.04+0.01** 0.30+0.02%**
Puma (Felis) concolor 68.49+6.19 0.90+5.15%** 267.02+18.73% 12.07+3.98% 0.22+0.13** 0.08+0.01***
Uncia (Panthera) uncial 17.34+3.21 2.524+0.65%** 248.35+16.21* 9.114+1.13% 0.01** 0.334+0.06%**
Panthera pardus orientalis 49.33£12.15 5.60+1.63*** 216.10£36.91% 6.22+1.32% 1.10£0.52%* 0.21£0.02%**
Panthera tigris altaica 77.29+16.28 14414£2.41%%* 309.68+31.09* 241+0.17% 0.17+0.03** 1.16+0.19%**
Pantera leo var. alba 84.05+7.96 4.64+1.58%%% 295.154+19.24* 3.2240.12% 0.01** 0.88+0.06***
Panthera leo 44444493 5.56+1.47%% 116.94+11.65* 0.01* 0.21+0.02%* 0.49+0.05%**

Reliability was calculated for each element between all species of animals studied on the basis of the Kruskal-Wallis criterion * p <0.005; ** p <0.01; *** p<0.001
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Table 3 Correlation analysis of the joint accumulation of the
studied MEs in the fur of the animals in the canine and feline
families (kept at the zoo) in comparison to that in the Fe

Animal species Zn Cu Pb Ccd As
Vulpes vulpes 0.14 0.28 -0.01 0.66* -0.35
Vulpes (Fennecus) zerda -0.89*% -0.54 043 _t 0.54
Alopex lagopus var. dom -0.74* 0.94* 0.77* 038 -0.02
Canis familiaris 0.14 0.76* -0.88* -0.19 -025
Canis lupus tundrorum 0.83* 077 -0.83* -039  0.88*
Canis lupus -0.10 -0.34 0.08 0.24 0.21
Nyctereutes procyonoides ~ -097  1.00 - -# 0.87
Felis (Lynx) lynx 0.07 0.07 -0.05 0.66* 0.96*
Puma (Felis) concolor -0.82*  0.82* 045 0.84 -0.88*
Uncia (Panthera) uncial 0.71 -0.60 -0.94 _ 0.50
Panthera pardus orientalis ~ 0.68%  0.53 0.50 045 -0.20
Panthera tigris altaica 040 -0.91*  -0.13 0.76* -043
Pantera leo var. alba 077 071 0.89* * 054
Panthera leo 014 071 - 064  -060

Reliability is indicated on the basis of the basis of the calculation of the
Spearman rank correlation coefficient * p < 0.05; “—*" traces the ME amount of
one of the elements that do not make it possible to calculate the correlation
coefficient

(-0.02), Pb (-0.17), Cd (0.24), and As (0.43). The correla-
tion coefficients between Fe and the other MEs (as aver-
ages for all the studied animal species of the feline family)
were as follows: Zn (0.17), Cu (0.06), Pb (0.08), Cd (0.26),
and As (0.09). Thus, correlation analysis of the obtained
data (Table 3) is more effective for the use of particular
animal species but does not include all the studied animal
species of the canine or feline family.

Since iron is one of the most important mineral nutri-
ents involved in biological processes (e.g., heme synthe-
sis, iron-dependent catalytic reactions, DNA synthesis,
and mitochondrial respiration) (Abbaspour et al. 2014),
its metabolism is extremely complicated and requires
sufficient attention.

Currently, there is no information about the back-
ground and normal levels of iron content in animal fur;
therefore, to assess the concentration of elements in “bio-
substrates’; centile scales are compiled on the basis of the
abovementioned information (Table 4, Figs. 3 and 4).

Centile scales of Fe accumulation in the fur of the studied
animals

On the basis of the obtained gradation scales, the ME
content in the fur of the examined animals was assessed.
The average level of ME accumulation in the canine sam-
ples was 50.5%, and that in the feline samples was 48.5%.
Deviations in content are observed in felines in the direc-
tion of decreasing content: 25.7% versus 21.3%, and in
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Table 4 Centile scales of Fe accumulation in the fur of the
canine and feline families?

