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Abstract: The winter months are challenging for many animal species, which often enter a state of
dormancy or hypometabolism to “wait out” the cold weather, food scarcity, reduced daylight, and
restricted mobility that can characterize the season. To survive, many species use metabolic rate
depression (MRD) to suppress nonessential metabolic processes, conserving energy and limiting
tissue atrophy particularly of skeletal and cardiac muscles. Mammalian hibernation is the best
recognized example of winter MRD, but some turtle species spend the winter unable to breathe air
and use MRD to survive with little or no oxygen (hypoxia/anoxia), and various frogs endure the
freezing of about two-thirds of their total body water as extracellular ice. These winter survival
strategies are highly effective, but create physiological and metabolic challenges that require specific
biochemical adaptive strategies. Gene-related processes as well as epigenetic processes can lower
the risk of atrophy during prolonged inactivity and limited nutrient stores, and DNA modifications,
mRNA storage, and microRNA action are enacted to maintain and preserve muscle. This review
article focuses on epigenetic controls on muscle metabolism that regulate MRD to avoid muscle
atrophy and support winter survival in model species of hibernating mammals, anoxia-tolerant
turtles and freeze-tolerant frogs. Such research may lead to human applications including muscle-
wasting disorders such as sarcopenia, or other conditions of limited mobility.

Keywords: muscle; metabolic rate depression; hypoxia; anoxia; freeze tolerance; torpor; hibernation;
cold-hardiness

1. Introduction

As humans, we have the unique ability to manipulate our environment to suit our
comfort levels and physiological needs. During the winter, technological advances includ-
ing robust food supply chains and central heating ensure that we need not be subjected
to starvation or subzero temperatures for extended periods of time. For many animal
species, this is not the case. Seasonal conditions can vary drastically, with winter bringing a
myriad of extreme environmental stresses including shorter photoperiods, subzero temper-
atures, and food scarcity. Some species migrate to avoid the worst of these conditions, but
non-migratory species have evolved defensive strategies including hibernation, freezing
survival, and hypoxia/anoxia tolerance to stave off the worst of winter’s influences [1–4].
All of these approaches have been documented in species ranging from invertebrates
such as soil microfauna, insects, and intertidal marine molluscs to vertebrates including
endothermic mammals and ectothermic species such as turtles and frogs [4–9]. Extreme
survival responses are possible thanks in part to the phenomenon of metabolic rate depres-
sion (MRD), characterized by the widespread downregulation of nonessential genes and
metabolic processes to suppress energy expenditure and conserve endogenous fuel reserves.
Such an extensive reorganization of cellular processes necessitates holistic changes to sig-
naling pathways, enzyme activities, transcription/translation, and catabolism/anabolism.
Not surprisingly, epigenetic controls have emerged as a valuable package of tools that
allow organisms to adapt their metabolic processes in intricate and coordinated ways. Such
epigenetic mechanisms include (a) modifications of DNA itself, (b) modifications on the
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histone proteins that wrap and structure nucleosomes, and (c) translational silencing by
non-coding microRNA (miRNA) (Figure 1). Since epigenetic alterations alter gene expres-
sion without changing the DNA sequence itself, this makes them ideal for implementing
rapid, transient changes in phenotype, which are needed to achieve both global control of
MRD and short-term adaptive adjustments to changing environmental conditions. These
are briefly described below.

Figure 1. An overview of epigenetic mechanisms and their cellular locations. Figure made using
BioRender.com (accessed on 7 October 2021).

DNA methylation involves the transfer of a methyl (-CH3) group from S-adenosylmethionine,
to the 5′ carbon of a cytosine base to form 5-methylcytosine (5mC), a process catalyzed by
the DNA methyltransferase (DNMT) family of enzymes. Such 5mC methylation patterns
normally occur on CpG residues: a cytosine and a guanine nucleotide separated by a
single phosphate group [10]. DNMT actions fall into two major categories: (1) maintenance
methyltransferases, such as DNMT1, bind to hemi-methylated DNA to copy methylation
patterns onto newly replicated DNA strands, and (2) de novo methyltransferases such as
DNMT3A and DNMT3B place new methyl marks onto DNA [11]. A fourth family member,
DNMT3L, is a non-canonical DNMT that possesses no catalytic activity, but instead forms
complexes with DNMT3A and DNMT3B, as well as other epigenetic enzymes, to regulate
their activity [12,13].

