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Abstract
Non-pathological change in body weight and adiposity is one distinct adaptive feature that
seasonal species undergo, and it can offer a novel way to study the mechanisms underlying body
weight regulation and energy homeostasis. Changes in the expression and activity of metabolic
enzymes are essential for the physiological adaptation seasonal species exhibit. AMP-activated
protein kinase (AMPK) is a key regulatory enzyme that controls the energy homeostasis both on
cellular and whole-body level. In this thesis, the main focus was to clarify how seasonal adaptation
affects AMPK and its downstream target in lipid metabolism, acetyl-CoA carboxylase (ACC), in
different metabolic tissues of two model species with diverse wintering strategies: the raccoon dog
and the Djungarian hamster. In addition, the effect of periodic fasting on the raccoon dog skeletal
muscle was studied. It was observed that seasonal differences in AMPK and ACC expression were
evident mainly in adipose tissues of both species. AMPK was down-regulated in white adipose
tissue (WAT) of the winter-adapted raccoon dog, whereas in the Djungarian hamster WAT, the
abundance of AMPK increased in response to winter acclimatization. ACC expression was
maintained or increased in winter in both species. The seasonal changes in AMPK and ACC
expression observed, in particular, in adipose tissues reflects the wintering strategy of the species
and presumably facilitates the lipid usage and/or preservation during wintertime scarcity. Raccoon
dogs were quite resistant to the prolonged wintertime fast, as no changes were observed in AMPK
and ACC expression levels in the WAT, liver or hypothalamus between the fasted and fed groups.
Skeletal muscle function also appears to be well preserved, as there were no changes in the
expression of proteins involved in insulin signaling, and the fiber type composition and muscle
energy reserves were not affected. This thesis offers novel information on protein level changes in
metabolic adaptation.

Keywords: adipose tissue, Djungarian hamster, raccoon dog, skeletal muscle, winter
adaption

Kinnunen, Sanni, Ruumiinpainon ja energiametabolian vuodenaikaisen vaihtelun
molekulaariset mekanismit. Talviadaptaation vaikutus energiatasapainon
ylläpitäjään, AMP-aktivoituvaan proteiinikinaasiin
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 718, 2018
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Useat luonnonvaraiset eläinlajit ovat fysiologisesti sopeutuneet ravinnonsaannin vuodenaikaisiin vaihteluihin. Vuodenaikaisrytmiin kytketty rasvakudoksen määrän vaihtelu ja siihen liittyvät aineenvaihdunnalliset muutokset tarjoavat mielenkiintoisen tutkimuskohteen ruumiinpainon
säätelyn ja energiatasapainon ylläpidon molekulaaristen mekanismien selvittämiseen. Oleellinen osa fysiologista sopeutumista ovat muutokset energia-aineenvaihduntaa säätelevien proteiinien ekspressio- ja aktiivisuustasoissa. Yksi keskeinen elimistön energiatasapainoa kontrolloiva
entsyymi on AMP-aktivoituva proteiinikinaasi (AMPK). AMPK toimii solunsisäisenä energiasensorina ja säätelee energiametaboliaa koko kehon tasolla. Tässä väitöskirjatutkimuksessa selvitettiin talviadaptaation vaikutusta AMPK:n ja sen kohdemolekyylin, rasvahappojen biosynteesiä säätelevän asetyyli-CoA karboksylaasin (ACC), ilmenemiseen ja aktiivisuuteen eri kudoksissa. Mallieläiminä käytettiin kahta eri talvehtimisstrategian omaavaa ja eri lailla ruumiinpainoaan säätelevää lajia, kääpiöhamsteria ja supikoiraa. Lisäksi tutkittiin pitkäaikaisen talvipaaston
vaikutusta supikoiran luustolihakseen. Tulokset osoittivat, että molemmilla lajeilla AMPK- ja
ACC-pitoisuuksissa on vuodenaikaisia eroja erityisesti rasvakudoksessa. Supikoiralla AMPK:n
määrä väheni talviadaptaation seurauksena, kun taas kääpiöhamstereilla talviakklimatisaatio johti korkeampaan AMPK-pitoisuuteen rasvakudoksissa. ACC-pitoisuus puolestaan säilyi samana
tai oli korkeampi talviadaptoituneilla yksilöillä. Havaitut muutokset AMPK:n ja ACC:n ilmenemisessä kuvastavat supikoiran ja kääpiöhamsterin eroja talvehtimisessa ja havainnollistavat entsyymien oleellista osaa rasvavarastojen vuodenaikaisessa säätelyssä ja käytössä, mikä on edellytys eläinten selviämiselle yli talven niukkuuden. Lisäksi havaittiin talviadaptoituneen supikoiran
olevan melko resistentti 10 viikon paastolle tutkittujen parametrien suhteen. AMPK- ja ACCpitoisuus tai aktiivisuus ei muuttunut aineenvaihdunnallisesti oleellisissa kudoksissa (rasvakudos, maksa, hypotalamus) paasto- ja kontrolliryhmän välillä. Supikoiran lihasten toimintakyky
vaikuttaisi säilyvän, sillä insuliinisignalointiin liittyvien entsyymien pitoisuus, lihasten solutyyppikoostumus tai energiavarastot eivät muuttuneet paaston myötä. Tämä tutkimus tarjoaa uutta
tietoa proteiinitason muutoksista osana fysiologista sopeutumista.

Asiasanat: kääpiöhamsteri, lihas, rasvakudos, supikoira, talviadaptaatio
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Introduction

Seasonal changes in food intake, body weight and adiposity are common for
mammals living at higher latitudes, where food resources are limited during winter.
Molecular level alterations in energy metabolism are fundamental to ensure a
proper adaptive response to fluctuating environmental circumstances, such as
wintertime food deprivation.
AMP-activated protein kinase (AMPK) is a cellular energy sensor functioning
as a regulator of energy homeostasis in the central nervous system and peripheral
tissues. AMPK mediates the metabolic adaptation during energy deprivation by
concomitant stimulation of energy producing pathways and suppression of energy
consuming pathways (Hardie et al. 2012). AMPK has emerged as a major regulator
of lipid and glucose metabolism in peripheral tissues (Xue & Kahn 2006), and it
mediates several hormonal and nutritional signals regulating food intake and body
weight (Minokoshi et al. 2004). The evidence gathered from studies in hibernating
species suggests that AMPK has a role in the regulation of seasonal adaptations in
energy metabolism.
In this thesis, two species with differing wintering strategy and diverse
physiological adaptations were used to evaluate the molecular aspects of seasonal
metabolic adaptation, with the main focus on AMPK and its target enzyme in lipid
metabolism. Expression and phosphorylation level of AMPK and acetyl-CoA
carboxylase (ACC) in several metabolic tissues were compared between raccoon
dogs (Nyctereutes procyonoides) adapted to autumn and winter and Djungarian
hamsters (Phodopus sungorus) acclimatized to summer and winter conditions. The
raccoon dog is a canine species displaying excessive autumnal fattening,
wintertime inactivity and prolonged fasting (Mustonen & Nieminen 2017). The
Djungarian hamster is a small rodent that reduces its body mass prior to winter and
remains active throughout winter months (Scherbarth & Steinlechner 2010). The
naturally occurring changes in adiposity and energy metabolism of these species
offer an opportunity for wider understanding of the pathways regulating energy
homeostasis.
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2

Review of literature

Seasonal changes in physiology and behavior are common for mammals living in
temperate and Arctic or Antarctic latitudes, where food availability becomes
limited and ambient temperature (Ta) can decline drastically during winter months.
Annual changes in food intake and energy metabolism are characteristic for most
seasonal mammals, with concomitant alterations in body weight, mainly in the
form of adiposity (Mercer 1998). Other physiological/morphological adaptations
are, e.g., growth of winter fur, reduction of reproduction organs and saving of
energy by lowered metabolic rate and body temperature (torpor). Metabolic
adaptation includes molecular level alterations in metabolically active tissues, such
as the liver, adipose tissue and skeletal muscle. Changes in gene expression and
transcription, protein synthesis and degradation as well as post-translational
modifications such as phosphorylation are the basis for physiological adaptations
that enable mammals to survive the energetic challenge imposed by wintertime
food scarcity and low Ta.
2.1

Mechanisms underlying seasonal adaptation

The physiological adaptations are usually driven by external or endogenous cues
that enable animals to have appropriate adaptive responses to changing climate. For
many species, the day length, i.e., photoperiod, is the critical external cue that
triggers seasonal responses. Changes in photoperiod are transmitted into a
hormonal signal and subsequently into physiological response via the pineal gland
and its hormone, melatonin (Saarela & Reiter 1994, Hazlerigg & Wagner 2006).
Some species, such as ground squirrels and marmots, exhibit an endogenous
seasonal rhythm that determines the behavior and physiological state of the animal
(Zucker 2001).
Complex interactions between the central nervous system and peripheral
tissues characterize the regulation of body weight and energy homeostasis. The
brain receives nutritional, hormonal and neuronal signals informing the energy
status of the body and regulates homeostasis through subsequent hormonal and
neuronal output (Roh & Kim 2016). A simplified view of the major metabolic
tissues and their contributions to anabolic and catabolic events is presented in Fig.
1. At the central level, the hypothalamus is the main region in the brain that controls
appetite, body weight and energy balance. Adipose tissue, the liver and muscles
function as a source of fatty acids (FA), glycerol, glucose and amino acids. Thus,
19

each of them has an important role in nutrient assimilation and storage as well as
in the redistribution of endogenous nutrients during food deprivation.

Fig. 1. A simplified overview of the key tissues and their function in energy metabolism
(modified from Lempradl et al. 2015). FA, fatty acid; FFAs, free fatty acids; WAT, white
adipose tissue.

