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Abstract

Vitamins A and E are known as nutrients involved in metabolic processes and fa-
cilitating the adaptation of animals. The metabolism of these vitamins is closely
related to lipid metabolism, which has seasonal variations in animals inhabiting
northern latitudes. The aim of this study was to investigate the concentrations
of retinol (vitamin A) and a-tocopherol (vitamin E) in the cold season (October
to February) in tissues of Canidae species that have different ecological charac-
teristics: the blue fox (Vulpes syn. Alopex lagopus), silver fox (Vulpes vulpes), their
interspecific hybrids (VulpesxVulpes), raccoon dog (Nyctereutes procyonoides),
and grey wolf (Canis lupus). In addition, age-related differences in the levels
of these vitamins were determined. Results showed the distribution of retinol
and a-tocopherol in the body of the canids was similar, with larger amounts
being found in the liver and kidney cortex, which play a regulatory role in the
metabolism of these nutrients. The higher retinol level in the liver of wolves and
interspecific hybrids of blue fox and silver fox, as compared to the retinol level
in the liver of other species, might be species-specific and could also be attrib-
uted to dietary differences. The blue fox and raccoon dog both have a higher
capacity for a-tocopherol accumulation in the cold season, apparently due to
their ability to store substantial fat reserves. Retinol and a-tocopherol levels
were generally higher in the tissues of mature animals.

Keywords: canids, cold season, ecological features, retinol, a-tocopherol

Introduction

The Canidae family comprises species inhabiting every continent (except Antarc-
tica) and adapted to living in a wide range of climatic conditions. Various breeds
and color types of the red fox (Vulpes vulpes), arctic fox (Vulpes syn. Alopex lago-
pus) and raccoon dog (Nyctereutes procyonoides) are reared in captivity for furs.
The farm-bred silver fox is a mutant color type of the wild red fox, which has the
widest geographical distribution among members of the family: from tundra to
deserts. The blue fox was bred through selection within the wild blue arctic fox,
which is a typical inhabitant of the Arctic and Sub-Arctic regions (Nes et al., 1988).
Interspecific hybrids of the silver fox and the blue fox are produced in fur farms
because of an improved structure of the fur coat (Yang et al., 2016). The raccoon
dog now has a wide range on the Eurasian continent: from some Japanese islands,
the Korean Peninsula and China to Finland, Sweden, Poland and other European
countries. Raccoon dogs of wild and white color types are bred in captivity (Nes et
al., 1988; Drygala, Werner and Zoller, 2013). Despite the long period of breeding
in captivity, these species retain the basic biological features of their wild ances-
tors, associated with nutrition, seasonal reproduction and molting. Originally, the
grey wolf (Canis lupus), which is also an object of this study, inhabited a major-
ity of habitats from high Arctic latitudes to 15°N (Reimers and Bibikov, 1985).
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The present-day global distribution of the wolf reflects
centuries of persecution rather than the natural range of
its ecological adaptation. All these species differ signifi-
cantly in morphology and physiology, thus representing
interesting objects for comparative study.

Vitamins A and E are essential micronutrients that
play an important role in the adaptation of organisms.
They are required for the maintenance of many physi-
ological processes, including growth, development,
reproduction and immune response, and also have an-
tioxidant properties (Brigelius-Flohe, 2009; Blomhoff
and Blomhoff, 2006). Their distribution in the body of
mammals has significant differences and depends on the
species, ecological features, age and a number of other
factors (Schweigert, Buchholz and Bonitz, 1998; Ilyina,
Baishnikova, Belkin and Ruokolaynen, 2014). Vitamin
E is a generic term for a group of lipid-soluble, chain-
breaking antioxidants: a-, -, y- and d-tocopherols
and the corresponding tocotrienols. Among them,
a-tocopherol is the most biologically active form and is
selectively retained in the body (Traber, 2013). The term
vitamin A includes retinol and additional retinoid me-
tabolites including retinyl esters, retinaldehyde and reti-
noic acid (Estornell et al., 2000). It has been shown that
canids, as well as many other carnivorous species, have
peculiarities concerning the transport and distribution
of vitamin A in the body (Raila et al., 2000). Because
both vitamins are fat-soluble, their metabolism must be
closely related to the lipid metabolism, which has sea-
sonal variations in animals inhabiting polar and boreal
regions. Information about the contents of vitamins A
and E in the body of Canidae species living in the wild is
scarce. The objective of the present study was to investi-
gate retinol and a-tocopherol levels in the liver, kidney
cortex, heart and skeletal muscle of the blue fox, silver
fox, their interspecific hybrids, raccoon dog and grey
wolf in the cold season. In addition, age-related differ-
ences in the levels of these vitamins were determined.

