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Abstract

An important disease among human metabolic disorders is type 2 diabetes mellitus. This disorder involves multiple
physiological defects that result from high blood glucose content and eventually lead to the onset of insulin resistance. The
combination of insulin resistance, increased glucose production, and decreased insulin secretion creates a diabetic metabolic
environment that leads to a lifetime of management. Appropriate models are critical for the success of research. As such, a
unique model providing insight into the mechanisms of reversible insulin resistance is mammalian hibernation. Hibernators,
such as ground squirrels and bats, are excellent examples of animals exhibiting reversible insulin resistance, for which a rapid
increase in body weight is required prior to entry into dormancy. Hibernator studies have shown differential regulation of
specific molecular pathways involved in reversible resistance to insulin. The present review focuses on this growing area of
research and the molecular mechanisms that regulate glucose homeostasis, and explores the roles of the Akt signaling
pathway during hibernation. Here, we propose a link between hibernation, a well-documented response to periods of
environmental stress, and reversible insulin resistance, potentially facilitated by key alterations in the Akt signaling network,
PPAR-y/PGC-1a regulation, and non-coding RNA expression. Coincidentally, many of the same pathways are frequently found
to be dysregulated during insulin resistance in human type 2 diabetes. Hence, the molecular networks that may regulate
reversible insulin resistance in hibernating mammals represent a novel approach by providing insight into medical treatment of
insulin resistance in humans.
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Introduction

Type 2 diabetes mellitus (T2DM) is one of the most
common metabolic diseases in the world, affecting more
than 21 million people in the United States (1). Although
the molecular basis of the disease is very well studied,
cures and preventions for the disease have not been
discovered. The pathogenesis towards T2DM is a result
of a combination of metabolic dysfunctions, primarily
characterized by severe insulin resistance and dysfunc-
tional pancreatic p-cells resulting in hyperglycemia (2).
Development of T2DM is thought to be caused by a
combination of dietary behaviors, physical fithess, and
genetic factors (3). Initiation of T2DM development is
facilitated by a disturbance of normal biological functions

in numerous tissues, with each tissue exhibiting both
common and specific modes of dysfunction. Critical
metabolic defects include insulin resistance in skeletal
muscle, increased glucose production in the liver, and a
progressive decline in insulin production in the pancreas.
The physiological results in each tissue are caused by
cellular dysregulation at the molecular level since cellular
signaling processes such as glucose transport, insulin
signaling, and mitochondria p-oxidation of fatty acids have
all been found to be differentially dysregulated in the
majority of T2DM patients (4,5). One of the most prevalent
phenotype associations with T2DM is an increase in
adipocyte diameter associated with obesity (6). Although

Correspondence: K.B. Storey, Department of Biology, Institute of Biochemistry, Carleton University, 1125 Colonel By Drive, Ottawa,
ON, K1S 5B6, Canada. Fax: +613-520-3749. E-mail: kenneth_storey@carleton.ca

Presented at the XLI Annual Meeting of the Sociedade Brasileira de Bioquimica e Biologia Molecular, Foz do Iguagu, PR, Brazil, May

19-22, 2012.

Received May 16, 2012. Accepted September 17, 2012. First published online January 11, 2013.

www.bjournal.com.br

Braz J Med Biol Res 46(1) 2013



not all diabetics are obese and not all obese individuals
are diabetic, there is a strong association between the two
pathological conditions. The increase in adipose content
in obese individuals can cause a disruption in endocrine
production, and this change in hormonal balance can lead
to an altered metabolism and often contributes to insulin
resistance (3).

Currently, most of the research on T2DM has been
conducted using human cell lines and rat/mouse models,
where the diabetic condition can be experimentally
induced. However, naturally insulin-resistant models,
such as the hibernating 13-lined ground squirrel
(Ictidomys tridecemlineatus), may provide a critical
vantage point towards the treatment of human T2DM.
This mammal naturally undergoes a massive increase in
body fat accumulation, while facilitating a reversible
resistance to insulin during bouts of the hibernation cycle
(7). Hibernation is an altered physiological state that is
characterized by seasonal heterothermy, entry into long
periods of torpor at low body temperature (Tb) that are
interspersed with short arousals back to a normal Tb
(~37°C), and a switch to a primary dependence on lipid
catabolism for metabolic fuel (8). In preparation for
hibernation, ground squirrels undergo hyperphagia to
increase their body fat storage via the accumulation of
triglycerides in white adipose tissue (9). This intense
feeding allows the animals to increase their body weight
up to ~40%, facilitating survival for many months during
the hibernation season (10). The rapid development of an
obesity-like state in these animals is a result of naturally
induced insulin resistance during hyperinsulinemia, as
well as an increase in adipocyte diameter (7). Once
adequate fat storage has been satisfied, the animal is
able to enter hibernation. During deep torpor, the
metabolic rate is strongly depressed and physiological
actions, such as breathing and heartbeat, fall to low levels
while Tb drops to near ambient (10). Although maximal
insulin resistance takes place during pre-hibernation, it is
hypothesized that the reversal of insulin resistance takes
place during the initial months of hibernation. It should be
noted that metabolic rate depression and entry into a
hypometabolic state is not unique to mammalian hiberna-
tors. When confronted with an extreme environmental
stress, many animals escape by depressing their meta-
bolic rate (often by 70-99%) and enter a state of
hypometabolism, variously called torpor, dormancy, esti-
vation, anaerobiosis, diapause, etc., depending on the
environmental and physiological cues involved (11,12).