The basic physiological function of mammalian white adipose tissue (WAT) is to
store energy as triglycerides and release them during fasting or other energy
consuming functions, such as exercise or heat production. WAT can be roughly
divided into subcutaneous and visceral (abdominal) depots, which differ in their
physiological function. Since the discovery of several adipose tissue-derived
hormones (adipokines) over the past two decades, a more active role of adipose
tissue has become apparent (Fasshauer & Blüher 2015). In mammals, several
hormonal and nutritional satiety signals regulate body adiposity. Adipokines, such
as leptin and adiponectin, have a central role in the regulation of appetite and energy
20

balance (Blüher & Mantzoros 2015). For example, adipocytes release leptin, and
circulating leptin levels are directly proportional to body fat mass (Maffei et al.
1995). Leptin acts on the hypothalamus as a suppressor of appetite and
simultaneously enhances lipid oxidation in several peripheral tissues, including
WAT itself (Ahima & Flier 2000). In other words, leptin informs the brain about
the amount of adipose tissue, and increased plasma leptin concentration switches
the physiological state from fat storing to fat burning. In contrast, ghrelin is a
hormone secreted from the gut in response to fasting. Ghrelin opposes the actions
of leptin, as it increases food intake and lipid storing (Tschöp et al. 2000, Wren et
al. 2001).
In seasonal species, alterations in body weight are not powered only by nutrient
availability but orchestrated by seasonal changes in energy metabolism and
molecules regulating energy consumption. For example, normal hormonal control
on satiety and adipose tissue lipid storage is overridden when fat storages are
gathered and during possible prolonged fasting periods in winter (Ebling 2015). At
the cellular level, the amount and activity of several metabolic enzymes, such as
proteins involved in lipogenesis and lipolysis in WAT, are up- or down-regulated,
depending on the seasonal physiological state of the animal (Carey et al. 2003,
Lang-Ouellette et al. 2014). Furthermore, seasonal fluctuation of energy regulating
hormones and differences in tissue hormonal sensitivity are typical. For example,
leptin resistance during autumnal fattening, which enables the animals to continue
food intake in spite of the anorexigenic effects of leptin, has been observed in many
species (Jastroch et al. 2016, Scherbarth & Steinlechner 2010). Furthermore, satiety
signals that drive foraging activity and increase food intake in response to fasting
in non-seasonal animals do not function in a similar manner in seasonal species
during hypophagic periods (Ebling & Barrett 2008).
In addition to WAT, most mammalian species have a specialized adipose tissue,
brown adipose tissue (BAT), which is responsible for heat production in nonshivering thermogenesis (Cannon & Nedergaard 2004). When winter approaches,
typical adaptive response in several species is to enhance BAT function (Heldmaier
et al. 1990). This is achieved mainly by increasing the number of mitochondria and
the amount of their BAT-specific enzyme, uncoupling protein 1 (UCP1), which
“uncouples” substrate oxidation from ATP synthesis, turning generated energy into
heat.
The liver is the key organ in the control of whole-body energy status since it is
the major site for glucose synthesis and storage and for FA synthesis. During fasting,
liver metabolism switches from glucose catabolism to glucose production to
21

provide energy for organs that rely primarily on glucose. In hibernating species, the
seasonal hypophagia is associated with increased levels of expression and activity
of hepatic enzymes involved in gluconeogenesis and FA oxidation (Fedorov et al.
2009, Shao et al. 2010, Yan et al. 2008).
In mammals, skeletal muscle is the most abundant tissue of the body,
comprising up to 50% of the body mass. Muscles account for 75–95% of insulinmediated glucose uptake (Thiebaud et al. 1982, Baron et al. 1988), and they are
also a major site for FA uptake (Zurlo et al. 1990). Thus, skeletal muscle has a
central role in whole-body energy metabolism. Moreover, skeletal muscle has
substantial metabolic flexibility, and it is able to shift from glucose to FA utilization
under fasting conditions (Kelley & Goodpaster 2001, Muoio et al. 1997). Part of
the skeletal muscle plasticity is based on its heterogeneous structure. Skeletal
muscle is composed of distinct fiber types which differ in their metabolic and
contractile properties. Fiber types can be defined based on the combination of
myosin heavy chain (MHC) isoforms, and they contain slow contracting type I and
fast contracting types IIA, IIX and IIB. Types I and IIA are oxidative, whereas types
IIX and IIB are primarily glycolytic (Pette & Staron 2000). Adaptive changes in
response to altered nutritional state or contractile activity occur also in the fiber
type level, as fiber type composition can shift towards more oxidative or glycolytic
types depending on the stimulation (De Lange et al. 2007). Studies in hibernating
species have shown that they have a remarkable ability to maintain muscle function
during extended periods of fasting and reduced activity. Preservation of muscle
function is associated with the down-regulation of glycolytic pathways and
increased reliance on lipid metabolism. Furthermore, adaptive response shows at
the morphological level as a shift towards more oxidative fiber types (Cotton 2016).
2.2

Diverse wintering strategies

Depending on the species and its wintering strategy, body weight and adiposity may
be altered in either direction (Mercer 1998). One strategy is the autumnal gain of
body mass mainly as adipose tissue and gradual degradation of fat stores during
wintertime inactivity with bouts of reduced metabolic rate, lowered body
temperature (Tb) and prolonged hypophagic periods (i.e., hibernation) (Ruf &
Geiser 2015). An alternative adaptive trait is the autumnal regression of body size,
mainly via decreased adiposity (Steinlechner et al. 1983, Wade & Bartness 1984).
This strategy is beneficial for small mammals that cannot accumulate sufficient
amounts of body fat to endure whole winter. These species remain more or less
22

active throughout winter, and the lower body mass is an advantage because it
requires less metabolic energy to maintain. Consequently, the amount of foraging
activity is decreased. Species with lean winter phenotype usually express daily
torpor as an energy saving method (Ruf & Geiser 2015, Walton et al. 2011).
Regardless of the strategy used, the fundamental basis for winter adaptations
is the preservation of energy to survive cold periods with reduced food availability.
Thus, the signaling cascades responding to changes in energy levels could have an
essential role in the seasonal metabolic adaptation. One such pathway is AMPactivated protein kinase (AMPK) and its target enzymes. AMPK is the key enzyme
in the regulation of energy homeostasis, and it has an essential role in the adaptive
reprogramming of metabolism.
2.3

AMPK

AMPK is an evolutionally conserved Ser/Thr kinase expressed in all eukaryotic
cells and functions as a cellular fuel sensor that mediates the metabolic response to
environmental or nutritional changes (Hardie et al. 2012). AMPK is activated in
response to stress factors that deplete cellular ATP levels, e.g., fasting, glucose
deprivation, hypoxia or exercise. In addition, AMPK is also regulated by several
hormonal and nutritional signals (Xue & Kahn 2006). Once activated, AMPK
initiates ATP-producing catabolic processes, such as FA oxidation, glucose uptake
and glycolysis, and simultaneously inhibits energy consuming anabolic pathways,
such as protein and FA synthesis as well as gluconeogenesis (Hardie et al. 2012).
AMPK exerts its effects on metabolism by acute control via phosphorylation of its
target substrates, while also mediating long-term effects via regulation of the
transcription and expression of several metabolic enzymes (Kahn et al. 2005).
2.3.1 AMPK structure and regulation
Mammalian AMPK is a heterotrimer consisting of a catalytic α-subunit and
regulatory β- and γ-subunits (Fig. 2). When AMP/ATP ratio in the cell rises, AMP
or ADP binding to γ-subunit leads to conformational change that promotes
phosphorylation of the Thr172 site on the α-subunit by upstream kinases. AMPK can
be allosterically activated directly by AMP or ADP, but the degree of activation is
modest, and phosphorylation of Thr172 is required for full activation of AMPK
(Stein et al. 2000). The relative amount of phosphorylated AMPK (pAMPK) is a
good indicator of AMPK activity (Suter et al. 2006)
23

At least three AMPK phosphorylating upstream kinases have been identified
to date: the tumor suppressor liver kinase B1 (LKB1), Ca2+/calmodulin-dependent
kinase (CaMKKβ) and TGFb-activated kinase 1 (TAK) (Fig. 2). LKB1 is the main
kinase phosphorylating AMPK, and it is essential for activation mediated by a rise
in the AMP:ATP ratio (Hawley et al. 2003, Woods et al. 2003). CaMKKβ is
expressed primarily in the brain and activated in response to elevated intracellular
calcium concentrations (Woods et al. 2005). Thus, although AMPK is highly
sensitive to the energy status of the cell, it can also be activated independently of
AMP. TAK is the most recently found AMPK activator, but the physiological
conditions under which TAK regulates the AMPK are still unclear (Momcilovic et
al. 2006).

Fig. 2. The structure and regulation of AMPK (modified from Yun & Zierath 2006).
CaMKK, Ca2+/calmodulin-dependent kinase; TAK, TGFb-activated kinase 1; LKB1, liver
kinase B1.
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2.3.2 AMPK targets in energy metabolism
AMPK activation initiates signalling cascades involved in lipid and glucose
metabolism, protein synthesis and gene expression of several metabolic enzymes.
Overall, AMPK acts to promote the switch towards lipid-based metabolism during
periods of energy scarcity. The key target for AMPK in FA metabolism is the acetylCoA carboxylase (ACC), a vital regulatory enzyme in FA synthesis (Viollet et al.
2010). ACC catalyzes the conversion of acetyl-CoA to malonyl-CoA, which is a
critical precursor for FA biosynthesis and a potent inhibitor of FA transportation
into mitochondria for oxidation (Munday 2002, Wakil et al. 1983). AMPK
inactivates ACC by phosphorylation, thereby reducing malonyl-CoA level, which
subsequently decreases FA synthesis and increases mitochondrial FA oxidation
(Hardie & Pan 2002). Mammalian ACC exists as two main isoforms, ACC1 and
ACC2, which differ in tissue distribution and function. ACC1 is expressed
predominantly in lipogenic tissues, such as liver and adipose tissue, and stimulates
FA synthesis, whereas ACC2 is mainly expressed in non-lipogenic tissues, such as
skeletal muscles and heart, and regulates FA transportation and oxidation (Bianchi
et al. 1990).
In addition to ACC, AMPK has several other target enzymes in lipid
metabolism. For instance, it regulates cholesterol synthesis through inhibitory
phosphorylation of liver HMG-CoA reductase. Furthermore, AMPK inhibits the
activity of adipose tissue hormone-sensitive lipase (HSL) and glycerol-3-phosphate
acyltransferase (GPAT), thereby decreasing the rate of lipolysis and triacylglycerol
biosynthesis, respectively (Kahn et al. 2005, Bijland et al. 2013).
For glucose metabolism, AMPK regulates gluconeogenesis by inhibiting
transcription of two key gluconeogenic enzymes in the liver: phosphoenolpyruvate
carboxykinase 2 (PEPCK) and glucose-6-phosphatase (G6Pase) (Cantó & Auwerx
2010). AMPK is also involved in glucose uptake through regulating the glucose
transporter 4 (GLUT4) in skeletal muscle and adipose tissue (Holmes et al. 1999,
Hu et al. 2017). In addition, AMPK stimulates glycolysis by activating 6phosphofructo-2-kinase and inhibits glycogen synthesis by inhibiting glycogen
synthase (Kahn et al. 2005).
Above-mentioned examples are only a part of the numerous downstream
effectors of AMPK. The long list of AMPK substrates in energy metabolism
underlies the major role of AMPK in the regulation of energy homeostasis.
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2.3.3 AMPK function in different tissues and regulation of wholebody energy metabolism
In addition to its function as a cellular energy sensor, AMPK has emerged as a
regulator of metabolism and energy balance at the whole-body level. AMPK has
been shown to mediate the metabolic effect of several hormonal and nutritional
signals, such as leptin, ghrelin, adiponectin, insulin, FFAs and glucose, both in the
central nervous system and peripheral tissues (Viollet et al. 2010, Xue & Kahn
2006). Diverse metabolic effects of AMPK signalling in different tissues have
significant implications for fat deposition and glucose homeostasis (Fig. 3).

Fig. 3. Multiple effects of AMPK in the hypothalamus, liver, skeletal muscle, white
adipose tissue (WAT) and brown adipose tissue (BAT) (modified from Kahn et al. 2005).

