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The African naked mole-rat (Heterocephalus glaber) is unique among mam-
mals, displaying extreme longevity, resistance to cardiovascular disease
and an ability to survive long periods of extreme hypoxia. The metabolic
adaptations required for resistance to hypoxia are hotly debated and a
recent report provides evidence that they are able to switch from glucose
to fructose driven glycolysis in the brain. However, other systemic alterations
in their metabolism are largely unknown. In the current study, a semi-
targeted high resolution 'H magnetic resonance spectroscopy (MRS) meta-
bolomics investigation was performed on cardiac tissue from the naked
mole-rat (NMR) and wild-type C57/BL6 mice to better understand these
adaptations. A range of metabolic differences was observed in the NMR
including increased lactate, consistent with enhanced rates of glycolysis pre-
viously reported, increased glutathione, suggesting increased resistance to
oxidative stress and decreased succinate/fumarate ratio suggesting reduced
oxidative phosphorylation and ROS production. Surprisingly, the most sig-
nificant difference was an elevation of glycogen stores and glucose-1-
phosphate resulting from glycogen turnover, that were completely absent
in the mouse heart and above the levels found in the mouse liver. Thus,
we identified a range of metabolic adaptations in the NMR heart that are rel-
evant to their ability to survive extreme environmental pressures and
metabolic stress. Our study underscores the plasticity of energetic pathways
and the need for compensatory strategies to adapt in response to the phys-
iological and pathological stress including ageing and ischaemic heart
pathologies.

1. Introduction

The naked mole-rat (NMR) (Heterocephalus glaber) is a mouse-sized eusocial
African rodent that displays a range of unusual physiological characteristics
from resistance to cardiovascular disease to extreme longevity [1-3]. Unlike
other mammals, they do not conform to Gompertzian laws of age-related mor-
tality as adults show no age-related change in mortality risk [4]. NMRs live in
colonies that may number up to 300 individuals, in extensive underground bur-
rows. Although parts of their burrows may often be normoxic, oxygen is likely
to become scarce in crowded nest chambers where animals huddle together and
sleep [4,5]. To date, the gaseous composition of an NMR nest has not been
sampled in the wild. However, these nest chambers are often more than
0.5m deep, and may be some distance from brief openings to the surface at
the ephemeral mole-hills [6]. NMRs are thus adapted to be resistant to hypoxia
and in laboratory experiments are able to survive anoxia for up to 18 min [2].
The mechanism underlying this may be their ability to switch from glucose
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to fructose driven glycolysis in the brain as the source of lac-
tate. Other studies have revealed a number of cellular
adaptations enabling tolerance to hypoxia in the brain [7-
10]. The NMR can undergo rapid increases in metabolic
rate to meet energy demand associated with digging through
compacted soils in its xeric natural habitat with patchy food
distribution [11]. They display a low baseline metabolic
rate, and a recent study by Pamenter ef al. [10] has shown
that NMRs exhibit a clear decrease in metabolic rate in situ-
ations of acute hypoxia, emphasizing their ability to
physiologically react to the prevailing conditions. NMRs
also have low basal cardiac function accompanied by mor-
phological traits such as cardiomyocyte hypertrophy, which
is commonly associated with cardiac pathology in the Muri-
nae and in humans [12-15]. However, they do not develop
the cardiac disease and unlike pathologically remodelled
hearts have enhanced contractile reserve upon increased
demand [12-15]. What fuels these critical functional adap-
tations as well as what kind of metabolic adaptations and
associated mechanisms render NMR hearts resistant to
hypoxic injury and senescence remain unknown.

2. Methods

(a) Animals

The non-breeding male adult NMRs used in this study were
second-generation or more captive-born, descended from animals
captured in Kenya in the 1980s. Colonies were maintained using
artificial burrow systems as previously described [16]. The ages
selected for this study allowed for physiological age matching
between species such that both were at equivalent percentages
of maximum lifespan and therefore not the same chronological
age.

(b) High resolution 'H nuclear magnetic resonance
spectroscopy metabolomic profiling

Myocardial tissue was collected from adult, non-breeding NMRs
(n =5 males, body weight 37 +7 g, age ~7 years), adult C57/BL6
mice (1=>5, Charles River, UK, male, 27 g, 9 weeks) and adult
Wistar rats (1 =5, Charles River UK, male 450 g, 10 weeks) post-
euthanasia. Frozen, weighed and pulverized hearts were subject
to methanol/water/chloroform dual-phase extraction and high
resolution 'H nuclear magnetic resonance spectroscopy (MRS)
metabolomic profiling adapted from Chung et al. [17] (described
in the electronic supplementary material).