The molecular mechanisms of metabolic rate depres-
sion include global suppression of energy-expensive cell
functions (e.g., protein synthesis, gene transcription,
ATP-dependent ion pumps), reprioritization of ATP use
by vital cell functions, and enhanced expression of
multiple preservation mechanisms (e.g., antioxidants,
chaperones) that protect and stabilize cellular macro-
molecules (12). Although it might appear that only a few

Braz J Med Biol Res 46(1) 2013

C.-W. Wu et al.

connections exist between hibernation and T2DM, many
of the metabolic pathways regulating hibernation are also
frequently found to be dysregulated in T2DM. However,
these T2DM-like dysregulations are readily reversed in
ground squirrels once they arouse from hibernation. The
ability to reversibly induce insulin resistance to achieve
an obesity-like state suggests a possible mechanism
allowing hibernators to actively regulate their endocrine
system, and modulate their lipid metabolism. More
importantly, during hibernation, ground squirrels provide
a unique model that readily reverses the insulin resistance
seen in T2DM without detrimental consequences.

In this review, we first focus on the biochemical
pathways that are frequently altered and contribute to
T2DM onset with particular emphasis on the same
pathways that may contribute to natural insulin resistance
during hibernation. Interestingly, both ground squirrels in
hibernation and T2DM patients share differential regula-
tions in a number of identical metabolic pathways that
include the Akt signaling pathway, glucose transport
pathway, and peroxisome proliferator-activated receptor-
v (PPAR-y)/PPAR-y coactivator 1-alpha (PGC-1a) signal-
ing. However, ground squirrels appear to exhibit a
different mode of regulation of these pathways during
hibernation compared to T2DM patients, implicating the
important roles of these pathways in achieving reversible
insulin resistance. We aim to profile the three major
metabolic pathways mentioned above, and compare their
relative modes of regulation during reversible insulin
resistance (hibernation), and non-reversible insulin resis-
tance (T2DM). In addition to these models of metabolic
signaling pathways, the involvement of a novel regulatory
mechanism - non-coding RNA - in hibernation is also
discussed along with the possible roles for non-coding
RNA in contributing to the pathogenesis of T2DM
metabolic dysregulation. Here, we introduce hibernation,
a well-documented response to periods of environmental
stress, and the potential of reversible insulin resistance
using the ground squirrel as an important experimental
model.

Metabolic dysregulation of T2DM and
hibernation metabolism

The pathogenesis of T2DM begins with defects in the
body’s basic metabolism. Upon normal feeding, increased
glucose levels are balanced through the release of insulin,
promoting the uptake of glucose and glycogen synthesis
(13). In normal energy metabolism, metabolic fuels
(glycogen and triglycerides) are stored, acting as reserves
to be broken down during the fasting state. Insulin is a key
hormone in metabolic regulation, monitoring and main-
taining the glucose balance within the body. However, the
maintenance of whole body glucose metabolism involves
the coordination of multiple metabolic processes in
multiple tissues. Dysregulation of any of these metabolic
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processes can lead to a disruption in total body glucose
homeostasis, followed by the onset of insulin insensitivity
and T2DM (14). Previous studies have implicated defects
in several cellular processes in the contribution to T2DM;
these include the previously mentioned glucose transport
pathway, PPAR-y/PGC-14 signaling pathway, and the Akt
signaling pathway (4,5,15,16).

Buck et al. (17) have previously observed that ground
squirrel serum insulin levels are elevated by ~4-fold
during September-October (periods of hibernation pre-
paration) compared to summer animals; serum insulin
levels continue to be elevated (~4.5-fold) during the initial
months of ground squirrel hibernation. A 2-fold elevation
of basal insulin levels is commonly associated with insulin
resistance in T2DM in human patients; this could suggest
that a dramatic increase in ground squirrel serum insulin
may be a result of insulin resistance in the preparatory
stages for hibernation, as well as the early months of
hibernation. However, serum insulin has been found to
return to basal levels in ground squirrels during late
hibernation (December-January), suggesting a reversibil-
ity of insulin resistance (17). This dramatic reduction of
serum insulin levels during hibernation suggests that,
although the maximal insulin level is observed before
entry in hibernation, the molecular mechanisms that
regulate the reversible insulin resistance take place during
hibernation, when ground squirrels undergo major
changes in physiological actions in order to achieve a
state of hypometabolism. Interestingly, not unique to
ground squirrels, other hibernating mammals also exhibit
patterns of insulin resistance during hibernation.
Hibernators such as yellow-bellied marmots showed
significant increases in plasma insulin levels during
periods of weight gain characterized with peripheral
insulin resistance and hyperinsulinemia (18). In vitro
studies also showed that glucose oxidation of adipose
tissue upon insulin stimulation in hibernating dormice was
drastically reduced compared to active dormice, suggest-
ing insulin resistance during hibernation (19). Similar
results were found in hibernating hedgehogs, where a
lack of insulin response was found in adipocytes at low
temperature (20). Altogether, the metabolic adaptation of
hibernation appears to include not only the regulation of
insulin levels, but also of tissue sensitivity to the hormone.