AMPK has a central role in the hypothalamic regulation of food intake and appetite
and, consequently, body weight. Studies in mice have shown that stimulation of
hypothalamic AMPK leads to increased food intake, whereas suppression in
AMPK activity has the opposite effect (Andersson et al. 2004, Minokoshi et al.
2004). Moreover, fasting has been shown to increase AMPK activity in the
hypothalamus, whereas re-feeding inhibits it (Minokoshi et al. 2004). The changes
in nutritional state are accompanied by alterations in circulating hormones and
nutrients, which of many have been shown to regulate hypothalamic AMPK.
Anorexigenic hormones leptin and insulin decrease AMPK phosphorylation in the
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hypothalamus (Andersson et al. 2004, Minokoshi et al. 2004), whereas orexigenic
hormones ghrelin and adiponectin increase AMPK activity (Kola et al. 2005,
Kubota et al. 2007).
In WAT, AMPK has been shown to be activated in response to fasting, exercise
and cold exposure (Bijland et al. 2013). The activation of AMPK leads to decreased
lipogenesis, triglyceride synthesis and lipolysis and increased FA oxidation (Daval
et al. 2006). A recent study by Kim et al. (2016) proposed that AMPK has opposite
effects depending on the rate of lipolysis. It appears that AMPK activates lipolysis
in post-prandial condition, but during high-rate lipolysis, e.g., during fasting,
AMPK suppresses the lipolytic pathway. Anti-lipolytic function of AMPK is
suggested to prevent the energy depletion caused by excess FA recycling during
high rate lipolysis (Gauthier et al. 2008, Kim et al. 2016). Adipocyte AMPK is
regulated by several hormonal signals. For instance, both leptin and adiponectin
appear to activate AMPK, whereas ghrelin inhibits AMPK activity (Dzamko &
Steinberg 2009).
AMPK is highly expressed in BAT, and enhanced BAT function is associated
with increased AMPK activity. Although the precise function of this energy-saving
protein in energy-wasting tissue is still somewhat unclear, several studies suggest
a regulatory role of some level in thermogenesis and BAT synthesis (van Dam et
al. 2015).
Hepatic AMPK might have an important role in the whole-body glucose
metabolism. AMPK has been shown to be activated in response to nutrient
deprivation and prolonged starvation (Assifi et al. 2005, Dentin et al. 2005).
Moreover, liver AMPK also mediates the effects of many hormones. Similar to
WAT, adiponectin and leptin have been shown to activate hepatic AMPK, whereas
ghrelin has an inhibitory role (Lim et al. 2010). The activation of AMPK in the
liver inhibits glucose, cholesterol and triglyceride synthesis while promoting FA
oxidation (Bergeron et al. 2001a, Viollet et al. 2006).
In skeletal muscle, AMPK is activated in response to exercise, fasting or other
states inducing energy depletion. In addition, several hormones affect muscle
AMPK activity. Leptin and adiponectin have been shown to activate AMPK,
whereas insulin appears to have an inhibiting effect (Dzamko & Steinberg 2009).
AMPK activation increases FA oxidation through the inhibition of ACC2, the major
ACC isoform found in skeletal muscle. Furthermore, AMPK has been shown to
enhance mitochondrial biogenesis, which increases the oxidative capacity of
muscle fibers (Bergeron et al. 2001b). In addition to FA metabolism, AMPK has an
important role in muscle glucose metabolism (Winder & Hardie 1999). Skeletal
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muscle glucose uptake is mediated by insulin-dependent and insulin-independent
pathways, and AMPK has been shown to participate in the latter (Richter et al.
2001). Glucose uptake is based on the recruitment of glucose transporter 4 (GLUT4)
from the intra-cellular vesicles to the cell surface (Fig. 4). In brief, insulin binding
to its receptor (IR) activates an enzyme cascade that involves phosphorylation of
insulin receptor substrate 1 (IRS-1) and subsequent activation of
phosphatidylinositol 3-kinase (PI3K) (Klip 2009). In turn, PI3 K activation leads
to phosphorylation and activation of protein kinase B (Akt), a crucial enzyme for
the insulin-stimulated translocation of GLUT4 (Kohn et al. 1996, Cong et al. 1997).
Contraction-stimulated AMPK activation in muscle cells enhances glucose uptake
by inducing the GLUT4 translocation, but this occurs independently of insulin and
PI3K/Akt-pathway (O'Neill 2013; Fig. 4). In addition, AMPK has a central role in
skeletal muscle protein metabolism. Insulin-stimulated Akt activation stimulates
protein synthesis and inhibits protein degradation. In contrast, AMPK activation
causes reduction in protein synthesis with simultaneous increase in autophagic
pathway (Schiaffino & Mammucari 2011). Interestingly, a recent study in mice
showed that AMPK mediated proteolysis in skeletal muscle is required to supply
amino acids for liver gluconeogenesis and preservation of blood glucose levels
during prolonged fasting (Bujak et al. 2015). Overall, AMPK functions as a primary
sensor for fasting-induced changes in energy levels in skeletal muscle and enables
the shift from glucose to FA utilization (Cantó & Auwerx 2010).
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Fig. 4. The insulin signalling pathway and AMPK function in the skeletal muscle glucose
uptake and metabolism.

2.3.4 AMPK counteracts another metabolic sensor, SIRT1
The AMP/ATP ratio is not the only signal of energy status in the cell. Another essential
metabolic sensor is the mammalian sirtuin 1 (SIRT1), histone/protein deacetylase
that responds to the cellular levels of NADH/NAD (Schwer & Verdin 2008). After
the observation that SIRT1 is involved in the elongation of life span, mainly via
mediating the positive effects of calorie restriction, it has also emerged as a major
regulator of metabolism and as a key enzyme in the metabolic adaptation to
environmental stresses that cells and organisms encounters (Schwer & Verdin 2008).
Similar to AMPK, SIRT1 is activated in response to the changes in the energy balance,
and it has several target substrates in metabolic pathways, among them regulators
of lipid metabolism and mitochondrial biogenesis (Rodgers et al. 2005, GerhartHines et al. 2007). AMPK and SIRT1 have overlapping functions in cellular energy
metabolism and many common target molecules in glucose and lipid metabolism
(Fulco & Sartorelli 2008, Haigis & Sinclair 2010, Ruderman et al. 2010). SIRT1
has been shown to link nutrient availability to the expression of metabolic genes.
For example, SIRT1 inhibits adipogenesis through regulation of PPAR-γ
(peroxisome proliferator-activator receptor gamma), a nuclear hormone receptor
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that activates genes involved in adipogenesis and fat storage (Schwer & Verdin
2008). In general, increased SIRT1 expression reduces lipid accumulation in WAT
and enhances FA oxidation in skeletal muscle.
2.4

AMPK and seasonal adaptation

Studies in hibernating species have provided evidence that AMPK may participate
in the regulation of seasonal adaptation of food intake and energy metabolism. In
marmots (Marmota flaviventris) and ground squirrels (Callospermophilus
lateralis), the activation of hypothalamic AMPK prevents hypometabolism and
occurrence of torpor (Florant et al. 2010, Healy et al. 2011a). Furthermore, AMPK
phosphorylation and expression in peripheral tissues of ground squirrels (C.
lateralis and Ictidomys tridecemlineatus) varies in response to different stages of
torpor and changes seasonally as well (Horman et al. 2005, Healy et al. 2011b,
Lanaspa et al. 2015). Studies in American black bears (Ursus americanus) have
shown that AMPK expression in adipose tissue and skeletal muscle differs between
autumn and winter animals (Hill 2013). In addition, diverse expression levels and
activity of SIRT1 have been observed during torpor-arousal cycles and annual
metabolic adaptation of the ground squirrel (I .tridecemlineatus) (Rouble & Storey
2015).
Overall, molecular mechanisms in energy metabolism during seasonal
adaptation are quite extensively studied in the context of metabolic depression
during the hibernation period. These studies of AMPK in seasonal metabolic
adaptation have been mostly conducted on species that exhibit deep hibernation
with decreased metabolic rate, low Tb and total aphagia in winter. In this thesis,
comparative animal models with diverse wintering strategies were used to evaluate
the effect of seasonal adaptation on pivotal proteins in the maintenance of energy
homeostasis.
2.5

Study species

In the present study, the molecular level changes in protein pathways important to
energy homeostasis were studied in two species that represent alternative wintering
strategies both differing from deep hibernators: the raccoon dog with autumnal
fattening followed by wintertime fasting and the Djungarian hamster with autumnal
reduction in body mass and active wintering.
30

Raccoon dog
The raccoon dog (Nyctereutes procyonoides; Fig. 5) is a canid species originating
from eastern Asia (Siivonen 1972). Individuals of the sub-species N.p. ussuriensis
were introduced to the northwestern parts of the former Soviet Union (Russia)
between the 1930s and 1950s. N.p. ussuriensis is well adapted to cold and snowy
climate in its native range, which enabled its rapid spread to northern and eastern
Europe in a few decades (Kauhala & Kowalczyk 2011). The boreal raccoon dog
utilizes unique wintering strategy among canids. It displays excessive autumnal
fattening and superficial hibernation (winter sleep) in winter, with periods of
hypophagia and inactivity. In a year, the body mass of the Finnish raccoon dog
varies by 30–40%, and its fat reserves are lowest in summer (May–June) and
highest in late autumn (October–December) (Kauhala 1992, Asikainen et al. 2004).
The winter lethargy of the raccoon dog resembles the hibernation of bears (Ursus
spp.) and badgers (Meles meles). However, differing from these obligatory
hibernators, the winter rest of the wild raccoon dog is more facultative. It appears
that wintertime activity/passivity depends partly on food availability, Ta and depth
of snow cover (Siivonen 1972, Asikainen et al. 2004, Mustonen et al. 2012).
Furthermore, compared to deep hibernators with a drastic drop of Tb near to 0 °C
or to hibernating bears with 5–6 °C lower Tb, raccoon dogs display only moderate,
approximately 1–2 °C decrease in Tb during winter lethargy (Nieminen et al. 2005,
Mustonen et al. 2012). Although the duration of passive periods can vary highly
between individuals, from few days to 9 weeks (in Eastern Finland; Mustonen et
al. 2007a, Mustonen et al. 2012), the boreal raccoon dog is well adapted to endure
long fasting periods up to several months. Previous studies in farm-bred animals
have shown that raccoon dogs are able to remain normoglycemic and are capable
of preserving their muscle and bone tissue mass during the 8 weeks of wintertime
fasting (Mustonen et al. 2004).
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Fig. 5. The raccoon dog. Photo: Esko Kivistö