3. Results

High resolution 'H MRS based metabolomic analysis of NMR
heart tissue (representative spectra shown in figure 1) revealed
distinctly different metabolomic profiles compared to C57/BL6
hearts (figure 2b) and changes in several key metabolites were
observed (figure 2¢,d). Despite reduced contractile performance
and baseline hypertrophy [12-15], NMR hearts were not ener-
getically compromised as the levels of creatine and ATP were
comparable to C57/BL6 wild-type hearts. Myocardial glycogen
and glucose-1-phosphate levels (G-1-P) resulting from glycogen
turnover were significantly higher in the NMR hearts and were
undetectable in C57/BL6 mouse hearts (p <0.001; figure 2e).
Liver glycogen content was also found to be markedly higher
in NMRs than C57/BL6 (4.1 +1.1 versus 0.31 = 0.08 pmol gfl;

p <0.001). Surprisingly myocardial glycogen in the NMR was
even greater than the mouse liver which is the principal glyco-
gen storage organ with highest intracellular deposits (1.2 + 0.02
versus 0.4 + 0.08 pmol g~'; p < 0.001). A significant difference in
myocardial glycogen levels was also observed in NMRs com-
pared to Wistar rats, the latter was not significantly different
to that found in C57/BL6 mice (thus representing another
hypoxia-intolerant rodent). Glycogen regulation involves a
complex interplay between multiple signalling pathways
including 5 adenosine monophosphate-activated protein
kinase (AMPK) [18]. Acute AMPK activation stimulates glucose
transport and glycolysis while inhibiting glycogen synthase
activity. However, chronic AMPK activation has been reported
to cause increased glycogen accumulation consistent with AMP
levels being elevated 2.5-fold in NMR hearts (figure 2¢; p < 0.01)
compared to C57/BL6 mouse hearts [19].

Previous work has identified myocardial fumarate and
succinate as key mediators of intracellular ROS damage
during reperfusion [20,21]. In NMRs, differences in fumarate
and succinate were not significant, however, an overall
decrease in succinate/fumarate ratio was significant, when
compared to C57/BL6. This is indicative of reduced reliance
on OXPHOS and oxygen for ATP provision, and in agree-
ment with the elevated NMR cardiac levels of intracellular
lactate (2.5-fold; p<0.02), indicative of higher glycolytic
versus oxidative flux. There was also as twofold increase in
levels of acetate (p <0.01) indicative of higher pyruvate turn-
over [22]. Despite the regular hypoxic conditions experienced
by NMRs in their colony, lack of myocardial succinate
elevation could be an important cardioprotective mechanism,
as succinate has been identified as a metabolic mediator of
hypoxia-related ROS formation and elimination at the cross
roads of several metabolic pathways [23].

Furthermore, increased glutathione levels were also
observed (figure 2c; 2.6-fold, p <0.01), which is consistent
with the observations of Munro et al. [24,25], where ROS
scavenging and antioxidant defences were found to be elev-
ated in the NMR, conferring a protective role against
oxidative stress and ROS damage [26].

Differences in amino acid metabolism were also observed.
The levels of glutamate were significantly higher in NMRs
(approx. twofold; p-value < 0.01), reflecting an alteration in ana-
plerotic pathways feeding the TCA cycle, while glutamate is also
critical in glutathione synthesis. Reduced myocardial tyrosine
levels corresponded to reduced circulating tyrosine levels pre-
viously reported in NMRs [27]. Levels of isoleucine were
significantly elevated (p < 0.01), providing an important nutrient
source. Isoleucine is also a potent signalling molecule. Branched-
chain amino acid (BCAA) L-leucine is a highly effective activator
of mTOR signalling, [28] a key pathway for regulation of protein
synthesis in hypertrophy which is exhibited in NMR heart [29-
31]. mTOR activation also triggers metabolic changes in muscle,
liver and other tissues by altering insulin sensitivity[32]. There-
fore, it is plausible that the elevation of local BCAA
concentration observed can lead to chronic induction of cardiac
mTOR activity, in turn, promoting cardiac hypertrophy
observed under normal physiological conditions in NMRs.

4. Discussion

We applied a semi-targeted metabolomic analysis approach
and identified unique metabolic signatures characterized by
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Figure 1. Representative cardiac 'H magnetic resonance spectra (MRS) of (a) naked mole-rat (NMR) compared to (b) control (57/BL6 mouse heart. Inset shows a

detail in the region of the glucose and glycogen peaks.

oxygen sparing, ROS damage reduction and readily available
ATP store strategy in NMR cardiac tissue that are a likely
source of cardioprotection during hypoxia and senescence.
Mammalian myocardial glycogen is considered an atavistic
remnant of our amphibian ancestry [33]. Myocardial glyco-
gen is an important source of ATP under conditions of
metabolic stress which would account for the ability of
NMR hearts to increase their cardiac reserve upon sudden
demand, and maintain low basal metabolic rates even
during prolonged hypoxia or decreased nutrition. A large
glycogen store is commonly observed in hypoxia-tolerant
species. The role of glycogen in hypoxia resistance is most
pronounced in amphibian hearts [33], which are particularly
rich in this compound [34,35]. Glycogen accounts for 2% of
the cell volume in the healthy mammalian adult and 30%
in the fetal myocardium [33]. Even though the fetal heart
has better hypoxia adaptation than the adult heart, the phys-
iological role of glycogen remains controversial [33]. Some
consider it to be the damaging lactate and proton source in
the ischaemic or stressed heart, causing severe contractile
dysfunction particularly upon reperfusion [33,36]. However,
previous work showed that blood and tissue pH levels in
NMRs are largely unchanged after acute hypoxia, suggesting
the absence of a metabolic acidosis [10]. As glycogen stores
are markedly increased in the myocardium of hibernating
mammals [37,38] and linked to increased hypoxia survival
[39], there are others attributing a cardioprotective effect to

glycogen in the ischaemic heart [40-42]. Glycogen-rich
hearts have been characterized by enhanced ischaemia toler-
ance, decreased protein loss and cell damage upon
reperfusion, [33,43] leading to a hypothesis that glycogen
acts as an anchoring molecule for other macromolecular cell
constituents including adenine nucleotides and proteins
[33,44,45] thereby integrating metabolic pathways required
for myocardial survival during hypoxia [33].