Hibernation is an altered physiological state that is
characterized by the extreme depression of basal
metabolism. This type of metabolic suppression is
favorable for organisms inhabiting environments that are
subject to drastic temperature changes, as well as
fluctuations in food and water availability. A current main
model for hibernation studies is the 13-lined ground
squirrel, 1. tridecemlineatus, a rodent that is widespread in
North America. A typical annual cycle of these ground
squirrels includes a long period of hibernation that
averages about 240 days (21). The hibernation season
is characterized by long periods of dormancy (up to
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1-2 weeks) during which Tb falls to low values that are
interspersed with brief arousals (about 24 h) back to
euthermia. Hibernation is characterized by an altered
approach to cellular energy management. In order to
achieve a suppression of ~90% compared to basal
metabolic rate in euthermia, the ground squirrel must
also suppress thermogenesis to allow Tb to fall to near
ambient by overriding the normal homeostatic controls
on Tb that are used in euthermia. However, it must be
noted that the depression of Tb is a result of suppression
of metabolic activities, suggesting that the drop in Tb is
a regulated process (22). In order to achieve and maintain
a low energy status, selective changes in gene expression
have to take place to induce or suppress selected
metabolic processes (12). Another mechanism that has
previously been shown to play a central role in creating a
hypometabolic state is reversible protein phosphorylation
(RPP) (12). Since the entry into and arousal from a torpor
state is a short process and requires rapid changes in
many metabolic processes, RPP has been shown to be
a primary mechanism responsible for suppressing and
activating a variety of metabolic functions (23). Overall, in
order to effectively achieve hibernation, the animals must
1) increase their metabolic fuel reserve in preparation for
hibernation, 2) switch to a primary dependence on the
catabolism of stored lipid reserves for metabolic fuel, and
3) reversibly suppress all non-essential ATP consuming
processes (12). The suppression of non-essential ATP
consuming cellular activities includes a wide range of
metabolic processes ranging from a reduction in gene
transcription, protein translation, cell cycle division, active
ion pumps, and carbohydrate metabolism (23-25).

Obesity-like pathology: hibernation vs
T2DM

In order to survive over long winter months without
eating, hibernators undergo obligatory hyperphagia to
increase their adipose storage, which can later be utilized
as metabolic fuel. During the process of hyperphagia,
induction of insulin resistance assists the hibernators in
developing an obese-like state, a condition that is often
associated with T2DM. The onset of insulin resistance in
hibernators is thought to be induced during the prepara-
tion phase of hibernation, a period of hyperinsulinemia
(~4-fold increase in serum insulin) (17). It has also been
proposed that a decrease in the levels of leptin is a
primary factor that permits hyperphagia (26). Since
leptin is an adipose-derived hormone, the strategic
suppression of leptin to facilitate hyperphagia suggests
that the altered adipose metabolism in ground squirrels
is a coordinated process. Although leptin resistance
might play a role in the onset of insulin insensitivity, the
development of obesity in T2DM is often a result of
defects in adipose metabolism, which results in an
uncoordinated release of non-esterified fatty acids,
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adipose-derived hormones, and various cytokines (27). It
is possible that the obesity-like state observed in both
hibernation and T2DM is a result of hyperinsulinemia, or
vice versa; however, the mechanisms utilized by the
hibernators to actively regulate adipose metabolism
during torpor may provide an understanding of the basis
of reversible insulin resistance.

Glucose transport in T2DM and hibernation

Skeletal muscle is the largest insulin-sensitive organ,
and acts as one of the primary tissues that are
responsible for blood glucose transport (3). The primary
mechanism of glucose transport in skeletal muscle mainly
involves two isoforms of the glucose transporter protein:
glucose transporter type 1 (GLUT-1) and GLUT type 4
(GLUT-4). The central facilitator in insulin-induced glu-
cose transport is GLUT-4, which is responsible for
transporting ~80% of the total glucose content from the
bloodstream into skeletal muscle (4,28). Upon insulin
stimulation, GLUT-4 translocates from intracellular pools
to the plasma membrane, the site of glucose uptake
(Figure 1A) (29). Upon glucose transport into myocytes,
the glucose is phosphorylated by hexokinase to become
glucose-6-phosphate, and is either immediately catabo-
lized through glycolysis or stored as glycogen (30).
Experimental studies have shown that Wistar rats
(Rattus norvegicus), induced to show diabetic pathology
through streptozotocin injection, exhibit a decrease in the
expression of GLUT-4 proteins in both the white and red
skeletal muscle when compared to non-diabetic controls
(4). In a separate study utilizing the same experimental
model, the decrease in GLUT-4 expression was also
accompanied by a decrease in the V.« activity of the
glucose transporter in the plasma membrane (29). Taken
together, these findings suggest that glucose transport
is defective due to a decrease in both the expression and
activity of GLUT-4 in diabetic-induced rats. However,
other studies have shown that the expression levels of
GLUT-4 are relatively similar in diabetic and non-diabetic
patients, suggesting that the impaired glucose transport
activities are mainly due to a defect in the delivery of
GLUT-4 to the plasma membrane (31). Nevertheless,
evidence strongly suggests that an overall disruption in
glucose transport processes can lead to the onset of
hyperglycemia in T2DM, where the defects can be
attributed to impaired GLUT-4 translocation (Figure 1B),
a decrease in GLUT-4 transport activity, downregulation
of GLUT-4 expression, or any combination of the three.

