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MicroRNA-mediated inhibition of AMPK coordinates
tissue-specific downregulation of skeletal muscle metabolism
in hypoxic naked mole-rats

ABSTRACT
Naked mole-rats reduce their metabolic requirements to tolerate
severe hypoxia. However, the regulatory mechanisms that underpin
this metabolic suppression have yet to be elucidated. 5′-AMPactivated protein kinase (AMPK) is the cellular ‘master’ energy
effector and we hypothesized that alterations in the AMPK pathway
contribute to metabolic reorganization in hypoxic naked mole-rat
skeletal muscle. To test this hypothesis, we exposed naked mole-rats
to 4 h of normoxia (21% O2) or severe hypoxia (3% O2), while
indirectly measuring whole-animal metabolic rate and fuel
preference. We then isolated skeletal muscle and assessed protein
expression and post-translational modification of AMPK, and
downstream changes in key glucose and fatty acid metabolic
proteins mediated by AMPK, including acetyl-CoA carboxylase
(ACC1), glycogen synthase (GS) and glucose transporters (GLUTs)
1 and 4. We found that in hypoxic naked mole-rats (1) metabolic rate
decreased ∼80% and fuel use switched to carbohydrates, and that
(2) levels of activated phosphorylated AMPK and GS, and GLUT4
expression were downregulated in skeletal muscle, while ACC1 was
unchanged. To explore the regulatory mechanism underlying this
hypometabolic state, we used RT-qPCR to examine 55 AMPKassociated microRNAs (miRNAs), which are short non-coding RNA
post-transcriptional silencers. We identified changes in 10 miRNAs
(three upregulated and seven downregulated) implicated in AMPK
downregulation. Our results suggest that miRNAs and posttranslational mechanisms coordinately reduce AMPK activity and
downregulate metabolism in naked mole-rat skeletal muscle during
severe hypoxia. This novel mechanism may support tissue-specific
prioritization of energy for more essential organs in hypoxia.
KEY WORDS: Hypoxic metabolic response, Heterocephalus glaber,
miRNA, Hypometabolism, GLUT4, Glycolysis, Glycogen synthase

INTRODUCTION

Eusocial East-African naked mole-rats (Heterocephalus glaber) live
in crowded underground tunnel systems, wherein they putatively
experience intermittent hypoxic conditions in their nesting
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chambers. Whereas the absolute levels of hypoxia within their
underground burrow systems are poorly studied (Holtze et al.,
2018), laboratory studies have demonstrated that naked mole-rats
are remarkably hypoxia tolerant (for an adult mammal), and can
withstand minutes of anoxia, hours at 3% O2, and days to weeks at
8–10% O2 (Chung et al., 2016; Pamenter et al., 2015; Park et al.,
2017). Naked mole-rats possess an impressive arsenal of adaptations
that allow them to survive oxygen deprivation. Perhaps most
critically, and similar to other champions of hypoxia and anoxia
tolerance (Boutilier, 2001; Buck and Pamenter, 2006; Hochachka
et al., 1996), naked mole-rats reduce their metabolic rate in oxygenlimiting environments (Pamenter et al., 2015), which presumably
enables their energy demands to be met by less efficient anaerobic
pathways (Pamenter et al., 2019). In support of this, naked mole-rat
blood glucose levels are elevated during 4 h of progressively deeper
hypoxia (9–3% O2) (Pamenter et al., 2019), and anoxia (Park et al.,
2017), tissue ATP concentrations are largely maintained, and
respiratory exchange ratio (RER) calculations indirectly support a
whole-animal metabolic fuel switch from primarily lipid-based
metabolism in normoxia to carbohydrate-based metabolism in
hypoxia (Pamenter et al., 2019). However, the cellular mechanisms
that regulate this putative hypoxic metabolic fuel switch remain
unknown.
Cells use various processes to regulate metabolism and balance
the activation and suppression of energetically expensive biological
processes when ATP availability is limited. One of the primary
initiators of such metabolic remodelling is 5′-AMP-activated
protein kinase (AMPK), which is a master cellular energy sensor.
AMPK is activated by changes in the intracellular AMP:ATP ratio,
such that breakdown of ATP to AMP favours activation of AMPK,
which in turn modifies cellular energetics and metabolic fuel use
(Hardie et al., 2012). For example, AMPK activation during lowenergy stress, such as occurs during hypoxia or anoxia, leads to a
decrease in ATP-consuming anabolic pathways (e.g. fatty acid
synthesis, which is gated by acetyl-CoA carboxylase 1, ACC1;
Hardie, 2007). Specifically, AMPK-mediated phosphorylation
inhibits ACC1 activity, thereby inhibiting lipogenesis, and
stimulates fatty acid oxidation to conserve and alter fuel use
during metabolic rate supression and environmental stress (Winder
et al., 2003). This is typically associated with a stimulation of
glucose uptake via glucose transporter proteins (GLUTs) in muscle,
along with the inhibition of glycogen synthase (GS) to favour
glycolysis (Kahn et al., 2005; Rider, 2016).
A key mechanism implicated in modulating cellular processes
during hypoxia is microRNAs (miRNAs), which are short noncoding RNA transcripts. miRNAs post-transcriptionally regulate
gene expression temporarily through suppression of mRNA
translation via transcript storage, or through permanent degradation,
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depending on the degree of miRNA complementary binding
(O’Brien et al., 2018). miRNAs are of particular interest in natural
models of metabolic reorganization because they: (1) are reversible,
(2) are rapidly acting, (3) are energetical inexpensive to synthesize,
and (4) can target virtually all biological pathways (Hadj-Moussa
and Storey, 2020). Studies on other hypoxia- and anoxia-tolerant
organisms have identified subsets of species- and tissue-specific
oxygen-responsive miRNAs known as ‘OxymiRs’, which are
involved in protective roles and energy reprioritization when
physiological oxygen levels decline; however, it is also clear
that there is not a unified miRNA response to oxygen limitation
(Hadj-Moussa and Storey, 2020).
In the present study, we examined a potential role for AMPK in
mediating metabolic rate suppression and the hypoxic fuel switch
previously identified in freely behaving naked mole-rats and
explored a potential regulatory role for miRNAs that target
AMPK pathways. We hypothesized that naked mole-rat skeletal
muscle would exhibit an AMPK-mediated fuel substrate switch
to favour carbohydrate metabolism and enhance glycolysis, and
predicted that this switch would be mediated by miRNA regulation
of AMPK.
MATERIALS AND METHODOLOGY
Animals

