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Any alteration in oxidative metabolism is coupled with a corresponding response by an antioxidant defense
(AD) in appropriate subcellular compartments. Seasonal hibernators pass through circannual metabolic
adaptations that allow them to either maintain euthermy (cold acclimation) or enter winter torpor with
body temperature falling to low values. The present study aimed to investigate the corresponding pattern of
AD enzyme protein expressions associated with these strategies in the main tissues involved in whole
animal energy homeostasis: brown and white adipose tissues (BAT and WAT, respectively), liver, and
skeletal muscle. European ground squirrels (Spermophilus citellus) were exposed to low temperature (4 7
1 1C) and then divided into two groups: (1) animals fell into torpor (hibernating group) and (2) animals
stayed active and euthermic for 1, 3, 7, 12, or 21 days (cold-exposed group). We examined the effects of cold
acclimation and hibernation on the tissue-dependent protein expression of four enzymes which catalyze
the two-step detoxiﬁcation of superoxide to water: superoxide dismutase 1 and 2 (SOD 1 and 2), catalase
(CAT), and glutathione peroxidase (GSH-Px). The results showed that hibernation induced an increase of AD
enzyme protein expressions in BAT and skeletal muscle. However, AD enzyme contents in liver were largely
unaffected during torpor. Under these conditions, different WAT depots responded by elevating the amounts
of speciﬁc enzymes, as follows: SOD 1 in retroperitoneal WAT, GSH-Px in gonadal WAT, and CAT in
subcutaneous WAT. Similar perturbations of AD enzymes contents were seen in all tissues during cold
acclimation, often in a time-dependent manner. It can be concluded that BAT and muscle AD capacity
undergo the most dramatic changes during both cold acclimation and hibernation, while liver is relatively
unaffected by either condition. Additionally, this study provides a basis for further metabolic study that will
illuminate the causes of these tissue-speciﬁc AD responses, particularly the novel ﬁnding of distinct
responses by different WAT depots in hibernators.
& 2013 Elsevier Inc. All rights reserved.

Keywords:
Hibernation
Cold acclimation
Antioxidant
SOD
CAT
GSH-Px

Introduction
Oxidative metabolism of the cell is necessarily accompanied
by production of reactive oxygen species (ROS). Maintenance of
cellular homeostasis under conditions of increased ROS production
is achieved by a proportional increase in endogenous antioxidant