Histone modifications are major gatekeepers of gene expression. Histones are small
positively charged proteins that make up the functional unit of chromatin, the nucleosome.
The nucleosome consists of ~200 bp of DNA wrapped around a histone octamer, made
of pairs of histones H2A, H2B, H3 and H4, which enable intense condensation of genetic
material within cell nuclei. Chromatin remodeling is a characteristic effect of histone
modification, providing for interconversion between transcriptionally permissive euchro-
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matin and repressive heterochromatin [14]. Acetylation of lysine residues on histone tails
(donated from acetyl-CoA) is tightly linked to gene activation via: (1) locally relaxing
the tight electrostatic interactions of positively charged histone proteins with negatively
charged DNA, (2) providing binding sites for bromodomain “reader” proteins to recruit
transcriptional machinery, and (3) preventing the occupancy of silencing modifications,
since multiple modifications cannot co-exist at the same lysine residue. Histone lysine
methylation involves the addition of one, two or three methyl groups onto side chains of
lysine residues, and most methyl-lysine marks have been shown to be strongly associated
with transcriptional suppression [15,16].

MiRNA are short, single-stranded, noncoding RNA of 21–24 nt in length that bind to
mature mRNA transcripts to suppress their translation by mediating either the degradation
or sequestration of mRNA transcripts [17]. Since the discovery of the first miRNAs, let-7
and lin-4 in 1993, hundreds of miRNAs have been identified across animal and plant species,
all of which exhibit very high conservation between species. Given such high conservation
among vertebrates, and the possession of unique features that make miRNA ideal for
implementing reversible, transient phenotypes, miRNAs represent a robust mode of post-
transcriptional regulation that plays a crucial and dynamic role in allowing organisms to
make rapid changes to mRNA translation in response to diverse signals including rapidly
changing environmental conditions.

There is undeniably wide variability in the functional changes that epigenetic modifi-
cations can bring about; the combinations of DNA modifications, histone modifications,
and miRNA expression in response to different extreme environmental stresses can lead
to a vast network of molecular responses. However, there are some common themes that
epigenetic alterations help to orchestrate, and as such, this review article is split into three
main sections. Part 2 concerns myoprotective and regenerative changes, most frequently
seen in tandem with hibernation. Part 3 involves changes in cellular fuel usage during
MRD, as observed in hibernation and under hypoxia/anoxia. Finally, Part 4 is about
transcriptional and translational suppression, a common result of epigenetic changes in
muscle tissue given that many animals are largely immobile in their winter-survival states.
This occurs mostly during freeze tolerance and hypoxia/anoxia exposure. Overall, this
review covers epigenetic changes in hibernation, freeze tolerance, and hypoxia/anoxia as
it relates to muscle tissue (Figure 2).

Figure 2. An overview of the animals and extreme environmental stresses covered in this review
article. Figure created using BioRender.com (accessed on 7 October 2021).
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2. Myoprotection and Regeneration

The aforementioned winter survival strategies of freeze tolerance, hibernation, and
hypoxia/anoxia involve animals being largely nonambulatory for the duration of winter.
This puts skeletal muscles at severe risk of atrophy from disuse, lack of exogenous nutrient
intake, and waste export. Widespread muscle atrophy—defined as the wasting or loss of
muscle tissue, a decline in force/power output, and the stimulation of muscle catabolism—
can be catastrophic for an organism’s health from a physiological standpoint, and moreover,
an animal that does not have sufficient muscle capacity to move is vulnerable to predation
upon reversal of their respective winter survival strategy. Levels of skeletal muscle atrophy
are drastically lower in hibernators than would be expected from a human in an equivalent
bed-rest study, and indeed certain mechanisms are in place to counteract atrophy including
urea nitrogen salvaging, which allows free nitrogen from muscle breakdown to be recycled
into amino acids and thus serves a dual purpose of reconstituting muscle and preventing
otherwise-hazardous ammonia toxicity [18]. We expect a facet of winter survival to be
further dedicated to muscle maintenance and regeneration in the case of atrophy, which
we detail in this section.