Our study reveals similarities in glycogen metabolism
between the hearts of NMRs and diving seals which have
the ultimate physiological adaptation to prolonged and vary-
ing degrees of hypoxia [46-51] as well as Himalayan Sherpas
[52]. The first lines of myocardial hypoxia defence include
suppression of ATP supply and demand pathways [33],
thus reducing ROS generation, during which hypoxia-
tolerant systems activate protective mechanisms including
metabolic reliance on intracellular glycogen [33,47,53].
When exposed to hypoxia, augmented glycogen stores
would enable the NMR heart to switch to carbohydrates as
the main fuel for respiration thus improving the metabolic
efficiency (ATP produced per mole of oxygen consumed)
[33,54], responding to acute increases in workload and
stress by catabolizing their large intracellular glycogen
store. This energetic advantage of glucose oxidation in the
heart is well documented [33,55]. MRS and positron emission
tomography (*FDG PET) studies in Sherpa hearts have
suggested that enhanced glucose uptake, deposition and
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Figure 2. (ardiac metabolomic profile of naked mole-rats. (a) (57/BL6 mouse and naked mole-rat. (b) Principal component analysis (PCA) of NMR versus (57/BL6
cardiac metabolomic profile showing a good separation between the two groups. () 'H nuclear magnetic resonance spectroscopy metabolomic profile presented as
fold change NMR versus (57/BL6: redox and energetics (blue bars), TCA cycle, glycolysis and lipid metabolism intermediates (red bars) and amino acid metabolism
(green bars). (d) Volcano plot showing In(NMR/C57/BL6) versus —logqo(P). (e) Myocardial concentration of glycogen, glucose-1-phosphate (G-1-P) and o-glucose in
(57/BL6, Wistar rat and NMR. n = 5/group. *p < 0.05, **p < 0.01, ***p < 0.001 versus (57/BL6.

utilization in hypoxia are also advantageous for aerobic
metabolism when O, is present but at a premium [52]. Fur-
thermore, the burst in glycogen oxidation is usually quickly
followed by enhanced glycogen re-synthesis [54,56], and
when an alternative metabolic substrate such as lactate is
available for oxidation, glycogen stores are completely pre-
served [33,57]. Although both fatty acids and glucose are
believed to be cycled through tissue-storage pools in the myo-
cardium, the effect of such cycling has different consequences
in terms of ATP provision. The incorporation of glucose into
glycogen and the incorporation of fatty acids into triglycer-
ides both consume ATP. However, in the breakdown of
glycogen the energy expended in the synthesis is almost
fully recovered with the efficiency of temporary storage pro-
cesses close to 100% [58].

The cardioprotective effects of glycogen in NMRs could
extend beyond its role as an endogenous metabolic substrate.
It is plausible that cellular proteins are protected from glyco-
sylation and in turn glucotoxicity by intracellular free glucose
shunting into glycogen, comparable to shunting of fatty acid
metabolites into triglycerides to protect the heart from lipo-
toxicity  [33,59].  Furthermore, the rapid glycogen
replenishment was shown to restore Ca®* sensitivity and
maximum Ca**-activated force in glycogen-depleted skeletal
muscle [60]. Glycogen and glycogen-metabolizing enzymes
co-locate with sarcoplasmic reticulum [61], thus playing a
major role in the complex metabolic signalling systems of cal-
cium homeostasis and cell survival [33,46].

5. Study limitations

In the current study, we have investigated myocardial metabo-
lomic differences in C57/BL6 mice and NMRs. Significant
errors are known to be associated when inferring environ-
mental adaptation from a given observation in two species
where there are potential phenotypic differences between the
two species at baseline, for example, due to evolution [62].
Our study was performed under basal O, conditions and
therefore not representative of the environmental adaptations
to hypoxia per se. Our study, therefore, likely reflects phenoty-
pic alterations in the two species under normoxic conditions,
some of which are likely relevant to their ability to survive
extreme environments such as hypoxia. However, further
work will be required to elucidate the complex interplay
between environmental hypoxia and evolution in these
species.

A further limitation of the current study is the use of MRS
for quantification of glycogen. 'H magnetic resonance gives a
measure of the concentration of glucose monomers that are
present in the observed peak normalized to the reference tri-
methylsilyl propanoic acid (TSP) peak. Despite being a large
macromolecule, with possible differences in the mobility of
glycosyl units, glycogen has been reported to be fully visible
by MRS [63]. However, we used a modified dual-phase Folch
extraction method used for separating aqueous and lipid
metabolites which has not been optimized for the extraction
of glycogen per se. Thus, a direct comparison of the glycogen
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tissue values obtained in this study to the values published
by traditional enzymatic techniques may be at variance. Not-
withstanding, the application of the same methods to all
three species allows an assessment of fold changes between
groups and therefore our assessment of between species vari-
ation remains valid.
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by the local Committee for Animal Care and Ethical Review. Naked
mole-rats were maintained in the Biological Services Unit at the
Queen Mary University of London. Because tissue sample collection
was post-euthanasia, additional local ethical approval for NMR work
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Data accessibility. Data are provided as an electronic supplementary
material Excel file.