The raccoon dog presents an attractive model to study seasonal adaptations in
energy metabolism. In Finland, raccoon dogs of the wild genotype are raised on fur
farms, which makes them easily attainable and enables the manipulation of food
availability. Furthermore, they are easy to handle, and the sufficient size enables
extensive sampling. In addition, although the farm animals are usually of larger
size and have more abundant amount of adipose tissue, previous studies have
shown that seasonal physiological adaptations are similar in wild and farmed
raccoon dogs (Nieminen et al. 2002, Asikainen et al. 2004, Mustonen et al. 2004,
Nieminen et al. 2005, Mustonen et al. 2007a, Mustonen et al. 2007b, Mustonen et
al. 2012). Thus, the results gained from the studies in farmed raccoon dogs can be
applied to the whole subspecies in temperate areas.
Djungarian hamster
The Djungarian hamster (Phodopus sungorus; Fig. 6), also known as the Siberian
hamster, is a small nocturnal rodent native to steppes of southwestern Siberia and
eastern Kazakhstan (Cassola 2016). Climatic conditions in its natural habitat are
challenging because of drastic seasonal changes, characterized by extremely cold
winters, with temperature dropping down to -40 °C. To survive harsh winters, the
Djungarian hamster has several behavioral, morphological and physiological
adaptations. Winter adaptation includes, e.g., growth of white winter fur, increased
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thermogenic capacity via enhanced BAT function, gonadal regression and
occurrence of daily torpor (Hoffmann 1973; Heldmaier et al. 1981; Heldmaier &
Steinlechner 1981a). An intriguing seasonal adaptation of the Djungarian hamster
is the reduction of body weight prior to winter. The Djungarian hamster is strictly
photoperiodic, i.e., all aforementioned adaptive traits are triggered by the changes
in day length. In response to shortening day length at the onset of autumn, hamsters
spontaneously reduce food intake and body weight, even when there is food
available (Heldmaier & Steinlechner 1981b, Knopper & Boily 2000, Wade &
Bartness 1984). Wintertime body mass of the hamsters can be up to 30–40% lower
than in summer, body weight ranging between ~ 20–45 g. Lost mass is for the most
part adipose tissue (Heldmaier & Steinlechner 1981b, Klingenspor et al. 2000),
although the reduction in size of other peripheral tissues, such as muscles, is also
possible.
The Djungarian hamster is a widely used animal model in the research of
seasonal changes in energy metabolism, thermoregulation, food intake and
behavioral adaptations. Hamsters are easily maintained, and the seasonal changes
in phenotype are attained simply by altering the photoperiod.

Fig. 6. The Djungarian hamster. Photo: Sanni Kinnunen
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3

Aims of the study

The aim of this PhD thesis is to clarify the molecular mechanisms in energy
metabolism during seasonal adaptation by using two different animal models: the
raccoon dog and the Djungarian hamster. The main focus is on key enzymes
involved in the regulation of energy homeostasis, AMPK, ACC and SIRT1. It was
hypothesized that because of their substantial roles in metabolic processes, these
proteins are involved in the control of energy balance during altered situations, such
as prolonged food scarcity and seasonal changes in adiposity. Hence, the protein
expression and phosphorylation levels would alter in response to winter adaptation.
The specific objectives of the thesis are:
1.
2.
3.

To study seasonal differences and the effect of periodic food scarcity on
AMPK-ACC pathway in metabolically essential tissues of the raccoon dog (I)
To investigate the effects of wintertime long-term fasting on skeletal muscles
of the raccoon dog (II)
To study the seasonal differences in AMPK, ACC and SIRT1 expression in
different tissues of the Djungarian hamster (III)
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4

Materials and methods

Materials and methods used in the studies are described briefly here. The more
detailed descriptions are included in the original papers.
The experimental protocols of the studies were approved by the national
Animal Experiment Board (licenses no. ESLH-2008-06316/Ym-23 for studies I
and II and no. ESAVI-2010-06711/Ym-23 for study III).
4.1

Animals

In total, 20 raccoon dogs were used in this study (I, II). Animals were farm-bred
individuals housed in cages in a roofed enclosure at natural ambient temperature
and photoperiod at the Kannus Research Farm Luova Ltd. (63°54'30"N,
23°56'26"E).
In paper III, a total of 24 Djungarian hamsters were obtained from the breeding
colony at the Department of Biology, University of Oulu. Hamsters were housed
individually in animal room under 14:10 light-dark cycle and at Ta of 22 ± 2 °C.
4.2

Experimental protocols

All raccoon dog experiments and sampling were conducted at the Kannus Research
Farm Luova Ltd. In the wintertime fasting experiment (December 22, 2009–March
1, 2010), one group of raccoon dogs fasted for 10 weeks (N = 6; winter-fasted)
while the other group was fed ad libitum with commercial fur animal diet (N = 6;
winter-fed). The animals were weighed once before the experiment and twice
during the study period. After 10 weeks, the animals were weighed and sacrificed
for sampling according to the regulations of the Council of the European Union
1993. In paper I, a third experimental group was included to evaluate the seasonal
effect on studied parameters. This group was fed ad libitum with commercial fur
animal diet throughout the summer and autumn and sampled in late autumn
(December 1, 2010), when the fat depots are the most abundant (N = 8; autumnfed). Accordingly, the experimental groups in the papers were winter-fasted,
winter-fed and autumn-fed in paper I and winter-fasted and winter-fed (control) in
paper II.
The paper III experiment was conducted at the Department of Biology,
University of Oulu during December 30–April 13, 2011. A group of hamsters (N =
16; winter group) were exposed to 15 weeks of winter acclimatization (Ta = 10 ºC,
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short photoperiod 8L:16D, lights on at 0800 hours). The control group (N = 8;
summer group) was housed in summer-like conditions at a long photoperiod
(14L:10D, lights on at 0600 hours) at 22 ºC. All animals received water and food
(Lactamin, Sweden) ad libitum and additional apple and curd were given as weekly
supplement. Hamsters were weighed weekly, and at the end of the experiment
animals were sacrificed for sample collection.
4.3

Tissues used for analyses

For the protein analyses in paper I, the whole hypothalamus, samples from the liver
as well as subcutaneous (sWAT, from groin region) and intra-abdominal (iWAT,
from greater omentum) white adipose tissues of the raccoon dogs were collected.
In addition, blood samples were collected by cardiac punctures (I, II). In paper II,
the samples from five hind limb muscles of the raccoon dogs were used for protein
expression analyses and enzyme histochemistry. The muscles were chosen to
represent different muscle types with diverse fiber type composition for the
evaluation of possible differences between the muscles. The dissected muscles
were one thigh muscle, m. rectus femoris (RF), and four lower leg muscles: m.
gastrocnemius (GA, lateral part), m. flexor digitorum superficialis (FDS), m.
tibialis anterior (TA) and m. extensor digitorum longus (EDL) (Fig. 7). All muscle
samples were taken as cross-sections from the middle part of the muscle.

Fig. 7. The cross-section of the lower hind limb of a dog. TA, EDL, FDS and GA muscles
used in paper II are marked. Grey areas are tibia (large) and fibula (small) bones
(modified from Goldfinger 2004).

In paper III, the whole hypothalamus and samples from skeletal muscle (m. rectus
femoris, RF), subcutaneous and abdominal white adipose tissues (sWAT and aWAT,
respectively) and interscapular brown adipose tissue (iBAT) of summer and winter
acclimatized Djungarian hamsters were collected for the protein expression
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analyses. In addition, the heart, liver, total amount of iBAT and whole skeletal
muscle (RF) were weighed.
4.4

SDS-PAGE and Western blotting (I, II, III)

Tissue samples were homogenized in ice-cold lysis buffer containing protease
inhibitors. Homogenates were then denatured and diluted in Laemmli sample buffer
(Bio-Rad Laboratories Inc., Hercules, CA, USA). Total protein concentration in the
sample homogenates was determined by the Bradford method (Bradford 1976).
The samples containing equal amount of total protein were resolved by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), and the
proteins were then transferred into nitrocellulose membrane for antibody
incubations. All used antibodies are listed in the Table 1. Membranes were
incubated overnight at +4 °C in primary antibodies, followed by secondary
antibody incubation for two hours at room temperature. Antibody detection was
performed with the BCIP/NBT substrate solution (Roche Diagnostics GmbH,
Mannheim, Germany). Optical densities of the detected bands were analyzed with
the FluorS MultiImagerTM program (Bio-Rad). For the determination of the
myosin heavy chain (MHC) isoform distributions in the raccoon dog muscle
samples (II), the SDS-PAGE gels were stained with Coomassie Brilliant Blue to
visualize the proteins and analyzed with the FluorS MultiImagerTM program.
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Table 1. List of antibodies used.
Antibody

Source

Paper

Primary antibodies
AMPKα

Cell Signaling Technology Inc.

I, II, III

Phospho-AMPKα (Thr172)

Cell Signaling Technology Inc.

I, II, III

ACC

Cell Signaling Technology Inc.

I, II, III

Phospho-ACC (Ser79)

Cell Signaling Technology Inc.

I, II, III

GLUT-4

Sigma-Aldrich Inc.

II

Akt

Cell Signaling Technology Inc.

II

Phospho-Akt (Ser473)

Cell Signaling Technology Inc.

II

Insulin receptor β

Cell Signaling Technology Inc.

II

SIRT1

Abcam

III

Loading control antibodies
Anti β-actin

Abcam

I, III

Anti α-tubulin

Cell Signaling Technology Inc.

I, III

GAPDH

Cell Signaling Technology Inc.

II

Bio-Rad

I, II, III

Secondary antibodies
AP-conjugated, goat anti-rabbit

4.5

Muscle enzyme histochemistry (II)

For the histochemical illustration of the raccoon dog muscle fiber types, serial 10
µm cross-sections were cut from the central part of the RF. The sections were
stained for myofibrillar ATPase activity following pre-incubation at pH 10.3 and
for succinate dehydrogenase (SDH) activity as well.
4.6

Muscle glycogen and lipid content (II)

Glycogen and lipid contents of RF, GA, FDS, TA and EDL muscle samples of the
fasted and fed raccoon dogs were determined. Subsamples from the muscles were
homogenized in 5% TCA and glycogen was visualized from the supernatants with
Lugol-staining. Lipid content was determined by modified sulfophosphovanillin
method (Frings et al. 1972). The muscle subsamples were homogenized in six
volumes of lysis buffer (62.5 mM Tris-HCl). 20 µl of the supernatants, water (blank)
or standards (olive oil) were transferred into 10 ml glass tubes. 100 µl of sulphuric
acid was added, and the tubes were incubated at 100 °C for 10 min. After cooling,
5 ml of phosphovanillin reagent was added, and the tubes were incubated at 37 °C
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for 15 min and cooled. Absorbances were measured at 540 nm, and lipid
concentration in the samples was calculated from the calibration curve.
4.7

Plasma parameters (I, II)

The plasma hormones and other parameters were analyzed with commercial kits.
In paper I, the plasma insulin, leptin, ghrelin and adiponectin levels of the winterfasted and -fed as well as autumn-fed raccoon dogs were analyzed with the
Milliplex® MAP Canine Gut Hormone assay kit (Millipore, St. Charles, MO, USA)
utilizing the Bio-Plex instrument based on Luminex xMAP technology (Bio-Rad
Laboratories Inc.). In paper II, the plasma insulin, leptin and ghrelin concentrations
of the winter-fasted and -fed raccoon dogs were measured with commercial radio
immune assay kits: Human Insulin Specific RIA kit, Multi-Species Leptin RIA kit
(Millipore St. Charles, MO, USA) and Ghrelin (Human) RIA kit (Phoenix
Pharmaceuticals Inc., Burlingame, CA, USA). The peptide hormone assays were
previously validated for the raccoon dog (Mustonen et al. 2004, Nieminen et al.
2002). The plasma FFA concentrations (II) were assayed with the 96-well
Serum/Plasma Fatty Acid Kit, Non-Esterified Fatty Acids Detection Kit (Zen-Bio,
Research Triangle Park, NC, USA). The plasma glucose concentrations (I, II) were
measured with the HemoCue® Glucose 201 Analyzer (HemoCue AB, Ängelholm,
Sweden).
4.8