Abbreviations: AD, antioxidant defense; BAT, brown adipose tissue; WAT, white
adipose tissue; rpWAT, retroperitoneal WAT; gnWAT, gonadal WAT; scWAT,
subcutaneous WAT; SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione
peroxidase; ROS, reactive oxygen species; O2d-, superoxide anion radical; H2O2,
hydrogen peroxide
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defense (AD) [1–3]. Cellular AD involves a wide range of enzymes
and several nonenzymatic components [4]. The ﬁrst line enzymes
involved in AD include superoxide dismutase isoforms 1 and 2
(SODs, EC 1.15.1.1), glutathione peroxidase (GSH-Px, EC 1.11.1.19),
and catalase (CAT, EC 1.11.1.6).
Compartmentalization of metabolic processes within cells
leads to corresponding subcellular-speciﬁc responses by AD components [1,5]. Thus, mitochondria are equipped with the SOD 2
(also known as MnSOD) isoform that removes superoxide anion
radicals (O2d–) produced mainly by the respiratory chain or
through the β-oxidation pathway [6,7]. The same function in the
cytosol is performed by another SOD isoform—SOD 1 (also known
as CuZnSOD) [7]. Both SODs catalyze the dismutation of O2d- by
successive oxidation and reduction of a transition metal ion at the
active site in a ping-pong-type mechanism with a remarkably high
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reaction rate [8]. The hydrogen peroxide (H2O2) produced is not a
radical, but is still highly reactive, and so is promptly removed.
This is accomplished, preferentially, by GSH-Px that is ubiquitously
present in the mitochondria, cytosol, membrane fraction, and
extracellular space [9]. It reduces fatty acid hydroperoxides and
H2O2 to water, at the expense of glutathione. Besides the mitochondria and cytosol, intensive oxidative metabolism also takes
place in peroxisomes [10]. There, fatty acid oxidation occurs by a
mechanism that is somewhat distinct from that in mitochondria,
and involves generation of H2O2 in the ﬁrst reaction of the
pathway. The major enzyme involved in the decomposition of
H2O2 to H2O in peroxisomes is CAT [11]. Altered function and
subcellular localization of these AD enzymes are frequently
associated with diseases and stress conditions [12].
In attempting to correlate AD with different energy requirements (i.e., metabolic modes), hibernating animals present a
particularly interesting model. Namely, the metabolic plasticity
that these animals show over the euthermia–torpor cycle is
amazing [13,14]. It has been shown that seasonal hibernators, like
ground squirrels, are characterized by torpor bouts lasting for
several days during which body temperature is maintained below
10 1C with rate of oxygen consumption reduced to approximately
5% of resting level [15]. On the other hand, in regard to heat
production, all mammals act similarly during cold acclimation
[16–18]. This involves increased resting metabolism [19–22],
increased respiratory capacity of brown adipose tissue (BAT)
[23], and increased expression of the key element of energy
dissipation—uncoupling protein 1 [18]. Numerous studies have
examined the AD status that follows such metabolic reprogramming during energy-demanding thermogenic processes in BAT and
skeletal muscle of nonhibernating rats [24–27]. Besides these two
thermoeffector organs, liver and white adipose tissue (WAT) also
play important roles in the metabolic aspects of cold acclimation
by providing the fuel for heat generation [28,29], and adjusting
their metabolism to current conditions and capabilities [29,30].
Our earlier study revealed changes in AD that paralleled metabolic
reprogramming of rat WAT during cold acclimation [31]. On the
other hand, the mode of metabolic recruitment and reorganization
of AD during cold exposure in hibernators, that are believed
to be continually primed for thermogenesis [32–34], is quite
understudied.
During winter torpor, hibernators are characterized by a sharp
decrease in body temperature and metabolic activity [35]. Earlier,
we as well as others authors have investigated antioxidant enzyme
activity in hibernators during winter torpor; increased activity of
