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Abstract
Living in a seasonal environment requires periodic changes in animal physiology, morphology and behaviour. Winter phe-
notype of small mammals living in Temperate and Boreal Zones may differ considerably from summer one in multiple traits 
that enhance energy conservation or diminish energy loss. However, there is a considerable variation in the development of 
winter phenotype among individuals in a population and some, representing the non-responding phenotype (non-responders), 
are insensitive to shortening days and maintain summer phenotype throughout a year. Differences in energy management 
associated with the development of different winter phenotypes should be accompanied by changes in antioxidant defence 
capacity, leading to effective protection against oxidative stress resulting from increased heat production in winter. To test 
it, we analysed correlation of winter phenotypes of Siberian hamsters (Phodopus sungorus) with facultative non-shivering 
thermogenesis capacity (NST) and oxidative status. We found that in both phenotypes acclimation to winter-like conditions 
increased NST capacity and improved antioxidant defence resulting in lower oxidative stress (OS) than in summer, and 
females had always lower OS than males. Although NST capacity did not correlate with the intensity of OS, shortly after 
NST induction responders had lower OS than non-responders suggesting more effective mechanisms protecting from detri-
mental effects of reactive oxygen metabolites generated during rewarming from torpor. We suggest that seasonal increase in 
antioxidant defence is programmed endogenously to predictively prevent oxidative stress in winter. At the same time reactive 
upregulation of antioxidant defence protects against reactive oxygen species generated during NST itself. It suggests that 
evolution of winter phenotype with potentially harmful characteristics was counterbalanced by the development of protective 
mechanisms allowing for the maintenance of phenotypic adjustments to seasonally changing environment.

Keywords  Oxidative stress · Antioxidant defence · Non-shivering thermogenesis · Winter phenotype · Polymorphism · 
Photoresponsiveness · Heat production · Seasonal adjustments

Introduction

Living in a seasonal environment requires periodic changes 
in animal phenotype which occur at the physiological, mor-
phological and behavioural levels. Phenotype, as a group 

of individuals of similar characters, may be understood as 
a product of natural selection favouring traits allowing for 
the best possible adjustment to the environment. When pho-
toperiod shortens and ambient temperature (Ta) decreases, 
small endotherms living in Temperate and Boreal Zones 
develop winter phenotype that may differ considerably 
from summer one in multiple traits that enhance energy 
conservation or diminish energy loss. Winter phenotype 
includes changes in body mass (mb), fur properties, meta-
bolic heat production, reproductive traits, behaviour, tor-
por use (in heterothermic species), and body temperature 
(Lovegrove 2005). However, not all individuals within 
populations respond to changes in photoperiod in the same 
way. Those which represent the non-responding phenotype 
(non-responders) are insensitive to shortening days (Nel-
son 1987; Prendergast et al. 2001; Boratyński et al. 2016, 
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2017; Przybylska et al. 2019a, b). Individuals responding 
to short photoperiod (responders) show all traits of the 
winter phenotype, non-responders maintain their summer 
phenotype also throughout winter, and partial-responders 
may develop only some traits characteristic of the winter 
phenotype (Heldmaier and Steinlechner 1981b; Nelson 
1987; Moffat et al. 1993; Ruf et al. 1993; Karebeshian et al. 
1994; Broussard et al. 2009; Kaseloo et al. 2014; Przybylska 
et al. 2017, 2019a, b). In winter responders, contrary to non-
responders, regress gonads and cease reproduction (Nelson 
1987; Broussard et al. 2009; Kaseloo et al. 2012, 2014), 
decrease mb (Hoffman 1973, Moffat et al. 1993, Bernardet 
al. 1997), change fur colour and its properties (Freeman and 
Goldman 1997a, b; Goldman et al. 2000), and in case of het-
erothermic species use torpor (Hoffmann 1973; Heldmaier 
and Steinlechner, 1981a, b; Lynch and Puchalski 1986). This 
polymorphism of winter phenotype is observed in many 
rodents, and the proportion of non-responding individu-
als depends on species, reaching up to 80% in prairie voles 
Microtus ochrogaster (Nelson 1985), 50% in white footed 
mice Peromyscus leucopus (Whitaker 1949), 47% in Turkish 
hamsters Mesocricetus brandti (Ogilvie and Stetson 1990), 
and 25% in deer mice Peromyscus maniculatus (Desjardins 
and Lopez 1983). Responders and non-responders may 
differ in the characteristic of circadian rhythm (Puchalski 
and Lynch 1988; Kliman and Lynch 1991; Gorman and 
Zucker 1997), melatonin synthesis (Puchalski and Lynch 
1986), and the activity of suprachiasmatic nuclei neurons 
(Margraff et al. 1991). Non-responders are less active than 
responders and their nocturnal activity is shorter (Puchal-
ski and Lynch 1986). Photoresponsiveness does not corre-
late with sex (Puchalski and Lynch 1991) but is heritable 
(Lynch et al. 1989; Goldman and Goldman 2003). Despite 
numerous studies (Puchalski and Lynch 1986, 1988; Lynch 
et al. 1989; Kliman and Lynch 1992; Bernard et al. 1997, 
Freeman and Goldman 1997a, b; Freeman and Goldman 
1997a; Gorman and Zucker 1997; Anchordoquy and Lynch 
2000; Goldman et al. 2000; Goldman and Goldman 2003; 
Diedrich et al. 2015), the phenomenon of polymorphism in 
winter phenotype still remains unexplained, although it may 
affect fitness,  altering both longevity (Turbill et al. 2012) 
and reproduction (Place et al. 2004; Heideman et al. 2005; 
Place and Cruickshank 2009; Przybylska et al. 2019b).

The existence of polymorphism of winter phenotype 
brings about a great opportunity to study costs and benefits of 
developing different morphological and physiological traits 
which affect survival in stochastic environments. In our out-
bred colony of Siberian hamsters Phodopus sungorus the 
proportion of non-responders varies between 50 and 75%. 
In winter, or after acclimation to winter-like conditions, 
responding Siberian hamsters enter daily torpor and reduce 
mb, show gonadal regression and change fur from grey to 
white. Non-responders do not show above changes, while 

partial responders show only some traits of winter phenotype 
(Przybylska et al. 2019a, b). As in other small placental mam-
mals, also in Siberian hamsters non-shivering thermogenesis 
(NST) is the primary source of heat (Janský 1973; Gaudry 
and Campbell 2017), and its capacity increases seasonally 
in both phenotypes (Puchalski and Lynch 1986). Thermo-
genic capacity of brown adipose tissue (BAT), the main organ 
for NST, is species-specific and depends on environmental 
conditions; it increases when photoperiod shortens and Ta 
decreases (Heldmaier et al. 1990; Ruf et al. 1993). Exposure 
to short photoperiod alone is often sufficient to increase NST 
capacity, although low Ta improves it further (Heldmaier and 
Buchberger 1985; Rafael et al. 1985a, b; Wiesinger et al. 
1989). Numerous studies showed that winter, or acclimation 
to short photoperiod (SP) or cold, or both enhance BAT-
mediated NST (Lynch 1973; Heldmaier et al. 1982, 1985; 
Klaus et al. 1988; Wiesinger et al. 1990; Merritt et al. 2001; 
Jefimow et al. 2004a, b; Zhao et al. 2010; Oelkrug et al. 2013, 
2014). The mechanism of NST is based on the uncoupling of 
cellular respiration from ATP synthesis thanks to the pres-
ence of uncoupling protein 1 (UCP1) located in the inner 
mitochondrial membrane (Cannon and Nedergaard 2004). 
Because NST in BAT requires intense oxygen consumption, 
it led to the conclusion that BAT activity induces oxidative 
stress (DeQuiroga 1992). Oxidative stress is defined as an 
imbalance between production of reactive oxygen  spe-
cies (ROS) and antioxidant defence which may result from 
increased production of ROS or diminished levels of antioxi-
dants, or both (Halliwell and Whiteman 2004). Indeed, the 
production of ROS in BAT mitochondria is very high, both 
in the coupled and the uncoupled states (Mailloux et al. 2012; 
Schönfeld and Wojtczak 2012; Adjeitey et al. 2013). The 
majority of reactive oxygen species are generated in mito-
chondria as a consequence of oxidative phosphorylation at 
complexes I and III in the electron transport chain (Brand, 
2000; Nicholls 2004; Balaban et al. 2005). However, the 
results of experimental studies asking about the involvement 
of UCP1 in ROS regulation are equivocal (Casteilla et al. 
2001; Shabalina et al. 2014; Jastroch 2017). On the one hand, 
activation of BAT thermogenesis induces an increase in ROS 
concentration (Mailloux et al. 2012; Schönfeld and Wojtc-
zak 2012; Chouchani et al. 2016). On the other hand, there 
is evidence that UCP1 activation decreases ROS produc-
tion (Oelkrug et al. 2010; Stier et al. 2014) by lowering the 
potential of the inner mitochondrial membrane (Echtay et al. 
2002a, b; Mookerjee et al. 2010), and thus it is considered to 
possess antioxidant properties and prevent oxidative stress 
(Dlasková et al. 2010; Oelkrug et al. 2014). Moreover, ROS 
can be a direct activator of UCP1 (Echtay et al. 2002a, b) and 
support UCP1-mediated thermogenesis (for review see Chou-
chani et al. 2017). It was even suggested that UCP1 evolved 
as a mechanism reducing mitochondrial ROS production, not 
as a thermogenic one (Clarke and Porter 2012; Oelkrug et al. 
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2010, 2014). Antioxidant properties of UCP1 (Oelkrug et al. 
2010, 2013, 2014) as well as activity of antioxidant enzymes 
in BAT (DeQuiroga 1992) increase after acclimation to cold. 
Therefore, seasonal increase in thermogenic capacity of BAT, 
resulting from the increase in UCP1 content, correlates with 
the effectiveness of antioxidant defence (Oelkrug 2010; 
Zhou et al. 2015). The antioxidant role of UCP1 was further 
supported by the studies of UCP1-knockout mice, in which 
a cold-induced increase in shivering thermogenesis led to 
much higher oxidative stress than in control animals which 
relied on non-shivering heat production (Stier et al. 2014).