Statistical analyses

Normality of the data was tested with the Shapiro–Wilk test, and homogeneity of
variances was tested with the Levene test. Statistically significant differences
between the groups were assessed by using the Student's t-test (II, III) or the oneway analysis of variance (ANOVA), followed by the Tukey’s post hoc test (I).
Comparisons of body masses between the different time points within a study group
were performed with the paired samples Student’s t test (I, II, III). The Pearson
correlation coefficient (rp) was used for evaluating the correlations (I, II, III). All
statistical analyses were performed using the SPSS v20.0 for Windows software
(IBM, Armonk, NY, USA). Statistical significance was defined as P < 0.05. The
results are presented as means ± SE.
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5

Results

This chapter summarizes the results obtained from previously described studies.
More detailed results are presented in the original papers. In general, there were
tissue-specific seasonal differences in the expression levels of studied proteins.
Both in the raccoon dog and Djungarian hamster, the relative protein expression of
AMPK and ACC were different between winter and summer/autumn acclimatized
animals, observed most clearly in adipose tissues. However, the direction of the
change in the protein levels was opposite: winter hamsters had higher protein
expression than summer hamsters, whereas winter raccoon dogs had lower protein,
mainly AMPK, levels, compared to the autumn group.
5.1

Raccoon dog study: effect of wintertime fast and seasonal
adaptation

Major differences in the expression and phosphorylation of studied proteins were
observed mainly between the winter and autumn groups (I). Remarkably, 10 weeks
of wintertime fasting had only minor effects on the measured parameters in
different tissues of the raccoon dogs (I, II).
5.1.1 Body masses (I, II)
12 raccoon dogs were used for the wintertime fasting experiment (I, II). Half of the
animals fasted for 10 weeks while the other half was fed ad libitum. Both groups
lost weight during the experimental period (Fig. 8). The mean body mass of the
fasted group decreased from 13.9 ± 0.7 to 9.5 ± 0.6 kg (32%) and from 14.0 ± 0.5
to 11.2 ± 0.4 kg (19%) in the fed group. The average body mass of the fasted
animals was significantly lower (P < 0.05) compared to the winter-fed group. The
average body mass of the autumn-fed group was 12.0 ± 0.5 on the sampling day
December 1 (I). Higher autumnal body masses of the winter-fasted and -fed groups
are probably due to age difference between the groups. Winter-fasted and -fed
animals were juveniles, 7–8 months at the beginning of the experiment, and the
autumn-fed group ages varied between 19–69 months. Farm-bred juvenile raccoon
dogs have been observed to gain more weight in autumn than overwintered adults
(Asikainen 2013).
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Fig. 8. The average body masses (± SE) of winter-fed and -fasted raccoon dogs before
and during the experiment. Fast started at Dec 22, 2010.

5.1.2 Plasma parameters (I, II)
To evaluate the effects of long-term fasting and seasonality on metabolically
relevant plasma hormones, leptin, ghrelin, insulin and adiponectin concentrations
were measured from the winter-fasted and -fed and autumn-fed raccoon dogs (I, II).
Furthermore, plasma FFA and glucose levels were determined to observe the
differences between fed and fasted states of the winter-adapted animals (II).
Combined results obtained from the plasma hormone assay used in paper I and
from glucose and FFA analyzes (II) are presented in Table 2. The plasma leptin
concentration was lower in both winter groups compared to the autumn-fed animals
(P > 0.05). Furthermore, the winter-fasted animals had lower ghrelin concentration
compared to the winter-fed and autumn-fed groups (P < 0.05) and lower insulin
level compared to the winter-fed group (P < 0.05, II).
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Table 2. Plasma parameters (mean ± SE) of the winter-fasted and -fed and autumn-fed
raccoon dogs.
Winter-fasted

Winter-fed

Leptin (ng/ml)

1.44 ± 0.45 a

2.57 ± 0.73 a

Ghrelin (ng/ml)

0.053 ± 0.014

Insulin (µIU/ml)

4.42 ± 0.88 a

11.39 ± 3.04 b

5.99 ± 1.44 ab
31.92 ± 4.25

a

0.166 ± 0.036

Autumn-fed
6.02 ± 0.91 b
b

0.168 ± 0.028

Adiponectin (µg/ml)

23.99 ± 3.63

30.12 ± 6.54

Glucose (mmol/l)

7.89 ± 1.12

7.07 ± 0.35

6.67 ± 0.20

FFA (mmol/l)

0.98 ± 0.15

0.73 ± 0.06

not analyzed

a,b

b

Different letters indicate statistical difference between the groups, P < 0.05

5.1.3 Effect of seasonal adaptation and wintertime fasting on AMPK
and ACC in different tissues of raccoon dog (I)
The relative expression and phosphorylation level of AMPK and ACC in the
adipose tissues (sWAT and iWAT), liver and hypothalamus of the winter-fasted and
-fed and autumn-fed raccoon dogs were analyzed by the Western blot method.
Overall, wintertime fast had little effect on AMPK and ACC, whereas the
expression and phosphorylation levels varied between winter and autumn animals.
Adipose tissue
Distinct down-regulation of AMPK expression was observed in adipose tissues of
the winter acclimatized raccoon dogs. Compared to the autumn-fed group, winterfasted raccoon dogs had over 70% lower AMPK level in sWAT and iWAT, and the
winter-fed group AMPK expression was reduced by 76% and 38% in sWAT and
iWAT, respectively (P < 0.05, I, Figs. 3B and 4B). Concomitant decreases in the
pAMPK levels were observed in both adipose tissues of the winter groups (P <
0.05, I, Figs. 3A and 4A). Total ACC expression in sWAT or iWAT did not differ
between the groups. However, coincident with the declined pAMPK content, the
pACC level and pACC/ACC ratio in sWAT were lower in the winter-fasted (43%
and 41%) and fed animals (28% and 38%) compared to the autumn-fed group (P <
0.05, I, Fig. 3D,F). In iWAT, the pACC level was lower in the winter-fasted group
compared to the winter- and autumn-fed groups, but no difference was detected in
the pACC/ACC ratio. Interestingly, both ACC isoforms (ACC1 and ACC2) were
observed in sWAT of the winter acclimatized raccoon dogs but only ACC1 in the
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autumn group (I, Fig. 3G). Furthermore, only ACC1 was distinguishable in iWAT
of all groups (I, Fig. 4G).
Liver and hypothalamus
In the liver, the amount of total AMPK did not differ between the groups, but
pAMPK was reduced 53%, and the pAMPK/AMPK ratio was consistently lower
in the winter-fasted animals compared to the autumn-fed group (P < 0.05, I, Fig.
2A,C). In the winter-fed group, the pAMPK level was 40% lower than in the
autumn-fed group, yet no statistical difference was detected (P = 0.08). Similar to
the pAMPK levels, the liver pACC level was lower (40%, P < 0.05) in the winterfasted group and slightly, but not significantly, reduced (23%, P = 0.07) in the
winter-fed group compared to the autumn-fed group (I, Fig. 2D). However, total
ACC expressions levels also followed a similar pattern, and, consequently, the
pACC/ACC ratio did not differ between the groups (I, Fig. 2E,F).
Hypothalamic AMPK expression was 27% lower in the winter-fasted and -fed
group compared to the autumn-fed group (P < 0.05, I, Fig. 1B). Yet, there were no
differences in the pAMPK levels or pAMPK/AMPK ratios. Inconsistent with
AMPK, the ACC phosphorylation levels were slightly higher in the winter-fasted
(19%) and -fed (23%) groups compared to the autumn-fed group (P < 0.05, I, Fig.
1D).
5.1.4 Effect of wintertime fasting on skeletal muscles of raccoon dog
(II)
To investigate how prolonged fast affects skeletal muscles of the winter-adapted
raccoon dog, different parameters reflecting the metabolic state of the muscles were
evaluated. In general, results show that raccoon dog muscles are quite resistant to
fasting, as only moderate changes were observed between fasted and fed animals.
Muscle fiber types
The fiber type composition in five skeletal muscles of the raccoon dog was
determined by MHC assay accompanied with ATPase and SDH activity staining
(II, Fig. 5). All muscles contained three major fiber types. The detected MHC
isoforms were MHC I, MHC IIa and MHC IIx (II, Fig. 4), and corresponding fiber
types are I, IIA and IIX, respectively. The fourth major fiber type IIB, expressing
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the isoform MHC IIb, was below detection limit in all muscles studied. 10 weeks
of fasting had no significant effect on muscle fiber type composition in the winteradapted raccoon dogs (Fig. 9).

Fig. 9. The myosin heavy chain (MHC) isoform composition in m. rectus femoris (RF),
m. gastrocnemius (GA), m. flexor digitorum superficialis (FDS), m. tibialis anterior (TA)
and m. extensor digitorum longus (EDL) of the fed (C) and fasted (F) raccoon dogs.

Muscle glycogen and lipid content
To evaluate the effect of wintertime fast on muscle energy reserves, glycogen and
lipid concentrations were measured from RF, GA, FDS, TA and EDL muscles of
the winter-fasted and -fed raccoon dogs. Higher glycogen content was observed in
RF of the fasted group (P < 0.01, Fig. 10A), but the amount of glycogen in other
muscles did not differ between the groups. Muscle total lipid content was not
affected by fast in any of the muscles studied (Fig 10B).
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Fig. 10. The glycogen (A) and lipid content (B) in the muscles of the fasted and fed
raccoon dogs. **P < 0.01

Protein expression
The relative level of total protein and phosphorylated form of AMPK and its
downstream target in FA metabolism, ACC, were measured by the Western blot
method from skeletal muscles of the winter-fasted and -fed raccoon dogs.
Furthermore, in order to evaluate the effect of fast on the enzymes participating in
insulin signaling and glucose metabolism, the expression of IR, GLUT4, Akt and
phosphorylated Akt (pAkt, active form) was analyzed.
Overall, the total protein content in the muscle samples was slightly lower in
the fasted group, average protein loss being 16% (P < 0.05). Protein loss was more
profound in TA and EDL muscles (22% and 21%, respectively, P < 0.05) and
moderate in RF, GA and FDS (5%, 17% and 16%, respectively, significant
difference in GA, P < 0.05). Fasting caused reduction in total AMPK and ACC
protein levels in RF, TA and EDL muscles. AMPK expression was 35% lower in
RF (P < 0.05), 39% lower in TA (P < 0.05) and 51% lower in EDL (P < 0.01) of
the fasted group compared to the fed group (II, Fig. 1A). A parallel decrease was
observed in ACC expression (42%, 41% and 45%, respectively, P < 0.05, II, Fig.
1C). However, there were no differences in the phosphorylated AMPK (pAMPK,
active form) levels between the groups, indicating that despite the decrease in total
protein, the amount of active protein is preserved, which was also observed as a
2.0-fold and 2.3-fold higher pAMPK/AMPK ratio in TA and EDL, respectively, of
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the fasted group (P < 0.01, II, Fig. 1B,E). Furthermore, the amount of pACC was
at the same level in fasted and fed groups in most of the muscles (II, Fig. 1D).
Regarding insulin signaling proteins, IR, GLUT4 and Akt, raccoon dog muscles
were resistant to the fast, as no changes in the relative protein expression levels
were detected between the groups. However, Akt activation appeared to have
declined in FDS and EDL of the fasted animals, as results showed 53% (P < 0.01)
and 29% (P < 0.05), respectively, lower pAkt levels compared to the fed group (II,
Fig. 2D).
5.2

Effect of winter acclimatization on Djungarian hamster (III)

In order to investigate the involvement of AMPK, ACC and SIRT1 in the seasonal
metabolic adaptation of the Djungarian hamster, the hamsters were exposed to
either winter (short photoperiod, 10 °C) or summer (long photoperiod, 22 °C)
conditions for 15 weeks. After the acclimatization period, the relative protein
expressions and phosphorylation levels were measured by the Western blot method.
5.2.1 Body and tissue masses
Djungarian hamsters exhibited higher body masses in summer conditions, and the
body masses decreased progressively in response to winter acclimatization (Fig.
11). The mean body mass of the winter group decreased from 43.6 ± 1.9 g to 33.9
± 1.2 g (22%, P < 0.001), and the body masses remained stable for the last two
weeks, which indicates that the animals had reached their body fat nadir. The body
mass of the winter group was significantly lower compared to the summer group at
the end of the acclimatization period (Table 3, P < 0.01).
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Fig. 11. The average body masses (± SE) of the winter- and summer-acclimatized
hamsters in the experimental period.