Materials and methods
Sampling of animals and tissues

The study was conducted on captive-bred juvenile
(6-7 months old) and mature (1.5-3.5 years old) fe-
males of silver fox and blue fox from a fur farm located
in the Republic of Karelia, Russia (61°N, 34°E); juvenile
(6-7 months old) male interspecific hybrids of female
blue fox and male silver fox (Vulpesx Vulpes) called Blue
frost fox, and juvenile (7 months old) males and females
of raccoon dog of standard color type from a fur farm
located in the Pskov Region, Russia (57°N, 28°E). The
animals were kept in outdoor cages, exposed to natural
photoperiod and ambient temperature and fed on wet
diets for farmed foxes and raccoon dogs, formulated

using typical feed components available in Russia, and
water ad libitum. The composition of the diets is shown
in Table 1.

Table 1. Composition of the basal diet

Blue fox Raccoon dog
Ingredients (%)
Silver fox | Blue Frost fox

E;_egno)f;ilc‘ta:d slaughter 14.9 19.1
Poultry entrails 20.5 18.1
Poultry carcasses 13.9 11.2
Bone and meat meal 2.0 2.9
Preserved blood 2.8 2.3

Cod by-products - 43

Fish meal 13.2 10.0
Precooked carbohydrates 11.5 12.2
Vegetables 1.2 0.7
Dried yeast 5.9 6.8
Vitamin-mineral premix’ 0.1 0.1
Water 14.0 123
Metabolic Energy (ME) (M)/kg) 5.634 5.325

% ME from

Protein 39 38

Fat 32 31
Carbohydrates 29 31

" The vitamin and mineral premix provided the following (per kg of
feed), IU: vit. A — 1000; mg: vit. E — 30, vit. C — 100, vit. BT — 3.0,
vit. B2 — 3.0, vit. B6 — 0.4, vit. B12 — 0.01, Fe — 50, Mn — 2.5, Cu — 2,
Zn—0.3,1—0.1,Se — 0.03.

All animals used for the study were in good health
and showed no signs of illness. Samples of tissues (liver
(right lobe), kidney cortex, heart (apex) and skeletal
muscle) were collected after pelting during the stan-
dard fur production process in November 2008-2010.
Average daily maximum and minimum temperatures
for Karelia and the Pskov Region were 7 and -6°C and
7 and -4°C, respectively (https://www.gismeteo.ru/di-
ary/3934). The samples were frozen at -25°C and stored
for further analysis.

In addition, biological material from wild grey
wolves was sampled in Karelia during the period 2006-
2021 (October-February): juvenile (2 females 5 and
9 months old) and mature (6 females over 2.5 years old
and 2 males over 3.5 years old). Average daily maximum
and minimum temperatures ranged from 15 and -10°C
in October to 1 and -27°C in February (https://www.



BIOLOGICAL COMMUNICATIONS, vol. 66, issue 3, July-September, 2021 | https://doi.org/10.21638/spbu03.2021.304 227

gismeteo.ru/diary/3934). All samples were collected by
hunters, kept frozen at -25 °C from the time of sampling
until analyses. The skeletal muscles of mature wolves
were not available for analysis.

Vitamins determination

The research was carried out using the equipment of the
Core Facility of the Karelian Research Centre of the Rus-
sian Academy of Sciences. All analyses were performed
within a month after sampling of tissues. The concen-
trations of retinol and a-tocopherol in tissues were de-
termined by high performance liquid chromatography.
The samples of tissues (100 mg) were homogenized in
0.9 ml of 0.25 M sucrose solution (pH 7.4); then 0.25 ml
of homogenate was mixed with ethanol containing an
antioxidant (butylated hydroxytoluene) to precipitate
proteins. After that, n-hexane was added. The mixture
was vortexed for 5 min for the extraction of vitamins,
centrifuged at 3000 x g for 10 min, and kept for 40 min
at 4°C. The hexane layer was injected into the HPLC
system. Chromatographic separation was carried out by
microcolumn chromatography with a UV detector with
n-hexane and isopropanol as an eluent (98.5:1.5). The
eluate was monitored at 292 nm for a-tocopherol and
at 324 nm for retinol, and the vitamins were identified
by retention time compared with pure standards (Sig-
ma-Aldrich). Quantification was performed using Uni-
Chrom software by the external standard method. All
samples were analyzed in triplicate and the mean value
was used.

Statistical analyses

Preliminary tests revealed no differences between sexes
in juvenile raccoon dogs, therefore data for males and
females were pooled in all subsequent analyses. All the
collected and calculated numerical data were converted
to SI units and processed statistically as mean * standard
error of the mean. Statistical analysis was performed by
one-way analysis of variance (ANOVA) to determine
significant differences between ages. In addition, we
used discriminant analysis to identify the parameters
that play the greatest role in interspecies differences.
A p-value of < 0.05 was considered statistically signifi-
cant. The statistical tests were performed using Sigma-
Stat 2.03 (SPSS Science Software Ltd., USA).