Myocyte enhancer factor 2, or MEF2, is a family of transcription factors that play direct
roles in muscle plasticity and remodeling in response to physiological demands [19]. Four
isoforms of MEF2 (MEF2A, -B, -C, -D) are known in mammals and all are regulated by
reversible phosphorylation [20]. Due to the far-reaching and versatile abilities of MEF2-
family transcription factors, it has been shown that the MEF2A signaling pathway is heavily
affected during hibernation [21]. During hibernation, body temperature (Tb) can fall to near
ambient values (often 0–5 ◦C), and metabolic energy expenditure during hibernation can
be reduced to as low as 1–5% of euthermic rates [22]. Prolonged torpor bouts in hibernating
species alternate with short periods of arousal where Tb rises back to euthermic levels
(near 37 ◦C) for several hours, during which restorative actions occur before animals sink
into another bout of torpor. This regulation, and its reversal during rewarming, includes
controls at transcriptional [23,24], translational [25], and post-translational levels [24,26]
including activation of selected transcription factors, including MEF2A, which play pro-
survival roles [21,27].

One such hibernator is the brown bear, Ursus arctos. U. arctos is a warm hiberna-
tor, defined by its Tb remaining near 37 ◦C for the full duration of hibernation, its huge
body mass, making it essentially impossible for Tb to decrease significantly. While one
might expect severe muscle wasting after 6–8 months of hibernation, studies have repeat-
edly shown minimal loss in skeletal muscle integrity when bears emerge from dens in
the spring [28–30]. Epigenetic regulation is implicated in this ability. An investigation
by Luu et al. [31] used RT-qPCR to analyze 36 miRNAs linked to MEF2A regulation in
skeletal muscle samples from hibernating versus summer-active bears. Results showed
that transcript levels of mef2a were upregulated during hibernation, with miRNAs un-
der MEF2A control (miR-1b-5p, miR-133a-3p, and miR-206-3p) showing corresponding
upregulation. Of these, miR-1 and miR-206 target pax7 and id2 genes, whose transcript
levels are concurrently downregulated during hibernation. Other MEF2A-independent
miRNAs with separate ties to muscle atrophy and regeneration were also quantified, with
miR-23a-5p, miR-221-3p, and miR-31-5p being upregulated and miR-199a-5p and miR-
223-5p downregulated during hibernation [31]. It is interesting to note that in human
sarcopenia, miR-23a and miR-199 are two mitomiRs known to influence this disorder [32].
Together, this suggests that the activation of the MEF2A-mediated signaling pathway in
hibernating bear skeletal muscle occurs through the upregulation of miR-1 and miR-206
and consequent downregulation of pax7 and id2 [31]. It should be noted that miR-27b,
miR-29b, and miR-23a were also elevated in another hibernator during winter (little brown
bat, Myotis lucifugus), and are also linked to muscle atrophy resistance, increased MEF2A
activity, and decreased transcript levels of mstn that encodes myostatin, an inhibitor of
muscle growth [33].
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M. lucifugus undergoes a more “traditional” form of hibernation—a decrease in Tb
to near ambient levels for prolonged periods but interspersed with brief arousal periods
where Tb returns euthermic values for approximately a day. The Kornfeld et al. study found
increases in eight miRNAs: miR-1a-1, miR-29b, miR-181b, miR-15a, miR-20a, miR-206, and
miR-128-1 during torpor [33]. All of these miRNAs target muscle-specific factors that are
implicated in muscle preservation during hibernation. Another well-studied hibernator
is the 13-lined ground squirrel, Ictidomys tridecemlineatus. A study by Wu et al. [34] used
RT-qPCR to quantify the levels of 117 miRNA across various time points of the hibernation-
arousal cycle, and found a selection of 36 and 34 miRNAs in heart which changed during
deep hibernation and interbout arousal, respectively, whereas 39 and 33 miRNAs changed
at these two time points in skeletal muscle [34]. Of these, eight miRNAs were shared
between heart and skeletal muscle during deep hibernation, one upregulated and seven
downregulated. During interbout arousal, one shared miRNA was upregulated and two
shared miRNAs were downregulated. Bioinformatic analysis of these miRNAs noted
that miR-208, which was upregulated fivefold in heart tissue during arousal, is linked to
myoprotective roles including cardiac arrhythmias and muscle remodeling [35]. However,
in skeletal muscle, miR-208 was downregulated, highlighting tissue-specific roles for this,
and possibly other, miRNAs that have yet to be fully elucidated. Another study of I.
tridecemlineatus identified a subset of 17 novel miRNAs isolated via RT-qPCR [36]. In heart
and skeletal muscle, these miRNAs were largely downregulated during hibernation and
were proposed to have muscle remodeling roles, further functions of which have yet to be
elucidated [36].