AD enzymes and the main regulators of AD enzyme protein
expression, in BAT and some other tissues, had been shown
[13,15,36–38]. This up-regulation of AD during hibernation was
interpreted primarily as preconditioning, i.e., protection of the
tissue against oxidative damage to come with the enormous
increase in metabolic activity during arousal from torpor. However, contemporary viewpoints are somewhat extended and
include cytoprotective effects of AD during hypothermic excursion,
as well [14]. Indeed, it has been shown that BAT increases its
metabolic activity despite the global suppression of metabolism by
the whole animal, probably to meet the need for modiﬁcation of
thermoregulatory responses during deep torpor [15,16]. It is clear
that AD status represents an indispensable part of this newly
established homeostasis.
Taking all this into account we aimed to investigate changes
occurring at the level of protein expression by enzymes involved in
the ﬁrst line of antioxidant defense (SOD 1, SOD 2, GSH-Px, and
CAT) during both cold acclimation and hibernation in different
ground squirrel tissues that are involved in the maintenance of
whole body energy balance: BAT, liver, skeletal muscle, and retroperitoneal, gonadal, and subcutaneous WAT.
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Materials and methods
Animals
The experimental protocol was approved by the ethical committee for the treatment of experimental animals of the Institute for
Biological Research, Belgrade, Serbia. Adult male European ground
squirrels (Spermophilus citellus) were trapped during mid-July in the
Deliblatska peščara (southeastern part of Vojvodina, Serbia) and
transported to the animal facility at the Institute for Biological
Research, Belgrade, Serbia. Ground squirrels were housed in individual plastic cages at room temperature and fed rodent chow, fresh
carrots, and apples ad libitum until early September when one
group continued to be maintained under these conditions (control
group) and another group was moved to a cold chamber set to an
ambient temperature of 4 7 1 1C, with food and water ad libitum.
Active, euthermic squirrels that did not enter into hibernation
under these low temperature conditions were sampled as the
cold-exposed group and were sacriﬁced after 1, 3, 7, 12, or 21 days.
Animals that entered into torpor (hibernation group) were sampled
after each individual had been hibernating for 2–5 days (as
indicated by continuous rectal temperature reading of 4 1C).
Control animals were sampled on the same day as the hibernating
ones. All animals were sacriﬁced by decapitation between 8 and 10
a.m. to avoid any cyclic daily variation in antioxidant levels. Tissues
(interscapular BAT, liver, skeletal muscle (m. quadriceps), retroperitoneal, gonadal, and subcutaneous WAT) were removed within
3 min. The liver was perfused with cold saline and minced. Minced
tissues were washed thoroughly to remove all traces of blood and
were snap-frozen in liquid nitrogen and stored at  80 1C until
subsequent Western blotting.
SDS-PAGE and Western blotting
Western blots were conducted as described previously [41,42]
using antibodies against SOD 1 (ab13498; 0.2 μg ml  1), SOD 2
(ab13533; 1:5000), CAT (ab1877; 1:1000), GSH-Px 1 (ab16798;
1:2000), and beta actin (ab8226; 1:1000) (all purchased from
ABCAM, UK). Quantitative analysis of immunoreactive bands was
conducted with ImageQuant software. Band volume was the sum of
all the pixel intensities within a band, i.e., 1 pixel¼0.007744 mm2.
We averaged the ratio of dots per band for the target protein and
beta actin in corresponding samples, from three similar independent experiments, and expressed them relative to the euthermic
control, which was standardized as 100%. Data were then statistically analyzed.
Additional assays and statistical analysis
Protein content was estimated using bovine serum albumin as
a reference [43]. Analysis of variance (ANOVA) was used to test
within-group comparisons. If the F test indicated an overall
difference, Tukey's t test was applied to evaluate the signiﬁcance
of the differences. Statistical signiﬁcance was set at P o 0.05.