Estimation of
corridor values

Centile scales Canine family Feline family

<5% Very low <3.20 <177

5-10% Low 3.21-397 1.78—2.32
10-25% Below average 3.98—83.94 2.33—3441
25-75% Average 83.95—211.32 34.42—330.70
75-90% Above average 211.33—527.13  330.71—473.33
90-95% High 527.14—83241  473.34—487.97
>95% Very high >83242 >487.98

2 mg/kg

canines, they are in equal proportions: 24.7% versus
24.8% (Fig. 3).

For all the studied canine and feline samples, the iron
levels were as follows: high concentrations, in 6.1-9.7%
of the samples; above average, in 15.1-15.2% of the sam-
ples; averag, in 48.5-50.5% of the samples; below aver-
age, in 11.8-15.2% of the samples; low, in 4.5-7.5% of the
samples; and very low, in 5.4—6.0% of the samples.

The deviations of the 1st degree (group I) from the
average values of the healthy animal group N are taken
to be values below 25 and above 75 centiles, 2nd degree:
below 10 and above 90, 3rd degree: below 5 and above 95
and 4th degree: below 3 and above 97 centiles. In general,
deviation of the 1st degree can be compared with the
concept of “predisease” (group I), and deviations of the
2nd, 3rd and 4th degrees can be compared with the con-
cept of “disease” (groups II, III and IV).

Inadequate iron overload or deficiency is correlated
with a wide range of cardiovascular diseases. Iron defi-
ciency can impair cardiomyocyte mitochondrial func-
tion and energy supply, leading to cardiac dysfunction
(von Haehling et al. 2019). Excess iron can also be toxic,
producing hydroxyl radicals through Haber—Weiss—
Fenton reactions, causing oxidative damage to cellular
components such as lipids, proteins and DNA (Galaris
et al. 2019). Moreover, iron-mediated cell death, namely,
ferroptosis, has recently been reported to cause car-
diomyocyte damage and to play an important role in
cardiovascular diseases (Wu et al. 2021; Li et al. 2021).
Deviations of degree I (26.9-30.4%) and degree II (10.6—
17.2%) are most often observed in the sample. Degrees
III and IV deviation from the healthy animals (group N)
were noted in 2.2-4.5% and 3.2-6.0% of the individuals,
respectively (Fig. 4).

To establish the relationships between the contents of
microelements in samples of animal biological media and
general morbidity, correlation and regression analyses were
carried out during the study period, the results of which are
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presented in Tables 2 and 3. The diagnosis was established
on the basis of the study of individual medical cards of ani-
mals and the pathological reports of veterinary procedures.

The following correlations between the ME content in
samples of integument derivatives and the overall incidence
of cardiovascular disease (with the proven role of environ-
mental factors) were observed: 0.25, 0.32, -0.01, 0.19, 0.61
and 0.16 mg/kg for the Fe, Cu, Zn, Cd, Pb and As levels,
respectively.

Relationship between Fe accumulation and diseases

of the cardiovascular system

A reliable relationship between Fe accumulation and dis-
eases of the cardiovascular system has been established,

which corresponds to data from the literature (Abba-
spour et al. 2014; Li 2021). The following ME contents in
animals have been observed, taking into account previ-
ous cardiovascular disease: 142+55, 18.7+3.5, 128+12,
6.88+1.02, 5.01+0.68, and 0.340+0.121 mg/kg for Fe, Cu,
Zn, Cd, Pb and As, respectively.