Hibernation is also an ability shared by selected primate species, including the grey
mouse lemur, Microcebus murinus, of Madagascar. However, M. murinus and U. arctos differ
in their hibernation strategies in a few key ways: M. murinus undergoes torpor, which
is generally a daily reduction in metabolic rate during the inactive non-foraging hours,
and is not limited to the winter months as it lasts for variable (and shorter) durations. In
M. murinus, 16 miRNAs were identified with expression levels differing between control
and torpid states; these miRNAs also have the potential to act as measurable biomarkers of
torpor [37]. Moreover, this subset of miRNAs is involved in muscle-specific mechanisms
and include miR-1 and miR-133, along with others that display unique torpor expres-
sion patterns. Readers should note that miR-1 is shared in common with hibernation in
U. arctos [31]. In skeletal muscle of M. murinus, 20 miRNAs amid a group of 234 miRNAs
assessed were significantly altered during torpor [37]. Eleven were significantly upregu-
lated, and nine were significantly downregulated. Key members of the myomiR family
were among those downregulated, and it was posited that suppression of this family may
act to limit muscle proliferation during torpor, since this would be metabolically expensive
and run counter to the general principle of MRD [38]. Moreover, two myomiRs (miR-1
and miR-133) directly target other potentially crucial processes including apoptosis, where
reduced levels of miR-1 and/or miR-133 have been shown to favour survival [39].

3. Fuel Use: Glucose and Lipids

The switch to prolonged MRD during the winter necessitates a change in fuel usage,
which manifests in a species- and stress-specific manner. In hibernation, fuel usage typically
switches from carbohydrate metabolism to lipid fatty acid oxidation, as most hibernating
species consume massive amounts of food in the late summer and autumn and stockpile
it as white adipose for overwintering [40]. This transition includes changes in miRNAs;
e.g., in brown bear U. arctos, levels of miR-27b-5p, 27a/b-3p, 29a-5p, 29a-3p, 29b/c-3p,
33-5p were upregulated in skeletal muscle during winter hibernation [31]. All of these are
linked with glucose and lipid metabolism. The increases in miR-27, miR-29, and miR-33
suggest that these miRNAs may be potentially facilitating decreased glucose utilization,
since miR-27 has been linked to decreasing glucose uptake in rat muscles via targeting of
glut4 that encodes glucose transporter 4 [41]. GLUT4 is the primary glucose transporter
responsible for insulin-stimulated uptake of glucose into muscle cells, and its activity can be
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tailored for increased or decreased glucose uptake in response to environmental stress [42].
In contrast, miR-33 targets prkaa1 (which encodes a catalytic subunit of the AMP-activated
protein kinase, AMPK). AMPK primarily increases glucose uptake and promotes fatty
acid oxidation by phosphorylating ACC and decreasing malonyl-CoA production [43], but
prkaa1 transcript levels did not change in hibernation [31]. Overall, increases in miR-27,
miR-29, and miR-33 in U. arctos skeletal muscle may suggest that both glucose uptake and
fatty acid oxidation are suppressed in hibernating bears, signifying a miRNA-mediated
switch in fuel usage during the winter [31].