Naked mole-rats, Heterocephalus glaber Rüppell 1842, were
group-housed in interconnected multi-cage systems at 30°C and
21% O2 in 50% humidity with a 12 h dim light:12 h dark cycle.
Animals were fed fresh tubers, vegetables, fruit and Pronutro cereal
supplement ad libitum. Animals were not fasted prior to
experimental trials. All experimental procedures were approved
by the University of Ottawa Animal Care Committee in accordance
with the Animals for Research Act and by the Canadian Council on
Animal Care. All experiments were performed during daylight
working hours in the middle of the animals’ 12 h:12 h light:dark
cycle. We examined miRNA and protein changes following in vivo
hypoxic exposure in non-breeding naked mole-rats that were
1–2 years old. Non-breeding (subordinate) naked mole-rats do not
undergo sexual development or express sexual hormones and thus
we did not take sex into consideration when evaluating our results
(Holmes et al., 2009).
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Prior to experimentation, animals were placed in the respirometry
chamber for 1 h to familiarize them with their new surroundings.
Oxygen consumption (V̇ O2) and carbon dioxide production (V̇ CO2)
rates were then recorded for the next hour (normoxic control
period). The incurrent gas was then switched to 3% O2 (0.05% CO2,
balance N2) and flow rate was increased to 1 l min−1 for 10 min to
rapidly reduce the O2 content of the chamber to 3% O2. The flow
rate was then returned to 0.1 l min−1 for the remaining 4 h of
hypoxic exposure. (V̇ O2 and V̇ CO2 were measured during the last
30 min (in three 10 min intervals) of each hour and these values
were averaged for each animal. For 5 min at the end of each hour,
incurrent gas concentrations were measured by bypassing the
experimental chamber and diverting air flow directly to the O2 and
CO2 analysers. V̇ O2 and V̇ CO2 were calculated using eqns 10.6 and
10.7 in Lighton (2008), respectively:
V_ O2 ¼ V_ I½ðF IO2 –F EO2 Þ–F EO2 ðF ECO2 –F ICO2 Þ=ð1–F EO2 Þ;