A significant decrease in iron levels occurs during the
development of cardiovascular diseases. Dysregulation of
Fe homeostasis, increased uptake and ME accumulation
in the reticuloendothelial system leads to the removal of
the element from the blood into the cells of the reticu-
loendothelial system following a decrease in the availabil-
ity of iron for erythroid progenitor cells and iron-limited
erythropoiesis (Weiss et al. 2005).
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The acute phase protein hepcidin plays a key role in the
development of anemia because it inhibits intestinal Fe
absorption. In addition, there is a simultaneous increase
in iron uptake by macrophages and a blockade of iron
export from macrophages, mainly to the bone mar-
row. As a result, the concentration of iron in the blood
decreases, which slows erythropoiesis and causes anemia
(Roy et al. 2005). However, such a decrease in the serum
iron concentration can sometimes be beneficial because
it makes iron less available to microorganisms, inhibiting
their growth (Bogun 2015).

A significant increase in Pb content was revealed in
animals with damage to the cardiovascular system. The
influence of lead on the maternal body and the devel-
opment of congenital heart anomalies in newborns has
been established (Liu et al. 2015).

The sample revealed a significant increase in cadmium
content in animals with diseases of the cardiovascular
and circulatory systems. The hematopoietic system is one
of the targets of the toxic effects of Cd. An increase in the
level of xenobiotics in the blood is caused by a decrease
in the hemoglobin concentration (Chen et al. 2015) and
increases the likelihood of developing iron deficiency
anemia (Shah et al. 2011; Suh et al. 2016). Experiments
have shown that exposure to cadmium is accompanied
by a shift in the blood count toward myelopoiesis (Zhang
et al. 2018), as well as hemolysis and insufficient produc-
tion of erythropoietin (Semenova et al. 2020; Horiguchi
etal. 2011).

There is evidence of chronic and acute exposure to As
in the etiology of cancer, cardiovascular disease (hyper-
tension and atherosclerosis), neurological disorders,
gastrointestinal disorders, liver and kidney diseases,
reproductive health effects, skin changes and other
health disorders. The role of antioxidant defense systems
against arsenic toxicity has also been discussed (Jomova
etal. 2011).

Discussion

Dysregulation of Fe homeostasis

Dysregulation of Fe homeostasis and increased uptake
and accumulation of ME in the reticuloendothelial sys-
tem lead to the removal of the element from the blood
into the cells of the reticuloendothelial system following a
decrease in the availability of iron to erythroid progenitor
cells and iron-limited erythropoiesis (Weiss et al. 2005).
The acute phase protein hepcidin plays a key role in the
development of anemia because it inhibits Fe absorption
in the intestine. In addition, there is an increase in iron
uptake by macrophages and a block in iron export from
macrophages, mainly to the bone marrow. As a result,
the concentration of iron in the blood decreases (with a
normal total amount of iron in the body), which slows
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erythropoiesis and causes anemia (Roy et al. 2005). How-
ever, sometimes such a decrease in the concentration of
iron in the serum can be beneficial, since it makes iron
less available to microorganisms, inhibiting their growth
(Bogun 2015). The iron level in the body is maintained by
daily absorption of Fe with food to restore the loss of a
similar amount of ME due to exfoliation of the mucous
membrane and skin cells, bleeding and other losses.

The most common cause of iron deficiency is improper
or unbalanced nutrition due to a limited set of products
in the diet and a decrease in the ability of the intestine to
absorb iron. Helminths have a negative effect on diges-
tive processes, making it difficult, among other things, to
absorb iron.

Iron deficiency can also be caused by the following
factors:

« active growth;

« pregnancy (fetal needs);

« impaired absorption;

+ blood loss;

+ Drugs for the treatment of gastrointestinal diseases
(antacids, proton pump inhibitors, H2 blockers).

Moreover, some substances weaken the absorption of
Fe3+.

- antibiotics;
« bran;
« vegetable phytofibers.

Iron intake into the body depends on the components
of the animal’s diet: absorption of feed of animal origin
and organic acids improves whereas absorption of plant
origin worsens (for example, owing to the presence of
fiber). In mammals, the absorption of microelements
occurs mainly in the duodenum, predominantly in the
bivalent form. Enterocytes secrete mucosal apotransferin
into the intestinal lumen, which is loaded with iron and
then penetrates into the enterocyte. After penetrating
the cell, transferrin transfers iron to its plasma analog. In
the cytosol of the enterocyte, a certain amount of iron is
included in phyritin, but most of it is lost when the cells
of the mucous membrane are desquamated, and only
a small part passes into the blood plasma. Before Fe is
incorporated into ferritin or transferrin, ferrous iron is
oxidized to ferric iron.