Continuing on the theme of MRD, we turn to a new extreme environmental stress
that has not yet been explored in-depth with respect to miRNA involvement. Naked mole
rats, Heterocephalus glaber, are commonly exposed to low levels of oxygen in their burrows,
creating hypoxic conditions—defined as low (suboptimal) availability of oxygen—where
O2 levels can be as low as 3–10% [44,45]. Many animals experience hypoxia/anoxia as
a result of their environmental conditions, particularly among various aquatic species
such as those that undergo breath-hold diving, including red-eared slider turtle Trachemys
scripta elegans. These species will be addressed later in this review. The hallmarks of
MRD are maintained in species that survive hypoxia/anoxia—metabolic rate is strongly
reduced and nonessential or energy-expensive processes are downregulated. Energy
usage is reprioritized to support survival mechanisms including antioxidant defenses,
anti-apoptotic mechanisms, and anaerobic glycolysis. A study by Hadj-Moussa et al. [46]
examined hypoxia effects on H. glaber and measured the levels of miRNAs previously
implicated in oxygen responsiveness. Of 55 miRNAs measured, 10 were differentially
regulated in H. glaber skeletal muscle with miR-101a-3p, miR-124-3p, and miR-199a-5p
upregulated during hypoxia whereas miR-137-3p, miR-200c-3p, miR-214-3p, miR-223-3p,
miR-296-5p, miR-325-3p, and miR-503-5p were downregulated [46]. All these miRNAs
are related to AMPK control, providing an intriguing link to U. arctos hibernation and
prkaa1 as described in [31]. AMPK and its role in hypoxia has been well-characterized
in a variety of tissue types including skeletal muscle [47,48] and cardiomyocytes [49], so
it makes sense that we would observe epigenetic control of AMPK in H. glaber. Of the
three upregulated miRNAs in hypoxia, miR-124 overexpression negatively regulates cell
growth and glucose consumption in cancer cells [50], in line with AMPK downregulation.
Additionally, miR-124 has been observed to increase phosphorylated-AMPK levels in
brain tissues, suggesting a similar role may exist in skeletal muscle [51]. Upregulated
levels of miR-101a and miR-199a are associated with reductions in AMPK signaling and
promotion of fatty acid synthesis [52], and miR-101a can both directly and indirectly
inactivate AMPK [53,54]. The seven downregulated miRNAs during hypoxia are also
implicated in AMPK signaling in various downstream roles in combating oxidative stress,
autophagy and apoptosis during hypoxia, or following anoxia/reoxygenation. Returning
to fuel consumption and the overall roll of AMPK in skeletal muscle, it is known that
H. glaber mobilizes glucose from the liver to the blood during severe hypoxia [55]. Since
miRNA expression in skeletal muscle suggests that AMPK is downregulated, thereby
promoting fatty acid metabolism and a shift away from glucose uptake, an explanation
may be that glucose is reprioritized for the brain during hypoxia, an organ very sensitive
to ATP limitation and this can be mitigated, in part, by reducing glucose uptake and use by
muscle cells.

AMPK has another role of promoting mitochondrial biogenesis, thus enhancing cel-
lular abilities to provide energy substrates [56]. Downregulation of AMPK via miRNAs
as highlighted in this subsection may cause a corresponding decrease in mitochondrial
processes, which could be advanced by a specific family of miRNAs known as mitomiRs.
This miRNA family was originally derived from research into humanin and its conserved
role in oxidative stress cytoprotection, and now they are hypothesized to influence mito-
chondrial behavior during extreme environmental stresses, given they are already linked
with mitochondrial functions ranging from energy metabolism to apoptosis [57].
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The functions and regulatory roles of mitomiRs in mitochondrial energy metabolism
have begun to be elucidated [58]. For example, mitomiR-181c has been shown to suppress
the levels of mitochondrial COX-1, a subunit of complex IV of the electron transport
chain 12, while mitomiR-378a regulates glucose homeostasis via inhibiting mitochondrial
ATP6. Other studies have shown mitomiRs involvement in cardiovascular diseases and
mitochondrial dysfunction. One study demonstrated that levels of mitomiR-696, mitomiR-
532 and mitomiR-690 rose during the initial stages of heart failure with this upregulation
linked to changes in mitochondrial energetics [59], while mitomiR-378a has been shown
to inhibit lactate dehydrogenase and induce apoptosis in cardiomyocytes [60]. Other
mitomiRs such as let-7b, miR-146a, miR-19b, miR-34a and miR221 all have associations
with cell senescence [61]. Overall, many studies have established the role of mitomiRs in
cardiovascular processes either by regulating glucose metabolism, mitochondrial energetics
or genes in mitochondrial metabolism suggesting a possible promise that they hold for
future insights into survival of extreme environmental stresses.

4. Transcriptional and Translational Suppression

A critical theme of MRD is the notion of global downregulation—nonessential genes
and processes are shut down or off to preserve limited cellular energy for pro-survival
processes. Transcriptional suppression is a holistic definition for preventing transcription
of the DNA strand, which can be enacted through various epigenetic mechanisms detailed
throughout this review, and translational repression is the limitation of translating mRNA
transcripts into protein. DNA methylation is widely associated with transcriptional sup-
pression, since the addition of methyl group(s), provided by S-adenosylmethionine, onto
cytosine residues interferes with transcription factor binding and prevents transcription.
One function of histone methylation tightens nucleosomes and prevents access to chro-
matin, and miRNA acts on a post-transcriptional level by preventing translation of mRNA
transcripts. The first two sections of this review have focused on specific cellular processes
affected through epigenetic alterations, but many of the suppressive features of epigenetics
including DNA methylation and miRNA action contribute to MRD on a broad sense. This
section elucidates studies of this nature.