ð1Þ

V_ CO2 ¼ V_ I½ðF ECO2 –F ICO2 Þ–F ECO2 ðF IO2 –F EO2 Þ=ð1–F ECO2 Þ;
ð2Þ
where V̇ O2 is O2 consumption rate (ml min−1) and V̇ CO2 is CO2
production rate (ml min−1), V̇ I is incurrent flow rate (ml min−1),
FIO2 and FICO2 are fractional concentrations of incurrent O2 and
CO2 of dry gas, respectively, and FEO2 and FECO2 are fractional
concentrations of excurrent O2 and CO2 of dry gas, respectively
(Lighton, 2008). The RER was calculated by dividing V̇ CO2 by V̇ O2.
All metabolic variables are reported at standard temperature,
pressure, dry (STPD).
Experimental design for tissue collection

To analyse the effects of hypoxia on skeletal muscle metabolic
function, naked mole-rats were exposed to one of two treatment
conditions: (1) normoxia (4 h in 21% O2, balance N2; n=6), or (2)
acute hypoxia (4 h in 3% O2, balance N2; n=6). Immediately
following treatment, animals were killed by cervical dislocation
followed by immediate decapitation. Temporalis muscles were
rapidly dissected (within 30 s), and immediately flash frozen in
liquid nitrogen and then stored at −80°C until analysis.

Naked mole-rats (n=6) were individually placed, unrestrained, into
a 450 ml Plexiglas respirometer chamber, which was situated
within a larger environmental chamber held at 30°C (range
29.8–30.2°C). The chamber temperature was recorded every 2 s
using a custom-designed thermocouple. Animals were provided
with a thin layer of corn cob bedding and the respirometer was
continuously ventilated with gas mixtures set to the desired
fractional gas composition by calibrated rotameters (Krohne,
Duisburg, Germany). Inflowing gas was set at a flow rate of
100 ml min−1, determined using a calibrated mass flow meter
(Alicat Scientific, Tuscon, AZ, USA), and consistent with previous
measurements in this species (Chung et al., 2016; Dzal et al., 2019).
The excurrent gas was passed through a desiccant (Drierite, W.A.
Hammond Drierite Co. Ltd, Xenia, OH, USA) before entering the
cells of the O2 and CO2 analysers (FC-10 Oxygen Analyzer and
CA-10 Carbon Dioxide Analyzer, Sable Systems), which were used
to determine the gas concentrations of inspired and expired air.
Before each trial, the O2 and CO2 analysers were calibrated using
100% N2, compressed air (20.95% O2) and a span gas (1.5% CO2;
balance N2).

Total RNA was isolated from normoxic and hypoxic naked mole-rat
temporalis muscles (50 mg; n=4 each). RNA was isolated using
Trizol-chloroform (15596-018, Invitrogen), as per the manufacturer’s
instructions and as described in Hadj-Moussa et al. (2020).
Precipitated RNA pellets were then resuspended in 50 µl RNasefree water. RNA purity was determined by examining the A260/280
ratio and concentration were assessed using a Take3 micro-volume
plate and spectrophotometer (BioTek). RNA integrity was verified
by running RNA samples on a 1% agarose gel with SYBR Green
(S7563, Invitrogen) and examining the presence of sharp bands for
28S and 18S rRNA.
miRNA quantification and data analysis

miRNA sample preparation used 3 µg of total RNA. An Epi-Bio
PolyA tailing kit (PAP5104H, Epicenter) was used for
polyadenylation, as per the manufacturer’s instructions. The
polyadenylated RNA sample (10 µl) was combined with 5 µl of
250 pmol l−1 universal stem-loop adapter primer (Table S1). Stemloop adapter ligation occurred on a thermocycler, heated to 95°C for
5 min, incubated for 5 min at 65°C, then chilled on ice. Reverse
transcription was performed as per the manufacturer’s instructions
2
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using the M-MLV reverse transcriptase (28025013, Invitrogen) and
the following PCR program: 16°C for 30 min, 42°C for 30 min, and
85°C for 5 min.
Forward miRNA-specific primers were designed using naked
mole-rat transcriptomic data and the universal reverse primer was
designed using the described method (Table S1; Biggar et al., 2014;
Hadj-Moussa et al., 2021). miRNA quantitative PCR (qPCR)
reactions were prepared as described by Hadj-Moussa and Storey
(2020) and performed on a CFX Connect™ Real-Time PCR
Detections System (1855201, Bio-Rad) following MIQE guidelines
(Bustin et al., 2009). The miRNA PCR program was as follows: an
initial 3 min at 95°C and then 60 cycles of 95°C for 10 s and 60°C
for 30 s.
Differential miRNA expression levels (n=3–4) were calculated
using the ΔΔCq comparative method. Cycle threshold (Cq) values
were transformed to the 2−Cq form, to allow for the normalization of
the miRNA of interest to the endogenous controls (Peltier and
Latham, 2008; Schmittgen and Livak, 2008). The mean of
Snord58a and Snord96a expression was found to be the most
stable endogenous control between normoxic and hypoxic
conditions. Data were collected and analysed as mean (±s.e.m.)
relative expression (n=3–4 independent biological replicates from
different animals at each sampling point).
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secondary antibody (BioShop; 1:8000 v/v dilution in TBST) for
30 min at room temperature. Membranes were then washed in TBST
and protein bands were visualized with enhanced chemiluminescence
(H2O2 and Luminol) on a ChemiGenius Bio-Imaging System
(Syngene). Membranes were then stained with Coomassie Brilliant
Blue (0.25% w/v Coomassie Brilliant Blue, 7.5% v/v acetic acid,
and 50% v/v methanol) to visualize total protein levels.
Relative protein abundance of chemiluminescent bands was
quantified by densitometry using Gene Tools Software (Syngene).
Minor variations in sample loading were corrected by standardizing
the target protein band with the band intensity of a group of
Coomassie Brilliant Blue-stained protein bands from each lane.
Statistical analysis