Undoubtedly, seasonal increase in NST capacity facili-
tates maintenance of high body temperature in the cold. 
In heterothermic mammals, like Siberian hamsters, NST 
plays a key role during rewarming from torpor, supplying 
a large amount of heat before shivering thermogenesis can 
be brought into action (Lyman and Chatfield 1950). We 
found that the seasonal increase of NST capacity correlates 
temporarily with the increase in frequency of torpor epi-
sodes (Jefimow et al. 2004a, b). Since torpor is used only by 
responders and because its use correlated with NST capacity, 
we assumed that the magnitude of heat production by NST 
and its seasonal changes differ between phenotypes. This in 
turn would lead to significant differences in oxidative stress 
between responders and non-responders.

We asked three questions: 1/how does oxidative status 
(pro- and antioxidative arms of oxidative balance) of differ-
ent winter phenotypes change seasonally, 2/does photore-
sponsiveness correlate with development of NST capacity; 
namely, whether non-responders which do not enter daily 
torpor have lower NST capacity than responders, and 3/
do changes, or differences in NST capacity, correlate with 
changes or differences in oxidative status of animals? By 
answering these questions we tested whether a seasonal 
increase in NST capacity is paralleled by an increase in 
antioxidant capacity, which protects against oxidative stress 
that might arise from increased heat production in winter. 
We predicted that seasonal changes in antioxidant capacity 
differ between phenotypes, being highest in the respond-
ing phenotype, and lowest in the non-responding one. To 
answer the first question we measured total oxidative sta-
tus of Siberian hamsters (Phodopus sungorus) acclimated 
to summer-like and then to winter-like conditions. In these 
experiments we also measured basal metabolic rate (BMR) 
to test if high metabolic rate correlates with higher ROS pro-
duction (Harman 1956; Sohal et al. 2002; Speakman et al. 
2002, 2004; Mookerjee et al. 2010; but see Costantini et al. 
2010). To answer the latter two questions we measured sea-
sonal changes in NST capacity and analysed its correlation 
with oxidative status in winter acclimated Siberian hamsters 
representing responding and non-responding phenotypes. 
We also measured oxidative status immediately after NST 
induction by injection of exogenous noradrenaline (NA).

Material and methods

Animals and housing

This study was done at the Nicolaus Copernicus University in 
Toruń, Poland. All experimental procedures were approved 
by the Local Committee for Ethics in Animal Research in 
Bydgoszcz, Poland (decision numbers 3/2015, 31-33/2015, 
35/2015, 30/2016). We used 160 adult Siberian hamsters 
(Phodopus sungorus, 80 males and 80 females) originating 
from our breeding colony which were born under 16 h pho-
toperiod (16L: 8D, lights on at 05:30) and Ta = 20 ± 2 °C. 
The colony consists of animals descending from hamsters 
captured in the wild, which we obtained from Dr. Dietmar 
Weinert from University of Halle-Wittenberg, Germany and 
from Prof. Gerhard Heldmaier from Philipps University of 
Marburg, Germany. Animals were maintained under the same 
conditions for three months (summer-like, or summer accli-
mation). Then all hamsters were acclimated to winter-like 
conditions (winter; Ta = 10 °C, LD 8:16, lights on at 08:30) 
for 4 months. Throughout the study hamsters were housed 
individually in standard laboratory cages (33 × 20 × 18 cm; 
cage model 1246; Tecniplast, Italy) with sawdust as bedding 
material, and food (standard rodent diet; Labofeed B, Moraw-
ski, Kcynia, Poland) and water available ad libitum.

Every 2 weeks hamsters were weighed to ± 0.1 g with an 
electronic balance (SPU402; Ohaus, USA) to monitor mb 
changes during the course of acclimation. Body mass was 
also measured before and after each respirometry trial.

Defining hamster phenotype

We classified individuals as responders (R), non-respond-
ers (NR), or partial-responders (PR) based on both torpor 
use (subcutaneous temperature < 32  °C) and fur colour 
(Photo 1). Namely, responders entered daily torpor and 
turned white, while non-responders did not enter daily tor-
por and remained grey. After acclimation to winter 33 out 
of 160 hamsters were classified as responders, 98 as non-
responders and 22 as partial-responders. Individuals classi-
fied as partial-responders entered daily torpor but remained 
grey, or moulted to white fur but did not enter torpor, and 
increased, decreased or did not change mb. They were 
excluded from further analyses because of high heterogene-
ity of this group. Seasonal adjustments in different traits of 
hamster physiology, morphology and behaviour have differ-
ent physiological and genetic underpinnings (for a review 
see: Cubuk et al. 2016; Williams et al. 2017; Dardente et al. 
2019), hence any unequivocal interpretation of changes 
observed in this heterogenous group would be hindered. 
Because we hypothesized that oxidative status (pro-and 
antioxidative markers) is related to torpor use and that NST 
capacity is related to winter phenotype, we are convinced 
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that excluding partial responders from analyses allowed us 
to avoid misinterpretation of obtained results.

Subcutaneous temperature was measured with minia-
ture data loggers (model TL3-1-27, mass 0.8 g, accuracy of 
0.3 °C from 0 to 45 °C; constructed by Dr. Dmitry Petrovsky 
from Russian Academy of Sciences, Novosibirsk, Russia) 
which were implanted into the interscapular region before 
acclimation to winter under ketamine (40 mg kg−1; Ketam-
ina 10%, Biowet, Puławy, Poland) and xylazine (8 mg kg−1; 
Sedazin 2%, Biowet, Puławy, Poland) anaesthesia. Before 
implantation all loggers were coated in paraffin wax and 
calibrated against a precise mercury-in-glass thermometer 
to the nearest 0.5 °C. Data obtained from the loggers were 
used only to differentiate phenotypes.

Basal metabolic rate and non‑shivering 
thermogenesis

If an animal was found torpid on the day of metabolic 
trial, we postponed the measurement to the next day. Ham-
ster metabolic rate was quantified by indirect calorimetry 
using open flow respirometry. Basal metabolic rate was 
measured at Ta of 28.5 °C which is within thermoneutral 
zone of Siberian hamster (Gutowski et al. 2011). Measure-
ments commenced at 09:00 h, i.e. during animals’ ρ-phase 
and lasted for ~ 7 h. We used two parallel respirometry 
systems that allowed to measure gas exchange in 14 ham-
sters at once. The system was set up so that respiratory 
gas exchanges of two animals were measured simultane-
ously. Measurements were taken for 5 min with reference 
air being sampled twice for 4 min between animals. Thus, 
gas exchange was measured in each hamster every 44 min 
throughout the experiment. Outside air was pulled from 
outside the building using air pump and compressed in a 
balloon, then dried and scrubbed of CO2 with a PureGas 

Generator (Puregas, Westminster, CO, USA). Next, air was 
continuously pushed through 14 air-tight 0.85 L respirom-
etry chambers constructed of polypropylene containers 
(HPL 808, Lock&Lock, Hana Cobi, South Korea) with a 
constant flow rate of ~ 330 mL min−1 per chamber. With 
this flow rate CO2 concentration in excurrent air did not 
exceed 0.25% during the steady-state measurement of gas 
exchange. All chambers were placed in a temperature-con-
trolled cabinet (ST-1200, Pol-Eko-Aparatura, Wodzisław 
Śląski, Poland). Airflow was regulated upstream of cham-
bers using precise needle valves. Excurrent flow was 
selected sequentially with a computer-controlled mul-
tiplexer (MUX, Sable Systems Int., USA) and flow rate 
though a selected chamber was measured downstream 
using a mass flow meter (FlowBar-8, Sable Systems Int., 
USA). A multiplexer was set up so that two parallel, sepa-
rated air streams leading to two gas analysers were selected 
at the same time. After flow measurement, air from each 
gas stream was subsampled at a rate of ~ 100 mL min−1 and 
water vapour pressure in the subsampled air was measured 
with water vapour analysers (RH-300, Sable Systems Int., 
USA). This was later used to correct air flow rate for the 
water vapour content (Lighton 2008). Then air was dried 
in a column of magnesium perchlorate (Sigma-Aldrich, 
USA), and subsequently excurrent fractional concentra-
tions of CO2 (FeCO2) and O2 (FeO2) were measured using 
a FoxBox-C integrated CO2 and O2 analyser, or with a FC-
10a O2 analyser (Sable Systems Int., USA) and CA10 CO2 
analyser (Sable Systems Int., USA). Rate of O2 consump-
tion ( V̇O