To date, there has been limited research on the
glucose transport system in hibernating ground squirrels.
Recently, a study of the roles of myocyte enhancer
factor-2 (MEF-2) transcription factor in myogenesis in
skeletal muscle of hibernators found that there was an
increase in the levels of the active MEF-2 isoform
during late torpor (32). MEF-2 regulates a wide range of
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muscle-related cellular processes such as muscle growth
and differentiation (33). More importantly, MEF-2 can
regulate muscle glucose homeostasis by enhancing the
expression of GLUT-4 via interactions with the GLUT-4
gene promoter (34). Experiments using transgenic mice
have found that MEF-2 DNA binding activity was
significantly reduced in insulin-deficient diabetic mice;
however, the binding activity was rescued upon insulin
treatment (34). This suggests that MEF-2 activity is
strongly associated with insulin levels, and plays a critical
role in modulating glucose balance. During late hiberna-
tion of ground squirrels, an increase in MEF-2 protein
expression and DNA-binding activity was correlated with
an increase in GLUT-4 expression, suggesting that
glucose transport might be enhanced during hibernation
(Figure 1C). However, previous studies in T2DM patients
have shown that a decrease in glucose transport capacity
was associated with a defect in the translocation of GLUT-
4 from the intracellular pool to the plasma membrane,
rather than the changes in the expression of GLUT-4 (31).
Nevertheless, an increase in GLUT-4 expression through
MEF-2 activation during hibernation might suggest that
MEF-2 plays a more dominant role in regulating glucose
transport in hibernators. As well, the coordinated regula-
tion of glucose transport during hibernation is likely a
mechanism of reversible insulin resistance, and suggests
the potential importance of MEF-2 in rescuing the GLUT-4
protein deficiency observed in T2DM patients.

PPAR-y/PGC-1a regulation in T2DM and
hibernation

Excess fat accumulation in adipose tissue has been
considered to be one of the main associations between
obesity and diabetes (6). One of the key regulators that
modulate adipogenesis is PPAR-y, a transcription factor
that regulates the expression of genes involved in adipose
differentiation (35). The activation of PPAR-y initiates the
differentiation of insulin-sensitive fat cells that increases
insulin-directed glucose uptake (36). PPAR-y achieves
this control through the downstream regulation of several
genes that are involved in insulin sensing, including tumor
necrosis factor-o (TNF-a) and leptin. This is in addition to
genes involved in fatty acid metabolism such as lipopro-
tein lipase and adipocyte/heart type fatty-acid binding
proteins (Figure 2A) (36). Defects in PPAR-y have been
observed in T2DM patients, with individuals exhibiting
deleterious mutations in the PPAR-y gene showing
symptoms of severe insulin resistance, likely contributed
by dysfunctional adipose metabolism (Figure 2B) (37).

Another transcription factor that is involved in T2DM is
the PCG-1a (38). The PGC-1a. protein functions mainly as
a coactivator that regulates PPAR-y activity as well as
other biological functions including mitochondria biogen-
esis and fatty acid oxidation (39-41). It has been well
documented that mitochondrial dysfunction is one of the
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metabolic disorders exhibited by T2DM patients, and it
has been hypothesized that these dysfunctions are
associated with the dysregulation of PGC-1a (38).
Previous studies found that the expression of PGC-1a
was downregulated in the adipose tissue and skeletal
muscle of individuals with T2DM (42). At the molecular
level, a downregulation in PGC-1a expression can lead to
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Figure 1. Insulin-signaling pathway. Interactions between insulin
molecules and the insulin receptor initiate a signal transduction
cascade via the activation of PI3-K. The downstream cascade
stimulates the activation of Akt, which facilitates the translocation
of GLUT-4 transporter towards the plasma membrane, where
active glucose transport takes place. The transcription factor
MEF-2 interacts with the GLUT4 enhancer regions to promote the
transcription of GLUT4, and upregulate GLUT-4 expression. A,
Functional glucose transport system, where transported glucose
is either stored via glycogenesis, or broken down via glycolysis.
B, T2DM glucose transport system, where insulin resistance
inhibits the activation of PI3-K, and disrupts the signal transduc-
tion pathway that facilitates the translocation of GLUT-4
transporter. Accumulation of glucose molecules leads to the
onset of hyperglycemia. C, Hibernation glucose transport system.
Reversible suppression of carbohydrate-based metabolism dur-
ing hibernation results in the deliberate downregulation of the Akt
signal transduction pathway. However, enhanced MEF-2 activity
coupled with upregulated GLUT4 expression during late hiberna-
tion suggests the possibility of alternative metabolic pathways
that regulate the GLUT-4 transport system.