Respirometry data were analysed using a one-way repeated measures
ANOVA with Tukey post hoc test. miRNA relative expression
between normoxic and hypoxic conditions was considered significant
when an unpaired Student’s t-test resulted in P<0.05 using the
RBioplot statistical and graphing R package (Zhang and Storey,
2016). Western blot data were analysed with an unpaired Student’s ttest. Statistical analyses of whole-animal and immunoblot data were
performed using commercial software (Prism v.8.4.2, GraphPad
Software Inc., CA, USA). All values are presented as means±s.e.m.,
where P<0.05 was the threshold for significance.

Soluble protein isolation

Western blotting and data analysis

Total protein homogenates (25 µg) of each sample were loaded onto
6–12% polyacrylamide gels and prepared with 5% upper staking
gels. For additional information on the SDS-PAGE and
immunoblotting protocol, refer to Hadj-Moussa and Storey
(2018). The following primary antibodies were used AMPK-α1
(AF3197, R&D Systems), AMPK-α2 (AF2850, R&D Systems),
AMPK-β (GTX134594, GeneTex), phospho-AMPK (Thr172; pAMPK) (P01420-2, Boster), GLUT1 (A6982, AbClonal), GLUT4
(sc-7938, Santa Cruz Biotechnology Inc.), ACC (GTX132081,
GeneTex), phospho-ACC (Ser79; p-ACC) (GTX133974,
GeneTex), glycogen synthase (ab227270, AbCam) and phosphoglycogen synthase (Ser641/645; pGS) (07-817, Millipore-Sigma).
After incubation overnight in the target primary antibody,
membranes were washed with TBST and incubated with the
appropriate HRP-linked anti-rabbit, anti-mouse or anti-goat

RESULTS
Naked mole-rats exhibit robust metabolic rate suppression
and a fuel switch from mixed lipids to carbohydrates in acute
hypoxia

Relative to the normoxia baseline, naked mole-rats exhibited
significant decreases of 63–80% in V̇ O2 and V̇ CO2 during 4 h of
acute and severe hypoxia exposure (3% O2 inhaled; Fig. 1A,B;
F1,5=60.7, P<0.0005 for V̇ O2, F1,5=121.2, P<0.0001 for V̇ CO2; n=6
for each). In addition, the RER was 0.67 in normoxia (Fig. 1C),
indicating that naked mole-rats predominately used lipid substrates
as a metabolic fuel source. With the onset of severe hypoxia, naked
mole-rats immediately exhibited a shift towards near-total reliance
on carbohydrates (RER of ∼1.02 and 1.05 at 3 and 4 h of hypoxia,
respectively; Fig. 1C; F1,5=9.6, P<0.0045; n=6).
AMPK subunit expression and phosphorylation are altered
during acute hypoxia

Relative expression levels of regulatory AMPK subunits and
p-AMPK were examined using immunoblotting in normoxic and
hypoxic naked mole-rat temporalis muscle. Protein levels of the
AMPK-α1 and -β subunits remained constant during hypoxia
(Fig. 2A; P=0.46 and 0.37, respectively; n=6 for each), while
the AMPK-α2 subunit was downregulated by 59% (t10=3.66,
P=0.0044) and p-AMPK (Thr172) was downregulated by 58%
(t9=2.9, P=0.017; n=6 for each).
Carbohydrate but not lipid catabolic enzymes are reduced
during hypoxia