2
 mL O2 min−1) was calculated using Eq. 11.7 of 

Lighton (2008).
Non-shivering thermogenesis capacity was meas-

ured as an increase in metabolism after noradrenaline 
(NA) injection in non-anesthetized animals. We meas-
ured NST capacity in all summer- and winter-acclimated 

Photo 1   Different winter phenotypes frequently occur in the same 
litter. These photographs, taken with thermal camera (FLIR T540), 
show siblings from our colony kept under SP and Ta of 20  °C, one 

of which is non-responder (grey fur, on the left) and the other is 
responder (whitening, on the right). While taking photographs, non-
responder was active while responder was torpid
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hamsters. Additionally, in 19 hamsters we also measured 
heat production after saline injection (in the same volume 
as NA) to infer the effect of stress of injection. Follow-
ing Heldmaier and Buchberger (1985), to prevent severe 
hyperthermia, NST measurements were done at Ta = 25 °C, 
which is at the lower limit of thermoneutrality of winter-
acclimated Siberian hamsters (Gutowski et al. 2011). After 
40 min recording of resting gas exchange, NA (Levonor 
1 mg mL−1, Polfa, Poland) was injected subcutaneously at 
a dose of 2.54 mb (g)−0.4 (mg kg−1; Wunder and Gettinger 
1996) and respiratory gas exchange was measured for the 
next 30 min. In each hamster, NST capacity was calculated 
as the difference between basal metabolic rate (BMR) and 
maximum metabolic rate after NA injection (average of 
the continuous maximum MR over 3 min). During NST 
measurements we used the respirometry system in which 
V̇O

2
 was measured in three animals at the same time. The 

flow rate of air was set at ~ 700 mL min−1 to prevent accu-
mulation of CO2 in the chamber (the peak fractional con-
centration of CO2 in the excurrent air after NA-injection 
did not exceed 0.006). Flow rate was regulated with a 
needle valve and measured upstream of the respirometry 
chambers with a mass flow meter (FlowBar-8, Sable Sys-
tems Int., USA). A subsample of the excurrent air flow was 
taken at a rate of ~ 100 mL min−1 and dried in a column 
of magnesium perchlorate (Sigma-Aldrich, USA). In two 
animals FeCO2 and FeO2 were measured as above, while 
in one animal we measured only FeO2 with FC-10a O2 
analyser (Sable Systems Int., USA). When both FeCO2 
and FeO2 were known V̇O

2
 during the NST measurements 

was calculated using Eq. 10.6 of Lighton (2008). When 
only FeO2 was measured we used Eq. 10.2 (Lighton 2008) 
assuming respiratory exchange rate (RER) = 0.8 (Koteja 
1996; this approach results in the smallest calculation 
error when FeCO2 is unknown.)

Metabolic rate was calculated in Watt’s (W) assuming 
respiratory exchange ratio (RER, V̇CO

2
∕V̇O

2
 ) calculated 

from observed V̇CO
2
 and V̇O

2
 using oxyjoule equivalent 

after Lighton et al. (1987):

All elements of the respirometry system were controlled 
with a PC computer via an analog-to-digital interface 
(UI2, Sable Systems Int., USA) and data were acquired 
using ExpeData software (Sable Systems Int.) at 0.5 Hz.

Oxidative status measurements

After acclimation to summer- and winter-like conditions, 
we measured markers of oxidative status in plasma, namely 
concentrations of reactive oxygen metabolites (ROM) and 

MR(W) =
V̇O

2
(16 + 5.164RER)

60

the biological antioxidant potential (BAP). This allowed us 
to study seasonal changes in oxidative status and its corre-
lation with changes in physiology (BMR, NST, torpor use) 
within the same individuals.

Blood (~ 100 μL) was drawn from hamster retro-orbital 
sinus with heparinized hematocrit capillaries. After blood 
collection, a drop of analgesic 0.5% Alcaine solution (Prox-
ymetacaini hydrochloridum; Alcon, Belgium) was applied 
on the eye. Blood was centrifuged at 6000 rpm and 20 μL 
of plasma was used for measurements. We used dROM-kits 
and BAP-kits of the Free Radical Analytical System (FRAS4 
evolvo; H&D srl, Parma, Italy) following the manufacturer’s 
instructions. With dROM kits we measured total hydroperox-
ide in plasma (ROM, mg H2O2 dL−1) that comes from peroxi-
dation of amino acids, lipids and proteins, representing free 
radicals from which ROM are formed, and may be released 
from intracellular compartment to blood (Ames et al. 1993). 
ROM are markers of early oxidative damage, which include 
primarily hydroperoxides (Costantini et al. 2007). With BAP-
kits we measured the concentration of non-enzymatic plasma 
antioxidants (BAP, mmol vitamin C L−1). Both methods have 
been used previously in other studies on oxidative stress in 
vertebrates (Costantini et al. 2006, 2007; Schneeberger et al. 
2013, 2014). Finally, oxidative stress (OS) index was calcu-
lated as ROM to BAP ratio (Costantini et al. 2006).

ROM and BAP were measured in 160 summer- and winter-
acclimated hamsters and in 42 winter-acclimated hamsters 
immediately after NST measurements. In the latter case, blood 
was sampled immediately after calorimetry trials, i.e. 30 min 
after NA injection. Nineteen out of those 42 hamsters were 
also injected with saline, to control for the effect of injection 
stress, and blood was collected also 30 min after injection.

Data analysis

To infer seasonal changes in mb, oxidative status (ROM, BAP 
and OS), BMR and NST (total and mass-specific, NST/mb), 
we used linear mixed effects models with animal ID set as a 
random factor to control for repeated measurements of indi-
viduals. In all analyses season, sex and phenotype were set as 
fixed factors. In models analysing seasonal changes in BMR 
and total NST, mb was included as a covariate.

In analyses of correlation between NST and oxidative 
status (ROM, BAP, OS) measured after NA injection we 
used general linear models with season, sex and phenotype 
included as fixed factors and residuals from the relationship 
between maximum MR after NA-injection and mb (residual 
NST) as a covariate.

Initial maximal models including all fixed factors and 
their possible interactions were simplified by stepwise elimi-
nation of insignificant terms (Crawley 2009). Assumptions 
of the linear modelling were checked post hoc by inspecting 
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the distribution of residuals obtained from models (Grafen 
and Hails 2002).

Parameters of oxidative status after NA or saline injec-
tions were compared with paired t-test.

All statistical analyses were done in IBM SPSS v. 25 
(IBM Corp., Armonk, NY, USA). Data are presented as 
estimated marginal means ± SE and statistical significance 
was accepted at p < 0.05.

Results

Seasonal changes of body mass in responding 
and non‑responding hamsters

Hamster mb was lower in winter than in summer and this 
difference was affected by phenotype and sex (sex × sea-
son × phenotype: F(1, 127) = 18.50, p < 0.001; Fig.  1). 
In responding hamsters these differences were more pro-
nounced than in non-responding ones, and in winter females 
were ~ 15% lighter than in summer while in males this differ-
ence was twice as much. On average, mb of non-responding 
males did not differ seasonally (< 5% difference between 

summer and winter), while mb of non-responding females 
was ~ 10% lower in winter than in summer.

Effect of winter phenotype on seasonal changes 
in oxidative status

Phenotypes did not differ in ROM [F(1, 127) = 0.052, 
p = 0.82] or BAP [F(1, 127) = 0.062, p = 0.804] concen-
trations. The ROM concentrations differed seasonally 
between males and females (sex × season interaction: 
F(1, 128) = 5.50, p = 0.021), namely male ROM did not 

Fig. 1   Body mass (g) of responding and nonresponding Siberian 
hamsters in summer (white boxes) and winter (grey boxes). Box indi-
cates 25th and 75th percentiles, solid line stands for median and dots 
are outliers

Fig. 2   Reactive oxygen metabolites (ROM; mgH2O2 dL−1, a), bio-
logical antioxidant potential (BAP mmol vit C L−1, b) and oxidative 
stress (ROM/BAP, c) in summer- (white boxes) and winter-accli-
mated (grey boxes) male and female Siberian hamsters. Box indicates 
25th and 75th percentiles, solid line stands for median and dots are 
outliers
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differ seasonally, while females had lower ROM in winter 
(Fig. 2a). Moreover, in winter concentration of ROM in 
females was ~ 25% lower than in males, while in summer this 
difference was < 10%. BAP also was affected by sex and sea-
son (sex × season interaction: F(1, 128) = 4.773, p < 0.031). 
In summer BAP was significantly lower in females than in 
males, but this difference disappeared in winter because 
females increased BAP by ~ 18% (compared to summer) 
while males only by ~ 13% (Fig. 2b). In general there was 
no difference between phenotypes in oxidative stress [F 
(1, 127) = 0.123, p = 0.726]. However, OS was affected by 
sex and season [F (1, 128) = 6.665, p = 0.011], and OS in 
females in winter was lower than in summer as well as it was 
lower than OS in males in both seasons (Fig. 2c). Neither 
ROM nor BAP or OS correlated with residual BMR or with 
residual NST (p > 0.05).