a decrease in the expression of crucial genes responsible
for mitochondrial B-oxidation of fatty acids (Figure 2B)
(38). Indeed, the mitochondrial dysfunctions observed in
T2DM individuals consist of a decrease in both oxidative
phosphorylation and fatty acid oxidation, which include a
reduction in activities of NADH-O, oxidoreductase, citrate
synthase, and mitochondrial complex | (5,43). The
decrease in mitochondrial fatty acid oxidation results in
an accumulation of free fatty acids (FFA) derivatives such
as fatty acyl CoA, diacylglycerol, and ceramides (44). It
has been proposed that this buildup of FFA derivatives
can lead to insulin resistance through the inactivation of
insulin receptor substrate-1 (IRS-1), a protein responsible
for activating the insulin-dependent Akt signaling cascade
(5,44).

Due to the primary reliance on lipid catabolism in
hibernators, the regulation of PPAR-y and PGC-1a has
been shown to play a major role in the survival of
hibernation. In a study by Eddy et al. (45), it was observed
that the protein expression of PPAR-y increased sig-
nificantly in the brown adipose tissue (BAT) of ground
squirrels during hibernation. As well, the protein expres-
sion of PGC-1a was upregulated in several tissues
including white adipose tissue, BAT, heart, and skeletal
muscle (45). The increase in PPAR-y expression was
associated with increased gene expression of adipocyte
fatty acid binding proteins (A-FABP) and heart-type FABP
(H-FABP) (Figure 2C) (46). FABP is a chaperone protein
that is responsible for binding and shuttling fatty acids to
various cell compartments. Hibernators are unique in that
they retain a high level of BAT, a tissue that is packed with
mitochondria specialized for non-shivering thermogenesis
(47). Due to the important role of BAT during hibernation,
the increase in expression of PPAR-y is thought to be
associated with an increased translocation of lipids, as
metabolic fuel, via A-FABP (46). Itis likely that most of the
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lipid is shuttled to the mitochondria, where it is used
mainly to fuel the massive increase in non-shivering
thermogenesis in BAT that powers the rewarming of the
hibernator’s body during arousal from torpor. Meanwhile,
the increase in the expression of PGC-1a during hiberna-
tion has been linked with the upregulation of genes
involved in the mitochondrial biogenesis including
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Figure 2. PPAR-y/PGC-1a signaling pathways. Activation of
PPAR-y through upstream kinase cascades leads to the nuclear
translocation of the transcription factor. The binding of PPAR-y
onto peroxisome proliferator response elements (PPRE) pro-
motes the expression of genes involved in fatty acid transport
such as a-fabp and h-fabp. Similar to PPAR-y, activation of PGC-
1o via upstream kinases facilitates the nuclear translocation of
PGC-1a. Upon interacting with various potential binding partners,
PGC-1a stimulates the expression of mitochondrial transcription
factor A (mtTFA). mtTFA subsequently translocates into mito-
chondria and activates expression of ND-2 and cox /, genes that
are involved in the mitochondrial fatty acid oxidation process. A,
Normal PPAR-y/PGC-1a signaling. B, T2DM PPAR-y/PGC-1a
signaling. Downregulation/dysfunctional PPAR-y and PGC-1a
protein expression in T2DM results in the dysregulation of their
respective functions. These defects result in the downregulation
of PPAR-y/PGC-1a downstream target genes, leading to the loss
of mitochondrial oxidation capacities. The decrease in mitochon-
drial fatty acid oxidation results in the dysfunction of fatty acid
metabolism, leading to the accumulation of free fatty acids. C,
Hibernation PPAR-y/PGC-1a. signaling. The reversible activation
of lipid-based metabolism during hibernation is supported by an
enhanced PPAR-y and PGC-1a protein expression. Through
unidentified regulators, the upregulation of PGC-1a results in the
activation of ND-2 and cox /, two mitochondrial genes that are
critical in the mitochondrial fatty acid p-oxidation process. The
upregulation of PPAR-y during hibernation leads to the promotion
of A-FABP and H-FABP, isoforms of fatty acid-binding proteins
that facilitate and enhance lipid transportation during hibernation.

NADPH-ubiquinone oxidoreductase chain 2 (ND-2) and
cytochrome c¢ oxidase | (cox [) (Figure 2C) (45,48,49).
Although the exact mechanism for the upregulation of
mitochondrial genes is not yet identified in ground
squirrels, previous studies have shown that PGC-1a
activates the expression of mitochondrial transcription
factor A (mtTFA), which subsequently translocates into
the mitochondria and activates mitochondrial-encoded
genes such as cox | (Figure 2A) (40). The increase
in expression of ND-2 and cox | genes during hiberna-
tion suggests an enhanced capacity of mitochondrial
B-oxidation of lipids, possibly via an increased mitochon-
drial count.