The capacity for glucose uptake was examined by measuring the
levels of GLUT1, which remained constant (Fig. 3; P=0.812; n=6),
and GLUT4, which was downregulated by 45% in hypoxic naked
mole-rat muscles (t10=3.02, P=0.013; n=6). To examine whether
hypoxic muscles were mobilizing glucose reserves for synthesis
into glycogen, levels of GS and its activated phosphorylated form
p-GS (Ser641/645) were also examined. While levels of GS
remained constant (P=0.44; n=6), the activated phosphorylated
form was significantly downregulated during hypoxia by 35%
3
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Protein extraction was performed as per the manufacturer’s
instructions (48-630MAG, EMD Millipore). Briefly, 75 mg of
frozen tissue from normoxic and hypoxic naked mole-rats (n=6
each) was homogenized in 1:5 (w/v) 1× lysis buffer (43-045,
EMD Millipore). Lysis buffer was pre-chilled and combined
with 1 mmol l−1 Na3VO4, 10 mmol l−1 NaF, 10 mmol l−1
β-glycerophosphate and 10 µl ml−1 of protease inhibitor cocktail
containing 104 mmol l−1 AEBSF, 80 μmol l−1 aprotinin,
4 mmol l−1 bestatin, 1.4 mmol l−1 E-64, 2 mmol l−1 leupeptin and
1.5 mmol l−1 pepstatin A (Bioshop PIC001.1). Homogenates were
placed on ice for 30 min and vortexed every 10 min. Samples were
then centrifuged at 14,000 g for 20 min at 4°C. Soluble protein
containing supernatants was collected, aliquoted and stored at
−80°C until later use.
Protein concentrations were measured using the Bio-Rad Protein
Assay Kit II (5000002) as per the manufacturer’s instructions.
Protein concentrations were standardized using homogenization
lysis buffer. Samples were then mixed 1:1 (v/v) with SDS buffer and
10% β-mercaptoethanol. Samples were then boiled for 10 min and
stored at −20°C until use.
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Fig. 1. Naked mole-rats exhibit metabolic rate suppression and a hypoxic fuel shift from lipids to carbohydrates in acute hypoxia. Summary of
oxygen consumption rate (V̇ O2; A), carbon dioxide production rate (V̇ CO2; B) and respiratory exchange ratio (RER=V̇ CO2/V̇ O; C) for 6 naked mole-rats exposed
to 1 h of normoxia (21% O2) and then 4 h of hypoxia (3% O2). Data are presented as means±s.e.m. Significant differences are indicated by different letters
(P<0.05, one-way ANOVA with Tukey’s post hoc test).

miRNAs are differentially expressed during hypoxia

A subset of AMPK-associated microRNAs (10 out of 55) were
found to be differently regulated during hypoxia as compared with
normoxic values using RT-qPCR (Fig. 4A). The three hypoxiaupregulated microRNAs were miR-124-3p. miR-101a-3p and miR199a-5p (Fig. 4B). The seven hypoxia-downregulated microRNAs
were: miR-137-3p, miR-200c-3p, miR-214-3p, miR-223-3p, miR296-5p, miR-325-3p and miR-503-3p (Fig. 4B). For a complete list
of miRNAs quantified (mean±s.e.m. relative expression and Pvalues), please refer to Table S2.
DISCUSSION

Severe hypoxia imposes significant restraints on aerobic energy
production and most hypoxia-tolerant species employ strategies to
reduce systemic metabolic demands when oxygen is limited
(Boutilier, 2001; Buck and Pamenter, 2006; Hochachka et al.,
1996). Naked mole-rats likely experience intermittent and severe
hypoxia in their natural habitat and are capable of robust metabolic
depression in hypoxia, but avoid torpor and maintain physical
activity, albeit at a reduced degree (Houlahan et al., 2018; Ilacqua
et al., 2017; Kirby et al., 2018). A long-standing theory in the field
posits that hypoxia-tolerant organisms prioritize energy to support
the function of essential organs in hypoxia, such as the brain and
heart, while reducing the energy demand of less hypoxia-sensitive
tissues, such as skeletal muscle. However, a mechanism underlying
tissue-specific metabolic reorganization has not been described.
Here, we used a multi-pronged approach to examine naked mole-rat
energy reprioritization in skeletal muscle during severe hypoxia. We
report three salient findings: first, metabolic rate decreases >80%
during 4 h of severe hypoxia and whole-animal fuel consumption
switches from lipid-based to carbohydrate-based metabolism,
consistent with previous studies in hypoxic naked mole-rats