When comparing the data on the level of trace element
concentration in the fur of red foxes with the data on fur
farms in the Moscow Region, an increase in the concen-
tration of all MEs in the fur coat of the sample was noted:
Zn by 9.4; Cu by 4.6; Fe by 49.9; Pb by 33.0; Cd by 24.6;
and As by 16.9 times (Staroverova et al. 2011). Differences
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in the accumulation of pollutants may be associated with
the age characteristics of the objects under study: the
authors studied the characteristics of ME accumulation in
the biosubstrates of foxes in the Moscow Region selected
for analysis were only individuals under 12 months of
age, whereas we studied the elemental status of the fur
of adult sexually mature individuals over 3 years of age.
When comparing the data from arctic foxes with those
from fur farms in the Moscow Region, an increase in the
concentration of the following MEs in the fur coat of the
sample was noted: Zn by 5.3; Cu by 4.3; Fe by 14.1; and
Cd by 2.1 and As by 24.0 times (Staroverova et al. 2011).
The Pb levels in the compared samples did not differ. Dif-
ferences in the accumulation of pollutants may be asso-
ciated with the age characteristics of the objects under
study: the authors studied the characteristics of the accu-
mulation of MEs in the biosubstrates of arctic foxes in the
Moscow region selected for analysis were only individu-
als under 12 months of age, and we studied the elemental
status of the fur of adult sexually mature individuals over
2 years of age.

The average level of zinc accumulation in the studied
sample of wolves was 174.03+48.04 mg/kg, that of copper
was 9.74+2.13 mg/kg, that of iron was 237.07+26.35 mg/
kg, that of lead was 11.79+3.03 mg/kg, that of cad-
mium was 0.19+0.09 mg/kg and that of arsenic was
0.39+0.06 mg/kg. The Cu content in wolf fur is 1.51
times greater than that in the liver of this animal spe-
cies living in Croatia (Berglund et al. 2011). The aver-
age level of zinc accumulation in the studied sample of
European wolves was 103.42+31.84 (73.86-132.48) mg/
kg, that of copper was 4.69+1.98 (0.13-9.39) mg/kg, that
of iron was 415.37+36.48 (133.69-702.85) mg/kg, that
of lead was 8.22+1.47 (4.71-11.24) mg/kg, that of cad-
mium was 0.58+0.07 (0-1.31) mg/kg, and that of arsenic
was 0.09+0.01 (133.0004—0.18) mg/kg. When the results
obtained in this study were compared with the data on
the elemental composition of wolf fur from natural habi-
tats, an increase in the concentration was established:
Zn, 20.4; Cu, 1.96; Pb, 4.22; and Cd, 1.98, a decrease in
As of 7.33 times. Differences in the level of accumulation
of elements are associated with the maintenance of the
studied wolves in conditions of the greatest anthropo-
genic pollution under the conditions of regional centers
and a megalopolis (Bondarev 2012).

No reliable literature data were found on other studied
animal species from zoological institutions (available to
us).

Comparison of cardiovascular disease incidence

in domestic and wild animals

Among domestic animals, the largest proportion of the
development of cardiovascular diseases was observed in
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dogs—65.5% (from 64.9% to 66.2% depending on the year
of the study). In cats, CVD accounts for 34.5% of cases
(from 35.1% to 33.8% depending on the year of study)
(Kuryatova et al. 2016). The proportion of dead animals
is also greater in dogs than in cats: 39.7% (34.3% -46.8%)
versus 36.3% (28.8%-43.7%) of cases. Chronic heart fail-
ure remains the leading cause of death in dogs.