Authors” contributions. D.A. designed research; D.A., C.G.F., T.R.E. per-

manuscript. All authors agree to be held accountable for the content
therein and approve the final version of the manuscript. C.G.F,,
T.R.E., D.A. all made substantial contributions to conception and
design, acquisition of data, analysis and interpretation of data; draft-
ing the article and revising it critically for important intellectual
content.

Competing interests. We declare we have no competing interests.
Funding. D.A.: QMUL, School of Biological and Chemical Sciences.
T.R.E.: NIHR Biomedical Research Centre at Guy’s and St Thomas’
NHS Foundation Trust and KCL; the Centre of Excellence in Medical
Engineering funded by the Wellcome Trust and Engineering and
EPSRC (grant no. WT 203148/Z2/16/Z); the BHF Centre of Research
Excellence (grant no. RE/18/2/34213) and the KCL Comprehensive
Cancer Imaging Centre funded by the Cancer Research UK and
EPSRC in association with the MRC and the Department of Health
(DoH). The views expressed are those of the authors and not necess-
arily those of the NHS, the NIHR or DoH.

Acknowledgements. Thanks to Dr H. Toms, QMUL High Field Nuclear
Magnetic Resonance Laboratory; Thanks to Lorna Faulkes for the

formed research,

analysed and

interpreted data; wrote the

NMR and Prof. Michael Shattock for C57/BL6 photo in figure 2.

References

1. Liang S, Mele J, Wu Y, Buffenstein R, Hornshy PJ. 11.  Goldman BD, Goldman SL, Lanz T, Magaurin A, Myocardial glycogen dynamics: new perspectives on
2010 Resistance to experimental tumorigenesis in Maurice A. 1999 Factors influencing metabolic rate disease mechanisms. Clin. Exp. Pharmacol. Physiol.
cells of a long-lived mammal, the naked mole-rat in naked mole-rats (Heterocephalus glaber). Physiol. 42, 415-425. (doi:10.1111/1440-1681.12370)
(Heterocephalus glaber). Aging Cell 9, 626—635. Behav. 66, 447-459. (doi:10.1016/S0031- 19. Hunter RW, Treebak JT, Wojtaszewski JF, Sakamoto
(doi:10.1111/j.1474-9726.2010.00588.x) 9384(98)00306-0) K. 2011 Molecular mechanism by which AMP-

2. Park TJ et al. 2017 Fructose-driven glycolysis 12.  Grimes KM, Barefield DY, Kumar M, McNamara JW, activated protein kinase activation promotes
supports anoxia resistance in the naked mole-rat. Weintraub ST, de Tombe PP, Sadayappan S, glycogen accumulation in muscle. Diabetes 60,
Science 356, 307-311. (doi:10.1126/science. Buffenstein R. 2017 The naked mole-rat exhibits an 766—774. (doi:10.2337/db10-1148)
aah3896) unusual cardiac myofilament protein profile 20. Ashrafian H et al. 2012 Fumarate is cardioprotective

3. Smith ES, Omerbasic D, Lechner SG, Anirudhan G, providing new insights into heart function of this via activation of the Nrf2 antioxidant pathway. Cell
Lapatsina L, Lewin GR. 2011 The molecular basis of naturally subterranean rodent. Pflugers Arch. 469, Metab. 15, 361-371. (doi:10.1016/j.cmet.2012.01.
acid insensitivity in the African naked mole-rat. Science 1603—1613. (doi:10.1007/500424-017-2046-3) 017)

334, 1557-1560. (doi:10.1126/science.1213760) 13. Grimes KM, Lindsey ML, Gelfond JA, Buffenstein R. ~ 21. Chouchani ET et al. 2014 Ischaemic accumulation of

4. Holtze S et al. 2017 The microenvironment of naked 2012 Getting to the heart of the matter: age-related succinate controls reperfusion injury through
mole-rat burrows in East Africa. Afr. J. Ecol. 56, changes in diastolic heart function in the longest- mitochondrial ROS. Nature 515, 431-435. (doi:10.
279-289. (doi:10.1111/aje.12448) lived rodent, the naked mole rat. J. Gerontol. A Biol. 1038/nature13909)

5. Faulkes G, Bennett NC. 2013 Plasticity and Sci. Med. Sci. 67, 384—394. (doi:10.1093/gerona/ 22. Bose S, Ramesh V, Locasale JW. 2019 Acetate
constraints on social evolution in African mole-rats: qlr222) metaholism in physiology, cancer, and beyond.
ultimate and proximate factors. Phil. Trans. R. Soc. 14, Grimes KM, Reddy AK, Lindsey ML, Buffenstein R. Trends Cell Biol. 29, 695-703. (doi:10.1016/j.tch.
Lond. B Biol. Sci. 368, 20 120 347. (doi:10.1098/ 2014 And the beat goes on: maintained 2019.05.005)
rsth.2012.0347) cardiovascular function during aging in the longest-  23. Tretter L, Patocs A, Chinopoulos C. 2016 Succinate,