(Chung et al., 2016; Dzal et al., 2019; Ilacqua et al., 2017; Kirby
et al., 2018; Pamenter et al., 2015, 2019, 2018; Vandewint et al.,
2019). Second, key regulatory components of AMPK, and of
downstream AMPK-regulated mediators of carbohydrate
metabolism are downregulated. Third, AMPK-regulating miRNAs
are modified in a manner that is expected to reduce the overall
activity of the AMPK pathway. Our findings imply a shift to an
energy-conserving state, with reduced capacity for carbohydrate
metabolism in naked mole-rat skeletal muscle during severe
hypoxia, and offer a mechanism via which tissue-specific
hypometabolism may be achieved.
Hypoxia downregulates AMPK and downstream regulators of
carbohydrate metabolism

AMPK is a heterotrimer composed of a catalytic α-subunit and two
regulatory β- and γ-subunits (Ross et al., 2016). Whereas expression
of the α1- and β-subunits remains unchanged by hypoxia in naked
mole-rat skeletal muscle, the α2-subunit is downregulated, along
with p-AMPK, which is phosphorylated at Thr172, a key regulatory
site on the α-subunit. Phosphorylation at Thr172 can trigger an
∼100-fold increase in AMPK activity and promote a cellular switch
from ATP consumption to ATP production (Suter et al., 2006).
AMPK directly modulates components of cellular carbohydrate and
fatty acid metabolism and the decrease in p-AMPK reported here
suggests that naked mole-rat muscles are not inducing energyconsuming biosynthetic fatty acid or glucose oxidation in hypoxia.
Activation of AMPK, and specifically its phosphorylation at
Thr172, stimulates GLUT activity to enhance glucose uptake into
cells (Abbud et al., 2000; Zhang et al., 1999). AMPK also
modulates cellular glycolytic activity by phosphorylating GS at
Ser7 (Ha et al., 2015), with phosphorylation of GS leading to a
catalytically inactive enzyme. Similarly, AMPK can alter fatty acid
usage through its interaction with ACC1, which gates the fatty acid
synthesis pathway by catalysing the irreversible carboxylation of
acetyl-CoA to produce malonyl-CoA, the building block for fatty
acid chains (Hardie et al., 2012). Our findings that GLUT4
expression and GS phosphorylation both decreased in hypoxic
skeletal muscle agree with our finding of decreased AMPK
4
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(t10=2.26, P=0.047; n=6). Finally, the effect of AMPK on
lipogenesis was investigated by examining levels of ACC1 and its
activated phosphorylated form p-ACC1 (Ser79), both of which were
unchanged by hypoxic conditions (P=0.59 and 0.466, respectively;
n=6 for each).
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Fig. 2. 5′-AMP kinase (AMPK) function is downregulated in naked molerat skeletal muscle after acute hypoxia. (A) Relative expression (foldchange from normoxia) of AMPK subunit (α1, α2, β) and phosphorylated
AMPK (Thr172, p-AMPK) protein expression in temporalis muscle of naked
mole-rats exposed to 4 h hypoxia. (B) Immunoblots of protein expression
from A. Data in A are means±s.e.m. from n=5–6 independent biological
replicates for each condition. Significant differences from normoxic controls
are indicated by asterisks (*P<0.05, unpaired Student’s t-test).

phosphorylation and suggest that AMPK mediates a hypoxic
downregulation of glycolytic metabolism in this tissue. Conversely,
we found no change in ACC1 or p-ACC1. When phosphorylated at
Ser79 by AMPK, ACC1 activity is inhibited, which in turn halts
fatty acid synthesis (Gusarova et al., 2009). The constant levels of pACC1 during hypoxia suggest that this downstream target of AMPK
is not modified during hypoxia, and that fatty acid biosynthetic
pathways are not altered.
These results differ from previous reports in skeletal muscle of
hypoxia-intolerant mice, in which hypoxia activates AMPK, increases
GLUT4 expression and increases carbohydrate uptake into cells,
whereas a dominant inhibitory mutant of AMPK prevented these
changes in hypoxia (Mu et al., 2001). Indeed, AMPK is broadly
activated as a result of energy imbalance during hypoxia, with
evidence supporting this relationship in brain, liver, skeletal muscle,
cardiomyocytes, alveolar and intestinal epithelial cells, and fibroblasts
from various hypoxia-intolerant species (Dengler, 2020), along with
downstream activation of glucose uptake into cells and altered fatty
acid metabolism, among other effects. Indeed, to the best of our
knowledge, ours is the first report of AMPK being actively
downregulated during hypoxia in any tissue of any species.
AMPK-associated miRNAs are hypoxia responsive in
skeletal muscle