In recent work (Lakhdhir S. et al. 2020), numerous
methods have been used to study the development of
myocarditis in dogs of various etiologies: “64 (presumed
antemortem diagnosis) and 137 (postmortem diagnosis
only) dogs” of various races were treated at U.S. tertiary
care facilities (Lakhdhir S. et al. 2020). Importantly, “car-
diac troponin I (cTnlI) concentrations > 1.0 ng/ml can sup-
port a diagnosis of myocarditis in conjunction with other
proposed diagnostic criteria” (Lakhdhir S. et al. 2020).

The share of cardiovascular diseases among diseases
of noncommunicable etiology varies depending on the
region and year of the study. For example, among cats in
Moscow, the proportion of CVD in Korobova’s studies
ranged from 2-3% to 10-12% (Korobova 2023), whereas
in Irkutsk, it was 35.5% (Sakharovsky et al. 2014). In
dogs, the proportion of cardiovascular diseases ranged
from 10.0% in Moscow to 15.6% in Tyumen (Kozlovskaya
2013). An analysis of CVD distribution (recorded among
domestic animals) revealed that the highest percentage
of incidence in dogs with valvular endocardiosis ranged
from 39.2% in Blagoveshchensk to 55.4% in Tyumen
and that of cardiomyopathy ranged from 32.4% to 38.3%
(Kuryatova et al. 2016, Kovalenko et al. 2020).

In a recent work (Romito G. et al. 2023), “transient
myocardial thickening (TMT)” in cats was studied. TMT
is a poorly characterized clinical entity. In general, TMT
most commonly occurs in young cats with “left atrial
(LA) dilation and dysfunction” and increased “cTnl asso-
ciated with congestive heart failure” (Romito G. et al.
2023). The authors reported that proper treatment typi-
cally leads to the “resolution of clinical, laboratory, and
echocardiographic abnormalities in a relatively short
period of time” (Romito G. et al. 2023).

Experimental evidence suggests that oxidative stress is
involved in pathological vascular and valve calcification
over a long period of time (Mercier et al. 2020; Cui et al.
2020), which is triggered by iron (which leads to calcifi-
cation of blood vessels and valves). Previous studies have
shown that intraleaflet hemorrhage is associated with the
progression of valve calcification, and iron deposition is
observed within calcified valves. Interestingly, iron depo-
sition can also be found in noncalcified valves, suggesting
that iron deposition occurs before calcium deposition at
sites of valve calcification (Morvan et al. 2019). Valvular
iron accumulation has been observed in calcified human
aortic valves and is positively correlated with the degree
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of calcification (Laguna-Fernandez et al. 2016). In addi-
tion, a significant decrease in the expression of the iron
exporter was observed in differentiated cells induced
by tumor necrosis factor-a and transforming growth
factor-B, as well as in cells isolated from stenotic aortic
valves. In the presence of ferrous sulfate, cells expressed
increased amounts of ferritin subunits and exhibited the
ability to proliferate (Laguna-Fernandez et al. 2016).

In addition, iron holotransferrin may promote aor-
tic calcification through the activation of interleukin-24
(Kawada et al. 2018). Some indirect evidence supports a
link between iron accumulation and the progression of
atherosclerosis (Stanley et al. 2006; Cai et al. 2020). Con-
genital heart pathologies in dogs account for 2.5% to 9.8%
of cases. (Kuryatova et al. 2016; Kozlovskaya et al. 2013).
The incidence of myocarditis and myocardial infarc-
tion was 5.8% of all patients. The incidence of neopla-
sia in dogs ranges from 2.1-8.2% of the total number of
affected dogs (Kuryatova et al. 2016; Kozlovskaya et al.
2013).

Among cardiovascular diseases in cats, the incidence
of cardiomyopathy is the highest, ranging from 52.0% to
67.0% (Kuryatova et al. 2016; Cai et al. 2020). Congenital
heart pathologies account for 16.2% of sick animals. The
incidence rates were slightly lower for arterial hyperten-
sion (10.4%) and coronary heart disease (7.1%).