Results
Fig. 1 shows the protein expression of key AD enzymes in
interscapular BAT during cold acclimation and hibernation. Hibernation induced signiﬁcant increases of about 1.5- to 2-fold in the
protein levels of CAT and both SOD isoforms (P o 0.001), while it
had the opposite effect on the protein expression of GSH-Px that
decreased to about 40% of control values (P o 0.001). Similarly,
low temperature increased the protein content of CAT on Day 1 of
cold acclimation (P o 0.05), SOD 1 on Days 12 and 21 (P o 0.01
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Fig. 1. The effects of different cold exposure (1, 3, 7, 12, or 21 days) or hibernation (2–5 days) on the protein expression of catalase (CAT), glutathione peroxidase (GSH-Px),
and superoxide dismutase 1 and 2 (SOD 1 and 2) in ground squirrel interscapular brown adipose tissue (BAT). Protein content is expressed relative to a euthermic control,
which was standardized as 100%. Band images from a representative blot of three trials are shown. Data were quantiﬁed as described under Materials and methods.
The values represent the mean 7 SEM. Asterisks indicate signiﬁcant differences as compared to control: n P o 0.05, nn P o 0.01, nnn P o 0.001.

and P o 0.001, respectively), and SOD 2 during the whole acclimation period (P o 0.001).
Changes in the protein expression of AD enzymes in quadriceps
muscle are depicted in Fig. 2. Opposite to BAT, hibernation
decreased the protein content of SOD 2 isoform to about 30% of
control values (P o 0.001) in skeletal muscle, while increasing
about twice the levels of GSH-Px, CAT, and SOD 1 (P o 0.001).
Acclimation to cold had the same effects on CAT and SOD 1 protein
expression as hibernation. Namely, on Day 1 of cold exposure
protein contents of these enzymes decreased, but then, after
7 days, levels rose above control levels and remained high
throughout the following 2 weeks. On the other hand, contrary
to hibernation, cold exposure decreased the protein content of
GSH-Px on Days 12 and 21 (P o 0.01). SOD 2 was elevated on Day
1 of cold exposure but returned to control values at all subsequent
sampling times.
Liver protein contents of AD enzymes are shown in Fig. 3. The
results of Western blots clearly showed that neither cold acclimation nor hibernation affected protein levels of GSH-Px or SOD 2.
Liver CAT was similarly unaffected by cold exposure, but hibernation induced a slight drop in CAT content (P o 0.05). On the
contrary, SOD 1 protein expression was decreased for approximately 25% over the whole period of cold acclimation, and was
strongly suppressed during hibernation to about 15% of control
values (P o 0.001).
Fig. 4 shows changes in the protein content of CAT, GSH-Px,
SOD 1, and SOD 2 in rpWAT during cold exposure and hibernation.
Protein expression of CAT was unchanged during either condition.
However, cold exposure increased the protein content of the other
AD enzymes, as follows: GSH-Px was elevated over the whole
period of cold exposure by about 1.5–2.5 times, SOD 2 increased
during early cold exposure by about 1.6 times (Days 3 and 7;
P o 0.001), and SOD 1 increased during prolonged cold exposure

for approximately 1.4-fold (Days 12 and 21; P o 0.01). On the other
hand, torpor led to decreases in GSH-Px and SOD 2 protein content
(P o 0.01), but elevated SOD 1 (P o 0.01) in this WAT depot.
The protein contents of CAT and the mitochondrial SOD isoform
were not affected in gnWAT either during acclimation to low
temperature or during torpor (Fig. 5). Hibernation also had no effect
on the content of the preferentially cytosolic SOD isoform (SOD 1),
but increased GSH-Px protein expression for approximately 1.6-fold
(P o 0.001). During cold acclimation, however, the protein level of
SOD 1 was uniformly decreased (P o 0.01 or P o 0.001) whereas
the content of GSH-Px increased on Days 1, 3, and 21.
Results for AD enzyme protein content in scWAT are presented
in Fig. 6. This depot was characterized by decreased protein
expression of GSH-Px, SOD 1, and SOD 2 over the whole coldexposure period (21 days), as well as by an increased content of
CAT starting from Day 3 of cold exposure. Similar results were seen
during hibernation, except that the cytosolic SOD isoform was
unaffected under these conditions.

Discussion
This study depicted patterns of AD enzyme protein expression in
response to cold acclimation and hibernation in the main tissues of
ground squirrels that are involved in the maintenance of whole body
energy homeostasis and thermogenesis: liver, quadriceps muscle,
interscapular BAT, scWAT, and retroperitoneal and gonadal depots of
visceral WAT. We showed that skeletal muscle and BAT undergo the
most dramatic changes in AD protein content during both cold
acclimation and hibernation. Also, both conditions affected the AD
levels of the three WAT depots differently, suggesting that they have
speciﬁc and different involvements in overall metabolic homeostasis.
On the other hand, liver only slightly changed its AD capacity in
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Fig. 2. Changes in the protein expression of catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) 1 and 2 in the skeletal muscle, quadriceps, of
ground squirrels during cold exposure or hibernation. Asterisks indicate signiﬁcant differences as compared to control: n P o 0.05, nn P o 0.01, nnn P o 0.001. Other
information as in Fig. 1.

Fig. 3. Effects of hibernation of cold exposure on protein contents of catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) 1 and 2 in the liver of
ground squirrels. Asterisks indicate signiﬁcant differences as compared to control: n P o 0.05, nn P o 0.01, nnn P o 0.001. Other information as in Fig. 1.

response to either cold exposure or torpor. The results clearly point
toward an orchestrated, tissue-dependent reorganization of AD under
circumstances of altered metabolic demands, as discussed in more
detail below.