DNA methylation has been examined in heart and skeletal muscle during hibernation
of I. tridecemlineatus [62]. In heart, DNMT1, DNMT2, and DNMT3L were upregulated
during deep torpor, whereas DNMT3A remained steady during hibernation but decreasing
during interbout arousal [62]. DNMT enzyme activity increased during hibernation, but
there was no change in 5mC levels. In skeletal muscle, DNMT3L was the only methyltrans-
ferase to change with an upregulation during interbout arousal; however, DNMT enzyme
activity was drastically decreased across all time points and 5mC levels increased during
interbout arousal [62]. This aligns with data from a study by [63], which showed that
dnmt1 and dnmt3b transcript levels in skeletal muscle did not change at any point during
hibernation. Given the differential nature of these responses, it was hypothesized that
DNA methylation plays roles in a more transcription-factor and gene-dependent manner
which provides a more gene-specific function rather than a broad-spectrum approach. For
example, [63] showed a decrease in mef2c transcript levels at all points during hibernation,
perhaps tying this into a myoprotection and regeneration role (as discussed in Part 1).
DNMT3L function as a cofactor rather than a catalytic member of the family also allows
for other epigenetic functions to be at play, rather than looking at DNA methylation in
isolation. For example, miR-24 was downregulated in both heart and skeletal muscle of
13-lined ground squirrels, which strongly suggests suppression of cellular growth and
proliferation during hibernation, in line with global MRD [64].

We can also look back to the study by [37] that measured changes in miRNAs in
skeletal muscle of the mouse lemur, M. murinus, during daily torpor. It has already been
noted that several miRNAs play myoprotective roles in this primate, including miR-1 and
miR-133. Of the upregulated miRNAs, many others were related to cell growth including
miR-2478 and miR-889 [37]. These target transcripts of tgfβ1, which encodes the TGFβ1a re-
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ceptor that is linked with the BMP family of proteins to form the SMAD signaling pathway.
SMADs play major roles in cell proliferation and differentiation [65]. Downregulation of
signaling pathways have been associated with metabolic rate depression in many species
and in response to multiple stresses, likely acting to suppress energy-expensive processes
during torpor/hibernation [66–68]. Research on the torpor-capable marsupial Dromiciops
gliroides measured the levels of 85 miRNAs in skeletal muscle, showing significant up-
regulation of seven miRNAs and downregulation of four miRNAs [69]. As predicted by
bioinformatic analysis, these miRNAs primarily targeted mRNA species associated with
signaling pathways, including the ErbB and mTOR pathways. Since signaling pathways
are metabolically costly to maintain, miRNA action in D. gliroides muscle appears to also
be leading to translational suppression and maintenance of MRD.

Transcriptional suppression is also a hallmark of freeze tolerance, most notably exem-
plified in studies of the wood frog, Rana sylvatica. Freeze tolerance is a survival strategy that
has been documented for many species living in seasonally cold environments, including
several species of vertebrates (frogs, salamanders, hatchling turtles) and many invertebrates
(insects, molluscs) [4,9,70]. Freeze-tolerant animals allow ice formation within extracellular
and extra-organ cavities (but not inside cells), together with the cessation of heartbeat,
breathing, and movement. Extracellular ice buildup draws water out of cells, creating
a hyperosmotic intracellular environment and extreme cell shrinkage that is combated
by the synthesis of low molecular weight cryoprotectants that are flooded throughout
the body and taken up by cells to combat cell water loss. These cryoprotectants include
a variety of small molecules: polyhydric alcohols (e.g., glycerol, sorbitol), sugars (e.g.,
glucose, trehalose) and small nitrogenous compounds (e.g., urea). Freeze-tolerant species
can often endure the conversion of ~65% of total body water into ice and freezing halts
blood flow imposing hypoxia/anoxia as oxygen is depleted [4]. Gas exchange and waste
export is halted, and skeletal muscle atrophy is a risk from prolonged lack of use.