6.  Brett RA. 1991 The population structure of naked lived rodent, the naked mole-rat. Am. J. Physiol. an intermediate in metabolism, signal transduction,
mole-rat colonies. In The biology of the naked mole- Heart Circ. Physiol. 307, H284-H291. (doi:10.1152/ ROS, hypoxia, and tumorigenesis. Biochim. Biophys.
rat (eds PW Sherman, M Jarvis, RD Alexander), pp. ajpheart.00305.2014) Acta 1857, 1086—1101. (doi:10.1016/j.bbabio.2016.
97-136. Princeton, NJ: Princeton University Press. 15. Grimes KM, Voorhees A, Chiao YA, Han HC, Lindsey 03.012)

7. Larson J, Park TJ. 2009 Extreme hypoxia tolerance of ML, Buffenstein R. 2014 Cardiac function of the 24. Munro D, Baldy C, Pamenter ME, Treberg JR. 2019
naked mole-rat brain. Neuroreport 20, 1634—1637. naked mole-rat: ecophysiological responses to The exceptional longevity of the naked mole-rat
(doi:10.1097/WNR.0b013e32833370cf) working underground. Am. J. Physiol. Heart Circ. may be explained by mitochondrial antioxidant

8. Larson J, Drew KL, Folkow LP, Milton SL, Park TJ. Physiol. 306, H730—H737. (doi:10.1152/ajpheart. defenses. Aging Cell 18, €12916. (doi:10.1111/acel.
2014 No oxygen? No problem! Intrinsic brain 00831.2013) 12916)
tolerance to hypoxia in vertebrates. J. Exp. Biol. 16. Faulkes (G, Abbott DH, Jarvis JU. 1990 Social 25. Munro D, Pamenter ME. 2019 Comparative studies
217(Pt 7), 1024-1039. (doi:10.1242/jeh.085381) suppression of ovarian cydlicity in captive and wild of mitochondrial reactive oxygen species in animal

9. Peterson BL, Larson J, Buffenstein R, Park TJ, Fall colonies of naked mole-rats, Heteracephalus glaber. longevity: technical pitfalls and possibilities. Aging
CP. 2012 Blunted neuronal calcium response to J Reprod. Fertil. 88, 559-568. (doi:10.1530/jrf.0. Cell 18, €13009. (doi:10.1111/acel.13009)
hypoxia in naked mole-rat hippocampus. PLoS ONE 0880559) 26. 0'Donovan DJ, Fernandes J. 2000 Mitochondrial
7, e31568. (doi:10.1371/journal.pone.0031568) 17. Chung YL, Leach MO, Eykyn TR. 2017 Magnetic glutathione and oxidative stress: implications for

10.  Pamenter ME, Dzal YA, Thompson WA, Milsom WK. resonance spectroscopy to study glycolytic pulmonary oxygen toxicity in premature infants.
2019 Do naked mole rats accumulate a metabolic metabolism during autophagy. Methods Enzymol. Mol. Genet. Metab. 71, 352-358. (doi:10.1006/
acidosis or an oxygen debt in severe hypoxia? 588, 133—153. (doi:10.1016/bs.mie.2016.09.078) mgme.2000.3063)

J. Exp. Biol. 222(Pt 3), jeb191197. (doi:10.1242/jeb. 18.  Chandramouli C, Varma U, Stevens EM, Xiao RP, 27. Lewis KN, Rubinstein ND, Buffenstein R. 2018

191197)

Stapleton DI, Mellor KM, Delbridge LM. 2015

Correction to: a window into extreme longevity; the

0LL06LOZ :SL 137 Joig  |gsi/fewanol/Bio"BuiysijgndAianosyedos H


http://dx.doi.org/10.1111/j.1474-9726.2010.00588.x
http://dx.doi.org/10.1126/science.aab3896
http://dx.doi.org/10.1126/science.aab3896
http://dx.doi.org/10.1126/science.1213760
http://dx.doi.org/10.1111/aje.12448
http://dx.doi.org/10.1098/rstb.2012.0347
http://dx.doi.org/10.1098/rstb.2012.0347
http://dx.doi.org/10.1097/WNR.0b013e32833370cf
http://dx.doi.org/10.1242/jeb.085381
http://dx.doi.org/10.1371/journal.pone.0031568
http://dx.doi.org/10.1242/jeb.191197
http://dx.doi.org/10.1242/jeb.191197
http://dx.doi.org/10.1016/S0031-9384(98)00306-0
http://dx.doi.org/10.1016/S0031-9384(98)00306-0
http://dx.doi.org/10.1007/s00424-017-2046-3
http://dx.doi.org/10.1093/gerona/glr222
http://dx.doi.org/10.1093/gerona/glr222
http://dx.doi.org/10.1152/ajpheart.00305.2014
http://dx.doi.org/10.1152/ajpheart.00305.2014
http://dx.doi.org/10.1152/ajpheart.00831.2013
http://dx.doi.org/10.1152/ajpheart.00831.2013
http://dx.doi.org/10.1530/jrf.0.0880559
http://dx.doi.org/10.1530/jrf.0.0880559
http://dx.doi.org/10.1016/bs.mie.2016.09.078
http://dx.doi.org/10.1111/1440-1681.12370
http://dx.doi.org/10.2337/db10-1148
http://dx.doi.org/10.1016/j.cmet.2012.01.017
http://dx.doi.org/10.1016/j.cmet.2012.01.017
http://dx.doi.org/10.1038/nature13909
http://dx.doi.org/10.1038/nature13909
http://dx.doi.org/10.1016/j.tcb.2019.05.005
http://dx.doi.org/10.1016/j.tcb.2019.05.005
http://dx.doi.org/10.1016/j.bbabio.2016.03.012
http://dx.doi.org/10.1016/j.bbabio.2016.03.012
http://dx.doi.org/10.1111/acel.12916
http://dx.doi.org/10.1111/acel.12916
http://dx.doi.org/10.1111/acel.13009
http://dx.doi.org/10.1006/mgme.2000.3063
http://dx.doi.org/10.1006/mgme.2000.3063