Cold exposure in euthermic mammals (and arousal from
hibernation) induces increases in heat production and enhances
tolerance to cold through both shivering and nonshivering thermogenesis [44]. Skeletal muscles and BAT are the main effectors of
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Fig. 4. Protein levels of catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) 1 and 2 in retroperitoneal white adipose tissue (rpWAT) of ground
squirrels given different lengths of cold exposure or during deep hibernation. Asterisks indicate signiﬁcant differences as compared to control: nn P o 0.01, nnn P o 0.001.
Other information as in Fig. 1.

Fig. 5. Gonadal white adipose tissue (gnWAT) contents of catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) 1 and 2 in ground squirrels
exposed to low temperature for 1, 3, 7, 12, or 21 days or during deep torpor. Asterisks indicate signiﬁcant differences as compared to control: n P o 0.05, nn P o 0.01, nnn P o 0.001.
Other information as in Fig. 1.

these thermoregulatory processes. Considering that heat production
is highly energy demanding, it necessarily requires an increased
metabolic rate that, in turn, results in elevated generation of ROS.
Generally, maintenance of cellular homeostasis under conditions of

increased ROS production is achieved by a proportional increase in
tissue AD [1,24,45–48]. Thus, although there is little evidence of
tissue-speciﬁc metabolic reprogramming in euthermic hibernators
during cold exposure, the increased content of SOD2 in BAT and CAT
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Fig. 6. The effects of different cold exposure time and hibernation on protein levels of catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD)
1 and 2 in ground squirrel subcutaneous white adipose tissue (scWAT). Asterisks indicate signiﬁcant differences as compared to control: n P o 0.05, nn P o 0.01,
nnn
P o 0.001. Other information as in Fig. 1.

in skeletal muscle, observed in the present study in response to cold
acclimation, unambiguously points toward an increased need of
these tissues for protection from oxidative stress, especially in
mitochondria and peroxisomes. This is in accordance with ﬁndings
that both shivering and nonshivering thermogenic processes rely on
intense oxidative metabolism of lipids [49–51], as well as with
results that showed increased respiratory capacity of BAT mitochondria from cold-exposed 13-lined ground squirrels [23]. However,
increased levels of the preferentially cytosolic SOD 1 isoform in both
BAT and skeletal muscle during prolonged cold exposure (7–21 days)
indicate that the cytosol may be exposed to increased oxidative
pressure as well, at least in this period considering that we did not
detect any alteration of its protein expression (this study) nor in its
activity [36] after short-term cold exposure. The pattern of AD
remodeling in BAT and skeletal muscle of nonhibernating rats
exposed to low temperature [24–26,52], that followed speciﬁc
metabolic reprogramming in these tissues [51], seems quite different
from AD remodeling in hibernating species, observed in this study.
Consequently, these ﬁndings raise questions about low temperatureinduced metabolic adjustments in hibernating species.
Contrary to BAT and skeletal muscle, cold exposure had little
effect on AD capacity in liver. This is in accordance with our previous
study that revealed unchanged GSH-Px and SOD-speciﬁc activity in
the liver of nonhibernating squirrels kept at low temperatures [36].
Considering that liver has an important role in the adaptive processes
that supports thermogenesis [53] and that Liu et al. [23] reported
increased respiratory capacity of liver mitochondria from 13-lined
ground squirrels, these results are quite surprising. However, earlier
results from our laboratory revealed high basal speciﬁc activity of
SOD in rats and squirrel liver in comparison with other organs and
tissues (kidney, BAT, lung, heart, and spleen) [54]. Thus, basal levels
of antioxidant enzymes in squirrel liver probably meet the AD needs
of this tissue during exposure to low temperatures.