Seasonal changes in NST in responding 
and non‑responding hamsters

Overall, NST correlated with mb (F (1, 240.813) = 43.113, 
p < 0.001). However, this relationship differed between 
seasons [interaction season × mb: F (1, 165.332) = 5.636, 
p = 0.019; Fig. 3]. Irrespective of the phenotype, after adjust-
ing for mb NST in winter was ~ 8% greater than in summer.

When calculated per unit of mb (NST/mb; Fig. 4) NST 
correlated with season [F(1, 130.008) = 32.057, p < 0.001], 

phenotype [F(1, 128.009) = 6.755, p = 0.01] and sex [F(1, 
128.009) = 27.906, p < 0.001]. NST/mb was higher in winter 
than in summer and it was higher in responders than in non-
responders, as well in females than in males. There was no 
interaction between fixed factors.

Effect of winter phenotype on the correlation 
between NST and oxidative stress

Measurements of oxidative status just after NA injection in 
winter (n = 42) showed that ROM concentration did not cor-
relate with residual MR after NA-injection (Fig. 5), but cor-
related with phenotype [F(1, 40) = 12.060, p = 0.001] being 
higher in non-responders than in responders (9.8 ± 0.61 and 
7.1 ± 0.44 mgH2O2 dL−1; respectively; p < 0.001; Fig. 6). 
Similarly, the concentration of BAP did not correlate with 
residual NST (Fig. 5). Yet, it differed between phenotypes 
[F(1, 40) = 6.840, p = 0.013, Fig. 6] and on average it was 
higher in responding than in non-responding individuals 
(4.1 ± 0.11 and 3.7 ± 0.10 mmol vitamin C L−1, respec-
tively). As a consequence, OS after NA injection did not 

Fig. 3   Relation between non-shivering thermogenesis capacity (NST, 
W) and body mass (g) in responding (upper panel) and non-respond-
ing (lower panel) Siberian hamsters acclimated to summer (white 
symbols, dashed regression lines) and winter conditions (grey sym-
bols, solid regression lines)

Fig. 4   Mass-specific non-shivering thermogenesis (NST, W  g−1) 
in summer- (white boxes) and winter-acclimated (grey boxes) male 
and female Siberian hamsters, non-responding and responding to 
short photoperiod. Box indicates 25th and 75th percentiles, solid line 
stands for median and dots are outliers
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correlate with NST and depended on phenotype being lower 
in hamsters responding to seasonal changes in photoperiod 
[F(1, 40) = 19.692, p < 0.001].

ROM concentration after NA and saline injections did 
not differ (paired t-test: t = 1.254, d.f. = 18, p = 0.226). 
However, BAP was approximately 15% higher after NST 
induction than after saline injection (paired t-test: t = 3.553, 
d.f. = 18, = 0.002). This resulted in no difference in OS after 
NA or saline injections (paired t-test: t = − 0.287, d.f. = 18, 
p = 0.778; Fig. 7).

Discussion

Polymorphism of winter phenotype

In small Temperate-Zone mammals, winter phenotype dif-
fers considerably from summer one (Lovegrove 2005) but 
only in individuals responding to changes in day length. The 
most important exogenous signal driving seasonal response 
is photoperiod, while ambient temperature has minor effect 
(Ruf et al. 1993). In winter responding Siberian hamsters 
enter daily torpor and reduce body mass, show gonadal 
regression and change fur from grey to white. Non-respond-
ers do not show above changes, while partial responders 
show only some traits of winter phenotype (Hoffmann 
1973; Heldmaier and Steinlechner 1981a, b; Przybylska 
et al. 2019a, b). In our study, 33 out of 160 hamsters were 
classified as responders, 98 as non-responders and 22 as 
partial-responders. It seems unlikely that photononrespon-
siveness resulted from long-term breeding under laboratory 
conditions, because non-responders appeared also among 
third-generation laboratory stock derived from wild–caught 
animals (Lynch et al. 1989; Kliman and Lynch 1992).

Sex and phenotype differences in non‑shivering 
thermogenesis capacity and oxidative stress

The results support our hypothesis that seasonal changes 
in thermoregulatory heat production are accompanied by 
changes in the antioxidant defence resulting in effective 
protection against detrimental consequences of oxidative 
stress. In winter oxidative stress in Siberian hamsters was 
lower than in summer (Fig. 2c) what could result from 
higher NST capacity and higher UCP1 content, known for 
its antioxidant properties (Oelkrug et al. 2010, 2013, 2014). 
Independent of season or phenotype, females had lower OS 
than males which presumably resulted from the protective 
action of oestrogens in summer (Persky et al. 2000; Borrás 
et al. 2003) and higher mass-specific capacity of NST in 
winter (Fig. 4). Responders did not differ from non-respond-
ers in oxidative stress, likely because they did not differ in 
mb - adjusted BMR or mb- adjusted NST. Thus, the use of 

Fig. 5   Relationship between Reactive Oxygen Metabolites (ROM, 
mg H2O2 dL−1; a), Biological Antioxidant Potential (BAP, mmol vit 
C L−1; b) and residual NST (W) in hamsters (n = 42) responding to 
seasonal changes in photoperiod (grey symbols) and not responding 
to seasonal changes (white symbols)

Fig. 6   Reactive oxygen metabolites (ROM, mg H2O2 dL−1) and bio-
logical antioxidant potential (BAP, mmol vit C L−1) following NST 
induction with noradrenaline in Siberian hamsters (n = 42) respond-
ing (grey symbols) and non-responding (white symbols) to seasonal 
changes in photoperiod. Large points indicate mean and whiskers 
indicate 95% confidence interval of the mean
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daily torpor itself did not induce marked increase in NST 
capacity, because both, responders and non-responders rely 
on non-shivering thermogenesis to cope with cold when 
active on a daily basis. Although the capacity for NST did 
not differ between phenotypes when adjusted for mb, mass-
specific NST (NST/mb) in winter was higher in respond-
ers than in non-responders (Fig. 4). This indicates that the 
seasonal increase in NST capacity was partially a product 
of mb changes. In our experiments hamsters of both pheno-
types decreased mb in winter by ~ 5–30%, depending on the 
phenotype and sex (Fig. 1). Having similar heat production, 
small-bodied responders gained more heat per unit of mb 
than non-responders which did not reduce mb in response 
to winter-acclimation. A similar pattern was observed in 
Puchalski and Lynch’s (1986) study. Reanalysis of their 
data indicates that in winter mass-specific NST capacity of 
responding hamsters increased by ~ 16% while mb decreased 
by ~ 15% (Puchalski and Lynch 1986). As a consequence, 
total capacity for NST per animal did not change, yet the 
effectiveness of heat production increased.

Reactive and predictive antioxidant defence

Our results imply two possible mechanisms of seasonal 
increase in antioxidant defence: reactive defence, in which 
increase in BAP is a consequence of higher ROS concentra-
tion due to higher heat production in winter, and predictive 
defence, where an increase in BAP results from seasonal 
changes in overall antioxidant capacity to prevent oxidative 
stress in winter. Lack of direct correlation between the mag-
nitude of non-shivering heat production and oxidative stress 
points towards the latter option (Fig. 5). Despite differences 
in mb between winter phenotypes, ROM or BAP concentra-
tions did not correlate with mb. Inverse relationships between 
markers of oxidative status and mb were reported in mice, 

but these were rather related to behavioural characteristics 
of animals than to mb itself (Costantini et al. 2008). Because 
hamsters of different winter phenotypes did not differ in 
behavioural traits (Przybylska et al. 2019a), animal behav-
iour rather did not contribute to changes in oxidative status.

Our results also indicate that NST directly affects param-
eters of oxidative status. Although ROM concentrations in 
NA- and saline-injected animals did not differ, BAP was 
approximately 15% higher after NST induction than after 
saline injection (Fig.  7). Moreover, after NA injection 
responders had lower concentration of ROM in blood and 
greater BAP than non-responders (Fig. 6). These results 
indicate that ROS generated during facultative NST did not 
contribute to oxidative stress and also suggest that capacity 
for higher BAP, correlated with lower ROM concentration 
in responding hamsters might have protected them against 
higher susceptibility to OS while rewarming from torpor.