Although hibernators experience a similar obesity-like
condition as T2DM patients, there is a large difference in
the regulation of their respective lipid metabolism. The
increase in adipose content observed in the hibernators
is associated with an enhanced lipid catabolism. In a
cellular system where the majority of the metabolic
processes are suppressed, an increase in the expression
of genes involved in lipid catabolism indicates that
adipose metabolism is highly crucial during hibernation.
In contrast to hibernation, the lipid-based metabolism of
T2DM has been shown to be subject to multiple defects.
The primary complication of adipose dysfunction in T2DM
is a decrease in the oxidative capacity of lipid metabolism,
which is thought to be caused by a dysregulated
expression of PPAR-y and PGC-1a. An overall increase
in free fatty acid derivative content has been implicated in
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the development of insulin resistance (37). The differ-
ences in the mechanism of adipose regulation between
hibernation and T2DM have provided clues to potential
therapeutic targets of interest in reversing insulin resis-
tance. In both conditions, PPAR-y and PGC-1a are key
regulators in determining the functionality of adipose
metabolism, where changes in the expression of these
two regulators can lead to either an increase or a
decrease in mitochondrial B-oxidation of fatty acids.
Indeed, the use of PPAR-y agonists such as the
thiazolidinediones has been shown to temporarily
increase insulin sensitivity in T2DM (50). However, future
research is still required to determine the molecular
mechanisms that are responsible for the activation of
PPAR-y and PGC-1a expression during hibernation, since
a coordinated fatty acid metabolism is likely a component
of reversible insulin resistance.

Akt signaling pathway regulation in T2DM
and hibernation

Insulin signaling is initiated with the binding of insulin
molecules to receptor ligands on the cell membrane.
Ligand binding initiates the autophosphorylation and
subsequent activation of the insulin receptors (51). Upon
activation, the receptors propagate their biological
response by activating IRS via phosphorylation. In total,
12 different IRS isoforms can then interact with their
corresponding downstream targets to promote the signal
cascade (51). IRS-1, the first to be discovered, contains
a binding site for the regulatory subunit of phosphatidyl-
inositol 3-kinase (PI13-K). The docking of the PI3-K
regulatory subunit with IRS-1 activates the catalytic
site of PI3-K, resulting in the phosphorylation and
production of phosphatidylinositol 3,4,5-triphosphate
(PIP3), a lipid second messenger required for the
activation of 3-phosphoinositide-dependent protein
kinase-1 (PDK1) (Figure 1A) (52). PDK1 is then respon-
sible for activating Akt, also known as protein kinase B, a
serine/threonine kinase that is involved in a diverse
number of cellular processes including cellular growth
and differentiation, cellular survival, and glucose metabo-
lism (53). Major roles of Akt in carbohydrate metabolism
include promoting glucose transport via interaction with
GLUT-4 and facilitating glycogenesis through interaction
with glycogen synthase 3 kinase-f (GSK3-B) (54). A
defect in either process can lead to the pathogenesis of
T2DM (54,55).

Previous studies in obese mouse models (C57BL/KsJ-
Lepr®@®) have shown that mice exhibiting both insulin
resistance and T2DM showed a significant decrease in
their content of phosphorylated Akt®®™73. The decrease in
phospho-AktS®™72 indicated a reduction in Akt activation
and was coupled with a decrease in Akt activity on GSK3-
B (55). Krook et al. (56) also showed a reduction of Akt
kinase activity in the skeletal muscle of T2DM patients
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compared to healthy individuals upon high doses of
insulin stimulation, suggesting that T2DM patients exhibit
impaired insulin-stimulated Akt signaling. The decrease in
Akt activity observed in T2DM patients would not only
decrease the rate of glucose transport into myocytes via
GLUT-4, but also disrupt glycogenesis by activating
GSK3-B (Figure 1B). Hence, Akt is a major contributor
to a disruption of glucose homeostasis in the skeletal
muscle and has become a primary target of therapeutic
interest in T2DM.

The Akt signaling pathway is a well-studied kinase
cascade in hibernating ground squirrels, particularly with
respect to its potential role in coordinating suppression of
protein synthesis. McMullen and Hallenbeck (57) found
that the level of phospho-Akt®®™7® in the liver of /.
tridecemlineatus decreased significantly by 57 and 77%
during early and late stages of hibernation, respectively.
Another study examining skeletal muscle of /. tridecemli-
neatus found that the phospho-Akt>®™”3 content was
reduced by 55% during the late stages of hibernation,
followed by an overall suppression of the downstream
mTOR signaling network and contributing to a state of
translational arrest (58). Enzymatic studies of Akt in
hibernating Richardson’s ground squirrels (/. richardsonii)
have also shown a decrease in Akt kinase activity during
torpor in both the skeletal muscle (V,ax decrease of 60%)
and the liver (Vihax decrease of 66%) (59). In the same
study, a decrease in phospho-AktS®™”® content was
correlated with a decrease in the enzymatic activity of
Akt in both skeletal muscle and liver.