Results
Retinol content

The tissue distribution of retinol was similar among the
Canidae species (Table 2); higher amounts were found
in the kidney cortex and liver. The content of retinol

was the highest in the kidney cortex in all the species
investigated, with the exception of the raccoon dog. In
this tissue, a substantial amount of vitamin was found
in interspecific hybrids of blue fox and silver fox. In
the liver, retinol content was higher in mature wolves
and interspecific hybrids than in the other species. Al-
though Blue frost foxes and raccoon dogs were fed the
same diet, the hepatic content of this vitamin in raccoon
dogs was lower. In contrast to Blue frost foxes and rac-
coon dogs, the levels of retinol in the liver of silver foxes
and blue foxes were much lower, although the two spe-
cies were fed a basal diet additionally enriched with vi-
tamin A.Among these species, the level of retinol was
2-3 times higher in the blue fox. The retinol content in
the heart was lower than in the liver and kidney cortex
in almost all examined species. In the hearts of Blue frost
foxes and the 5-month-old female wolf this retinoid was
not detected. In the skeletal muscles of all species retinol
was undetectable.

Retinol levels in the livers and renal cortices of ma-
ture silver foxes, blue foxes and grey wolves were higher
compared to juvenile animals. The one-way ANOVA re-
vealed a significant effect of age on the content of retinol
in the liver (F = 16.20, df = 1, n? = 49 %, p = 0.001), kid-
ney cortex (F = 13.03, df = 1, n> = 43%, p = 0.002) and
heart (F =5.49, df = 1, > = 24 %, p = 0.032) of blue foxes;
in silver foxes a significant effect of age was found in the
kidney cortex (F = 11.17, df = 1, n? = 40 %, p = 0.004).

a-Tocopherol content

The level of a-tocopherol in Canidae species is shown
in Table 3. High values were found in the kidney cor-
tex and liver. Raccoon dogs and blue foxes both had
higher vitamin E content in these tissues, whereas a
low level was found in juvenile grey wolves. The con-
tent of a-tocopherol in the liver of farmed silver foxes
was comparable to that of Blue frost foxes, while in the
renal cortex the latter had a higher level of this vitamin.
Hepatic vitamin E content in mature grey wolves was
about 2 times lower than in mature blue foxes but higher
than in silver foxes. Grey wolves had a low a-tocopherol
level in the renal cortex. In the heart and skeletal muscle,
the levels of vitamin E were usually lower than in the
liver and kidney cortex (Table 2). Higher amounts of
a-tocopherol in these tissues were found in blue foxes,
while relatively low levels were revealed in grey wolves.

Mature blue foxes and grey wolves had a higher vi-
tamin E content as compared with juvenile animals. The
one-way ANOVA revealed a significant effect of age on
the a-tocopherol level in the liver (F = 7.26, df = 1, n?=
30%, p = 0.015), kidney cortex (F = 21.55, df = 1, n* =
56 %, p = 0.0002) and heart (F = 6.24, df = 1, n* = 27 %,
p = 0.023) of blue foxes.
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Table 2. The content of retinol in tissues of Canidae species, pg/g wet tissue (mean + SEM, minimum — maximum)

Species Liver Kidney cortex Heart
farm-raised juvenile 0.76 £0.18 105.24 +7.76 0.32 £ 0.06
(n=10) 0.25-2.27 64.71 -141.18 0.10-0.74
Silver fox
farm-raised mature 0.95+0.22 167.01 £ 17.52* 0.25 £ 0.05
(n=10) 0.39-2.59 113.4-233.66 0.01-0.50
farm-raised juvenile 1.58 +0.22 104.74 + 21.73 0.23 £0.08
(n=12) 0.70 - 3.40 19.04 - 266.20 0.01 - 0.69
Blue fox
farm-raised mature 3.57 £ 0.54* 246.66 + 35.79* 4.47 +2.42*
(n=7) 1.80-5.40 103.00 - 357.60 0.01-18.60
Blue Frost fox farm-raised juvenile 49.54 + 15.43 527.92 + 53.51 .
(n=5) 13.10-93.70 410.80 - 702.00
Raccoon do farm-raised juvenile 16.39+7.46 7.88 £0.70 0.19 +0.05
g (n=5) 7.65 -38.65 6.70 - 10.58 0.01-0.28
juvenile 10.27 £ 8.57 10.40 £ 5.98 032
(n=2) 1.71-18.84 4.42 -16.38 ’
Grey wolf
mature 64.31 +12.30 92.34+17.22 2.53+0.53
(n=28) 33.70 - 121.60 30.90 - 148.40 0.78 -5.70

nd — the parameter was below the detection limit
* differ significantly from juvenile animals, p < 0.05.