MicroRNA has again been identified as a crucial regulator of MRD in freeze tolerance,
acting as a transcriptional suppressor. Studies of miRNA regulation over the freeze/thaw
cycle in R. sylvatica have analyzed heart and skeletal muscle responses, in which qPCR was
used to quantify levels of 53 miRNAs in these tissues [71]. Of the miRNAs tested in heart,
only one miRNA was upregulated, whereas four were downregulated during freezing,
although a larger subset of 20 was downregulated after 8 h thawing [71]. The widespread
downregulation of miRNAs during thawing may signify that many cellular processes need
to be reactivated after thawing to cope with probable accumulated damage from freezing.
Indeed, selected miRNAs from the group that was analyzed are known to play roles in heart
function, such as miR-145 and miR-208, and are known to be overexpressed in various heart
diseases [72]. Skeletal muscle showed an alternate trend, with 16 miRNAs upregulated and
one downregulated during freezing, as well as six remaining upregulated after thawing [71].
The miRNAs affected in skeletal muscle targeted genes associated with the cell cycle and
apoptosis, suggesting that these processes are suppressed during freezing and remain this
way throughout the thaw. Bioinformatic prediction of pathways affected by these miRNAs
yielded targets including actin cytoskeleton, PI3K/Akt, and MAPK signaling as being
disproportionately affected by miRNAs [71]. A focus on intracellular signal transduction
has also been noted previously in wood frogs during freezing, suggesting a more global
theme for the functions of miRNA in regulating signaling pathways during freezing. For
example, signaling networks including PI3K/Akt and mTOR have been implicated to be
under miRNA regulatory control during freezing in wood frog brain, and the Akt signaling
pathway may be freezing-dependent on miRNA regulation in wood frog liver [73,74].

Another aspect of transcriptional control is direct inhibition of DNA transcription via
DNA methylation. The authors of [63] examined R. sylvatica skeletal muscle, and found
that both DNMT1 and DNMT3L were upregulated in response to 24 h freezing, whereas
DNMT3A/3B remained unchanged along with overall DNMT enzyme activity. However,
global 5mC levels were upregulated, demonstrating that there was a measurable increase
in genomic methylation during freezing [75]. Following an 8-hour thaw, DNMT1 and 5mC
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levels returned to baseline, whereas DNMT3L increased even further [75]. Interestingly,
total DNMT activity was strongly suppressed after 8 h of thawing. DNMT1 is a maintenance
methyltransferase, responsible for methylating hemi-methylated DNA following a round
of DNA replication [11,76]. DNMT3L is not a canonical member of the DNMT family and
does not possess any catalytic activity of its own but acts as a cofactor to allow greater
affinity for DNA and, therefore, more efficient function. Taken collectively, this appears to
be a counterintuitive result, given that skeletal muscle is one of the first tissues to freeze
and has a low metabolic activity during freezing. However, a potential role for DNMT1
involves its noncanonical ability to interact with histone-modifying genes including EZH2,
which is part of a complex PCR2 mediating repressive trimethylations on H3 lysines [77].
DNMT3L is also known to interact with histone-related genes including HDAC1 [78,79], so
it is possible that elevated DNMT1 and DNMT3L in skeletal muscle could be performing
noncatalytic roles by influencing histone modifications.

Transcriptional suppression is also seen during MRD in situations of hypoxia/anoxia
stress. The red-eared slider turtle, T. s. elegans, is a well-studied model of anoxia tolerance
both during diving excursions in warm seasons and prolonged periods (up to 4–5 months)
of continuous submergence in cold water during the winter. These turtles live in ponds,
lakes or streams that typically become ice-locked during the winter, preventing turtles
from rising to the surface to breathe. Although some turtle species can take up oxygen over
buccal or cloacal membranes, sliders and closely related painted turtles (Chrysemys) do
not [80]. Instead, they sustain life with a combination of strong metabolic rate depression
(to as low as 10% of aerobic values), huge reserves of glycogen in liver, and lactic acid buffer-
ing/storage in the shell. A study by Wijenayake and Storey [81] measured DNMT protein
levels in white muscle, heart and liver of T. s. elegans. In white muscle, DNMT3A and
DNMT3B protein levels increased by three-fold after just 5 h of anoxic submergence. After
20 h of anoxia, DNMT3A had returned to control levels, but DNMT3B remained high [81].
Total DNMT activity increased in both 5 h and 20 h anoxia, and global 5mC methylation
rose significantly in the 5 h anoxia condition but declined slightly (but remained higher
than controls) after 20 h anoxia [81]. In heart, DNMT3A was also elevated after 5 h anoxia
and DNMT3B had increased strongly after 20 h anoxia. Total DNMT activity and global
5mC levels, however, remained unchanged. These results suggest that DNMT regulation is
not derived solely from increased or decreased protein synthesis, given that there was no
change in either activity or genome methylation. There may be another mechanism that
affects DNMTs and supports more efficient methyltransferase activity, without necessarily
leading to quantitative increases or decreases measurable in the study. One possibility is
that global 5mC levels were measured on a whole-cell level, and it is possible that changes
in methylation occur in a gene-specific manner that does not result in significant changes
to genome-wide methylation. Global 5mC levels reflected this increase in activity in white
muscle, whereas 5mC levels in heart remained unchanged after 5 h anoxia (corresponding
to the unchanged DNMT activity) and remained consistent during 20 h anoxia even though
DNMT activity was increased at this time point.