This type of Akt inactivation was also observed in
patients with T2DM. A decrease in the Akt kinase activity
was observed to be associated with a decrease in GSK3-
B phosphorylation, and was also linked to a decrease
in GLUT-4 activation. The experimental conclusions of
multiple Akt studies in hibernators would suggest that
the glucose homeostasis and glycogenesis might be
affected due to the coordinated suppression of the Akt
signaling pathway. Interestingly, in the early arousal
stages of torpor, the level of phospho-AktS®™"® increased
significantly by 3.2-fold (57). As well, during the interbout
euthermia between torpor bouts, the levels of phospho-
AktSe™73 returned to the levels observed in the euthermic
control stage. The rapid increase in Akt activity during the
arousal from torpor could indicate a re-activation of the
insulin signaling pathway and could suggest the reversal
of insulin resistance upon the exit of hibernation.

Interestingly, unlike the regulation of glucose and fatty
acid metabolism, the pattern of Akt regulation in hiberna-
tors appears to be similar to the dysregulation that is often
observed in T2DM patients. Despite the findings of
reversible Akt activation during the arousal stages of the
hibernation cycle, little is known about the mechanism that
is responsible for such an event. Although it remains
unclear whether the suppression of Akt during hibernation
is a result of prolonged insulin resistance or a suppression
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of Akt upstream regulators (PI3-K, IRS-1, etc.), the
restoration of Akt phosphorylation during arousal from
hibernation could suggest a potential mechanism that
rescues Akt kinase activity. The restoration of Akt activity
could function to recover cellular process such as glucose
metabolism that is often impaired through suppressed
Akt activity in T2DM patients. Nonetheless, further
investigation into the regulation of Akt upstream regula-
tors such as PI3-K, IRS-1, and insulin receptors during
hibernation would provide more insights into the state of
insulin signaling during torpor, and its effects on the Akt
kinase.

Future links between T2DM and
hibernation: non-coding RNA

In the last few decades, few biological disciplines have
undergone the growth of small non-coding RNAs,
microRNA. These 18-25-nucleotide-long transcripts are
able to bind with full or partial complementarity, usually to
the 3’ untranslated regions of mMRNA targets, resulting in
the inhibition of translation or degradation of that target
(Figure 3) (60-62). Simply due to their sequence diversity,
and the fact that their microRNAs are predicted to target
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the majority of mRNAs in mammals, this regulatory
pathway is of great importance. In fact, through a myriad
of comparative expression analyses and gain- and loss-
of-function experiments, microRNAs have been shown
to be critically involved in biological development, cell
differentiation, apoptosis, cell cycle control, stress re-
sponse, and disease pathogenesis (60,63-65). Notably,
the characteristics of microRNA-induced regulation of
gene expression meet the criteria necessary for the
mechanisms of metabolic regulation to be broadly
applicable, readily coordinated, easily induced, and read-
ily reversed without wholesale reorganization of the cell
(66). Although microRNAs are implicated in a variety of
disease states, only a handful of studies have demon-
strated the involvement of microRNAs in the development
of T2DM (67-70). Interestingly, several of the microRNAs
found to be differentially expressed in T2DM models are
also found to be differentially regulated during metabolic
rate depression throughout mammalian hibernation.
Although research in this field is only beginning, the
extensiveness of gene regulation by non-coding RNA is
supported by a finding that only one fifth of transcription
across the genome is associated with protein-coding
genes, suggesting at least four times more non-coding
than coding RNA sequences (71,72).
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MicroRNA: the link between T2DM and
hibernation

Despite the absence of microRNAs from the current
lists of genes shown to be associated with the onset and
development of T2DM, an involvement of microRNAs
seems likely given the evidence provided by available
studies (73). One report documented an altered
microRNA pattern, contributing to FFA-induced pancrea-
tic B-cell dysfunction (67). Particularly, it was found that
miR-34a is a transcriptional target of p53, a transcription
factor capable of inducing apoptosis in several diseases.
Additionally, miR-34a is able to induce the degradation of
B-cell lymphoma 2 (Bcl2) mRNA, which encodes an anti-
apoptotic protein (74,75). Most notably, both p53 and the
decreased expression of anti-apoptotic Bcl2 mRNA play
critical roles in the pancreas involving the apoptosis
of insulin-secreting cells (67). Additionally, within the
pancreatic islets, miR-34a has been shown to affect
hormone secretion through the targeting and mRNA
downregulation of vesicle-associated membrane protein
2 (VAMP2), a vesicle protein that is involved in insulin
exocytosis. Therefore, the differential regulation of p53-
induced miR-34a expression may facilitate some of the
negative outcomes induced by FFA in pancreatic function
and the survival of B-cells, mimicking the state of obesity-
associated T2DM. Furthermore, microRNA regulation of
insulin exocytosis has been expanded with the discovery
of differentially expressed miR-375 microRNAs in pan-
creatic endocrine cell lines (76). However, when over-
expressed, this particular microRNA resulted in the
suppression of glucose-stimulated insulin release, while
inhibition of this microRNA restored normal insulin
exocytosis. Additionally, miR-375 has also been reported
to target PDK1 in the pancreatic islet cells. PDK1, in the
presence of PIP3, stimulates the insulin-responsive PI3-K/
Akt pathway and overexpression of miR-375 would
diminish this effect, decreasing PI3-K/Akt signaling (77).
This result establishes miR-375 as a potentially important
modulator of insulin regulation, further implicating the
involvement of microRNAs in T2DM.