The weights of the heart, liver, iBAT and RF muscle were measured to observe the
effect of winter acclimatization on the size of these metabolically relevant tissues.
The winter hamsters had lower muscle mass (Table 3, P < 0.05), but no statistically
significant differences were observed between the groups in the other measured
tissues.
Table 3. Tissue masses of the summer and winter acclimatized Djungarian hamsters
after the experimental period.
Body mass

Heart (mg)

Liver (mg)

iBAT (mg)

Muscle (mg)

Summer

40.4 ± 2.1

202.0 ± 17.7

1578.0 ±152.5

65.8 ± 10.1

114.6 ± 12.2

Winter

33.9 ± 1.22

222.7 ± 7.8

1399.3 ± 97.9

51.8 ± 3.7

87.5 ± 5.01

1

2

P < 0.05, P < 0.01

5.2.2 AMPK, ACC and SIRT1 expression in different tissues
The relative expression and phosphorylation of the studied proteins were measured
from sWAT, aWAT, iBAT, skeletal muscle (RF) and the hypothalamus of the winter
and summer acclimatized Djungarian hamsters. In general, the results show higher
AMPK, ACC and SIRT1 expression levels in the winter group. However, there are
some tissue-specific differences, and similar to the raccoon dog (II), winter
acclimatization had more pronounced effect in adipose tissues.
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Adipose tissues
The winter acclimatized hamsters had twofold higher AMPK expression in sWAT
and aWAT (P < 0.05). However, the relative level of active protein
(pAMPK/AMPK ratio) was lower in both tissues in the winter group (P < 0.05, III,
Figs. 2A and 3A). ACC expression was also higher in sWAT of the winter group (P
< 0.05), but no statistically significant difference was observed in aWAT (III, Figs.
2B and 3B). The pACC level was higher in sWAT (twofold, P < 0.001) and aWAT
(2.3-fold, P < 0.05) of the winter hamsters. Yet, the pACC/ACC ratio was
significantly higher only in sWAT (P < 0.05, P = 0.07 for aWAT).
The most striking effect of winter acclimatization on AMPK and ACC
expressions was observed in iBAT. The winter group had threefold higher AMPK
(P < 0.05, III, Fig. 4A) and fivefold higher ACC expressions (P < 0.001, III, Fig.
4B). However, as observed also in sWAT and iWAT, the relative proportion of the
active form (pAMPK/AMPK ratio) was lower in the winter group (P < 0.05, III,
Fig. 4A). Concomitant with higher ACC expression, the winter group had twofold
higher pACC level (P < 0.05). Yet, the pACC/ACC ratio was twofold lower (P <
0.05), suggesting that a larger proportion of the total protein was in inactive state
in the summer hamsters (III, Fig. 4B).
In addition, SIRT1 protein level was higher in adipose tissues of the winter
acclimatized hamsters: 1.5-fold in sWAT, 2.4-fold in iWAT (P < 0.05, III, Figs. 2C
and 3C) and 1.7-fold in iBAT (P < 0.05, III, Fig. 4C).
Muscle and hypothalamus
In the skeletal muscle, the amount of total AMPK and phosphorylation ratio were
opposite to that observed in adipose tissues, i.e., AMPK expression was lower (P <
0.01) and the pAMPK/AMPK ratio higher (P < 0.05) in the winter group (III, Fig.
5A). ACC expression and phosphorylation did not differ between the groups.
SIRT1 expression level was also higher in the muscle of the winter group (P < 0.05).
There were no differences between summer and winter hamsters in hypothalamic
AMPK, ACC and SIRT1 protein expression or phosphorylation.

51

52

6

Discussion

Seasonal species exhibit robust annual cycles of food intake, adiposity and energy
metabolism. Changes in protein expression as well as post-translational regulation,
such as phosphorylation, are the fundamental base for physiological adaptation.
AMPK is considered one of the key regulators of energy homeostasis, especially in
lipid and glucose metabolism, but only few studies have focused on the effect of
seasonal metabolic adaptation on AMPK. In this study, two seasonal species with
diverse wintering strategy, the raccoon dog and Djungarian hamster, were used to
evaluate the effect of seasonal adaptation and wintertime fasting on AMPK and its
target in FA metabolism in major metabolic tissues. In addition, the effect of
prolonged fast on the raccoon dog skeletal muscle was studied. It was observed that
seasonal differences in AMPK and ACC expression were evident, in particular, in
adipose tissues of both species. However, the direction of the changes was opposite.
Contrary expression levels of AMPK and ACC in adipose tissues of the hamsters
and raccoon dogs reflects diverse wintering strategies of these species.
6.1

Effect of wintertime fast and seasonality on AMPK and ACC
expression in the raccoon dog (I)