As with the other species examined in this review, miRNA regulation has been ana-
lyzed in T.s. elegans to elucidate its contribution to post-transcriptional suppression during
anoxia. Two studies have best exemplified this. Biggar and Storey [82] examined transcript
and protein levels of cyclin D1, a crucial regulator of the G1 phase that initiates the cell
cycle, as well as miRNAs that target cyclin D1. Under anoxia, cyclin D1 transcript levels did
not change in liver or kidney and neither did phosphorylation of cyclin D1 at Thr286, but
cyclin D1 protein decreased significantly in both organs. This implicated miRNA action in
the suppression of cyclin D1 levels under anoxia and was supported by increased levels
of miR-16-1 and miR-15a under anoxia and the presence of conserved binding sites for
these two microRNAs in the 3′ UTR of the cyclin D1 gene. A further study examined
the responses of a range of miRNAs under low temperature and anoxic conditions [83].
The 2017 study further explored the roles of miRNAs in turtle anoxia tolerance using RT-
qPCR and found that miR-1a, miR-107, miR-20a, miR-21, and miR-29b were upregulated
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after both 5 h and 20 h anoxia exposure, whereas miR-148a was elevated only after 20 h
anoxia [83]. Conversely, miR-17 was downregulated in both 5 h and 20 h anoxia, the only
miRNA measured to do so. Of note were miR-21 and miR-20a; both of these miRNAs are
hypothesized to fulfill anti-apoptotic roles and suppress cellular proliferation in T.s. elegans,
continuing the theme of post-transcriptional suppression during anoxia. It is interesting
to note that bioinformatic analysis predicted that lower temperatures would lead to more
and stronger miRNA:mRNA interactions, indicative of stronger suppression of mRNA
translation in the cold and opening and an intriguing new area for future research.

5. Future Directions

It should be noted that histone modifications were not covered in this article. The
existing research regarding histone modifications in muscle during winter is in its infancy,
and it has been difficult to establish definitive functional links arising from changes in
histone methylation/acetylation. Therefore, the existing literature was not robust enough
to warrant inclusion in this article. Preliminary studies including [84], [85], and [86] provide
introductions into histone modifications in I. tridecemlineatus, R. sylvatica, and T.s. elegans,
respectively. Future research will no doubt elucidate the functions and full breadth of
histone modifications in muscle during winter survival, and how they integrate into other
epigenetic mechanisms, as detailed herein.

A finding in [74,83] also merits further note. In a bioinformatic prediction comparing
miRNA:mRNA interactions at 5 and 37 ◦C, it was found that the lower temperature allowed
for approximately twice as many interactions as compared to the higher temperature. Given
that many winter survival strategies are inextricably linked with a low or subzero Tb, it will
be critical to incorporate this thermodynamic factor into future research to understand the
full extent of miRNA regulation of mRNA translation in mediating metabolic adaptations
for low temperature survival.

6. Conclusions

In this review article, we laid out the recent advances in epigenetics research and
how they tie into survival of extreme environmental stresses induced by winter conditions.
Across all stresses, epigenetic influences fall under the three major themes: (1) myopro-
tection and regeneration, (2) altered fuel use between glucose and lipids, and (3) holistic
transcriptional and translational suppression. The involvement of miR-1 was observed in
both hibernation (in two mammalian species) and anoxia (in T.s. elegans), signifying that
this miRNA may have major significance in muscle metabolism over the winter. The AMPK
family that mediates glucose and lipid catabolism is also affected by epigenetic controls,
as denoted in hypoxic H. glaber and hibernating U. arctos. Finally, downregulation of
signaling pathways including AMPK, cell cycle, MAPK, and SMAD signaling are affected
via both miRNA control and DNA methylation across many species and winter-survival
strategies. Overall, the maintenance of muscle tissue during winter is of critical importance,
and research has shown that epigenetic mechanisms contribute to this role by exerting
powerful regulatory control over key aspects of winter survival, bridging species gaps and
highlighting shared mechanisms which can pave the way for future research.
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