Dietary iron restriction also prevents the development
of hypertension and renal fibrosis in mice with aldos-
terone/salt-induced hypertension (Li et al. 2021; Weiss
et al. 2005; Roy et al. 2005; Bogun 2015). These data sug-
gest that the dysregulation of iron metabolism may be
an important independent risk factor for hypertension.
However, detailed mechanistic information on the role
of iron in systemic hypertension is lacking. Early studies
confirmed that high levels of iron are mobilized into the
coronary circulation after prolonged ischemia and that
cardiac cytosolic iron levels are increased in ischemic
rat hearts (Li et al. 2021). However, these results were
not replicated for the other animals; further studies are
needed to test the potential clinical implications of this
therapeutic strategy.

Conclusion

The iron levels in the fur of the animals with cardiac
issues were lower than those in the fur of the healthy
animals in the present study. The other findings of our
study were connected with the evaluation of the Fe lev-
els in animals in comparison with the other ME levels
because of the important interactions between the stud-
ied MEs (Fe, Zn, Cu, Pb, Cd and As). Thus, 108 and 63
samples from 171 animals were taken for analysis from
canine (nine species) and feline (seven species) fami-
lies, respectively, at Russian zoos. A total of 10.1% of all
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CVD cases occurred in the studied animals. Fe accumu-
lated in canine and feline fur at approximately 208 and
203 mg/kg (variations of 72.8% and 80.9%, respectively).
A direct correlation was established, indicating syner-
gism in ME accumulation in fur among all the studied
elements. A significant decrease in Fe and an increase in
Cd by CVD were detected (r=0.25 and r=0.16, respec-
tively, with p <0.05). The dysregulation of Fe homeostasis
and increased absorption and accumulation of Fe in the
reticuloendothelial system are discussed. Finally, the MEs
adsorbed by canine and feline fur can be arranged in the
following descending order: Fe>Zn>Cu>Pb>Cd>As.
Thus, the study revealed that iron levels in the fur of
animals with heart problems were lower than those in
healthy animals. This finding raises the possibility of
direct correlations between iron deficiency and heart dis-
ease in animals.

Methods

Materials

There were 171 animals of the canine and feline families
chosen (from the 1206 wild and exotic animals in total)
for this study on the basis of a retrospective analysis of
records entered in the animal registers. Moreover, only
species of wild and exotic mammals of the canine and
feline families were selected; these species were main-
tained at zoological institutions in areas with various
“technogenic loads” in the Central Federal District (Mos-
cow, Ivanovo and Yaroslavl zoos).

The work was carried out via a comprehensive
approach involving a combination of modern environ-
mental, biochemical and statistical methods in areas
with different technogenic loads. In a highly urbanized
metropolis — the city of Moscow, which is located in the
Presnensky district of the Central District — the most
industrially developed territory, where there are many
industries (plants, factories, etc.) and business centers,
in the Yaroslavl region, the Zavolzhsky district of the city
of Yaroslavl was studied—a large industrial and transport
center characterized by a high anthropogenic load on the
atmosphere, surface water bodies and soil cover, with a
developed oil refining, chemical, mechanical engineer-
ing and heat power complex (there is a waste incinera-
tion plant in the district) and the Frunzensky district of
the city of Ivanovo — a regional center with a satisfactory
environmental situation and a developed textile industry,
poor environmental condition of natural water bodies.

Numerous samples from 128 healthy and 43 sick ani-
mals (171 total animals) from three Russian zoos were
collected and studied.

In the canine family, a study of the ME content in the
hair of 9 animal species (subspecies) was carried out:
the “ordinary” fox Vulpes vulpes (n=18), the fennec
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fox Vulpes (Fennecus) zerda (n=6), the “silver” fox
Alopex lagopus var. dom. (n=12), “Alaskan malamute”
Canis familiaris (n=12), polar wolf — Canis lupus tun-
drorum (n=6), “ordinary” wolf — Canis lupus (n=18),
black wolf — Canis lupus pambasileus (n=12), red wolf
— Cuon alpinus (n=9), and raccoon dog — Nyctereutes
procyonoides (n=15). In total, 108 samples were taken
from canine animals in the family, and 648 ME meas-
urements were performed.