As mentioned earlier in this review, the phosphoryla-
tion state of Akt is a key point of regulation and deter-
mines PI3-K/Akt pathway activity or inactivity (78). Protein
phosphatases (primarily phosphatase and tensin homo-
log, PTEN) act to suppress this signal by removing
phosphate groups from members of the pathway (78).
Numerous microRNAs have been experimentally shown
to act as negative regulators of the PI3-K/Akt signaling
pathway (79,80). Of interest is miR-29, a microRNA
shown to negatively affect the activation of the PI3-K/Akt
pathway through repression of PI3-K regulatory subunits
(80). Importantly, this microRNA was found to be highly
elevated in the skeletal muscle of diabetic rats, acting to
inhibit the typical insulin response (69). This included a
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significant repression of insulin-stimulated glucose uptake
and the inhibition of insulin-stimulated Akt signaling, most
likely mediated through PI3-K regulation. Given the
importance of PI3-K/Akt signaling in T2DM, miR-29 has
the potential to act as a mechanism to dampen insulin
signaling.

Apart from their roles in T2DM, the regulation of
distinct microRNAs has been well established as part of
the typical stress response. To date, thousands of
publications have documented their role in a multitude
of cell function and dysfunction. A recent study showed
that one aspect of metabolic rate depression may be the
differential expression of key microRNA species during
torpor (71). The first study to characterize microRNAs in
hibernation examined the expression of nine microRNA
species in tissues from euthermic versus hibernating
ground squirrels; several of these were identified to be
differentially expressed in kidney, skeletal muscle and
heart along with elevated amounts of the microRNA
processing enzyme, Dicer, during torpor (81). Although
these do not address all differentially expressed
microRNAs in hibernators, these experiments begin to
examine the critical roles that non-coding RNAs may play
during hibernation, and consequently may facilitate
reversible insulin resistance. As previously mentioned,
two key microRNAs have been identified to be differen-
tially regulated in both hibernation and T2DM, namely,
miR-34a and miR-29. miR-34a has been found to
increase approximately 2-fold during late torpor in liver
from hibernating arctic ground squirrels (/. parryii) (82).
The increase of miR-34a in the liver of a mammalian
hibernator may suggest a regulatory role in apoptosis
contributing to glucose secretion. Additionally, preliminary
RT-PCR studies, using a modified stem-loop microRNA
amplification protocol, conducted in the skeletal muscle of
hibernating little brown bats (Myotis lucifugus) have
identified an increase of 1.3 + 0.1-fold in mature miR-
29 during late torpor (83,84). An increase of miR-29 in
skeletal muscle may be indicative of insulin-stimulated
glucose uptake regulating the inactivation of the PI3-K/Akt
signaling pathway similar to insulin resistant models.
These studies suggest a similar regulation of both the
PI3-K/Akt and p53 pathways in hibernators and T2DM,
which may provide an indication of the important
contributing role of microRNA expression patterns in
reversible insulin resistance.

Identification of similar microRNA expression patterns
between models of reversible and irreversible insulin
resistance may identify a mechanism of reversing T2DM,
accomplished through the decreased expression of key
microRNAs including, perhaps, miR-34a and miR-29. The
complexity of the transcriptome, and our evolving under-
standing of its structure, may inform a re-interpretation of
the functional basis for many microRNAs associated with
the diabetic state and a comparative approach to
hibernating mammals may aid in this discovery.
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Conclusion

This review attempts to summarize the current state of
T2DM research, and draws parallels to the molecular
pathways that may contribute to the reversible insulin
resistance in mammalian hibernation. We have consid-
ered the relevance of hibernation in ground squirrels to
human physiology and insulin resistance. Hibernators are
a remarkable model for human obesity-like pathologies,
fuelling the torpor cycle with adipocyte hypertrophy,
hyperphagia, and reversible insulin resistance. Most
notable is the marked insulin resistance during the period
of fat storage, followed by its reversal as animals enter
hibernation. This mode of action is likely facilitated
through post-translational modifications to the key signal-
ing transduction pathways mentioned in this review, with
similar pathways commonly seen to be dysregulated in
T2DM. The difference, however, lies within the ability of
ground squirrels to actively regulate these signaling
pathways, in contrast to the dysregulation observed in
T2DM patients. Furthermore, the abundance of signal
transducer proteins in a network can influence both the
direction and strength of signaling and may play a role in
remodeling the signaling landscape in the insulin-
resistant hibernator. Since microRNAs are known to play
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