Seasonal changes in antioxidant defence

The correlation between heterothermy and oxidative status 
was more extensively studied during hibernation than dur-
ing daily torpor. Although daily and seasonal torpor differ 
markedly in depth and duration of particular episodes, ani-
mal body mass and energy savings (Ruf and Geiser 2015), 
yet the physiological mechanism of heat production during 
rewarming, namely NST is the same. Buzadźić et al. (1990a, 
b) suggested that high antioxidant defence in hibernators was 
a consequence of NST in BAT, especially during rewarming 
from hibernation torpor. An increased concentration of anti-
oxidants during hibernation bout and also during rewarming 
phase would protect against oxidative stress during arousal, 
when metabolic rate dramatically increased (Buzadźić et al. 
1990a, b; Tøien et al. 2001; Ma et al. 2005; Okamoto et al. 
2006; Filho et al. 2007; Morin and Storey 2007; Astaeva and 

Fig. 7   Biological antioxidant potential (BAP, mmol vit C L−1), reac-
tive oxygen metabolites (ROM, mg H2O2 dL−1) and oxidative stress 
(ROM/BAP) after induction of facultative non-shivering thermogene-

sis (NA-injection) and control injection of saline solution which were 
measured in the same individuals of Siberian hamsters (n = 19)
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Klichkhanov 2009; Vucetic et al. 2013; Yin et al. 2016; but 
see Page et al. 2009). Although rewarming may increase the 
amount of carbonyl proteins and lipid peroxide end products 
in BAT, indicating oxidative stress in this tissue, nonethe-
less hibernation torpor itself did not induce oxidative stress 
(Orr et al. 2009). Undoubtedly, the above studies also showed 
that antioxidant defence is not fixed but changes seasonally 
(Buzadźić et al. 1992, 1997; Belló-Klein et al. 2000). The 
importance of a winter increase in antioxidant capacity may be 
also related to animal diet. In present study hamsters received 
the same diet during summer and winter acclimations, but 
under natural conditions food availability, along with its quan-
tity and quality, differs seasonally. The number of seeds and 
its proportion in the diet increases towards winter (Fietz et al. 
2005; Sailer and Fietz 2009), thereby increasing the avail-
ability of natural polyunsaturated fatty acids (PUFA). On the 
one hand, many studies showed that diets rich in PUFAs affect 
the energy expenditure of heterothermic animals by lowering 
their minimum Tb and metabolic rate during torpor (Geiser 
and Kenagy 1987; Frank 1992; Thorp et al. 1994; Florant 
1998; Harlow and Frank 2001; Munro and Thomas 2004; 
Dark 2005; Geiser et al. 2007). On the other hand, diet rich in 
PUFAs may also be disadvantageous, as PUFAs are prone to 
auto-oxidation (Munro and Thomas 2004) what leads to lipid 
peroxidation. The production of toxic lipid peroxides may be 
detrimental to BAT, inhibiting hibernation (Frank and Storey 
1995). Thus, animals would be protected against ROS, gener-
ated as a result of higher heat production and different diet, by 
endogenous increase in antioxidant capacity in winter.

Conclusion

We found that oxidative status of heterothermic species 
changes both predictively and reactively (sensu Romero 
et al. 2009). It changes seasonally but it does not cor-
relate with different winter phenotypes. We suggest that 
polymorphism of winter phenotype (responder—non-
responder) persists in one population, because both 
phenotypes are beneficial under suitable environmental 
conditions (Kliman and Lynch 1992; Boratyński et al. 
2016,2017; Przybylska et al. 2019a, b). Thus, phenotypic 
polymorphism can be viewed as an evidence of adaptive 
bet-hedging (Seger and Brockman 1987; Nevoux et al. 
2010). On the one hand, responders partially reduce their 
expected fitness (because of shorter breeding season) in 
favour of enhanced survival of harsh winter (thanks to 
smaller body mass, regressed gonads and use of daily 
torpor). On the other hand, non-responders outcompete 
responders in less energy demanding environment. Thus, 
they can represent “go-for-broke” strategy which is usu-
ally unsuccessful but during mild winter permits success-
ful breeding (Prendergast et al. 2001).

We propose that a seasonal increase in antioxidant 
defence is programmed endogenously to prevent oxidative 
stress in winter. Facultative non-shivering thermogenesis 
itself generates reactive oxygen species but its detrimen-
tal effects are presumably counterbalanced by upregula-
tion of antioxidant levels. Thus, antioxidant defence is 
regulated over long (seasonal) and short (day-to-day, or 
even hour-to-hour) timescales protecting animals from 
oxidative stress and its detrimental consequences. In 
heterothermic species, regardless of responding or non-
responding phenotype, winter is related to higher energy 
expenditure during periods of activity, and in responders, 
also to the use of torpor. Both situations, daily activity in 
the cold and returning to normothermia after torpor epi-
sodes, require a great increase in metabolic rate and thus 
increase ROS production. Endogenously programmed 
upregulation of antioxidant potential would protect ani-
mals against possible oxidative stress. This supports our 
hypothesis and suggests that evolution of different winter 
phenotypes was paralleled by the development of protec-
tive mechanisms allowing for their maintenance in sto-
chastic environments.

Acknowledgements  The study was supported by the grant #NCN 
2014/13/B/NZ8/04698.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Adjeitey CN-K, Mailloux RJ, deKemp RA, Harper M-E (2013) Mito-
chondrial uncoupling in skeletal muscle by UCP1 augments 
energy expenditure and glutathione content while mitigating 
ROS production. Am J Physiol 305:E405–E415

Ames BN, Shigenaga MK, Hagen TM (1993) Oxidants, antioxidants, 
and the degenerative diseases of aging. Proc Natl Acad Sci USA 
90:7915–7922

Anchordoquy HC, Lynch GR (2000) Timing of testicular recrudes-
cence in Siberian hamsters is unaffected by pinealectomy or 
long-day photoperiod after 9 weeks in short days. J Biol Rhythms 
15:406–416

Astaeva MD, Klichkhanov NK (2009) Oxidative modification of 
proteins and blood antioxidant activity of ground squirrels 
during induced awakening from hibernation. Biology Bulletin 
36:562–567

http://creativecommons.org/licenses/by/4.0/


489Journal of Comparative Physiology B (2020) 190:479–492	

1 3

Balaban RS, Nemoto S, Finkel T (2005) Mitochondria, oxidants, and 
aging. Cell 120:483–495

Belló-Klein A, Morgan-Martins MI, Barp J, Llesuy S, Belló AA, Sin-
gal PK (2000) Circaannual changes in antioxidants and oxidative 
stress in the heart and liver in rats. Comp Biochem Physiol C 
126:203–208

Bernard DJ, Losee-Olson S, Turek FW (1997) Age-related changes in 
the photoperiodic response of siberian hamsters. Biol Reprod 
57:172–177

Boratyński JS, Jefimow M, Wojciechowski MS (2016) Phenotypic 
flexibility of energetics in acclimated Siberian hamsters has a 
narrower scope in winter than in summer. J Comp Physiol B 
186:387–402

Boratyński JS, Jefimow M, Wojciechowski MS (2017) Individual dif-
ferences in the phenotypic flexibility of basal metabolic rate in 
siberian hamsters are consistent on short- and long-term time-
scales. Physiol Biochem Zool 90:139–152

Borrás C, Sastre J, García-Sala D, Lloret A, Pallardó FV, Viña J (2003) 
Mitochondria from females exhibit higher antioxidant gene 
expression and lower oxidative damage than males. Free Radi-
cal Biol Med 34:546–552

Brand MD (2000) Uncoupling to survive? The role of mitochondrial 
inefficiency in ageing. Exp Gerontol 35:811–820

Broussard DR, Robertson JL, Evans TE, Faucher GK, Semanik MG, 
Heideman PD (2009) Age-related decline in reproductive sensi-
tivity to inhibition by short photoperiod in Peromyscus leucopus. 
J Mammal 90:32–39

Buzadźić B, Spasic M, Saičić ZS, Radojičić R, Halliwell B, Petrović 
VM (1990a) Antioxidant defenses in the ground squirrel Citel-
lus Citellus. 1. A comparison with the rat. Free Radic Biol Med 
9:401–406

Buzadźić B, Spasic M, Saičić ZS, Radojičić R, Petrović VM, Halliwell 
B (1990b) Antioxidant defenses in the ground squirrel Citel-
lus Citellus. 2. The effect of hibernation. Free Radic Biol Med 
9:407–413

Buzadźić B, Spasic M, Saičić ZS, Radojičić R, Petrović VM (1992) 
Seasonal dependence of the activity of antioxidant defence 
enzymes in the ground squirrel (Citellus citellus): the effect of 
cold. Comp Biochem Physiol B 101:547–551

Buzadźić B, Blagojević D, Korać B, Saičić ZS, Spasić MB, Petrović 
VM (1997) Seasonal variation in the antioxidant defense system 
of the brain of the ground squirrel (Citellus citellus) and response 
to low temperature compared with rat. Comp Biochem Physiol 
117C:141–149