The role of WAT during cold exposure in nonhibernating rats
has long been viewed as that of a passive reservoir of lipid fuel,
particularly for BAT thermogenesis [28]. However, recent studies
have revealed its active role in overall energy homeostasis, especially
as it is now recognized to be an important endocrine tissue [55].
Novel reports even indicated that different physiological stimuli,
including cold, may increase oxidative metabolism of this tissue in
rats [30]. However, the metabolism of WAT in hibernating species
during cold acclimation is still highly elusive. The present examination of different WAT depots revealed that, with respect to GSH-Px,
the two visceral depots responded to cold stimulus in the same
manner, i.e., by increasing GSH-Px protein expression. Similarly, our
previous results showed increased activity of this AD component in
rat rpWAT during cold acclimation [31]. Contrary to the visceral
depots, GSH-Px protein levels in the subcutaneous WAT depot were
markedly decreased throughout the cold-exposure period, whereas
protein expression of CAT was increased. Considering the different
subcellular localization and substrate responsiveness of GSH-Px and
CAT [56], these results may suggest a different compartmentalization
and intensity of oxidative metabolism within white adipocytes in
viscera versus under the skin. Also, in rpWAT protein expression of
SODs showed a phase dependency. Namely, levels of the mitochondrial SOD isoform rose during acute cold exposure (3–7 days), and
then returned to control levels, whereas the cytosolic SOD isoform
followed the opposite pattern of protein expression. A different
pattern of changes is seen in rpWAT of rats, where activity of the
mitochondrial SOD isoform is dominant in the period of 7–21. Day
[31], i.e., in a period of increased mitochondrial metabolism [57].
These results suggest different oxidative needs of this visceral WAT
depot in hibernating versus nonhibernating species during cold
acclimation. Also, in the other visceral depot, gnWAT, phase dependency of SOD protein expression was not seen, indicating differences
in metabolic reprograming even between visceral depots.
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Hence, the above results indicate that there are tissue-speciﬁc
differences in the levels and responsiveness of AD enzymes in
cold-exposed, euthermic, active squirrels that differ from those
seen in nonhibernating rats during exposure to low temperature.
In general, cold-induced reorganization of AD status in ground
squirrel tissues indicates cold-induced adjustments of oxidative
metabolism intensity and subcellular localization, and we intend
to investigate this issue in the future.
Opposite to cold acclimation, hibernation induces a completely
different metabolic proﬁle in the organism [14]. Our previous work
with ground squirrels was the ﬁrst one to show changes in AD in
the various tissues of hibernating animals [36]. Namely, we
showed that, compared with autumn active squirrels, hibernating
animals had increased both SOD and CAT activity, while slightly
decreased activity of GSH-Px in BAT. These results are in great
accordance with the results for the protein expression levels of
these enzymes obtained in the present study: increased protein
levels of both SOD isoforms and CAT, and decreased content of
GSH-Px protein. Such same-directional changes of protein expressions and activities (present and previous work) clearly suggest
the importance of the translational regulation of investigated AD
enzymes during the hibernating period, as well as during cold
exposure. Enhanced protein levels and enzymatic activities of AD
in brown fat of hibernating squirrels are consistent with sustained
or even increased metabolic activity of this tissue during torpor
and with a signiﬁcant modiﬁcation of thermogenic capacity in this
period [39,40]. Accordingly, it has also been shown that cytochrome oxidase activity and transcript levels of other respiratory
chain components are higher in BAT of torpid versus euthermic
little brown bats [58]. Furthermore, increased protein levels of
carnitine palmitoyl transferase-1β, the rate-limiting enzyme in
β-oxidation [58], as well as increased activities of mitochondrial
and peroxisomal β-oxidation enzymes [59] were detected in
hibernating species during torpor. All these point to increased
oxidative metabolism, and thus increased oxidative stress, in BAT
during hibernation. Hence, the decreased protein levels and
activity of GSH-Px in BAT detected here and in our previous study
seem quite surprising. However, it has been recently shown that a
strong increase in peroxiredoxin transcripts and protein expression takes place in BAT of hibernating ground squirrels [37]. This is
a group of antioxidants that destroys a wide range of hydroperoxides, typically using thioredoxin as the electron donor [60,61].
Accordingly, it is possible that peroxiredoxins take over the role of
GSH-Px, reducing the need for this enzyme during hibernation.
In skeletal muscle we detected a similar enhancement of antioxidant capacity as in brown fat. This is consistent with results that
showed activation of upstream regulator of AD enzymes protein
expression—NFκB during torpor [62], as well as with suggested
improved capacity for oxygen-based fuel catabolism in muscle
during hibernation [15,63]. However, unlike in BAT, muscle showed
a decreased level of mitochondrial SOD 2 isoform during torpor.
This could be related to different compartment-dependent fuel
metabolism in these tissues. Indeed, Eddy et al. [58] found that
muscle did not show increased levels of carnitine palmitoyl transferase-1β, as was characteristic of BAT under these conditions.
Contrary to BAT and skeletal muscle, which show up-regulation
of the expression of some genes during torpor [40], liver shows
global suppression of transcriptional machinery during torpor
[64]. This is consistent with the lack of change in GSH-Px and
SOD 2 or even the decreased levels of CAT and SOD 1 protein
expression observed for liver during hibernation in the present
study. These changes are in accordance with AD enzyme activities
that we detected in the liver of hibernating squirrel compared to
autumn active ones: no marked change in total SOD activity and
slight decrease of the CAT activity [36]. Decreased energy requirements (e.g., suppression of energy-consuming transcription and