A key reason for the divergent response between naked mole-rat
skeletal muscle and various tissues in hypoxia-intolerant species

ACC1

p-ACC1

Normoxia

Hypoxia

Fig. 3. Glucose metabolism is downregulated in naked mole-rat skeletal
muscle after acute hypoxia. (A) Relative expression (fold-change from
normoxia) of glucose transporters (GLUT1 and GLUT4), glycogen synthase
(GS) and phosphorylated GS (Ser641/645, p-GS), and acetyl-CoA
carboxylase1 (ACC1) and phosphorylated ACC1 (Ser79, p-ACC1) in
temporalis muscle of naked mole-rats exposed to 4 h hypoxia.
(B) Immunoblots of protein expression from A. Data in A are means±s.e.m.
from n=6 independent biological replicates for each condition. Significant
differences from normoxic controls are indicated by asterisks (*P<0.05,
unpaired Student’s t-test).

may be that ATP is not depleted during severe hypoxia in naked
mole-rat skeletal muscle (Pamenter et al., 2019), as is generally the
case during periods of oxygen scarcity (or anaerobic exercise).
Given the absence of a cellular energy imbalance to alter AMPK
activity in hypoxic skeletal muscle, and the atypical decrease in
AMPK function in this tissue, we examined a potential novel role
for miRNAs in negatively regulating AMPK in hypoxia. We found
that the expression of most AMPK-associated miRNAs does not
change in naked mole-rat skeletal muscle during hypoxia; however,
10 miRNAs that are associated with key regulatory aspects of
AMPK and downstream AMPK signalling were altered in our
experiments. Of the three miRNAs that were upregulated in
hypoxia, miR-124 is implicated in AMPK phosphorylation, as
suppression of this miRNA increases p-AMPK protein levels (Gong
et al., 2016; He et al., 2020), while overexpression of miR-124 is
linked to a reduction in cell proliferation via G1-phase cell cycle
arrest, which is an energy-expensive cellular process that can be
5
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halted during hypoxic energy-conserving states (Lang and Ling,
2012). In addition, miR-124 over-expression also decreases both
cell growth and glucose consumption in cancer cells (Zhao et al.,
2017), consistent with a downregulation of AMPK. Similarly,
upregulated levels of miR-101a and miR-199a are associated with
reductions in AMPK signalling (Li et al., 2020), and miR-101a can
both directly and indirectly inactivate AMPK (Li et al., 2018; Liu
et al., 2016). The seven miRNAs that were downregulated during
hypoxia are also implicated in AMPK signalling, primarily
downstream of direct regulation of the kinase, and play important
roles in alleviating oxidative stress, autophagy and apoptosis during
hypoxia, or following anoxia/reoxygenation (da Cruz et al., 2018;
Li et al., 2016; Sun et al., 2018; Tran et al., 2017; Zhao et al., 2020;
Zhu et al., 2018). Intriguingly, downregulation of miR-223 is also
associated with downregulation of GLUT4 protein expression (Lu
et al., 2010), concurring with our findings.
A mechanism for tissue-specific energy prioritization
in hypoxia?

Importantly, naked mole-rats mobilize glucose from the liver to the
blood during severe hypoxia (Pamenter et al., 2019). If muscle is not