Table 3. The content of a-tocopherol in tissues of Canidae species, pg/g wet tissue (mean * SEM, minimum — maximum)

Species Liver Kidney cortex Heart Skeletal muscle

farm-raised juvenile 11.92 £0.83 19.76 £ 4.40 6.93 £ 0.84 8.62 £ 1.56

(n=10) 7.94 -14.85 5.96 - 40.10 2.41-11.03 3.97 - 20.05
Silver fox

farm-raised mature 12.40+0.78 27.90 +10.29 5.48 +0.63 5.57+1.75

(n=10) 6.75 - 16.04 4.01-97.20 2.98 -8.02 0.01-17.21

farm-raised juvenile 26.95 + 1.82 74.09 + 8.92 22.93+5.67 24.30 +5.57

(n=12) 17.20 - 36.45 23.59 - 132.80 2.98 - 68.60 2.63 -69.80
Blue fox

farm-raised mature 68.56 + 20.41* 144.63 £ 12.77* 46.51 + 7.64% 39.74+7.21

(n=7) 29.80-170.60 109.80 - 189.00 26.40 -72.80 16.20 - 77.00
Blue Frost fox farm-raised juvenile 10.54 £ 1.55 61.10 £ 5.58 11.85+£3.32 10.64 + 0.46

(n=5) 7.30-15.90 44.90 - 77.40 2.80-18.80 9.20-11.50
Raccoon do farm-raised juvenile 78.76 + 51.66 199.53 + 58.72 9.39 +3.21 5.21 £ 0.61

g (n=5) 23.14 - 233.65 98.30 - 373.85 2.43-21.42 3.93-7.09

juvenile 5.31+2.66 1.78 +£1.06 2.36 £0.19 2.52+£0.38

(n=2) 2.65-7.97 0.72 -2.84 2.17 -2.55 2.15-2.90
Grey wolf

mature 24.84 +16.92 4.53+2.23 3.51+£0.91 am

(n=28) 0.70 - 139.60 0.01-19.66 2.10-9.20

nm — the parameter was not measured.
* differ significantly from juvenile animals, p < 0.05.

Discussion
Retinol content

The liver plays a main role in vitamin A homeostasis. In
hepatocytes, the newly absorbed retinyl esters are rapidly
hydrolyzed to retinol — which binds to retinol-binding
protein, a retinol transporter in blood — or are re-ester-
ified and packed in cytoplasmic lipid droplets of hepatic
stellate cells (HSC), which are one of the major body sites
for vitamin A accumulation (Blomhoff and Blomhoff,
2006; Senoo et al., 2012). The vitamin A storage capac-

ity of HSCs shows wide interspecies variations. It has
been shown by Senoo et al. (2012) that in some arctic top
predators like polar bears (Ursus maritimus) and arctic
foxes, total vitamin A values (retinol and retinyl esters) in
the liver are much higher (9571 and 5314 pg/g wet tissue,
respectively) than in their genetically related continental
top predators like brown bears (Ursus arctos) and red fox-
es (300 and 114 pg/g wet tissue, respectively). Quite high
levels of total vitamin A have been found in the liver of fer-
rets (Mustela putorius furo, 2013 pg/g wet tissue) and dogs
(Canis familiaris, 1376 pg/g wet tissue) (Ribaya-Mercado
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et al., 1992; Raila et al,, 2000). In the study of Raila et al.
(2000), in farm-raised silver foxes and raccoon dogs this
indicator was 4 and 67 ug/g wet tissue, respectively. The
vitamin A values in the liver of non-carnivorous animals
like rats (Rattus norvegicus), pigs (Sus scrofa) and marmo-
set monkeys (Callithrix jacchus) are about 300-400 pg/g
wet tissue (Senoo et al., 2004; Mills, Penniston and Tan-
umihardjo, 2005; Sun, Surles and Tanumihardjo, 2008).
The ratio of retinol to the total liver reserves of vitamin
A in different animal species ranges from 2 to 38 % (Maj-
chrzak, Fabian and Elmadfa, 2006; Senoo et al., 2012). In
the liver of carnivorous mammals such as ferrets, cats (Fe-
lis catus) and brown bears, the retinol levels are 2, 11 and
21 pg/g wet tissue, respectively (Ribaya-Mercado et al,,
1992; Raila, Mathews and Schweigert, 2002; Senoo et al.,
2012). Higher values (84-208 ug/g wet tissue) are found
in the livers of rats, pigs and marmoset monkeys (Mills,
Penniston and Tanumihardjo, 2005; Sun, Surles and Tan-
umihardjo, 2008; Czaplicki et al., 2017). The research of
Senoo et al. (2012) has shown that the capability to store
considerable amounts of vitamin A is mainly due not to
the number of HSCs, but to the capacity of each HSC to
form large lipid droplets. Dietary retinoid intake plays a
regulatory role in lipid droplet formation (Blaner et al.,
2009). Liver retinol concentration is dependent on the vi-
tamin A status and reflects a balance between hepatic de-
pots of vitamin A as retinyl esters and dynamic interorgan
transfer and recycling of retinoids meeting the demand of
the organism for bioactive retinoids such as retinoic acid,
the carboxylic acid form of vitamin A (Gieng, Raila and
Rosales, 2005).