translation machinery) and mitochondrial oxidative metabolism
(respiration) [15,65] in hibernation suggest a decreased oxidative
pressure on the liver, which may account for such response of
liver AD.
The main role of WAT during winter torpor is to provide the
fatty acids required as the fuel for energy metabolism by hibernating species during this period [35]. In line with this is the highly
expressed temperature-stable pancreatic triacylglycerol lipase that
allows WAT lipolysis at near-freezing temperature [66]. Furthermore, considering that expression of the key regulator of the
metabolic shift toward the combustion of stored fatty acids,
pyruvate dehydrogenase kinase 4, rises during hibernation in
WAT, it seems that WAT itself also uses fatty acids as its major
oxidative fuel during winter torpor [67]. However, this is not
consistent with our results for AD changes in WAT during hibernation. Namely, in two WAT depots (scWAT and rpWAT), protein
expression of SOD 2 was decreased during hibernation, suggesting
decreased oxidative pressure in WAT mitochondria, where βoxidation of fatty acids mainly takes place. However, in the
subcutaneous depot of WAT protein expression of CAT rose signiﬁcantly. This may suggest enhanced oxidative metabolism in
peroxisomes and is in accordance with the study of Buck et al.
[67]. On the other hand, protein expression of cytosolic SOD 1 was
unchanged (scWAT and gnWAT) or increased (rpWAT) during
hibernation, suggesting increased oxidative pressure in this cellular
compartment. The different AD proﬁle of visceral and subcutaneous
WAT, or even between the two visceral depots, indicates speciﬁcity
of their metabolic response and their role in overall metabolic
homeostasis. All these results suggest that white adipose tissue of
hibernating animals should not be viewed as a homogeneous tissue
and should be examined separately in each depot type.
In conclusion, this study gave comprehensive insights into the
changes of tissue-speciﬁc antioxidant capacity that probably enable
tissue metabolic plasticity of hibernating animals. In summary,
it can be concluded that brown fat and skeletal muscle undergo
the greatest changes in AD capacity during both cold exposure and
hibernation, while liver AD showed minimal adjustments for either
low temperature exposure or winter torpor. Up-regulation of antioxidant enzyme protein expression in BAT and skeletal muscle
during hibernation seems to be required for both metabolic function
at near-freezing temperatures and to precondition the tissues to deal
with an oxidative burst during arousal from hibernation. Thus, our
future studies will be focused on the metabolic remodeling and its
transcription and translational regulation in these tissues.
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