In the feline family, seven species were studied: lynx
— Felis (Lynx) lynx (n=15), puma — Puma (Felis) con-
color (n=9), snow leopard (Irbis) — Uncia (Panthera)
uncial (n=6), Far Eastern (Amur) leopard — Panthera
pardus orientalis (#=9), Amur tiger — Panthera tigris
altaica (#=12), lion (white variation) Pantera leo var.
alba (n=6), and lion — Panthera leo (n=6). Sixty-three
samples were taken, and 378 ME measurements were
performed.

Noninvasive, stress-free methods of biomaterial
selection were used in this work.

The selected animal species for the study were kept
at many zoological institutions, including those under
study. Some of these species are of commercial impor-
tance (common foxes and arctic foxes), others are con-
served (fennec, wolf, snow leopard, Far Eastern (Amur)
leopard, Amur tiger, lion), and some are invasive in cer-
tain territories of the Russian Federation (raccoon dog).
All animals of the abovementioned species kept at the
zoological institutions under study were examined. The
sample is representative even at the scale of zoos, mem-
bers of the European Association of Zoos and Aquaria
(EAZA, https://www.eaza.net/about-us/eaza/), since
6.3%—19.7% of the samples of the zoo animal popula-
tion of the studied species were selected.

A sample of fur weighing from 1 to 3 g was taken from
a 1 cm? area of the animal’s back skin located below the
projection of the shoulder blades. The samples taken in
this way were placed in special envelopes, which were
then sealed and labeled with the animal’s species, sex,
year of birth, and date of sampling.

The fur was subsequently cleaned in the laboratory as
follows.

1. The samples were placed in glass containers with a
ground-in lid.

2. The samples were filled with acetone at a volume

ratio of 1:3 (sample: acetone) with constant stirring

for 10 min.

The fur was then incubated in acetone for 24 h.

4. After the fur was mechanically cleaned, the sample
was repeatedly (several times) washed with distilled
water and dried again for 12 h to determine the dry
weight of the sample before analysis.

I
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After preparation, the length of the hair formed in a
certain age period was determined, reflecting the level
of metabolic processes of chemical elements in a simi-
lar age interval, taking into account the date of sample
collection. The hair collected from the animal, taking
into account the established average regrowth rate, was
divided into sections corresponding to distal regrowth
for the winter and summer periods.

Distal regrowth for each area was calculated via the fol-
lowing formula:

L=Sx]I,

where L is the distal distance measured from the hair
root, mm;

S is the hair growth rate, mm/day;

I is the age period under study, days.

Fur samples were subjected to acid mineralization
under elevated pressure. The following solutions were
used in the study: concentrated nitric acid, an aqueous
solution of at least 65% mass fraction, with a density of
approximately 1.4 g/cm? concentrated hydrogen perox-
ide, an aqueous solution of at least 30% mass fraction;
and concentrated hydrochloric acid, an aqueous solution
of at least 30% mass fraction, with a density of approxi-
mately 1.15 g/cm® (Russian GOST 10929-76 https://
docs.cntd.ru/document/1200017430). The duration of
mineralization of the homogenized sample in the micro-
wave devices ranged from 15-30 min, with increasing
power from 100-1000 W. During sample mineraliza-
tion in a heating block under elevated pressure, the sam-
ple was heated from room temperature to 300 °C for
190 min. After mineralization, the sample is cooled in
a closed state to a temperature close to room tempera-
ture to reduce the pressure inside the vessel. Intermedi-
ate standard solutions of the elements are prepared by
successive dilution of the stock solutions by 10 and 100
times using nitric acid with a mass fraction of 1%.

Standard solutions are prepared from intermediate
solutions after their dilution with the same acid solution
as the sample solutions. As a zero standard, a solution of
nitric or hydrochloric acid with a mass fraction of 1% was
used to dissolve samples and dilute standard comparison
solutions in a given series of tests.