In this study, a substantial amount of retinol in the
liver was found in mature wolves, which may be due
to species- and diet-related peculiarities. In the wild,
wolves ingest all the major parts of their prey, includ-
ing the liver and kidneys, which are rich in vitamin A
(Stahler, Smith and Guernsey, 2006). The high hepatic
retinol level in Blue frost foxes might be associated with
their higher ability to utilize organic matter. Interspecit-
ic hybrids of blue fox and silver fox exceed the parental
forms in vitality, growth energy and body size (Yang et
al., 2016). The basis for the manifestation of heterosis
in hybrids is considered to be the higher metabolic effi-
ciency (Ginn, 2017). The silver fox and blue fox both had
lower hepatic retinol levels than the Blue frost fox and
raccoon dog. A comparable result for the liver of farmed
silver foxes was reported by Raila et al. (2000), whereas
the hepatic retinol level in mature blue foxes found in
the present study was approximately 4 times higher than
that reported by Rogstad et al. (2017). It should be noted
that in this study silver foxes showed no signs of vitamin
A deficiency in spite of relatively low hepatic retinol lev-
el. Raila et al. (2000) reported that the ratio of retinol to
the total liver reserves of vitamin A in farm-raised silver
foxes account for 12 %.

Extrahepatic tissues also have an important role in
maintaining whole body retinoid dynamics, carrying
out its storage, metabolism and mobilization. Retinoid
recycling in plasma from all organs to and from the liv-
er is a prominent feature of the plasma retinol kinetics
(Shirakami et al., 2012). It has been demonstrated that
lipid droplets containing stellate cells are present in the
lungs, kidneys and intestine (Nagy et al., 1997). Kidneys
are one of the most active sites for vitamin A metabo-
lism and accumulate it in substantial amounts in canids
and mustelids (Raila et al., 2000). This may be due to an
important role of kidneys in the recycling of vitamin A
in the body and its excretion, given the very high con-
centration of vitamin A in blood as retinol and predomi-
nantly retinyl esters in complex with lipoproteins in the
above-mentioned animals (Schweigert, Buchholz and
Bonitz, 1998).

In the present study, only the cortex of kidney was
analyzed because it had been shown that in rats, mink
(Neovison vison), blue foxes and silver foxes (Kikeld,
Kékeld and Hyvérinen, 2003; Ilyina and Baishnikova,
2014) as well as in polar bears (Bechshoft, Jakobsen,
Sonne and Dietz, 2011), the vitamin A level in the cor-
tex of the kidneys was much higher than in the me-
dulla. Our results demonstrated that the contents of
retinol in the renal cortices of all examined species were
higher than in the livers, with the exception of raccoon
dogs. The biggest difference (176 times) was observed
in farmed silver foxes, having the lowest hepatic retinol
level, and the smallest one (1.5 times) was found in ma-
ture grey wolves, in which the retinol content in the liver
was the highest. It is possible that in canids, the ratio
between retinol concentrations in the liver and the kid-
neys depends partly on vitamin A status of the animal.
It was shown that in rats with vitamin A shortage, reti-
nol recycling through the kidneys was 5.5 times higher
compared with vitamin A sufficient rats (Lewis, Green,
Green and Zech, 1990). However, in dogs, the concen-
tration of retinol and retinyl esters in the liver is much
higher than in the kidneys (Raila et al., 2000; Kirkegaard
et al., 2010). Thus, there is species specificity in canids
with regard to the vitamin A distribution between the
liver and the kidneys. In species other than canids and
mustelids, the level of vitamin A in the kidneys is signifi-
cantly lower and ranges from 0.2 to 1.5% of that in the
liver (Senoo et al., 2004; Mills, Penniston and Tanumi-
hardjo, 2005; Sun, Surles and Tanumihardjo, 2008).

In this study, a very high retinol level was found
in the renal cortices of Blue frost foxes. This value was
67 times higher than that of raccoon dogs, which were
kept on the same farm and had the same diet. Such
differences may be associated with the peculiarities of
vitamin A circulation in blood, reuptake of retinol in
the renal proximal tubules and excretion of vitamin A
with the urine in these species. As reported by Raila et
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al. (2000), the concentration of total vitamin A in blood
plasma of the raccoon dog and silver fox, which is one of
the parental forms of Blue frost foxes, was similar, but in
the raccoon dog retinol was predominant (69 % of total
vitamin A), whereas in the silver fox, like in most carni-
vores, retinyl esters prevailed (64 % of total vitamin A).
On the contrary, in the urine of the raccoon dog retinyl
esters were predominant (95.5 % of total vitamin A) and
in the silver fox it was retinol (65 % of total vitamin A).
It should be noted that the physiological occurrence of
large quantities of retinol and retinyl esters in the urine
is a peculiarity of canids (Schweigert, Raila and Haebel,
2002). Additionally, in the kidneys of the raccoon dog,
the ratio of retinol in total vitamin A reserves was lower
than in the silver fox (3 and 14 %, respectively). Thus,
there may be differences in the activity of retinol esteri-
tying enzymes in the kidneys of the raccoon dog and
Blue frost fox, which is responsible for the significant
difference in the kidney retinol level of these species ob-
served in our study. A comparably high content of reti-
nol (488 pg/g wet tissue), which accounted for 31 % of
total vitamin A, in the kidney cortex of mink was previ-
ously reported by Kékeld, Kikeld and Hyvérinen (2003).