Cannon B, Nedergaard J (2004) Brown adipose tissue: function and 
physiological significance. Physiol Rev 84:277–359

Casteilla L, Rigoulet M, Pénicaud L (2001) Mitochondrial ROS 
metabolism: modulation by uncoupling proteins. IUBMB Life 
52:181–188

Chouchani ET, Kazak L, Jedrychowski MP, Lu GZ, Erickson BK, 
Szpyt J, Pierce KA, Laznik-Bogoslavski D, Vetrivelan R, Clish 
CB, Robinson AJ, Gygi SP, Spiegelman BM (2016) Mitochon-
drial ROS regulate thermogenic energy expenditure and sulfe-
nylation of UCP1. Nature 532:112–116

Chouchani ET, Kazak L, Spiegelman BM (2017) Mitochondrial reac-
tive oxygen species and adipose tissue thermogenesis: bridging 
physiology and mechanisms. J Biol Chem 292:16810–16816

Clarke KJ, Porter RK (2012) Uncoupling protein 1 dependent reac-
tive oxygen species production by thymus mitochondria. Int J 
Biochem Cell Biol 45:81–89

Costantini D, Casagrande S, De Filippis S, Brambilla G, Fanfani A, 
Tagliavini J, Dell’Omo G (2006) Correlates of oxidative stress 
in wild kestrel nestlings (Falco tinnunculus). J Comp Physiol B 
176:329–337

Costantini D, Cardinale M, Carere C (2007) Oxidative damage and 
antioxidant capacity in two migratory bird species at a stop-over 
site. Comp Biochem Physiol C 144:363–371

Costantini D, Carere C, Caramaschi D, Koolhaas JM (2008) Aggres-
sive and non-aggressive personalities differ in oxidative status 
in selected lines of mice (Mus musculus). Biol Lett. https​://doi.
org/10.1098/rsbl.2007.0513

Costantini D, Rowe M, Butler MW, McGraw KJ (2010) From mol-
ecules to living systems: historical and contemporary issues in 
oxidative stress and antioxidant ecology. Funct Ecol 24:950–959

Crawley MJ (2009) The R book. Wiley, Chichester
Cubuk C, Bank JH, Herwig A (2016) The chemistry of cold: mecha-

nisms of torpor regulation in the Siberian hamster. Physiology 
(Bethesda) 31:51–59

Dardente H, Wood S, Ebling F, Saenz de Miera C (2019) An integrative 
view of mammalian seasonal neuroendocrinology. J Neuroendo-
crinol 31:e12729

Dark J (2005) Annual lipid cycles in hibernators: integration of physi-
ology and behavior. Ann Rev Nutr 25:469–497

Desjardins C, Lopez MJ (1983) Environmental cues evoke differential 
responses in pituitary-testicular function in deer mice*. Endocri-
nology 112:1398–1406

De Quiroga GB (1992) Brown fat thermogenesis and exercise: two 
examples of physiological oxidative stress? Free Radic Biol Med 
13:325–340

Diedrich V, Bank JH, Scherbarth F, Steinlechner S (2015) Torpor 
expression in juvenile and adult Djungarian hamsters (Phodopus 
sungorus) differs in frequency, duration and onset in response 
to a daily cycle in ambient temperature. J Therm Biol 53:23–32

Dlasková A, Clarke KJ, Porter RK (2010) The role of UCP 1 in produc-
tion of reactive oxygen species by mitochondria isolated from 
brown adipose tissue. Biochem Biophys Acta 1797:1470–1476

Echtay KS, Murphy MP, Smith RAJ, Talbot DA, Brand MD (2002a) 
Superoxide activates mitochondrial uncoupling protein 2 from 
the matrix side. Studies using targeted antioxidants. J Biol Chem 
277:47129–47135

Echtay KS, Roussel D, St-Pierre J, Jekabsons MB, Cadenas S, Stuart 
JA, Harper JA, Roebuck SJ, Morrison A, Pickering S, Clapham 
JC, Brand MD (2002b) Superoxide activates mitochondrial 
uncoupling proteins. Nature 415:96–99

Fietz J, Pflug M, Schlund W, Tataruch F (2005) Influences of the feed-
ing ecology on body mass and possible implications for repro-
duction in the edible dormouse (Glis glis). J Comp Physiol B 
175:45–55

Filho DW, Althoff SL, Dafré AL, Boveris A (2007) Antioxidant 
defenses, longevity and ecophysiology of South American bats. 
Comp Biochem Physiol C 146:214–220

Florant GL (1998) Lipid metabolism in hibernators: the importance of 
essential fatty acids. Am Zool 38:331–340

Frank CL (1992) The influence of dietary fatty-acids on hibernation 
by golden-mantled ground-squirrels (Spermophilus lateralis). 
Physiol Zool 65:906–920

Frank CL, Storey KB (1995) The optimal depot fat composition for 
hibernation by golden-mantled ground squirrels (Spermophilus 
lateralis). J Comp Physiol B 164:536–542

Freeman DA, Goldman BD (1997a) Photoperiod nonresponsive Sibe-
rian hamsters: effect of age on the probability of nonresponsive-
ness. J Biol Rhythms 12:110–121

Freeman DA, Goldman BD (1997b) Evidence that circadian system 
mediates photoperiodic nonresponsiveness in siberian hamsters: 
the effect of running wheel access on photoperiodic responsive-
ness. J Biol Rhythms 12:121–132

Gaudry MJ, Campbell KL (2017) Evolution of UCP1 transcriptional 
regulatory elements across the mammalian phylogeny. Front 
Physiol. https​://doi.org/10.3389/fphys​.2017.00670​

https://doi.org/10.1098/rsbl.2007.0513
https://doi.org/10.1098/rsbl.2007.0513
https://doi.org/10.3389/fphys.2017.00670


490	 Journal of Comparative Physiology B (2020) 190:479–492

1 3

Geiser F, Kenagy GJ (1987) Polyunsaturated lipid diet lengthens tor-
por and reduces body temperature in a hibernator. Am J Physiol 
252:R897–901

Geiser F, McAllan BM, Kenagy GJ, Hiebert SM (2007) Photoperiod 
affects daily torpor and tissue fatty acid composition in deer 
mice. Naturwissenschaften 94:319–325

Goldman SL, Goldman BD (2003) Early photoperiod history and short-
day responsiveness in Siberian hamsters. J Exp Zool 296A:38–45

Goldman SL, Dhandapani K, Goldman BD (2000) Genetic and envi-
ronmental influences on short-day responsiveness in siberian 
hamsters (Phodopus sungorus). J Biol Rhythms 15:417–428

Gorman MR, Zucker I (1997) Environmental induction of photononre-
sponsiveness in the Siberian hamster, Phodopus sungorus. Am J 
Physiol 272:R887–R895

Grafen A, Hails R (2002) Modern statistics for the life sciences. Oxford 
University Press, Oxford

Gutowski JP, Wojciechowski MS, Jefimow M (2011) Diet affects 
resting, but not basal metabolic rate of normothermic Sibe-
rian hamsters acclimated to winter. Comp Biochem Physiol A 
160:516–523

Halliwell B, Whiteman M (2004) Measuring reactive species and oxi-
dative damage in vivo and in cell culture: how should you do 
it and what do the results mean? Br J Pharmacol 142:231–255

Harlow HJ, Frank CL (2001) The role of dietary fatty acids in the 
evolution of spontaneous and facultative hibernation patterns in 
prairie dogs. J Comp Physiol B 171:77–84

Harman D (1956) Aging: a theory based on free radical and radiation 
chemistry. J Gerontol 11:298–300

Heideman PD, Rightler M, Sharp K (2005) A potential microevolu-
tionary life-history trade-off in White-Footed Mice (Peromyscus 
leucopus). Funct Ecol 19:331–336

Heldmaier G, Buchberger A (1985) Sources of heat during nonshiver-
ing thermogenesis in Djungarian hamsters: a dominant role of 
brown adipose tissue during cold adaptation. J Comp Physiol B 
156:237–245

Heldmaier G, Steinlechner S (1981a) Seasonal control of energy 
requirements for thermoregulation in the Djungarian hamster 
(Phodopus sungorus), living in natural photoperiod. J Comp 
Physiol 142:429–437

Heldmaier G, Steinlechner S (1981b) Seasonal pattern and energetics 
of short daily torpor in the Djungarian hamster, Phodopus sun-
gorus. Oecologia (Berlin) 48:265–270

Heldmaier G, Steinlechner S, Rafael J, Latteier B (1982) Photoperiod 
and ambient temperature as environmental cues for seasonal 
thermogenic adaptation in the Djungarian hamster, Phodopus 
sungorus. Int J Biometeor 26:339–345

Heldmaier G, Böckler H, Buchberger A, Lynch GR, Puchalski W, 
Steinlechner S, Wiesinger H (1985) Seasonal acclimation and 
thermogenesis. In: Gilles R (ed) Circulation, respiration, and 
metabolism. Springer-Verlag, Berlin Heidelberg, pp 490–501