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

circulating metabolomic signature of the naked
mole-rat, a mammal that shows negligible
senescence. Geroscience 40, 357-358. (doi:10.1007/
s11357-018-0023-1)

Proud (G. 2002 Control of the translational
machinery in mammalian cells. Eur. J. Biochem.
269, 5337. (doi:10.1046/j.1432-1033.2002.03289.x)
Katta A, Kundla S, Kakarla SK, Wu M, Fannin J,
Paturi S, Liu H, Addagarla HS, Blough ER. 2010
Impaired overload-induced hypertrophy is
associated with diminished mTOR signaling in
insulin-resistant skeletal muscle of the obese Zucker
rat. Am. J. Physiol. Regul. Integr. Comp. Physiol. 299,
R1666—-R1675. (doi:10.1152/ajpregu.00229.2010)
Xu G, Kwon G, Cruz WS, Marshall CA, McDaniel ML.
2001 Metabolic regulation by leucine of translation
initiation through the mTOR-signaling pathway by
pancreatic B-cells. Diabetes 50, 353-360. (doi:10.
2337/diabetes.50.2.353)

Zhang D et al. 2010 MTORC1 regulates cardiac
function and myocyte survival through 4E-BP1
inhibition in mice. J. Clin. Invest. 120, 2805-2816.
(doi:10.1172/)C143008)

Huang Y, Zhou M, Sun H, Wang Y. 2011 Branched-
chain amino acid metabolism in heart disease: an
epiphenomenon or a real culprit? Cardiovasc. Res.
90, 220-223. (doi:10.1093/cvr/cvr070)

Taegtmeyer H. 2004 Glycogen in the heart—an
expanded view. J. Mol. Cell. Cardiol. 37, 7-10.
(doiz10.1016/j.yjmcc.2004.05.001)

Reeves RB. 1963 Control of glycogen utilization and
glucose uptake in the anaerobic turtle heart.

Am. J. Physiol. 205, 23-29. (doi:10.1152/ajplegacy.
1963.205.1.23)

Wasser JS, Meinertz EA, Chang SY, Lawler RG,
Jackson DC. 1992 Metabolic and cardiodynamic
responses of isolated turtle hearts to ischemia and
reperfusion. Am. J. Physiol. 262(3 Pt 2),
R437-R443. (doi:10.1152/ajprequ.1992.262.3.r437)
Neely JR, Grotyohann LW. 1984 Role of glycolytic
products in damage to ischemic myocardium.
Dissociation of adenosine triphosphate levels and
recovery of function of reperfused ischemic hearts.
Circ. Res. 55, 816—824. (d0i:10.1161/01.RES.55.6.
816)

Depre C, Vanoverschelde JL, Melin JA, Borgers M,
Bol A, Ausma J, Dion R, Wijns W. 1995 Structural
and metabolic correlates of the reversibility of
chronic left ventricular ischemic dysfunction in
humans. Am. J. Physiol. 268(3 Pt 2), H1265-H1275.
(doi:10.1152/ajpheart.1995.268.3.h1265)

Kim SJ, Peppas A, Hong SK, Yang G, Huang Y, Diaz
G, Sadoshima J, Vatner DE, Vatner SF. 2003
Persistent stunning induces myocardial hibernation
and protection: flow/function and metabolic
mechanisms. Circ. Res. 92, 1233-1239. (doi:10.
1161/01.RES.0000076892.18394.B6)

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

Dawes GS, Mott JC, Shelley HJ. 1959 The importance of
cardiac glycogen for the maintenance of life in foetal
lambs and newbom animals during anoxia. J. Physiol.
146, 516-538. (doi:10.1113/jphysiol.1959.5p006208)
Doenst T, Guthrie PH, Chemnitius JM, Zech R,
Taegtmeyer H. 1996 Fasting, lactate, and insulin
improve ischemia tolerance in rat heart: a
comparison with ischemic preconditioning.