utilizing this carbohydrate fuel, then where is it going? One
promising explanation is that this fuel is being prioritized for use by
the brain, which is highly sensitive to energy depletion in hypoxia;
by reducing glucose uptake and use by muscle cells, circulating
glucose would remain available to more hypoxia-sensitive tissues.
In support of this, we have previously reported that brain ATP
concentrations fall in severe hypoxia (Pamenter et al., 2019), which
is a canonical activator of AMPK. Furthermore, in a previous study
we assayed changes in 200+ miRNAs in naked mole-rat brain
following acute in vivo hypoxia (4 h at 7% O2) (Hadj-Moussa et al.,
2021). These miRNAs include 19 of the 55 AMPK-related
transcripts that were assayed in the present study. Of these 19, 6
were significantly downregulated in hypoxic brain and none were
upregulated (P<0.10), including miR-124-3p (P=0.084), which is
upregulated in muscle, and miR-140-3P (P=0.069), miR-140-5p
(P=0.033), miR-19b-3p (P=0.046) and miR-301a-3p (P=0.016), all
of which are unchanged in muscle. Notably, the downregulation of
each of these 5 miRNAs in the brain correlates with increased
AMPK activity (Bhardwaj et al., 2018; Gong et al., 2016; He et al.,
2020; Sun et al., 2019; Yeon et al., 2019). In addition, miR-199a-5p
and miR-223-3p, which were upregulated and downregulated in
6
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Fig. 4. AMPK-regulating microRNA (miRNA) expression is altered in naked mole-rats after acute hypoxia. (A) Heatmap of the relative expression
levels (versus normoxia) from qPCR of 55 AMPK-associated miRNAs in naked mole-rat temporalis muscle tissue following 4 h hypoxia. (B) miRNAs that
showed a significant change in expression following hypoxia (P<0.05). Data are means±s.e.m. from n=3–4 independent biological replicates for each
condition. Significant differences from normoxic controls are indicated by asterisks (*P<0.05, unpaired Student’s t-test). Refer to Table S2 for mean±s.e.m.
relative expression values of all 55 miRNAs.

muscle, respectively (see above), are unchanged in brain (HadjMoussa et al., 2021). Finally, miR-325-3p is downregulated in both
tissues, but the impact of this miRNA on AMPK function is unclear.
Taken together, these data support the hypothesis that AMPK is
upregulated in naked mole-rat brain during hypoxia, in direct
contrast to the changes observed in skeletal muscle. This
relationship hints at a potential mechanism via which miRNAs
may mediate tissue-specific metabolic fuel switches in hypoxic
naked mole-rats, and support prioritization of limited energetic
resources for more vulnerable and essential organs during severe
hypoxia. Further experiments in the brain are warranted to explore
hypoxia-mediated changes in AMPK phosphorylation and
downstream changes in GLUTs and both glycolytic and fatty acid
oxidation enzymes.
Interestingly, AMPK may similarly regulate tissue-specific
metabolism in other hypoxia-tolerant species, but the scarce
information available presents a variable pattern. For example,
AMPK is activated in goldfish (Carassius auratus) liver during 12 h
of severe hypoxia, but is not altered in muscle, brain, heart or gill
(Jibb and Richards, 2008). Similarly, in anoxia-tolerant crucian carp
(Carassius carassius), AMPK phosphorylation is slightly increased
in the brain and heart following 10 days of hypoxia but is markedly
increased following 10 days of anoxia (Stensløkken et al., 2008). In
anoxia-tolerant red-eared slider turtles (Trachemys scripta elegans),
AMPK is phosphorylated in white muscle and heart, but is
unchanged in liver and red muscle following 20 h of anoxia (Rider
et al., 2009). While these examples demonstrate tissue-specific
increases in AMPK-mediated metabolic function in other hypoxiatolerant species, our finding of coordinated downregulation of
AMPK-mediated energetics in skeletal muscle appears unique and
also provides a potential regulatory mechanism.
Conclusions

Aerobic energy production is significantly impaired during periods
of low-oxygen stress and anaerobic metabolism is less efficient and
leads to the build-up of potentially deleterious end-products, which
must be catabolized via energetically expensive processes upon
reoxygenation. For animals that live in intermittent hypoxia,
metabolic downregulation is a more efficient and common
strategy than upregulation of anaerobic pathways (Boutilier, 2001;
Buck and Pamenter, 2006; Hochachka et al., 1996). However,
across organ systems, oxygen availability and metabolic capacity
must often be prioritized for key tissues, particularly the heart and
brain, which must remain functional in hypoxia. Conversely,
skeletal muscle, which often functions via anaerobic metabolism
during intense exercise, is more tolerant of localized hypoxia and
thus shutting down metabolism in this tissue offers a means to
conserve and redirect energy towards more vital organs in severely
hypoxic conditions. Although others have suggested that hypoxic
species prioritize the energy demands of the heart and brain over
those of the muscle, no previous study has demonstrated an
inhibition of AMPK signalling during hypoxia in any tissue. Our
results in naked mole-rat skeletal muscle, and comparison with
previous analysis in hypoxic naked mole-rat brain, suggest that
miRNA may offer such a mechanism and coordinate the AMPKsignalling axis to locally regulate metabolic demand at the tissue
level, thereby driving metabolic reorganization to prioritize key
organs during periods of severe hypoxia.
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