Preparation of the test solution. When dry ashing
or acid extraction is used followed by ashing, the sol is
dissolved in a crucible with nitric acid (1:1) by volume,
which is calculated on the basis of 1-5 cm? of acid on
the basis of the test, exclusively from the ash content of
the product. The solution is brought to the state of wet
salts through evaporation. The precipitate was dissolved
in 15-20 cm?® of nitric acid with a mass fraction of 1%,
transferred to a 25 cm® measuring flask and brought to
the mark with the same acid.


https://www.eaza.net/about-us/eaza/
https://docs.cntd.ru/document/1200017430
https://docs.cntd.ru/document/1200017430

Zaitsev et al. Animal Diseases (2024) 4:38

If the ash is not completely dissolved, the resulting
solution with the precipitate is evaporated to wet salts,
dissolved in a minimum volume of hydrochloric acid
(1:1) by volume, boiled again to wet salts and dissolved
in 15-20 cm? of hydrochloric acid with a mass fraction
of 1%. The solution was quantitatively transferred to a 25
cm?® measuring flask and brought to the mark with the
same acid. If the sol still does not dissolve completely,
the solution with the precipitate is brought to a volume
of 3040 cm? of hydrochloric acid with a mass fraction
of 1% and heated in a water bath or electric stove at low
heat for 0.5 h. Even after this complete dissolution did
not occur, the solution was filtered through a filter pre-
washed with a solvent, the precipitate was washed and
discarded, and the filtrate was transferred to a 50 cm?
measuring flask and brought to the mark with the same
acid. In this work, two main methods of atomic absorp-
tion spectrometry were used: electrothermal and flame
methods (Stepanova 2021a).

The results of the analysis of each set are used to cal-
culate the average concentrations of metals and other
elements in the sample, as well as to determine the meas-
urement error.

The obtained data on the actual concentration were
converted into a mass fraction via formula (1):

_an
T om

w (1)
where w is the mass fraction of the element being
determined in the sample, mg/kg.
a is the actual concentration of the element being
determined in the test solution, mg/dm.?
V is the volume of the test solution, cm
m is the sample weight, g.
d is the dilution factor.

3.

Methods and instruments

The studies were carried out via a “Kvant-2A” atomic
absorption spectrometer (Russia) according to the meth-
ods described in (Vilmis et al. 2023; Stepanova et al. 2023,
2019; Staroverova et al. 2021). The work was carried out
on verified equipment in an accredited laboratory with
daily calibration. Fur samples (1-3 g) of all types were
taken from the whole body (Vilmis et al. 2023). All the
samples were cleaned and degreased with acetone and
water for two days. Then, wet acid ashing was carried out
on an electric stove and then in a muffle furnace with a
gradual increase in temperature from 250 °C to 450 °C
with a half-hour exposure. The samples were assessed for
the levels of the following microelements: Fe, Zn, Cu, Pb,
Cd, and As. The correlation and regression analyses were
carried out via MS Excel.
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Three-dimensional echocardiography has been used
primarily to assess and visualize cardiovascular diseases
in animals (Mitrokhina 2022).

The obtained results were processed statistically. The
arithmetic mean values (M), average errors (m) and
standard deviations (8) were determined. To identify sta-
tistically significant differences in the compared groups
and the contingency between the features and the nature
of the distribution of compatibility data, the nonpara-
metric Shapiro-Wilk W criterion was used. To check
the reliability of the differences between two samples,
the Student and Fisher criteria were used, and several
independent samples for one feature were compared via
one-way variance analysis and nonparametric variance
analysis via the Kruskal-Wallis criterion. To clarify the
interdependence between two or more samples, regres-
sion analysis and Spearman’s rank correlation coefficient
were used. For all types of statistical analysis, a signifi-
cance level of 0.05 was adopted. The databases used were
"Microsoft Office Excel" 2010 and "Statistica" version 10.0
in the Windows XP environment (Stepanova 2021a).

Abbreviations

CvD Cardiovascular disease

GOST A normative legal document in Russia, in accordance with the require-
ments of which the standardization of production processes is carried out

MEs Mineral elements
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