Am. J. Physiol. 270(5 Pt 2), H1607-H1615. (doi:10.
1152/ajpheart.1996.270.5.h1607)

Lagerstrom CF, Walker WE, Taegtmeyer H. 1988
Failure of glycogen depletion to improve left
ventricular function of the rabbit heart after
hypothermic ischemic arrest. Circ. Res. 63, 81-86.
(doi:10.1161/01.RES.63.1.81)

Scheuer J, Stezoski SW. 1970 Protective role of
increased myocardial glycogen stores in cardiac
anoxia in the rat. Circ. Res. 27, 835-849. (doi:10.
1161/01.RES.27.5.835)

Schneider CA, Taegtmeyer H. 1991 Fasting in vivo
delays myocardial cell damage after brief periods of
ischemia in the isolated working rat heart. Circ. Res.
68, 1045-1050. (doi:10.1161/01.RES.68.4.1045)
Depre C, Taegtmeyer H. 2000 Metabolic aspects of
programmed cell survival and cell death in the
heart. Cardiovasc. Res. 45, 538-548. (d0i:10.1016/
S0008-6363(99)00266-7)

Taegtmeyer H. 1994 Energy metabolism of the
heart: from basic concepts to clinical applications.
Curr. Probl. Cardiol. 19, 59-113. (doi:10.1016/0146-
2806(94)90008-6)

Henden T, Aasum E, Folkow L, Mjos OD, Lathrop DA,
Larsen TS. 2004 Endogenous glycogen prevents Ca®*
overload and hypercontracture in harp seal myocardial
cells during simulated ischemia. J. Mol. Cell. Cardiol.
37, 43-50. (doi:10.1016/j.yjmcc.2004.03.013)
Hochachka PW, Lutz PL. 2001 Mechanism, origin,
and evolution of anoxia tolerance in animals. Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 130,
435-459. (doi:10.1016/51096-4959(01)00408-0)
Hochachka PW, Owen TG, Allen JF, Whittow GC.
1975 Multiple end products of anaerobiosis in
diving vertebrates. Comp. Biochem. Physiol. B 50,
17-22. (doi:10.1016/0305-0491(75)90292-8)
Hochachka PW, Storey KB. 1975 Metabolic
consequences of diving in animals and man. Science
187, 613-621. (doi:10.1126/science.163485)
Kjekshus JK, Blix AS, Elsner R, Hol R, Amundsen E.
1982 Myocardial blood flow and metabolism in the
diving seal. Am. J. Physiol. 242, R97-104. (doi:10.
1152/ajprequ.1982.242.1.r97)

Williams TM et al. 2015 Exercise at depth alters
bradycardia and incidence of cardiac anomalies in
deep-diving marine mammals. Nat. Commun. 6,
6055. (doi:10.1038/ncomms7055)

Hochachka PW, Clark CM, Holden JE, Stanley C,
Ugurbil K, Menon RS. 1996 31P magnetic resonance

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

spectroscopy of the Sherpa heart: a
phosphocreatine/adenosine triphosphate signature
of metabolic defense against hypobaric hypoxia.
Proc. Natl Acad. Sci. USA 93, 1215-1220. (doi:10.
1073/pnas.93.3.1215)

Webster KA, Discher DJ, Bishopric NH. 1993
Induction and nuclear accumulation of fos and jun
proto-oncogenes in hypoxic cardiac myocytes.

J. Biol. Chem. 268, 16 852—16 858.

Goodwin GW, Taylor (S, Taegtmeyer H. 1998
Regulation of energy metabolism of the heart
during acute increase in heart work. J. Biol. Chem.
273, 29 530-29 539. (doi:10.1074/jbc.273.45.
29530)

Korvald C, Elvenes OP, Myrmel T. 2000 Myocardial
substrate metabolism influences left ventricular
energetics in vivo. Am. J. Physiol. Heart Circ. Physiol.
278, H1345-H1351. (doi:10.1152/ajpheart.2000.
278.4.H1345)

Russell 3rd RR, Nguyen VT, Mrus JM, Taegtmeyer H.
1992 Fasting and lactate unmask insulin
responsiveness in the isolated working rat heart.
Am. J. Physiol. 263(3 Pt 1), E556—E561. (doi:10.
1152/ajpendo.1992.263.3.e556)

Goodwin GW, Taegtmeyer H. 2000 Improved energy
homeostasis of the heart in the metabolic state of
exercise. Am. J. Physiol. Heart Circ. Physiol. 279,
H1490-H1501. (doi:10.1152/ajpheart.2000.279.4.
H1490)

Holden JE, Stone (K, Clark CM, Brown WD, Nickles
RJ, Stanley C, Hochachka PW. 1995 Enhanced
cardiac metabolism of plasma glucose in high-
altitude natives: adaptation against chronic hypoxia.
J. Appl. Physiol. (1985) 79, 222-228. (doi:10.1152/
jappl.1995.79.1.222)

Listenberger LL, Han X, Lewis SE, Cases S, Farese Jr
RV, Ory DS, Schaffer JE. 2003 Triglyceride
accumulation protects against fatty acid-induced
lipotoxicity. Proc. Nat! Acad. Sci. USA 100,
3077-3082. (doi:10.1073/pnas.0630588100)