Heldmaier G, Klaus S, Wiesinger H (1990) Seasonal adaptation of 
thermoregulatory heat production in small mammals. In: Bligh 
J, Voigt K (eds) Thermoreception and temperature regulation. 
Springer Verlag, Berlin Heidelberg, pp 235–241

Hoffmann K (1973) The influence of photoperiod and melatonin on 
testis size, body weight, and pelage colour in the Djungarian 
hamster Phodopus sungorus. J Comp Physiol 85:267–282

Janský L (1973) Non-shivering thermogenesis and its thermoregulatory 
significance. Biol Rev 48:85–132

Jastroch M (2017) Uncoupling protein 1 controls reactive oxygen spe-
cies in brown adipose tissue. PNAS 114:7744–7746

Jefimow M, Wojciechowski M, Masuda A, Oishi T (2004a) a. Corre-
lation between torpor frequency and capacity for non-shivering 
thermogenesis in the Siberian hamster (Phodopus sungorus). J 
Therm Biol 29:641–647

Jefimow M, Wojciechowski M, Tęgowska E (2004b) b. Seasonal and 
daily changes in the capacity for nonshivering thermogenesis in 
the golden hamsters housed under semi-natural conditions. Comp 
Biochem Physiol A 137:297–309

Kaseloo PA, Crowell MG, Jones JJ, Heideman PD (2012) Variation 
in basal metabolic rate and activity in relation to reproductive 
condition and photoperiod in white-footed mice (Peromyscus 
leucopus). Can J Zool 90:602–615

Kaseloo PA, Crowell MG, Heideman PD (2014) Heritable variation in 
reaction norms of metabolism and activity across temperatures 
in a wild-derived population of white-footed mice (Peromyscus 
leucopus). J Comp Physiol B 184:525–534

Kerbeshian MC, Bronson FH, Bellis ED (1994) Variation in reproduc-
tive photoresponsiveness in a wild population of meadow voles. 
Biol Reprod 50:745–750

Klaus S, Heldmaier G, Ricquier D (1988) Seasonal acclimation of bank 
voles and wood mice: nonshivering thermogenesis and thermo-
genic properties of brown adipose tissue mitochondria. J Comp 
Physiol B 158:157–164

Kliman RM, Lynch GR (1991) Evidence for independence of circadian 
characters and extent of photoresponsiveness in the Djungarian 
hamster, Phodopus sungorus. J Biol Rhythms 6:159–166

Kliman RM, Lynch GR (1992) Evidence for genetic variation in the 
occurrence of the photoresponse of the Djungarian hamster, Pho-
dopus sungorus. J Biol Rhythms 7:161–173

Koteja P (1996) Measuring energy metabolism with open-flow respiro-
metric systems: Which design to choose? Funct Ecol 10:675–677

Lighton JRB (2008) Measuring metabolic rates. Oxford University 
Press, New York

Lighton JRB, Bartholomew GA, Feener DH (1987) Energetics of 
locomotion and load carriage and a model of the energy cost 
of foraging in the leaf-cutting ant Atta colombica Guer. Physiol 
Zool 60:524–537

Lovegrov BG (2005) Seasonal thermoregulatory responses in mam-
mals. J Comp Physiol B 175:231–247

Lyman CP, Chatfield PO (1950) Mechanisms of arousal in the hibernat-
ing hamster. J Exp Zool 114:491–515

Lynch GR (1973) Seasonal changes in thermogenesis, organ weights, 
and body composition in the white-footed mouse, Peromyscus 
leucopus. Oecologia (Berlin) 13:363–376

Lynch GR, Lynch CB, Kliman RM (1989) Genetic analyses of photore-
sponsiveness in the Djungarian hamster, Phodopus sungorus. J 
Comp Physiol A 164:475–481

Ma YL, Zhu X, Rivera PM, Tøien Ø, Barnes BM, LaManna JC, Smith 
MA, Drew KL (2005) Absence of cellular stress in brain after 
hypoxia induced by arousal from hibernation in Arctic ground 
squirrels. Am J Physiol 289:R1297–R1306

Mailloux RJ, Adjeitey CN-K, Xuan JY, Harper M-E (2012) Crucial yet 
divergent roles of mitochondrial redox state in skeletal muscle vs. 
brown adipose tissue energetics. FASEB J 26:363–375

Margraff RR, Zlomanczuk P, Liskin LA, Lynch GR (1991) Circadian 
differences in neuronal activity of the suprachiasmatic nucleus 
in brain slices prepared from photo-responsive and photo-non-
responsive Djungarian hamsters. Brain Res 544:42–48

Merrit J, Zegers D, Rose LR (2001) Seasonal thermogenesis of south-
ern flying squirrels (Glaucomys volans). J Mammal 82(1):51–64

Moffatt CA, DeVries AC, Nelson RJ (1993) Winter adaptations of male 
deer mice (Peromyscus maniculatus) and prairie voles (Microtus 
ochrogaster) that vary in reproductive responsiveness to photo-
period. J Biol Rhythms 8:221–232

Mookerjee SA, Divakaruni AS, Jastroch M, Brand MD (2010) 
Mitochondrial uncoupling and lifespan. Mech Ageing Dev 
131:463–472

Morin P Jr, Storey KB (2007) Antioxidant defense in hibernation: clon-
ing and expression of peroxiredoxins from hibernating ground 



491Journal of Comparative Physiology B (2020) 190:479–492	

1 3

squirrels, Spermophilus tridecemlineatus. Arch Biochem Bio-
phys 461:59–65

Munro D, Thomas DW (2004) The role of polyunsaturated fatty acids 
in the expression of torpor by mammals: a review. Zoology 
107:29–48

Nelson RJ (1985) Photoperiod influences reproduction in the prairie 
vole (Microtus ochrogaster). Biol Reprod 33:596–602

Nelson RJ (1987) Photoperiod-nonresponsive morphs: a possible 
variable in microtine population-density fluctuations. Am Nat 
130:350–369

Nevoux M, Forcada J, Barbraud C, Croxall J, Weimerskirch H (2010) 
Bet-hedging response to environmental variability, an intraspe-
cific comparison. Ecology 91:2416–2427

Nicholls DG (2004) Mitochondrial membrane potential and aging. 
Aging Cell 3:35–40

Oelkrug R, Kutschke M, Meyer CW, Heldmaier G, Jastroch M (2010) 
Uncoupling protein 1 decreases superoxide production in brown 
adipose tissue mitochondria. J Biol Chem 285:21961–21968

Oelkrug R, Goetze N, Exner C, Lee Y, Ganjam GK, Kutschke M, Mül-
ler S, Stöhr S, Tschöp MH, Crichton PG, Heldmaier G, Jastroch 
M, Meyer CW (2013) Brown fat in a protoendothermic mam-
mal fuels eutherian evolution. Nat Commun 4:2140. https​://doi.
org/10.1038/ncomm​s3140​

Oelkrug R, Goetze N, Meyer CW, Jastroch M (2014) Antioxidant prop-
erties of UCP1 are evolutionarily conserved in mammals and 
buffer mitochondrial reactive oxygen species. Free Radical Biol 
Med 77:210–216

Ogilvie KM, Stetson MH (1990) The timing of gonadal refractori-
ness in the female turkish hamster (Mesocricetus brandti) is not 
dependent on the timing of gonadal regression. Biol Reprod 
42:787–791

Okamoto I, Kayano T, Hanaya T, Arai S, Ikeda M, Kurimoto M (2006) 
Up-regulation of an extracellular superoxide dismutase-like 
activity in hibernating hamsters subjected to oxidative stress 
in mid- to late arousal from torpor. Comp Biochem Physiol C 
144:47–56

Orr AL, Lohse LA, Drewa KL, Hermes-Lima M (2009) Physiological 
oxidative stress after arousal from hibernation in Arctic ground 
squirrel. Comp Biochem Physiol 153:213–221

Page MM, Peters CW, Staples JF, Stuart JA (2009) Intracellular anti-
oxidant enzymes are not globally upregulated during hiberna-
tion in the major oxidative tissues of the 13-lined ground squir-
rel Spermophilus tridecemlineatus. Comp Biochem Physiol A 
152:115–122

Persky AM, Green PS, Stubley L, Howell CO, Zaulyanov L, Brazeau 
GA, Simpkins JW (2000) Protective effect of estrogens against 
oxidative damage to heart and skeletal muscle in  vivo and 
in vitro. Proc Soc Exp Biol Med 223:59–66

Place NJ, Cruickshank J (2009) Graded response to short photoperiod 
during development and early adulthood in Siberian hamsters 
and the effects on reproduction as females age. Horm Behav 
55:390–397

Place NJ, Tuthill CR, Schoomer EE, Tramontin AD, Zucker I (2004) 
Short day lengths delay reproductive aging. Biol Reprod 
71:987–992

Prendergast BJ, Kriegsfeld LJ, Nelson RJ (2001) Photoperiodic poly-
phenisms in rodents: neuroendocrine mechanisms, costs, and 
functions. Q Rev Biol 76:293–325

Przybylska AS, Wojciechowski MS, Drobniak S, Jefimow M (2017) 
Photo-responding hamsters support the allocation model of the 
relationship between energy metabolism and activity. Oral pres-
entation at the Annual Meeting of Society for Integrative and 
Comparative Biology, New Orleans. https​://www.sicb.org/meeti​
ngs/2017/SICB2​017Ab​strac​ts.pdf.