The heart is highly sensitive to oxidative injuries,
and retinol has been established as an important antioxi-
dant for the structural integrity of heart mitochondria
(Estornell et al., 2000). In our study, mature blue foxes
had a comparatively high cardiac retinol level. At the
same time, it was not detected in the hearts of Blue frost
foxes despite the fact that these animals had a higher lev-
el of retinol in the liver and kidney cortex. In the skeletal
muscles of all examined species the contents of retinol
were below the detection limit. It is known that retinoic
acid is involved in metabolic function and is probably
prevalent in muscle tissue (Pan and Baker, 2007; Lee et
al., 2008).

It was established that adipose tissues regulate reti-
noid homeostasis: uptake, storage, mobilization and
transport (Villaroya, Giralt and Iglesias, 1999). Also, vi-
tamin A is involved in the regulation of the level and
the functioning of body fat reserves: the low vitamin A
status predominantly promotes fat deposition, while vi-
tamin A-rich diets cause a reduction of adiposity that
correlates with an increasing thermogenic potential in
brown adipose tissue and skeletal muscle. Retinoic acid
has been shown to inhibit adipose tissue weight-regu-
latory peptide leptin production and secretion (Bonet,
Ribot and Palou, 2012). Thus, the level of vitamin A in
tissues of Canidae species in the cold season might be
determined, among other factors, by the level of adipos-
ity and could be partly due to participation of retinoids
in the regulation of energy homeostasis (Bonet et al.,
2000).

In the present study, age-related augmentation of
the retinol level in the liver and kidney cortex in silver

foxes and blue foxes was found. These results agree with
recent studies of sled dogs (Kirkegaard et al., 2010), po-
lar bears (Bechshoft et al., 2016) and rats (Blomhoff,
Berg and Norum, 1988). Because vitamin A is an impor-
tant regulator of growth and differentiation in most cells
of the body (Blomhoft and Blomhoff, 2006), there are
increasing demands for this nutrient during periods of
growth and maturation with the following elevation of
vitamin A storage deposits in the organism.

a-Tocopherol content

The liver is an important place where vitamin E is taken
up and the regulation of the forms and concentrations
occurs. It is there that a-tocopherol is incorporated into
lipoproteins — its carriers in blood (Traber, 2013). After
intestinal absorption during chylomicron lipolysis, some
a-tocopherol is taken up by peripheral tissues (Traber,
Ingold, Burton and Kayden, 1988) including kidneys,
which have an intensive blood flow. In the present study,
the concentration of a-tocopherol varied greatly in the
renal cortices, probably due to the excretory function of
kidneys and their role in the redistribution of tocopherol
in the body. Although the raccoon dogs and blue foxes
were kept in different farms and fed different diets, these
species both had high amounts of a-tocopherol in the
liver and kidney cortex.

In addition to its role as an antioxidant, vitamin E
alters the cell membrane physical state (Patel, Sekharam
and Block, 1991; Wang et al., 2006) and plays an impor-
tant role in the adaptation of the body to low environ-
mental temperatures (Kalabukhov, 1985; Venditti, Di
Stefano and Di Meo, 2009). During evolution, members
of the Canidae family developed different survival strat-
egies and adaptations to the cold season that determine
their ecological traits. Fat storage in autumn is an im-
portant adaptive mechanism to provide energy during
the seasonal shortages of food and to insulate against
low ambient temperatures (Prestrud, 1991). The autum-
nal fattening and wintertime weight loss are a natural
part of circannual rhythms of animals regulated by pho-
toperiod, temperature and food availability (Mustonen
et al., 2007). It is known that adipose tissue represents a
large reserve of vitamin E and has a slow rate of tocoph-
erol release (Machlin and Gabriel, 1982). Thus, the high
content of a-tocopherol in the blue fox and raccoon dog
found in this study may be due to the profound autum-
nal fattening reported for these species (up to 35% of
body weight) (Nes et al., 1988; Prestrud, 1991), although
they utilize different wintering strategies. In the wild,
the arctic fox stays active during the winter, whereas
the raccoon dog is the only canid with passive winter-
ing and winter sleep in the boreal climate (Mustonen
et al., 2006, 2007), but it does not seem to enter winter
sleep in fur farms, as a result of daily feeding and lack
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of nests (Asikainen et al., 2002). Both these species are
well adapted to long-term wintertime fasting without
any adverse effects, but raccoon dogs are able to with-
stand more prolonged periods of starvation — at least
11 weeks (Mustonen et al., 2007). The consumption of
body fat as the main metabolic fuel during fasting is ac-
companied by enhanced fat oxidation (Tauson, Chwali-
bog and Ahlstrem, 2002), and sufficient a-tocopherol
content in the body may be an important factor protect-
ing tissues against oxidative damage. The antioxidant
function of vitamin E has been proven to be essential for
preventing the oxidation of polyunsaturated fatty acids
(PUFA) (Valk and Hornstra, 2000), which account for
17-19 % of the adipose tissues in raccoon dogs (Kakeld
and Hyvirinen, 1996) and for about 22 % in arctic foxes
(Nowicki et al., 2014).