In general, 10-week fast had only a minor effect on the measured protein
expressions in different metabolic tissues of the raccoon dog. There were no
differences in AMPK or ACC expression in the hypothalamus, liver, sWAT and
iWAT between the winter-fasted and -fed animals, and the phosphorylation ratios
were not affected (I). Fasted raccoon dogs lost over 30% of their body mass but
still had a substantial amount of body fat left after the fasting period (personal
observation, Kinnunen S), indicating that the animals were not in a starving
condition. The weight loss (19%) observed also in the winter-fed groups is
characteristic for the farmed raccoon dogs. They usually do not distinctly exhibit
winter lethargy because of continuous feeding, but seasonal fluctuations in food
intake and adiposity are common (Nieminen et al. 2002, Mustonen et al. 2004).
However, although the winter-fed group lost weight, which might slightly blunt the
effect of fast, the results indicate that raccoon dogs are highly adapted to endure
food restriction in winter, and the studied protein expression levels reflect the
metabolic state determined by season. In many seasonal species, the adaptive
changes in energy metabolism in response to climatic changes are typically
exhibited despite nutritional status.
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The differences in plasma hormone levels were consistent with previous
studies in raccoon dogs (Mustonen & Nieminen 2017). The leptin and ghrelin levels
were not affected by the fast, which presumably enables the maintenance of
wintertime hypophagia. Low insulin levels of the fasted group are a typical
response to fast in mammals and contribute, e.g., to glucose saving by lowering the
glucose uptake by muscles and adipose tissue.
6.1.1 AMPK and ACC expression in WAT of the raccoon dog (I)
Previous studies in hibernating species indicate that seasonal changes in adiposity
are reflected in the abundance and activity levels of proteins involved in lipid
metabolism (Carey et al. 2003). During the fat deposition phase, expression of
lipogenic enzymes is up-regulated, whereas lipolytic enzyme function declines. In
turn, during the body mass loss phase, lipolytic enzyme activity increases. AMPK
regulates the activity and expression of various enzymes in lipid metabolism.
Although the precise role of AMPK in adipose tissue is still somewhat unclear,
AMPK activation has been shown to decrease FA synthesis, lipogenesis and
lipolysis and increase FA oxidation in adipocytes (Bijland et al. 2013). Food
deprivation increases AMPK activation in WAT of laboratory rodents (Daval et al.
2005, Sponarova et al. 2005), and the level of AMPK phosphorylation and
activation has been shown to be higher in WAT of hibernating ground squirrels
compared to euthermic summer animals (Horman et al. 2005). The role of AMPK
in the metabolic adaptation of adipose tissue has also been studied in the elephant
seal (Mirounga angustirostris), a species that remains active during seasonal 2–3month fasting period. In these seals, AMPK function was found to be enhanced
after extended fasting (Viscarra et al. 2011b, Viscarra et al. 2011a). However,
somewhat unexpectedly, the results of the current study showed that relative
AMPK protein abundance was up to 76% lower, with a concomitant decrease in
pAMPK in subcutaneous and abdominal WAT of the winter-fasted and -fed raccoon
dogs, compared to the autumn group (I). Furthermore, there were no differences
between winter-fasted and -fed groups in AMPK expression or phosphorylation
level. It seems that in WAT of the winter-adapted raccoon dog, AMPK does not
response to fast in a similar manner observed in non-seasonal and above mentioned
seasonal species. Moreover, the results indicate that AMPK protein level is
seasonally regulated and may be specific for the wintering strategy of the raccoon
dog. Indeed, wintertime reduction in AMPK expression in WAT has also been
observed in captive American black bears (U. americanus), as AMPK gene
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expression was higher in autumn hypophagic bears compared to hibernating
individuals (Hill 2013). Although the hibernation of bears is deeper than that of
raccoon dogs, the similarities in wintering physiology include, e.g., maintenance of
the plasma glucose levels, relatively high Tb and ability to rapid arousal when
disturbed.
During prolonged fasting, the main energy source is FAs released from adipose
tissue, and thus efficient FA mobilization would be essential. Since AMPK has been
shown to inhibit lipolysis and stimulate FA oxidation in adipocytes, downregulation of AMPK function might facilitate more efficient FA release and
simultaneously protect energy reserves. Intriguingly, mice lacking a catalytic α1subunit of AMPK have smaller adipocytes and higher basal lipolysis rate (Bujak et
al. 2015). In addition, the members of the nematode species C. elegans that lack
functional catalytic α-subunit of AMPK rapidly deplete fat stores under conditions
of starvation during larvae dauer stage and die prematurely (Narbonne & Roy 2009).
Thus, it has been suggested that AMPK is required for down-regulation of lipid
hydrolysis to ensure a slow release of triglycerides so that the lipid stores are
protected from rapid depletion during periods of nutrient or energy deprivation
(Narbonne & Roy 2009, Xie & Roy 2015). Yet, in the raccoon dog adipose tissue,
the AMPK expression and phosphorylation level were clearly down-regulated in
winter conditions. However, large species, such as the raccoon dog and bears, are
able to gather substantially higher amount of adipose tissue, and, presumably, the
protection of lipid stores is not so relevant. Furthermore, the remaining amount of
AMPK may be sufficient to protect lipid depots if the rate of lipolysis rises too high.
Nevertheless, AMPK evidently has a role in the adaptive response of adipose tissue
metabolism, although differences between species and wintering strategies are
apparent.
ACC is a central enzyme in the FA synthesis, and its expression and
phosphorylation levels reflect the state of the lipid metabolism (Wakil & AbuElheiga 2009). Hibernating species that are totally hypophagic during hibernation
season, such as ground squirrels, bears and marmots, exhibit an increase in
lipogenic capacity, including higher ACC expression and activity during autumnal
fattening, and with the onset of hibernation, lipogenic pathway is down-regulated
in WAT (Carey et al. 2003, Lang-Ouellette et al. 2014, Shimozuru et al. 2016). In
contrast, species that hoard food and feed between hibernation bouts, such as the
Syrian hamster (Mesocricetus auratus), retain their lipogenic capacity throughout
the hibernation (Wang 1989). The results showed that the ACC1 protein levels did
not differ between the winter and autumn raccoon dogs. Furthermore, as AMPK
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decreases ACC activity by phosphorylation, consistent with the down-regulation of
AMPK and pAMPK, the pACC1 level was lower in the winter groups. In addition,
the second isoform, ACC2, was detected in sWAT of the winter-fasted and -fed
raccoon dogs but not in the autumn group. ACC1 regulates FA biosynthesis,
whereas ACC2 participates mainly in the regulation of FA oxidation by inhibiting
FA transportation into mitochondria (Abu-Elheiga et al. 2001). The ACC2
expression in sWAT of the winter groups may contribute to the preservation of the
lipid depots by directing the released FAs, if not used by other tissues, towards reesterification into triglycerides instead of oxidation. The maintenance of ACC1
expression along with up-regulation of ACC2 isoform in sWAT of the winter
raccoon dogs indicates that sWAT is not only utilized for energy during winter but
actively renewed. However, ACC2 was not observed in iWAT in any of the groups,
which emphasizes the differences in physiology and metabolism in different
adipose depots of the raccoon dog (Mustonen et al. 2007b). Furthermore, this is in
accordance with the observation that autumnal increase in adiposity is primarily
due to accumulation of subcutaneous fat, which functions both as an energy storage
and an insulator (Korhonen & Harri 1984, Korhonen 1988). Hence, downregulation of AMPK might be required for the maintenance of the lipogenic
pathway, since AMPK has been shown to acutely reduce ACC activity and also
exert a long-term effect at the translational level by inhibiting ACC protein
expression.
6.1.2 Hepatic AMPK and ACC (I)
The maintenance of blood glucose levels during wintertime fasting is characteristic
of the raccoon dog (Asikainen et al. 2005, Mustonen et al. 2007b). Previous studies
in bears and ground squirrels have shown that these species are also able to remain
normoglycemic during prolonged fast in hibernation period, and this is attained
partly via down-regulation of hepatic glycolysis- and lipogenesis-related genes
with concomitant up-regulation of genes involved in gluconeogenesis (Yan et al.
2008b, Shao et al. 2010, Fedorov et al. 2011, Shimozuru et al. 2012). Hepatic
AMPK has been shown to have a major role in the regulation of gluconeogenesis
and whole-body glucose homeostasis. In laboratory rodents, AMPK is activated in
the liver in response to fasting (Munday et al. 1991, Witters et al. 1994, Gonzalez
et al. 2004), and AMPK activation has been shown to inhibit liver glucose
production and output (Foretz et al. 2005, Andreelli et al. 2006). In the present
study, the winter-fasted raccoon dogs had 53% lower pAMPK level compared to
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the autumn-fed group, which indicates that AMPK activity is down-regulated in
response to extended fast. Decline in AMPK phosphorylation was also observed in
the winter-fed group, as the pAMPK level was 40% lower compared to the autumn
fed group, although statistical difference was not demonstrated (P = 0.08).
Reduction in pAMPK level presumably contributes to the maintenance of plasma
glucose levels during wintertime hypophagia. It could be postulated that the liver
AMPK phosphorylation level reflects the seasonal physiological state of the
animals, although because of more favourable feeding conditions, the reduction in
AMPK activity would be less profound in the winter-fed group. Several hormonal
factors regulating liver glucose production exert their effects through the AMPK
pathway. For example, leptin and adiponectin has been shown to stimulate AMPK
in the liver, leading to inhibition of the glucose output (Yamauchi et al. 2002).
Although the slightly lower adiponectin level of the fasted group was not
statistically significant (I), a previous study in raccoon dogs showed decreased
adiponectin levels in response to fast (Nieminen et al. 2004). Thus, regarding the
liver AMPK, lower levels of circulating leptin and adiponectin during wintertime
aphagia may participate in the preservation of plasma glucose concentration.
Decrease in hepatic ACC expression appears to be a common response to
fasting both in non-seasonal and seasonal species (Pape et al. 1988, Gonzalez et al.
2004, Horman et al. 2005, Shimozuru et al. 2012). The raccoon dogs of the present
study do not make any exception, since the liver ACC expression was lower in the
winter-fasted raccoon dogs compared to the autumn-fed animals.
6.1.3 Hypothalamic AMPK and ACC (I)
In non-seasonal mammals, short-term fasting increases AMPK phosphorylation in
the hypothalamus which, consequently, leads to increased food intake (Minokoshi
et al. 2004). However, studies in hibernating species have shown that AMPK
activation is not evident during their hypophagic period (Florant et al. 2010, Healy
et al. 2011b). The present study similarly revealed that the basal level of
hypothalamic AMPK phosphorylation in the raccoon dog did not differ between
autumn and winter raccoon dogs or in response to prolonged fast (I). However, the
total AMPK expression was slightly lower in both winter raccoon dog groups
compared to the autumn-fed animals. Leptin has shown to exert its effects through
the AMPK-mediated pathway, and low leptin levels of the winter animals would
have expected to show higher AMPK phosphorylation levels. However, previous
studies suggest seasonal changes in leptin sensitivity in the raccoon dog (Nieminen
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et al. 2002). Indeed, in a related study using the same raccoon dogs as the present
study (I, II), hypothalamic leptin receptor gene expression was higher in the winter
groups compared to the autumn fed group (Niiranen et al. 2014). Seasonal
differences in leptin sensitivity allow autumnal fattening despite high autumnal
leptin concentration and maintenance of satiety regardless of lower leptin
concentration in winter. The lack of AMPK phosphorylation in response to fast
could be an adaptive trait for the maintenance of satiety feeling, as AMPK
activation in the hypothalamus leads to increased food intake.
Interestingly, ACC phosphorylation was slightly increased (27%) in both
winter groups compared to the autumn-fed group. Studies in rodents suggest that
hypothalamic AMPK and ACC participate in the regulation of liver glucose
production (McCrimmon et al. 2006, Santos et al. 2013, Yang et al. 2010). In
particular, AMPK-independent inhibition of hypothalamic ACC has been shown to
increase hepatic glucose production (Santos et al. 2013). Thus, it is tempting to
speculate if elevated hypothalamic ACC phosphorylation observed in the winter
raccoon dogs could contribute to the maintenance of normoglycemia during fasting
periods in winter. However, this question is for future studies to resolve.
6.1.4 Effects of wintertime fast on skeletal muscle of raccoon dog (II)
Skeletal muscles are the major site of glucose and FA uptake (Zurlo et al. 1990) and
have a central role in the regulation of whole-body energy metabolism. When
glucose availability becomes limited, e.g., during fasting or energy deficits, the
increase in FA oxidation in skeletal muscle is essential to preserve blood glucose
levels and provide energy source for glucose-dependent tissues, such as the brain
and red blood cells (Cahill et al. 1966). Studies conducted on non-seasonal species,
mainly in laboratory rodents and humans, have shown that the adaptive response
of skeletal muscle to fasting includes alterations at the molecular level, such as
changes in metabolic enzyme expression and activity (De Lange et al. 2007).
AMPK has been shown to function as a trigger for adaptive response to chronic
energy stress, and it enables the switch from glucose to lipid as the main energy
source (Cantó et al. 2010).
Preservation of energy reserves and fiber type composition
Since fasting had no effect on muscle glycogen and lipid content, tt appears that
raccoon dogs are capable of preserving muscle energy stores during prolonged food
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deprivation in winter. In addition, liver glycogen content did not differ between the
fasted and fed raccoon dogs (results not shown), indicating that liver glycogen
stores are also protected or/and actively synthesized during wintertime fasting.
Stable muscle and liver glycogen levels during prolonged fast of the raccoon dog
have also been observed in a previous study (Mustonen et al. 2007b). The
maintenance of muscle energy sources is common with several species adapted to
long fasting periods, e.g. denning bears (Koebel et al. 1991), hibernating ground
squirrels (James et al. 2013) and bats (Srivastava & Krishna 2010). The
preservation of muscle and liver glycogen stores emphasizes the role of fat as the
principal energy source of fasting raccoon dogs (Mustonen et al. 2004).
Fasting has been shown to induce fiber type transition towards more oxidative
fiber types in laboratory rodents (De Lange et al. 2004, De Lange et al. 2006,
Goodman et al. 2012, Ruiz-Rosado et al. 2013). Furthermore, several hibernating
species exhibit a shift towards oxidative type I fibers during winter hypophagia and
immobility (Cotton 2016). In the current study, MHC isoform assay revealed three
major fiber types in the muscles of the raccoon dogs: I, IIA and IIX (II). Isoform
composition is similar to dogs and other larger animals, that is, the most glycolytic
MHC IIb was absent (Schiaffino & Reggiani 2011). GA and FDS muscles
comprised mainly oxidative fiber types I and IIA (> 90%), whereas in RF, TA and
EDL, the glycolytic type IIX was more abundantly expressed (20–40%) with
concomitantly lower proportion of fiber type I. Surprisingly, 10 weeks of fasting
had no significant effect on fiber type composition in the studied muscles of the
raccoon dog. Observed fiber type stability, along with unchanged lipid and
glycogen contents, indicates that raccoon dog muscles are quite resistant to prolonged food deprivation in winter, which could contribute to the facultative
wintering strategy of the raccoon dog. Fiber type stability and capability to maintain
muscle function during immobility and hypophagia have been observed in denning
bears as well (Hershey et al. 2008, Lohuis et al. 2007). However, in the present
study (II), since the raccoon dogs were restricted to a relatively small cage area, the
changes in the molecular markers were most probably only a response to the
prolonged fast and not caused by differences in physical activity,. Furthermore, in
a previous study with similar set-up, there were no changes in the activity level
between the fasted and fed raccoon dogs (Nieminen et al. 2005).
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Effect of fast on AMPK, ACC and insulin signalling pathway
Fasting usually suppresses skeletal muscle protein synthesis with concomitant
activation of protein degradation pathways, which provides amino acids for liver
glucose synthesis. Overall, fasted raccoon dogs had slightly reduced total protein
content, but, similar to other hibernating species studied, the protein loss was quite
modest (average of 16%) compared to the effects of extended fast on non-seasonal
species, such as humans and laboratory rodents (Cotton 2016). Glycolytic muscles
are more sensitive to fast (Schiaffino & Reggiani 2011), which was also evident in
the present study, as protein loss was most clearly observed in the muscles with a
higher proportion of glycolytic fiber types (TA and EDL). Furthermore, fast had
more profound effect on AMPK and ACC expression in RF, TA and EDL, as the
protein levels were 35–51% lower than in the fed group. However, the amount of
phosphorylated forms did not differ between the groups. Thus, although muscle
AMPK expression seems to be down-regulated in response to fasting, the sustained
phosphorylation level indicates conservation of the basal protein activity. Studies
in rats have shown that fasting leads to initiation of activation of AMPK in the
skeletal muscle, but, eventually, activity is returned to basal level, at least partly
through inhibition by glucose and FFAs, which ensures that glucose uptake and
oxidation in skeletal muscle is decreased to spare glucose for other tissues (De
Lange et al. 2007). If AMPK would be constantly activated, it would eventually
lead to excessive glucose uptake and protein degradation. Since glucose and FFA
have been shown to negatively regulate AMPK activity, slightly elevated plasma
FFA concentration and maintained glucose levels of the fasted raccoon dogs could
prevent fasting-induced AMPK activation.
Low plasma insulin concentration of the fasted raccoon dogs presumably
contributes to the preservation of plasma glucose levels during prolonged fasting
via decreased insulin-stimulated glucose uptake. However, despite of low insulin
levels, the expression of proteins involved in insulin signaling, IR, Akt and GLUT4,
was not affected. Akt has a major role in insulin-mediated growth responses by
inducing glucose uptake and stimulating the anabolic mTOR pathway (Whiteman
et al. 2002). Lower Akt phosphorylation observed in FDS and EDL of the fasted
raccoon dogs might be a sign of reduction in protein synthesis, which is a common
response to fasting and low insulin levels in non-seasonal species (Kokubun et al.
2009, Lee & Goldberg 2015, White et al. 2016). Furthermore, previous studies in
ground squirrels have shown that Akt activity is suppressed in skeletal muscle
during hibernation (Cai et al. 2004, Abnous et al. 2008, Wu & Storey 2012, Andres60