Przybylska AS, Wojciechowski MS, Jefimow M (2019a) Physiological 
differences between winter phenotypes of Siberian hamsters do 
not correlate with their behaviour. Anim Behav 147:105–114

Przybylska AS, Wojciechowski MS, Jefimow M (2019b) Photorespon-
siveness affects life history traits but not oxidative status in a 
seasonal rodent. Front Zool 16:11

Puchalski W, Lynch GR (1986) Evidence for differences in the circa-
dian organization of hamsters exposed to short day photoperiod. 
J Comp Physiol A 159:7–11

Puchalski W, Lynch GR (1988) Characterization of circadian function 
in Djungarian hamsters insensitive to short day photoperiod. J 
Comp Physiol A 162:309–316

Puchalski W, Lynch GR (1991) Circadian characteristic of Djungar-
ian hamsters: effects of photoperiodic pretreatment and artificial 
selection. Am J Physiol 261:R670–676

Rafael J, Vsiansky P, Heldmaier G (1985a) a. Increased contribution 
of brown adipose tissue to nonshivering thermogenesis in the 
Djungarian hamster during cold-adaptation. J Comp Physiol B 
155:717–722

Rafael J, Vsiansky P, Heldmaier G (1985b) b. Seasonal adaptation of 
brown adipose tissue in the Djungarian Hamster. J Comp Physiol 
B 155:521–528

Romero LM, Dickens MJ, Cyr NE (2009) The reactive scope model—a 
new model integrating homeostasis, allostasis, and stress. Horm 
Behav 55:375–389

Ruf T, Geiser F (2015) Daily torpor and hibernation in birds and mam-
mals. Biol Rev 90:891–926

Ruf T, Stieglitz A, Steinlechner S, Blank JL, Heldmaier G (1993) Cold 
exposure and food restriction facilitate physiological responses to 
short photoperiod in Djungarian hamsters (Phodopus sungorus). 
J Exp Zool 267:104–112

Sailer MM, Fietz J (2009) Seasonal differences in the feeding ecology 
and behavior of male edible dormice (Glis glis). Mamm Biol 
74:114–124

Schneeberger K, Czirják GÁ, Voigt CC (2013) Inflammatory challenge 
increases measures of oxidative stress in a free-ranging, long-
lived mammal. J Exp Biol 216:4514–4519

Schneeberger K, Czirják GÁ, Voigt CC (2014) Frugivory is associ-
ated with low measures of plasma oxidative stress and high anti-
oxidant concentration in free-ranging bats. Naturwissenschaften 
101:285–290

Schönfeld P, Wojtczak L (2012) Brown adipose tissue mitochondria 
oxidizing fatty acids generate high levels of reactive oxygen 
species irrespective of the uncoupling protein-1 activity state. 
Biochem Biophys Acta 1817:410–418

Seger J, Brockman HJ (1987) What is bet hedging? In: Harvey P, Par-
tridge L (eds) Oxford surveys in evolutionary biology. Oxford 
University Press, Oxford, pp 182–211

Shabalina IG, Vrbacký M, Pecinová A, Kalinovich AV, Drahota Z, 
Houštěk J, Mráček T, Cannon B, Nedergaard J (2014) ROS pro-
duction in brown adipose tissue mitochondria: the question of 
UCP1-dependence. Biochem Biophys Acta 1837:2017–2030

Sohal RS, Mockett RJ, Orr WC (2002) Mechanisms of aging: an 
appraisal of the oxidative stress hypothesis. Free Radical Biol 
Med 33:575–586

Speakman JR, Selman C, McLaren JS, Harper EJ (2002) Living fast, 
dying when? The link between aging and energetics. J Nutr 
132:1583S–1597S

Speakman JR, Talbot DA, Selman C, Snart S, McLaren JS, Redman 
P, Krol E, Jackson DM, Johnson MS, Brand MD (2004) Uncou-
pled and surviving: individual mice with high metabolism have 
greater mitochondrial uncoupling and live longer. Aging Cell 
3:87–95

Stier A, Bize P, Habold C, Bouillaud F, Massemin S, Criscuolo 
F (2014) Mitochondrial uncoupling prevents cold-induced 

https://doi.org/10.1038/ncomms3140
https://doi.org/10.1038/ncomms3140
http://www.sicb.org/meetings/2017/SICB2017Abstracts.pdf
http://www.sicb.org/meetings/2017/SICB2017Abstracts.pdf


492	 Journal of Comparative Physiology B (2020) 190:479–492

1 3

oxidative stress: a case study using UCP1 knockout mice. J Exp 
Biol 217:624–630

Thorp CR, Ram PK, Florant GL (1994) Diet alters metabolic rate in the 
yellow-bellied marmot (Marmota flaviventris) during hiberna-
tion. Physiol Zool 67:1213–1229

Tøien Ø, Drew KL, Chao ML, Rice ME (2001) Ascorbate dynamics 
and oxygen consumption during arousal from hibernation in Arc-
tic ground squirrels. Am J Physiol 281:R572–R583

Turbill C, Smith S, Deimel C, Ruf T (2012) Daily torpor is associated 
with telomere length change over winter in Djungarian hamsters. 
Biol Lett 8(2):304–307

Vucetic M, Stancic A, Otasevic V, Jankovic A, Korac A, Markelic M, 
Velickovic K, Golic I, Buzadzic B, Storey KB, Korac B (2013) 
The impact of cold acclimation and hibernation on antioxidant 
defenses in the ground squirrel (Spermophilus citellus): an 
update. Free Radical Biol Med 65:916–924

Wiesinger H, Heldmaier G, Buchberger A (1989) Effect of photoperiod 
and acclimation temperature on nonshivering thermogenesis and 
GDP-binding of brown fat mitochondria in the Djungarian ham-
ster Phodopus s. sungorus. Eur J Physiol 413:667–672

Wiesinger H, Klaus S, Heldmaier G, Champigny O, Ricquier D (1990) 
Increased nonshivering thermogenesis, brown fat cytochrome-c 
oxidase activity, GDP binding, and uncoupling protein mRNA 
levels after short daily cold exposure of Phodopus sungorus. Can 
J Physiol Pharmacol 68:195–200

Williams CT, Klaassen M, Barnes BM, Buck CL, Arnold W, Giroud 
S, Vetter SG, Ruf T (2017) Seasonal reproductive tactics: annual 

timing and the capital-to-income breeder continuum. Philos 
Transact R Soc B Biol Sci 372:20160250

Whitaker RH (1949) Some effects of artificial illumination on repro-
duction in the white-footed mouse, Peromyscus leucopus novebo-
racensis. J Exp Biol 83:33–60

Wunder BA, Gettinger RD (1996) Effects of body mass and tempera-
ture acclimation on the nonshivering thermogenic response of 
small mammals. In: Geiser F, Hulbert AJ, Nicol SC (eds) Adap-
tations to cold, tenth international hibernation symposium. Uni-
versity of New England Press, Australia, pp 131–139

Yin Q, Ge H, Liao C-C, Liu D, Zhang S, Pan Y-H (2016) Antioxidant 
defenses in the brains of bats during hibernation. PLoS ONE 
11(3):e0152135. https​://doi.org/10.1371/journ​al.pone.01521​35

Zhao Z-J, Cao J, Meng X-L, Li Y-B (2010) Seasonal variations in 
metabolism and thermoregulation in the striped hamster (Crice-
tulus barabensis). J Therm Biol 35:52–57

Zhou S-S, Cao L-L, Xu W-D, Cao J, Zhao Z-J (2015) Effect of tem-
perature on oxidative stress, antioxidant levels and uncoupling 
protein expression in striped hamsters. Comp Biochem Physiol 
A 189:84–90

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

https://doi.org/10.1371/journal.pone.0152135

	Predictive and reactive changes in antioxidant defence system in a heterothermic rodent
	Abstract
	Introduction
	Material and methods
	Animals and housing
	Defining hamster phenotype
	Basal metabolic rate and non-shivering thermogenesis
	Oxidative status measurements
	Data analysis

	Results
	Seasonal changes of body mass in responding and non-responding hamsters
	Effect of winter phenotype on seasonal changes in oxidative status
	Seasonal changes in NST in responding and non-responding hamsters
	Effect of winter phenotype on the correlation between NST and oxidative stress

	Discussion
	Polymorphism of winter phenotype
	Sex and phenotype differences in non-shivering thermogenesis capacity and oxidative stress
	Reactive and predictive antioxidant defence
	Seasonal changes in antioxidant defence

	Conclusion
	Acknowledgements 
	References