Chin ER, Allen DG. 1997 Effects of reduced muscle
glycogen concentration on force, Ca®* release and
contractile protein function in intact mouse skeletal
muscle. J. Physiol. 498(Pt 1), 17-29. (doi:10.1113/
jphysiol.1997.sp021838)

Entman ML, Goldstein MA, Schwartz A. 1976 The
cardiac sarcoplasmic reticulum—glycogenolytic
complex, an internal {3 adrenergic receptor. Life Sci. 19,
1623-1630. (doi:10.1016/0024-3205(76)90066-7)
Garland T J, Adolph SC. 1994 Why not to do two-
species comparative studies: limitations on inferring
adaptation. Physiol. Zool. 67, 797—-828. (doi:10.
1086/physzool.67.4.30163866)

Zang LH, Rothman DL, Schulman RG. 1990 'H NMR
visibility of mammalian glycogen in solution. Proc.
Natl Acad. Sci. USA 87, 1678—1680. (doi:10.1073/
pnas.87.5.1678)

0LL06LOZ :SL 137 Joig  |gsi/fewanol/Bio"BuiysijgndAianosyedos H


http://dx.doi.org/10.1007/s11357-018-0023-1
http://dx.doi.org/10.1007/s11357-018-0023-1
http://dx.doi.org/10.1046/j.1432-1033.2002.03289.x
http://dx.doi.org/10.1152/ajpregu.00229.2010
http://dx.doi.org/10.2337/diabetes.50.2.353
http://dx.doi.org/10.2337/diabetes.50.2.353
http://dx.doi.org/10.1172/JCI43008
http://dx.doi.org/10.1093/cvr/cvr070
http://dx.doi.org/10.1016/j.yjmcc.2004.05.001
http://dx.doi.org/10.1152/ajplegacy.1963.205.1.23
http://dx.doi.org/10.1152/ajplegacy.1963.205.1.23
http://dx.doi.org/10.1152/ajpregu.1992.262.3.r437
http://dx.doi.org/10.1161/01.RES.55.6.816
http://dx.doi.org/10.1161/01.RES.55.6.816
http://dx.doi.org/10.1152/ajpheart.1995.268.3.h1265
http://dx.doi.org/10.1161/01.RES.0000076892.18394.B6
http://dx.doi.org/10.1161/01.RES.0000076892.18394.B6
http://dx.doi.org/10.1113/jphysiol.1959.sp006208
http://dx.doi.org/10.1152/ajpheart.1996.270.5.h1607
http://dx.doi.org/10.1152/ajpheart.1996.270.5.h1607
http://dx.doi.org/10.1161/01.RES.63.1.81
http://dx.doi.org/10.1161/01.RES.27.5.835
http://dx.doi.org/10.1161/01.RES.27.5.835
http://dx.doi.org/10.1161/01.RES.68.4.1045
http://dx.doi.org/10.1016/S0008-6363(99)00266-7
http://dx.doi.org/10.1016/S0008-6363(99)00266-7
http://dx.doi.org/10.1016/0146-2806(94)90008-6
http://dx.doi.org/10.1016/0146-2806(94)90008-6
http://dx.doi.org/10.1016/j.yjmcc.2004.03.013
http://dx.doi.org/10.1016/S1096-4959(01)00408-0
http://dx.doi.org/10.1016/0305-0491(75)90292-8
http://dx.doi.org/10.1126/science.163485
http://dx.doi.org/10.1152/ajpregu.1982.242.1.r97
http://dx.doi.org/10.1152/ajpregu.1982.242.1.r97
http://dx.doi.org/10.1038/ncomms7055
http://dx.doi.org/10.1073/pnas.93.3.1215
http://dx.doi.org/10.1073/pnas.93.3.1215
http://dx.doi.org/10.1074/jbc.273.45.29530
http://dx.doi.org/10.1074/jbc.273.45.29530
http://dx.doi.org/10.1152/ajpheart.2000.278.4.H1345
http://dx.doi.org/10.1152/ajpheart.2000.278.4.H1345
http://dx.doi.org/10.1152/ajpendo.1992.263.3.e556
http://dx.doi.org/10.1152/ajpendo.1992.263.3.e556
http://dx.doi.org/10.1152/ajpheart.2000.279.4.H1490
http://dx.doi.org/10.1152/ajpheart.2000.279.4.H1490
http://dx.doi.org/10.1152/jappl.1995.79.1.222
http://dx.doi.org/10.1152/jappl.1995.79.1.222
http://dx.doi.org/10.1073/pnas.0630588100
http://dx.doi.org/10.1113/jphysiol.1997.sp021838
http://dx.doi.org/10.1113/jphysiol.1997.sp021838
http://dx.doi.org/10.1016/0024-3205(76)90066-7
http://dx.doi.org/10.1086/physzool.67.4.30163866
http://dx.doi.org/10.1086/physzool.67.4.30163866
http://dx.doi.org/10.1073/pnas.87.5.1678
http://dx.doi.org/10.1073/pnas.87.5.1678

	Cardiac metabolomic profile of the naked mole-rat—glycogen to the rescue
	Introduction
	Methods
	Animals
	High resolution 1H nuclear magnetic resonance spectroscopy metabolomic profiling

	Results
	Discussion
	Study limitations
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