The high a-tocopherol concentration in the liver
and kidney cortex of the raccoon dog indicates its suffi-
cient reserves and intensive redistribution in the body at
the beginning of the cold season. The raccoon dog difters
from other Canidae family members of approximately
the same weight in having a relatively low kidney-to-
body weight ratio, which becomes the lowest during the
winter passivity (Tumanov, 2003). The lineage leading to
the raccoon dog diverged early in the history of the ex-
tant Canidae, and classical systematics classifies the rac-
coon dog as a primitive canid (Lapa, Lapinski, Sliwiak
and Barabasz, 2009).

In the present study, the silver fox had a lower
a-tocopherol level in the liver and renal cortex than the
blue fox and raccoon dog. The Blue frost foxes mostly
occupied an intermediate position between the paren-
tal species with regard to the content of vitamin E in the
tissues. The autumnal fat deposits of the red fox are less
massive than those of the arctic fox and raccoon dog (up
to 28.4% of body weight; Lefebvre, Crete, Huot and Pat-
enaude, 1999). Animals in the wild have smaller fat stores
as a result of fluctuations in food availability. It was estab-
lished previously that the degree of fat reserves accumu-
lation in the silver fox and arctic fox as well as in the rac-
coon dog correlates with the activity of the antioxidant
enzyme superoxide dismutase in the tissues: the raccoon
dog had the highest enzyme activity in the liver, kidneys,
heart and spleen while in the silver fox it was the lowest
(Tlukha, 2003). Rouvinen (1991) reported that the hepatic
vitamin E concentration in the blue fox closely correlated
with liver fat content. It is possible that a-tocopherol con-
tent in the body of Canidae species might be determined
partly by the level of body fat stores.

According to phylogenetic classification, the grey
wolf belongs to the group of wolf-like canids (Zrzavy
et al., 2018) and it is the largest canid that has a higher
metabolic rate among members of the family Canidae
(Careau, Morand-Ferron and Thomas, 2007) and accu-
mulates fewer fat reserves than the other studied mem-

bers of the family — about 15.5 % (Tumanov, 2003) with
total proportions of PUFAs at 9-13% (Kakeld and
Hyvirinen, 1996). In wolves, periods of fasting longer
than 17 days have been reported to potentially result in
increased protein catabolism (Kreeger, DelGiudice and
Mech, 1997). In our study, mature wolves occupied an
intermediate position between mature blue foxes and
silver foxes in terms of the hepatic a-tocopherol level.
At the same time, wolves differed from the other exam-
ined canids in having a lower vitamin E content in the
kidney cortex than in the liver. In juvenile wolves, low
a-tocopherol content in the renal cortices may be due to
both the age of the animals and their diet. Danilov, Gur-
sky and Kudaktin (1985) reported a high mortality rate
(30-60 %) in wild wolf pups during the first 6 months of
life, which is associated mostly with a lack of nutrition.
In addition, wolf pups have a long growing period and
achieve the body size of adult animals by the end of the
first year of life, whereas the weight of the kidneys in
wolves increases up to 2 years of age. It should be noted
that raccoon dog, arctic fox and red fox pups reach the
body size and proportions of adult animals already at the
age of 6-7 months (Tumanov, 2003).

The content of a-tocopherol was mostly lower in
the muscular tissues than in the liver and kidney cortex
of Canidae species. Vitamin E influences the activity of
various enzymes participating in cellular metabolic pro-
cesses and gene expression of proteins (Brigelius-Flohe,
2009) and is capable of regulating the mitochondrial pro-
duction of reactive oxygen species by maintaining mito-
chondrial integrity and stability (Chow, 2001). Thus, this
nutrient plays an important role in the homeostasis of
contracting myocytes. In the present study, the relatively
low content of a-tocopherol was revealed in wolves. Be-
cause food intake is essential for active wild mammals,
especially in the cold season, they spend a lot of time
and energy in hunting. The high locomotor activity of
wild animals may induce an increased utilization of vi-
tamin E in metabolic processes.