Mateos et al. 2013). However, remarkably, there were no signs of Akt suppression
in three of the five raccoon dog muscles studied. This indicates that fasting-induced
reduction in muscle Akt activity observed in non-seasonal species as well as in deep
hibernators is relatively modest in the raccoon dog. GLUT4 content has been shown
to be an important factor in determining the glucose uptake capacity of the muscle
cells (Henriksen et al. 1990, Gaster et al. 2000). Preservation of GLUT4 protein
pool during fasting ensures that capacity for efficient glucose uptake is retained.
Moreover, raccoon dogs mainly utilize muscular shivering and locomotor activity
for heat production, as adult dogs lack brown adipose tissue (Korhonen et al. 1985,
Korhonen et al. 1983). Thus, the maintenance of muscle function during extended
fasting is also relevant in sustaining homeothermy, which is typical for overwintering raccoon dog.
6.2

Seasonal differences in AMPK, ACC and SIRT1 expression in
Djungarian hamster (III)

To study the conceivable role of AMPK and ACC in the seasonal metabolic
adaptation further, the Djungarian hamster was used as a comparative animal model
that represented diverse wintering strategy with autumnal decline in body weight.
Relative total and phosphorylated protein content were determined from sWAT,
aWAT, BAT, skeletal muscle (RF) and the hypothalamus of the winter- and
summer-acclimatized hamsters. In addition, the expression level of metabolic
regulator, SIRT1, was evaluated.
Reduction in body mass and food intake in response to short photoperiod is an
established part of the winter adaptation and comprehensively documented in many
previous studies (Knopper & Boily 2000, Samms et al. 2014, Steinlechner et al.
1983, Wade & Bartness 1984). In the present study, winter acclimatized Djungarian
hamsters also displayed significant 20% decrease in body mass compared to the
summer animals. The seasonal changes in adiposity and body mass are opposite to
that observed in the raccoon dog and other fat-storing hibernating species, that is,
the body weight of the hamsters is highest in summer and declines during autumn,
and body fat nadir is maintained over winter months.
Similar to the raccoon dog, seasonal differences in protein expression levels
were observed most distinctly in adipose tissues, but the direction of the change
was quite the opposite, as the results showed higher AMPK expression in the winter
hamsters. In addition, ACC and SIRT1 contents were also elevated in adipose
tissues of the winter group. However, the proportion of phosphorylated AMPK
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(pAMPK/AMPK ratio) was lower, whereas the pACC level (inactive) was higher
in WAT of the winter group. As previously mentioned, AMPK is suggested to
function as a negative feedback system to limit excessive lipolysis and ensure that
fat depots are not prematurely depleted (Bujak et al. 2015, Narbonne & Roy 2009).
In contrast, SIRT1 has been shown to increase lipolysis and lipid mobilization in
response to fasting (Picard et al. 2004). In addition, both AMPK and SIRT1 have
been shown to reduce adipocyte differentiation and lipogenesis (Fulco & Sartorelli
2008). In contrast to the raccoon dog, which utilizes its fat depots progressively
during winter, the amount of adiposity in winter is strictly regulated and kept on a
certain level in the Djungarian hamster (Ebling & Barrett 2008, Mercer 1998). Thus,
higher AMPK, ACC and SIRT1 content in the WAT of the winter-acclimatized
hamsters may facilitate maintaining the sufficient amount of adipose tissue
prescribed by season. Abundant amount of protein enables rapid activation or
inactivation via reversible phosphorylation, and it is plausible that phosphorylation
levels of AMPK and ACC are altered in response to changes in energy demand,
e.g., during torpid periods, when metabolic energy is dependent on endogenous fat
depots. Changes in AMPK phosphorylation between torpid and euthermic bouts
has been observed in a study in ground squirrels, where pAMPK level increased in
WAT during torpor (Healy et al. 2011b). In the present study, all hamsters were
euthermic during sampling, which might explain the lower pAMPK/AMPK ratio
in WAT of the winter hamsters. However, the winter acclimatized hamsters did not,
unfortunately, experience daily torpor regularly, and the possible role of AMPK
and SIRT1 in metabolic regulation during daily torpor remains for later studies to
determine.
A well-established part of the Djungarian hamster winter adaptation is the
increased thermogenic capacity, which is mainly a result of increased BAT activity
(Heldmaier et al. 1981). Elevated AMPK and SIRT1 expression in iBAT of the
winter acclimatized hamsters indicate that these proteins have a role in the
enhanced thermogenic capacity. Increased AMPK expression has also been
observed in BAT of hibernating ground squirrels (Horman et al. 2005), and
increased AMPK and SIRT1 expression and activity in BAT of mice and rats appear
to be associated with enhanced BAT activity (Boutant et al. 2015, van Dam et al.
2015). In addition, fivefold higher ACC expression in BAT of the winter group
indicate that lipogenic capacity is up-regulated, which is relevant in winter
condition when the maintenance of tissue responsible for non-shivering
thermogenesis is crucial.
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Winter-acclimatized hamsters had lower skeletal muscle mass. Skeletal muscle
atrophy of the Djungarian hamster under short photoperiod conditions has been
reported by previous studies as well (Braulke et al. 2010, James et al. 2011). James
et al. proposed that reduced muscle mass is a result of decreased muscular activity
because of inactivity during daily torpor. However, in the present study, hamsters
did not exhibit regular daily torpor, which indicates that muscle mass reduction is
not solely a response to inactivity. AMPK and SIRT have been shown to enhance
skeletal muscle mitochondrial biogenesis and FA oxidation (Zong et al. 2002, Lee
et al. 2006, Gerhart-Hines et al. 2007). Higher SIRT1 level and AMPK
phosphorylation ratio in the skeletal muscle of the winter group indicate an increase
in oxidative capacity. In addition, the muscles of SIRT1 overexpressing mice are
smaller due to fiber type switches towards more oxidative fiber types (Chalkiadaki
et al. 2014). Could the reduced muscle mass of winter acclimatized Djungarian
hamsters, observed in the present study as well, be a result of a fiber type switch?
More abundant oxidative fiber composition could be an advantage during food
shortages experienced in winter (e.g., during daily torpor), when energy utilization
in muscles is switched from carbohydrates to FA oxidation. Indeed, an increase in
the proportion of oxidative fibers has been observed in hibernating Syrian hamsters
and ground squirrels (Egginton et al. 2001).
Similar to the raccoon dog (I), winter acclimatization had no clear effect on the
hypothalamic protein expressions or phosphorylation in the Djungarian hamster.
This is not a surprise: although hamsters are known to decrease their food intake,
it happens to accommodate the lower body mass maintained in winter conditions.
Thus, the hamsters remain in an energetic balance state (Heldmaier & Steinlechner
1981b, Steinlechner et al. 1983). However, it is possible that the hypothalamic
expression and phosphorylation of the studied proteins could alter between torpid
and euthermic states.
Interestingly, general overexpression of SIRT1 in different tissues of mice
results in leaner phenotype (Bordone et al. 2007, Herranz et al. 2010). It seems that
Djungarian hamsters are a natural model of elevated SIRT1 expression in winter
condition, which might contribute to the maintenance of the lean winter phenotype.
6.3

Conclusions

In the raccoon dog and Djungarian hamster, winter adaptation resulted in changes
in AMPK and ACC expression, mainly in adipose tissues. This indicates that
AMPK may have a role in the seasonal regulation of adiposity and energy
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availability from fat storages during winter. Many seasonal species have a ‘setpoint’ body mass that changes throughout the year. Similar to hibernating squirrels
and bears, raccoon dogs utilize fat depots progressively during winter lethargy.
However, the facultative wintering strategy of the raccoon dog enables the
replenishment of adipose depots if food is available, and the unique wintering
strategy is seen at the molecular level as well. The down-regulation of AMPK and
pAMPK levels and maintenance of ACC expression and reduced pACC level in
the winter-adapted raccoon dogs imply that lipogenic capacity is preserved during
winter, and this occurs independently of nutritional status. Furthermore, raccoon
dog skeletal muscles appear to be resistant to prolonged fasting, which enables
arousal and foraging even after extended periods of food shortage.
In contrast to raccoon dogs, the wintertime body mass of Djungarian hamsters
is strictly regulated by the prevailing photoperiod, and the fat depots are at their
nadir in winter. Thus, the role of subcutaneous adipose tissue is more dynamic, as
lipolysis and lipogenesis balance to maintain the proper amount of adipose tissue.
The higher levels of AMPK, ACC and SIRT1 in WAT and BAT of the Djungarian
hamster may facilitate the metabolic adaptation for environmental and nutritional
stresses that animals encounter in winter.
Seasonal species offer a way for a wider understanding of the complex network
involved in the energy metabolism and body weight regulation. The importance of
the research field is emphasized in modern days, as metabolic diseases and obesityrelated disorders in humans have increased alarmingly.
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