In other species, the level of vitamin E varies widely
and is associated with their taxonomy and ecological
peculiarities (Ilyina, Baishnikova, Belkin and Ruoko-
laynen, 2014). In the liver and kidneys of Greenland sled
dogs the contents of a-tocopherol are 34.8 and 54.5 ug/g
wet tissue, respectively (Kirkegaard et al., 2010), in the
renal cortices of polar bears this value ranges from 31 to
65 ug/g wet tissue (Bechshoft et al., 2016). Non-carniv-
orous animals generally have a lower content of vitamin
E.Jurczuk, Brzyska and Moniuszko-Jakoniuk (2007) re-
ported the a-tocopherol levels in the liver and kidneys of
rats were about 20 and 16 pg/g wet tissue, respectively. In
the liver of rabbits and pigs this value is about 4-5 ug/g
wet tissue; in the skeletal muscle of pigs — about 3 ug/g
wet tissue (Olivares, Rey, Daza and Lopez-Bote, 2009;
Strychalski, Gugolek, Brym and Antoszkiewicz, 2019).
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Fig. Results of the discriminant analysis of retinol and a-tocopherol levels in the tissues of Canidae species.
1 — Blue fox, 2 — Silver fox, 3 — Blue Frost fox, 4 — Raccoon dog, 5 — Grey wolf.

We found that a-tocopherol content in the exam-
ined tissues increased with age in blue foxes. Bechshoft
et al. (2016) also reported that vitamin E levels in the
kidney cortex and blood were higher in adult polar bears
than in subadults. Unlike vitamin A, a-tocopherol does
not accumulate in excess amounts in tissues of the body
(Traber, 2013) and its higher content in adult animals
may be due to age-related changes in lipid metabolism
(Winklhofer-Roob, van’t Hof and Shmerling, 1997).

Discriminant analysis of the parameters distinctly
separated the species investigated (Figure). Each species
occupies its own space in the plot of discriminant func-
tions. There is only a small overlap for blue foxes and
silver foxes, possibly due to the animals being kept un-
der identical conditions as well as the phylogenetic prox-
imity of these species (Zrzavy et al., 2018). At the same
time, raccoon dogs and interspecific hybrids of blue fox
and silver fox occupy different areas in the diagram, al-
though they were kept in the same farm. The levels of
retinol and a-tocopherol in the liver (RL, TL), kidney
cortex (RK, TK) and heart (RH, TH) are the main vari-
ables that discriminated the species. Function 1 explains
59.06% of the variance (Wilks' lambda = 0.023, p =
0.000) and has the following form:

0.502RL + 0.982RK + 0.061RH -
- 0.255TL - 0.579TK - 0.352TH.

Function 2 explains 23.77 % of the variance (Wilks’
lambda = 0.127, p = 0.000) and has the following form:

-0.565RL + 0.559RK - 0.156RH -
- 0.001TL + 0.248TK + 0.275TH.

Conclusion

The food resources available to the red fox and arctic
fox in the wild are small mammals, birds, eggs, as well
as carrion from the marine ecosystem for the arctic fox.
The prevalent items in the raccoon dog diet are inverte-
brates, carrion, amphibians, plants, and less frequently
mammals, birds and fish (Rouvinen, 1991; Asikainen et
al,, 2002; Audet, Robbins and Lariviere, 2002; Drygala
et al., 2013). In the course of domestication, farmed ani-
mals have become adapted to a wider variety of foods.
However, it was established (Ahlstrom, Fuglei and Myd-
land, 2003; Gugotek, Strychalski, Konstantynowicz and
Zwolinski, 2014) that there are no significant differences
in nutrient digestibility between farmed and wild fox-
es and raccoon dogs, except for the higher digestibil-
ity values for carbohydrates in farm-raised blue foxes.
Thus, it can be assumed that the levels of retinol and
a-tocopherol in farmed animals reported in the present
study reflect the capability of these species to accumulate
these vitamins.
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The present investigation showed that members of
the Canidae family had similar distributions of retinol
and a-tocopherol in the body, higher levels being found
in the liver and kidneys, which have a regulatory role in
the metabolism of these nutrients. The blue fox and rac-
coon dog both have a higher capacity for a-tocopherol
accumulation, probably due to profound autumnal fat-
tening of these species. The retinol level was higher in
wolves and interspecific hybrids of blue fox and silver
fox, which may be species-specific or could also be at-
tributed to diet-related differences. The concentrations
of vitamins A and E were generally higher in tissues of
mature animals. Canidae species demonstrated a wide
range of tissue retinol and a-tocopherol accumulation
patterns, which may be defined by the metabolism and
function of these nutrients in the cold season. The level
of vitamins in canids living in the wild can be evaluated
as an indicator of their nutritional status. Future studies
are needed to investigate vitamins A and E contents and
distribution in canids in other seasons.
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